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1 INTRODUCTION
Biomaterial-pharmaceutical convergence advances smart drug delivery. Engineered biomaterials enable precise therapies via biocompatibility/tunability. This Research Topic showcases multifunctional systems through 32 contributions, spanning composites to translational research for clinical translation.
2 BIOMIMETIC STRUCTURES GUIDING REGENERATION
Functional biomaterials integrated into multi-scale bionic designs enable synergistic control of angiogenesis, antibacterial activity, osteogenesis and so on. Wang’s 3D-printed silicate scaffold integrates calcium sulfate-Cu2+ delivery: rapid calcium sulfate dissolution initiates osteogenesis, sustained silicate degradation maintains support, and Cu2+ release enables antimicrobial/angiogenic niches, achieving spatiotemporal bone repair synchronization (Gao et al.). The transform inert materials into dynamic regenerative platforms through structural programming, proving structural precision enables in situ tissue rebirth.
3 NANOTECHNOLOGY REPROGRAMMING TUMOR IMMUNITY
Nanotechnological remodeling of the immunosuppressive tumor microenvironment (TME) represents a paradigm-shifting therapeutic frontier. Tian’s Mn nanozyme acts as a metabolic surgeon in acidic TME: dual peroxidase/catalase activities decompose H2O2 into ∙OH/O2, inducing ROS ablation while alleviating hypoxia. Liberated Mn2+ blocks PD-L1, synergizing with photothermal immunogenic cell death (ICD) to suppress tumors (Yang et al.). Chen’ group reviewed some related studies on the hyperthermia-enhanced checkpoint blockade effect (Xie et al.). Nanomaterials evolve from passive carriers to active TME builders, reshaping the tumor immune environment.
4 SMART DRUG DELIVERY OVERCOMING PATHOLOGICAL BARRIERS
Intelligent nanomaterials enable on-demand drug release matched to disease rhythms via stimuli response, overcoming pathological barriers. Wu et al. developed NIR-triggered Au-Ag-PDA@MSCM nanosystems inducing local hyperthermia-mediated ferroptosis via Acsl4 upregulation, achieving triple precision: spatial (MSCM homing), temporal (photoactivation), and metabolic (Acsl4 hijacking) control. Zheng et al. designed an injectable dual-carrier system: ① Van-loaded Gel combats infection, ② exposed PLGA MPs release DGEA osteogenic peptide during transition, ③ new bone regenerates. Intelligent systems transform into active agents, remodeling microenvironments for full-cycle disease modulation.
5 CONCLUSION
Collectively, these advances mark a transformative shift toward real-time interactive therapeutic platforms. By converging materials science, biology, and engineering, the field delivers clinically viable solutions that dynamically intercept disease progression, enabling adaptive precision medicine.
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Targeted antigen delivery allows activation of the immune system to kill cancer cells. Here we report the targeted delivery of various epitopes, including a peptide, a small molecule, and a sugar, to tumors by pH Low Insertion Peptides (pHLIPs), which respond to surface acidity and insert to span the membranes of metabolically activated cancer and immune cells within tumors. Epitopes linked to the extracellular ends of pH Low Insertion Peptide peptides were positioned at the surfaces of tumor cells and were recognized by corresponding anti-epitope antibodies. Special attention was devoted to the targeted delivery of the nine residue HA peptide epitope from the Flu virus hemagglutinin. The HA sequence is not present in the human genome, and immunity is readily developed during viral infection or immunization with KLH-HA supplemented with adjuvants. We tested and refined a series of double-headed HA-pHLIP agents, where two HA epitopes were linked to a single pH Low Insertion Peptide peptide via two Peg12 or Peg24 polymers, which enable HA epitopes to engage both antibody binding sites. HA-epitopes positioned at the surfaces of tumor cells remain exposed to the extracellular space for 24–48 h and are then internalized. Different vaccination schemes and various adjuvants, including analogs of FDA approved adjuvants, were tested in mice and resulted in a high titer of anti-HA antibodies. Anti-HA antibody binds HA-pHLIP in blood and travels as a complex leading to significant tumor targeting with no accumulation in organs and to hepatic clearance. HA-pHLIP agents induced regression of 4T1 triple negative breast tumor and B16F10 MHC-I negative melanoma tumors in immunized mice. The therapeutic efficacy potentially is limited by the drop of the level of anti-HA antibodies in the blood to background level after three injections of HA-pHLIP. We hypothesize that additional boosts would be required to keep a high titer of anti-HA antibodies to enhance efficacy. pH Low Insertion Peptide-targeted antigen therapy may provide an opportunity to treat tumors unresponsive to T cell based therapies, having a small number of neo-antigens, or deficient in MHC-I presentation at the surfaces of cancer cells either alone or in combination with other approaches.
Keywords: cancer therapeutic vaccine, tumor acidity, immunization, HA peptide, alpha-gal, epitopes, immunogenic

1 INTRODUCTION
The targeted delivery of immunogenic epitopes to cancer cells to promote immunological responses or cytotoxic activity might provide a useful clinical approach for the treatment of tumors, and this idea has stimulated a number of investigations. Among the epitopes that have been studied are 2,4-dinitrophenyl (DNP), α-Gal (Galα1,3Galα1,4GlcNAc-R), rhamnose sugars, and other chemical entities. The α-Gal epitope has attracted special attention, since it is absent in humans, apes and Old World monkeys and it is present in non-primate mammals, prosimians and New World monkeys (Larsen et al., 1990). Humans have anti-Gal antibodies (∼1% of immunoglobulins) as immunoglobulin G (IgG), IgM and IgA isotypes (Hamanova et al., 2015). It is well known that a strong allergic reaction is developed during transplantation of organs from animals, such as pigs, to humans (xenotransplantation) due to the presence of the α-Gal epitope (Commins and Platts-Mills, 2013; Cooper, 2016), triggering complement-dependent cytotoxicity (CDC), antibody-dependent cell-mediated cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP) leading to organ rejection. Since humans exhibit specific anti-Gal reactivity, an α-Gal epitope has been developed for the decoration of cancer cells to induce an immune attack and “tumor rejection” (Macher and Galili, 2008; Tanemura et al., 2013; Huai et al., 2016; Anraku et al., 2017). Another sugar antigen that is not present in humans, L-rhamnose, is prevalent in microbes and plants, and endogenous antibodies were identified in humans against it (Oyelaran et al., 2009; Sheridan et al., 2014). Among immunogenic small molecules the most investigated is DNP, which is much easier to produce and manipulate compared to carbohydrate epitopes, especially α-Gal. However, the amount of anti-DNP endogenous IgG antibodies found in humans is smaller compared to anti-Gal antibodies (Farah, 1973; Karjalainen and Makela, 1976; Ortega et al., 1984). A challenge for therapeutic uses is to target, anchor and display immunogenic epitopes at cancer cell surfaces to induce cytotoxic immune responses within the tumor microenvironment (TME). In clinical trials with the α-Gal epitope, lipids were used to position α-Gal at cell surfaces via intra-tumoral administration of α-Gal-lipid (Whalen et al., 2012; Albertini et al., 2016). However, systemic applications of such an epitope-lipid composition would be limited since lipids are expected to readily insert into cellular membranes at the injection site. For systemic uses, antibody-recruiting molecules (ARMs) were devised, which are small molecules constituting of an antigen used to target receptors at the surfaces of cancer cells and DNP (or another epitope) to capture endogenous antibodies (Murelli et al., 2009; Parker et al., 2009).
A different approach for targeted epitope presentation is to use the pH-Low Insertion Peptide (pHLIP) technology. In addition to successful preclinical and clinical pHLIP-driven intracellular delivery of payloads to tumors (Cheng et al., 2014; Wyatt et al., 2018; Price et al., 2019; Sahraei et al., 2019; Gayle et al., 2021), pHLIPs allow extracellular targeting of cargo molecules for presentation at the surfaces of cells since a pHLIP peptide inserts across the membrane, translocating one terminus into the cytoplasm and leaving the other uninserted terminus in the extracellular space (Hunt et al., 1997; Reshetnyak et al., 2007; Andreev et al., 2010). It has been shown that a pH-dependent pHLIP-mediated decoration of cancer cells with DNP promotes ADCC (Wehr et al., 2020) and that a display of a chemoattractant agonist activates the formyl peptide receptor 1 on immune cells (Sikorski et al., 2022). An additional challenge for all of these immune approaches is to achieve effective presentation of the antigens. The tuning of pHLIP sequences has allowed us to improve antigen presentation to achieve enhanced therapeutic responses.
The repertoire of immunogenic epitopes might also be significantly enhanced if therapeutic efficacy did not rely on the presence of endogenous antibodies, but instead exploited the production of anti-epitope antibodies that is induced by immunization against the selected epitope. In the presented work we have compared applications of different immunogenic epitopes linked with pHLIP peptides and introduced the additional approach of using immunization to develop a strong antibody response prior to the decoration of tumor cells with an exogeneous epitope.
2 MATERIALS AND METHODS
2.1 Synthesis of pHLIP agents
All peptides were synthetized and purified by SC Bio Inc. Peptides pHLIP3 and pHLIP4 consisted of all D amino acids, all other peptides consisted of all L amino acids. Some peptides had an acetylated N-terminus (Ac) and some peptides had azide (Az or N3) modification.
2.1.1 DNP-pHLIP constructs
To prepare DNP-pHLIP, DNP-maleimide (AAT Bioquest) was conjugated with a single cysteine residue at the N-terminal part of pHLIP Var3 (Cys-pHLIP) (ACDDQNPWRA YLDLLFPTDTLLLDLLWA). DNP-maleimide was mixed with Cys-pHLIP in DMSO (dimethyl sulfoxide) at a molar ratio 1:1, and sodium phosphate buffer (100 mM) at pH 6.7 containing 150 mM NaCl (saturated with argon) was added to the reaction mix (1/10 of the total volume). DNP-Peg4-NHS (NHS is N-hydroxysuccinimide) (Broadfarm) or DNP-Peg12-NHS (Santa Cruz) were conjugated with a single lysine residue at the N-terminal part of the pHLIP Var3 with acetylated N-terminus (ac-Lys-pHLIP) (Ac-AKDDQNPWRAYLDLLF PTDTLLLDLLWA) to prepare DNP-Peg4-pHLIP and DNP-Peg12-pHLIP. DNP-Peg4-NHS or DNP-Peg12-NHS were mixed with ac-Lys-pHLIP in DMSO at a molar ratio 2:1, and sodium bicarbonate buffer (100 mM) at pH 8.3 was added to the reaction mix (1/10 of the total volume).
2.1.2 GAL-pHLIP constructs
To prepare di-Gal-pHLIP, di-Gal-Peg4-pHLIP or di-Gal-Peg12-pHLIP agents, first ac-Lys-pHLIP was conjugated with AMAS (N-α-maleimidoacet-oxysuccinimide ester), or NHS-Peg4-maleimide, or NHS-Peg12-maleimide cross-linkers (all from Thermo Fisher), respectively. Reactions were carried out in DMSO at a molar ratio of peptide:cross-linker of 1:3, and sodium bicarbonate buffer (100 mM) at pH 8.3 was added to the reaction mix (1/10 of the total volume). Then, di-Gal-SH (Synthose) was conjugated with AMAS-pHLIP, maleimide-Peg4-pHLIP or maleimide-Peg12-pHLIP in DMSO at a molar ratio of 1:1 in sodium phosphate buffer (100 mM) at pH 6.7 containing 150 mM NaCl buffer (1/10 of the total volume). Tri-Gal-pHLIP, where tri-Gal epitope was conjugated with pHLIP Var3 peptide via a Peg4 linker to obtain Gal-pHLIP (Galα(1,3)Galβ(1,4)Glc-Peg4-NHC(O)-AADDQNPWRAYLDLLFPTDTLLLDLLWA-OH), was synthesized and purified by Iris Biotech, GmbH.
2.1.3 HA-pHLIP constructs
HA-pHLIP1 peptide (YPYDVPDYAGGCGGGDNDQNPWRAYLDLLFPTDTLLLDLLWA) was synthesized and purified as a single polypeptide chain. Other HA-pHLIP agents were obtained by conjugation.
Conjugation scheme N1: NHS-Peg12-maleimide and NHS-Peg24-maleimide linkers (both from Thermo Scientific) were used to prepare HA-Peg12-pHLIP2, 2(HA-Peg12)-pHLIP3, 2(3xHA-Peg12)-pHLIP3, 2(HA-Peg24)-pHLIP3, HA-Peg12-pHLIP4, 2(HA-Peg12)-pHLIP4 and 2(HA-Peg24)-pHLIP4. In brief: first, Peg-linkers were conjugated to lysine residues of acetylated pHLIP2 (Ac-AKDDQNPWRAYLDLLFPTDTLLLDL LWA), pHLIP3 (Ac-AKQNDDQNKPWRAYLDLLFPTDTL LLDLLWA) or pHLIP4 (Ac-GGKGGGKPWRAYLELLFPTETL LLELLLA) peptides in DMSO in 100 mM sodium bicarbonate buffer pH 8.3 (1/10 of total volume). Excess Peg linkers were used in the reaction mixture except for maleimide-Peg12-pHLIP3 constructs where a 1:1 ratio was used. The products were purified by reverse phase high-performance liquid chromatography (HPLC), lyophilized and conjugated with HA-Cys peptide (YPYDVPDYAGGC) or 3xHA-Cys peptide (YPYDVPDYAGYPYDVPDYAGYPYDVPDYAGGC) in DMSO in 100 mM sodium phosphate, 150 mM NaCl buffer, pH 6.7 (1/10 of total volume).
Conjugation scheme N2: DBCO-Peg12-malemide (DBCO is dibenzocyclooctyne) and DBCO-Peg24-malemide linkers (both from Iris Biotech) were used to prepare 2(HA-Peg12)-pHLIP5 and 2(HA-Peg24)-pHLIP5. First, Peg-linkers were conjugated with azide-modified lysine residues of pHLIP5 (K[N3]GGGGGK[N3]PWRAYLELLFPTETLLLELLLA) in DMSO in 100 mM sodium phosphate and 150 mM NaCl buffer, pH 8.5 (1/10 of total volume). The products were purified by the reverse phase HPLC, lyophilized and conjugated with HA-Cys peptide in DMSO in 100 mM sodium phosphate and 150 mM NaCl buffer, pH 6.7, 1/10 of total volume.
To synthesize HA-ICG-pHLIP and HA-Dy680-pHLIP, a Cys residue was added between the HA and pHLIP sequences (YPYDVPDYAGGGGGDCNDQNPWRAYLDLLFPTDTLLLD LLWA and YPYDVPDYAACDDQNPWRAYLDLLFPTDTL LLDLLW). The peptides were conjugated with ICG-maleimide, where ICG is indocyanine green (Intrace Medical) and Dy680-maleimide, where Dy680 is IRDye680 (LI-COR) at a molar ratio 1:1 in DMSO in 100 mM sodium phosphate, 150 mM NaCl buffer, pH 6.7 (1/10 of total volume).
To synthesize ICG-2(HA-Peg12)-pHLIP3 and AF546-2(HA-Peg12)-pHLIP3, ICG (ICG-DBCO, Iris Biotech) or AF546 (AFDye546-DBCO, Click Chemistry Tools) were conjugated to the N-terminal azide of 2(HA-Peg12)-pHLIP3 peptide at a molar ratio of 1:1 in DMSO in 100 mM sodium phosphate, 150 mM NaCl buffer, pH 8.5 (1/10 of total volume).
All antigen-pHLIP constructs were purified by reverse phase HPLC, lyophilized and characterized by analytical HPLC and MALDI-TOF (matrix-assisted laser desorption/ionization-time of flight) mass-spectrometry.
2.2 Biophysical studies with HA-pHLIP agents
2.2.1 Preparation of liposomes
Large unilamellar vesicles (liposomes) were prepared by extrusion. POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) lipids (Avanti Polar Lipids) dissolved in chloroform were desolvated on a rotary evaporator and dried under vacuum. The phospholipid film was rehydrated in 2 mM citrate phosphate buffer, pH 7.3, vortexed, and passed through the extruder using a membrane with 50 nm pores.
2.2.2 Steady-state fluorescence and CD measurements
The interactions of HA-pHLIP agents with POPC liposomes were investigated by recording the construct’s spectral signals. Fluorescence spectra were recorded using a PC1 spectrofluorometer (ISS) at excitation of 295 nm. The excitation polarizer was set to 54.7 degrees (“magic angle”) while the emission polarizer was set to 0 degrees to reduce Wood’s anomalies. Circular dichroism (CD) was monitored by using a MOS-450 spectrometer (BioLogic) from 190 to 260 nm with step size of 1 nm. The concentrations of HA-pHLIP agents and POPC were 7 μM and 1.4 mM, respectively. All measurements were performed at 25°C.
2.2.3 pH-dependence
The pH-dependent insertion of HA-pHLIPs into the lipid bilayer of POPC liposomes was studied by monitoring the changes of the positions of fluorescence spectral maxima (λmax) as a function of pH. After the addition of aliquots of citric acid, the pHs of solutions containing HA-pHLIP agents and POPC liposomes were measured using an Orion PerHecT ROSS Combination pH Micro Electrode and an Orion Dual Star pH and ISE Benchtop Meter. The positions of fluorescence spectra maxima were found using the PFAST program (Shen et al., 2008), and were plotted as a function of pH. The pH-dependence was fit with the Henderson-Hasselbalch equation to determine the cooperativity (n) and the mid-point ([image: Text showing the letters "pK" in a serif style and italicized font.]) of the transition:
[image: The image shows a mathematical equation for pH dependence: "pH dependence equals SII plus (SII minus SII) divided by (1 plus 10 raised to the power of (pH minus pK))."]
where SII and SIII represent spectral signals in state II (HA-pHLIP agents with POPC liposomes at high pH) and state III (Ha-pHLIP agents with POPC liposomes at low pH), respectively.
2.2.4 Data analysis
All data was fitted to the appropriate equations by non-linear least squares curve fitting procedures employing the Levenberg Marquardt algorithm using Origin 8.5.
2.3 Imaging of tumor spheroids
2.3.1 Preparation of tumor spheroids
Tumor spheroids were prepared using HeLa human cervical cancer cells (ATCC, CCL-2) or murine mammary carcinoma 4T1 cells (ATCC, CRL-2539) by two methods.
In the liquid overlay method, each well of a standard 48-well plate was coated by drying 150 μl of a 1% agarose solution. After drying, the agarose was incubated with growth medium containing DMEM (Dulbecco’s Modified Eagle Medium), 5% of FBS (Fetal Bovine Serum) and ciprofloxacin antibiotic for 40 min at 37°C at 5% CO2. The growth medium was removed and replaced by cells in DMEM (104 cells in 400 μl). The plate was incubated at 37°C at 5% CO2 for about 5 days. After 5 days, tumor spheroids were inspected and DMEM was added to the wells. The spheroids were used for imaging experiments within approximately 10 days after seeding.
In the hanging drop method, cells in suspension were centrifuged at 200 g for 15 min to form a pellet. The supernatant was decanted, and the cells were resuspended in growth medium at concentration of 105 cells per ml. A closed petri dish was prepared by adding 5 ml of PBS (phosphate buffered saline) to the bottom portion, along with inverting the top of the dish and placing it on a flat surface. The cell suspension was then pipetted onto the inverted top in evenly spaced 20 μl drops. The top of the dish was then inverted back to its original position with the drops of cell suspension hanging down. The petri dish was closed and incubated at 37°C and 5% CO2 for 3 days. After 3 days 10 μl of 4 × 104 cells per ml were added to each drop culture. The drop cultures were incubated at 37°C and 5% CO2 for 10–14 days and used in imaging experiments.
2.3.2 Treatment and imaging of tumor spheroids
The spheroids were placed in an Eppendorf and washed in DPBS (Dulbecco’s phosphate buffered saline), followed by incubation with non-fluorescent or fluorescent antigen-pHLIP agent at concentrations of 5 µM in PBS at pH 6.5 for 1 h. The spheroids were washed with DPBS at pH 7.4 and incubated with corresponding fluorescent anti-antigen antibody in DPBS for 1 h. The following antibodies were used with tumor spheroids: anti-DNP-Antb-550 (Al647-AntiDNP, Vector Labs), anti-Gal-Antb-647 (Al647-AntiGal, Absolute Antibody), anti-HA-Antb-550 (Dy550-AntiHA, Invitrogen) and anti-HA-Antb-650 (Dy650-AntiHA, Invitrogen). The spheroids were washed and treated for 5 min with DAPI (4′,6-diamidino-2-phenylindole, Sigma-Aldrich) in DPBS at pH 7.4, followed by final washing, plating spheroids on a 35 mm glass bottom dish and fluorescent imaging on a Nikon Ti2-E upright confocal microscope.
2.3.3 Titration of tumor spheroids
The HeLa tumor spheroids were placed in an Eppendorf tube and washed in DPBS, followed by incubation with 1 µM of HA-pHLIP1 in PBS at pH 6.5 for 1 h. The spheroids were then washed with DPBS at pH 7.4 and incubated with different concentrations of fluorescent anti-HA-Antb-550 (0.035, 0.07, 0.14, 0.28, 0.56 µM). The spheroids were next washed and treated for 5 min with DAPI in DPBS at pH 7.4, followed by final washing, plating the spheroids on a 35 mm glass bottom dish and fluorescent imaging on a confocal microscope. The mean intensities per area were calculated using the ImageJ program.
2.4 Mouse studies
All mouse studies were conducted at the University of Rhode Island (URI) according to the animal protocol AN04-12-011approved by URI Institutional Animal Care and Use Committee (IACUC). The studies complied with the principles and procedures outlined by the National Institutes of Health for the care and use of animals. The following strains were used in the study, C57B1 and Balb/c female mice ranging in age from 7 to 9 weeks (both from Envigo RMS, Inc.), and A3galt2 knockout female and male mice.
2.4.1 A3galt2 knockout breeding
A3galt2 knockout heterozygous breeding pairs were obtained from Taconic. Breeding was conducted by the Animal Care Staff at the animal care facility at URI according to the approved by IACUC animal protocol AN 1920-002. Progeny were used for experiments or to serve as breeders to maintain the colony. Mice used for breeding were in the range of 8 weeks to 8 months of age. When the progeny mice reached the age of 5–8 weeks, they were used in the experiments. Tail biopsies (less than 5 mm of the tail tip from mice 10–21 days of age) were collected for genotyping analysis, which was performed by Taconic.
2.5 Mouse immunization
2.5.1 DNP immunization
C57Bl/6NHsd female mice were immunized (designated as day 1) by intraperitoneal (IP) injection of 200 µl of KLH-DNP (Santa Cruz), where KLH is a keyhole limpet haemocyanin, at a concentration 1 mg/ml emulsified at a ratio 1:1 with CFA (complete Freund’s adjuvant, Santa Cruz), which consists of heat-killed Mycobacterium tuberculosis in non-metabolizable oils. On days 14 and 21 after the first immunization, mice were boosted by IP injection of 200 µl of KLH-DNP (1 mg/ml) emulsified at a ratio 1:1 with IFA (incomplete Freund’s adjuvant, Santa Cruz).
2.5.2 Gal immunization
A3galt2 knockout female and male mice were immunized by IP injection of Galα1-3Galβ-4Glc-HSA (HSA-Gal) (Dextra Laboratories) (day 1) (HSA is human serum albumin), at a concentration of 0.2 mg/ml emulsified at a ratio 1:1 with CFA. On days 14 and 21 after the first immunization, mice were boosted by IP injection of 200 μl of HSA-Gal (0.2 mg/ml) emulsified at a ratio 1:1 with IFA.
2.5.3 HA immunization
The HA peptide was conjugated with KLH to obtain KLH-HA. Briefly, HA-Cys peptide was added under argon to the maleimide-activated KLH (Sigma-Aldrich) in 10 mM phosphate buffer containing 150 mM NaCl at pH 6.7 to have final concentration of 1 mg/ml of KLH-HA. The reaction mixture was kept overnight at 4°C. KLH-HA and was used with different adjuvants. Balb/c mice were immunized by IP injection of 200 μl of KLH-HA emulsified at a 1:1 ratio with CFA on day 1. Boosts were given by IP injections of 200 μl of KLH-HA emulsified at a ratio 1:1 with IFA on days 14 and 21. Separately, BALB/c mice were immunized by either intramuscular (IM) or subcutaneous (SQ) injection (two sites, 100 μl/each) of KLH-HA emulsified with AddaVax (Invivogen) at a ratio 1:1. Also, BALB/c mice were immunized by SQ injections of KLH-HA emulsified with AdjuPhos (Invivogen) at a 1:1 ratio (2 sites, 100 μl/each) or at a 2:1 ratio (2 sites, 150 μl/each). We also used commercially available and approved vaccines for canines (Vanguard CIV H3N2, Merck) and for humans (Flucelvax® Quadrivalent, Seqirus). Species conversion coefficients of 12.3 and 6.8 for human and canine vaccines were used to calculate the injection doses per kg for mice, and vaccines were injected SQ in 100 μl PBS per mouse.
Blood from mice was collected prior and after final immunization. Blood samples were kept for 40 min at room temperature (RT), centrifuged at 5,000 g for 20 min at 4°C and supernatant (serum) was collected. The levels of corresponding antibodies (anti-DNP, anti-Gal and anti-HA) was measured in mouse serum by enzyme-linked immunoassay (ELISA).
2.6 ELISA on blood samples
2.6.1 Anti-DNP ELISA
The level of anti-DNP antibodies was measured using mouse anti-DNP IgG ELISA kit (Life Diagnostic) according to the manufacturers protocol. Briefly, mouse serum samples were diluted in PBS containing 2% BSA (bovine serum albumin), the samples were treated with DNP-coated BSA-blocked 96-well plate at RT for 1 h followed washing. Next, anti-mouse IgG HRP (horseradish peroxidase) conjugate was added, and the plate was incubated at for 45 min at RT.
2.6.2 Anti-gal ELISA
96-well plate (Costar) was coated with Gal-BSA (Galα1-3Galβ1-4Glc-BSA, (Dextra Laboratories) in carbonate-bicarbonate buffer at 4°C overnight, and then blocked for 2 h with blocking buffer (2% BSA in PBS). Mouse serum samples were diluted in blocking buffer containing 2% BSA and treated with Gal-coated BSA-blocked plate at RT for 2 h followed by washing. Anti-αGal human IgG1 M86 antibodies (Absolute Antibody) were used as a positive control. Next, donkey anti-mouse IgG-HRP conjugate (Southern Biotech) or goat anti-human IgG and IgM (immunoglobulin M) and IgA (immunoglobulin A) HRP conjugate (Abcam) were added for 1 h at RT.
2.6.3 Anti-HA ELISA
Maleimide-activated clear strip plates (Pierce) were treated overnight at 4°C with HA peptide (YPYDVPDYAGGC) at concentration of 1 μg/ml in argon treated 100 mM phosphate buffer at pH 7.3. Then, wells were washed with PBS containing 0.2% Tween, and blocked by a 2 h treatment with 1 mg/ml of cysteine in argon treated 100 mM phosphate buffer at pH 7.3. The plate was washed, and samples diluted in PBS containing 2% BSA were applied for 2 h followed by washing and an application of secondary anti-mouse antibody at a concentration of 25 ng/ml for 1 h. Anti-HA ELISA was performed on blood serum samples collected from mice, and on single donor human plasma samples obtained from Innovative Research.
As the final steps, all ELISA plates were washed and incubated with TMB (3,3′,5,5′-tetramethylbenzidine, Invitrogen) and peroxide solution mixed at a ratio of 1:1 for up to 15 min, then stop solution (10% H2SO4) was added. The signal from the wells was quantified by absorbance measured at 450 nm using a Bio-Rad iMark microplate reader.
2.7 Treatment of immunized mice
2.7.1 Treatment with DNP-pHLIP agents in LLC1 tumor mouse model
C57Bl/6NHsd female mice immunized with DNP-BSA and CFA/IFA adjuvants received a single subcutaneous (SQ) injection of 106 murine Lewis lung carcinoma (LLC1) cells (ATCC CRL-1642) in the right flank on day 1. On day 3, mice were randomized into groups and agents including DNP-pHLIP, DNP-Peg4-pHLIP or DNP-Peg12-pHLIP (50 µM 250 µl per injection) were administered every second day by IP injections. Control mice (untreated group) did not receive any injections. All mice in the control and treated groups were euthanized at day 14, tumors were collected and weighed.
2.7.2 Treatment with gal-pHLIP agents in B16F10 tumor model in knockout mice
A3galt2 knockout female and male mice immunized with HSA-Gal and CFA/IFA adjuvants received a single SQ injection of 106 murine melanoma B16F10 cells (ATCC CRL-6475) in the right flank on day 1. On day 2, mice were randomized into groups and tri-Gal-pHLIP was administered via IP injections each day (80 μM 450 μl per injection). Control mice (untreated group) did not receive any injections. All mice in the control and treated groups were euthanized on day 12, tumors were collected and weighed.
2.7.3 Treatment with HA-pHLIP agents in 4T1 tumor mouse model
BALB/c female mice immunized with KLH-HA and CFA/IFA adjuvants received a single right flank SQ injection of 105 murine mammary carcinoma 4T1 cells (ATCC CRL-2539) on day 1. On day 3 or 4, the mice were randomized into groups and HA-pHLIP agents (40–60 µM 400 μl per injection) were administered every second day by IP injection. The control (untreated group) did not receive any injections. In additional control experiments we investigated whether selected HA-pHLIP agents affect tumor growth in non-immunized mice, and whether multiple-injections of HA-pHLIP could induce the production of anti-HA antibodies. In each experiment, the mice from the control and treated groups were euthanized on the same day (typically days 17–19), tumors were collected and weighed. All data were normalized to the mean weight of the tumors in the control group.
2.7.4 Treatment with HA-pHLIP agents in B16F10 melanoma tumor mouse model
BALB/c female mice immunized with KLH-HA and the AddaVax adjuvant received a single right flank SQ injection of 4 × 105 murine melanoma B16F10 cells. Tumors were grown until they reached about 100 mm3 (day 1). On day 1, the mice were randomized into groups and injections of the 2(HA-Peg12)-pHLIP5 agent (40 μM 400 μl per injection) were administered on three consecutive days (days 1, 2 and 3). The control (untreated group) did not receive any injections. In each experiment, the mice from the control and treated groups were euthanized on day 7, tumors were collected and weighed. All data were normalized to the mean weight of tumors in the control group.
2.7.5 Statistical analysis
The Kolmogorov-Smirnov two-tailed non-parametric test was used to compare two samples at a significance level of 0.05. As a non-parametric test, it does not require that the variable in the population have a normal distribution, which is typically difficult to achieve in small population samples.
2.8 In vivo and ex vivo imaging, biodistribution
Tumors were established by SQ injection of 105 4T1 cancer cells in the right flanks of BALB/c mice. When tumors reached about 200–250 mm3, mice were given a single IP injection of 50 µM DNP-Peg12-pHLIP mixed with anti-DNP-Antb-ICG in 400 µl of PBS or the same amount of anti-DNP-Antb-ICG alone in PBS. The anti-DNP antibody was labeled with ICG-NHS (Intrace Medical) and purified using Sephadex G-50 size-exclusion spin column. Imaging was carried out at 24- and 48-h post-injection (p.i.). White light and near infrared (NIR) in vivo images were obtained while the animal was under gas (isoflurane) anesthesia. Mice were euthanized 48 h post injection, tumors were resected and ex vivo imaging was performed immediately after necropsy.
Tumors were established by SQ injection of 105 4T1 cancer cells in the right flanks of BALB/c non-immunized mice and mice immunized with KLH-HA/CFA and KLH-HA/IFA or KLH-HA/AddaVax. HA-ICG-pHLIP (80 μM 400 μl) or ICG-2(HA-Peg12)-pHLIP4 (40 μM 400 μl) were admnisitered as single IP injections when tumors reached 200–300 mm3 in volume. Animals were euthanized at 24-, 48- and 72-h p.i., necropsy was performed immediately after euthanasia. Tumors and major organs (kidney, liver, spleen, pancreas, lung, heart, large and small intestines, bone, muscle, brain) were collected and imaged ex vivo immediately after necropsy.
Bright field and NIR fluorescence imaging in vivo and ex vivo were performed using a Stryker 1588 AIM endoscopic system with L10 AIM Light Source (808 nm excitation and light collection in the range of approximately 815–850 nm), and a 1588 AIM Camera using a 10 mm scope. The lens was kept at a fixed distance from the surface of the organ, within an enclosed (light-protected) area. The imaging was performed at three different settings. Digital images of organs were saved in the green channel, transferred into 8-bit files and processed using the ImageJ program. A threshold was set from pixel intensity in the range from 1 to 255, leaving out the background with pixel intensity 0. Brightfield images were used to establish the borders of the organs and tumors. The calculated total fluorescence intensity and total area of each organ were used to find the mean organ fluorescence.
2.9 Immuno-histochemistry and imaging of tumor sections
For immunohistochemistry analysis, 105 4T1 cancer cells were injected SQ into the right flank of female BALB/c mice. When the tumors reached 200–300 mm3 in volume, mice received a single IP injection of AF546-2(HA-Peg12)-pHLIP4 (40 μM 400 μl). Animals were euthanized at 24-, 48- and 72-h p.i. and tumors were collected. Tumors were frozen in optimal cutting temperature (OCT) compound (Tissue-Tek) by liquid nitrogen and kept at −80°C until further processing and analysis. Tumors were cryo-sectioned using a HM525 NX microtome (ThermoFisher) to make 10–20 μm sections. Sections were stained with fluorescent antibodies anti-HA-Antb-650 (Dy650-AntiHA, Invitrogen) or CD206-Antb-647 (Al647-CD206, BioLegend) and DAPI. Adjacent sections were stained with H&E (hematoxylin and eosin) using hematoxylin 7211 (ThermoFisher) and eosin Y (Poly Scientific). Sections were dried in air for 10 min, then washed with distilled water for 2 min followed by fixation in 4% paraformaldehyde (37% Sigma-Aldrich) for 12 min, washing with DPBS for 5 min and drying in air for 10 min. A cover slide was placed on a layer of petroleum jelly (Equate), which was applied to the slide around the tissue. Sections were incubated with blocking buffer containing 5% of BSA (Thermo Fisher) for 2 h at RT followed by washing. Sections were treated with antibody in blocking buffer for 2 h at RT, followed by washing. A coverslip was mounted on top of the tissue using an organo/limonene mount (Sigma). Imaging of the tissue sections was performed on an EVOS Fl Auto 2 fluorescence inverted microscope. Slides used for Trypan Blue assay were not stained, mounted or covered, these slides were left frozen and imaged before and after addition of Trypan Blue diluted in PBS at a ratio of 1:5 for 5 min.
3 RESULTS
3.1 DNP-pHLIP
In our exploration of the use of pHLIP-targeted epitopes, we tested DNP, Gal and HA peptide. Taking them in that order, we begin with the DNP epitope linked to the membrane non-inserting end of the pHLIP Var3 peptide, either directly conjugated or spaced by Peg4 and Peg12 linkers. The epitopes were tethered to cancer cells in tumor spheroids by pHLIP and the interactions of the DNP epitope with anti-DNP antibody were examined by fluorescence microscopy. Tumor spheroids were pre-treated with DNP-pHLIP followed by washing and incubation with anti-DNP antibody labeled with fluorescent Alexa647 dye (anti-DNP-Antb-647). The fluorescence was imaged with a confocal microscope after washing. Each of the constructs, DNP-pHLIP, DNP-Peg4-pHLIP and DNP-Peg12-pHLIP, bound the anti-DNP antibody to cells in the spheroids (Figure 1A).
[image: Panel A shows fluorescence microscopy images comparing the distribution of anti-DNP-Ant5-647 in control (a) and DNP-pHLIP treated samples (b-d), with distribution differing across treatments. Panel B displays fluorescence images of DNP-pHLIP with anti-DNP-Ant5-ICG (e, g, i) and anti-DNP-Ant5-BCG (f, h, j) in samples, with visible differences in fluorescence patterns. Panel C is a scatter plot showing normalized tumor weight percentages across different treatments, with individual data points and error bars. The control and various treatments are compared for their effect on tumor weight.]FIGURE 1 | DNP-pHLIP in tumor spheroids and mice. Antibody binding and therapeutic performance of DNP-pHLIP agents as investigated in tumor spheroids (A) and in mice (B,C). (A) HeLa tumor spheroids were treated with medium (the contour of the spheroid is outlined) (a), DNP-pHLIP (b), DNP-Peg4-pHLIP (c) and DNP-Peg12-pHLIP (d), followed by washing and incubation with anti-DNP-Antb-647. Finally, tumor spheroids were washed and imaged with a confocal microscope using a ×10 objective. A 100 μm scale bar is shown. Representative fluorescence images are shown in (a–d). (B) Representative in vivo NIR fluorescence (e,i), visible light photograph (g,h) and overlay of fluorescence and photograph (i,j) images obtained 24-h after a single IP injection of anti-DNP-Antb-ICG mixed with DNP-Peg12-pHLIP (e,g,i) or anti-DNP-Antb-ICG (f,h,j) into Balb/C female mice bearing 4T1 tumor in right (shaved) flank. (C) Normalized weights of murine Lewis lung carcinoma LLC1 tumors collected from C57Bl/6NHsd female mice immunized with KLH-DNP/CFA and KLH-DNP/IFA and treated with DNP-pHLIP, DNP-Peg4-pHLIP and DNP-Peg12-pHLIP are shown. The mean weight of the tumors in the control group was taken as 100%.
Imaging of tumors in mice was performed with DNP-Peg12-pHLIP, which was pre-mixed with the anti-DNP antibody labeled with the NIR fluorescent ICG dye (anti-DNP-Antb-ICG) and given as a single IP injection into mice bearing 4T1 breast tumors in their right flanks. Anti-DNP-Antb-ICG was used as a control. The data indicates tumor targeting by DNP-Peg12-pHLIP pre-mixed with anti-DNP-Antb-ICG (Figures 1B, e, g, i), while a much lower signal was seen in the control animals (Figures 1B, f, h, j). Whole body NIR fluorescence imaging revealed tumor targeting as shown in Figure 1B and confirmed by observation of the resected tumors (data not shown). Pre-mixing was thought to be important since most epitope-pHLIP molecules are expected to bind corresponding anti-epitope antibody in blood before tumor targeting.
Despite effective binding of antibody to DNP-pHLIP agents inserted into cell membranes in vitro, despite the previously demonstrated ADCC induced by DNP-pHLIP on cells (Wehr et al., 2020), and despite the targeted delivery of the antibody-DNP-pHLIP complex to the tumors, no therapeutic effect was observed in mice immunized against the DNP epitope (Figure 1C). Immunization was performed by several injections of KLH-DNP co-injected with CFA (first injection) and then co-injected with IFA in a series of boosts. A high blood titer of anti-DNP IgG antibodies was confirmed by ELISA performed against the DNP epitope. Mouse Lewis lung carcinoma LLC1 tumor cells were implanted and treatment with DNP-pHLIP, DNP-Peg4-pHLIP and DNP-Peg12-pHLIP was administered on day 3, constituting of IP injections of agents (50 μM 250 μl per injection) every second day for 2 weeks. On day 16, the mice were euthanized, and the tumor was collected and weighed. Figure 1C presents normalized weights of tumors in all groups. The mean tumor size in the control (untreated) group was taken as 100%. The results clearly indicate a lack of therapeutic efficacy of DNP-pHLIP agents. Such a negative therapeutic outcome might be attributed to the binding of a small hydrophobic molecule such as DNP (and DNP-pHLIP agents) to proteins in the blood and/or partitioning into cellular membranes, limiting the amount of free and antibody-bound fractions of DNP-pHLIP, and as a result, limiting the delivery of sufficient DNP epitope to tumors to induce therapeutic responses. Issues with the use of DNP as an epitope were previously reported as well (Jung et al., 2008; Zhang et al., 2010).
3.2 Gal-pHLIP
The next logical choice was the polar α-Gal epitope, which was expected to have fewer potential binding or partitioning problems than DNP. α-Gal disaccharide epitopes were conjugated to the amino terminal end of the pHLIP Var3 peptide either directly or as extended by Peg4 and Peg12 linkers. Tumor spheroids were treated with the di-Gal-pHLIP agents followed by washing, incubation with fluorescent anti-Gal-Antb-647, and final washing, and were then imaged using a confocal fluorescence microscope. Each of the agents, di-Gal-pHLIP, di-Gal-Peg4-pHLIP and di-Gal-Peg12-pHLIP, bound anti-Gal antibody when they were positioned at the surfaces of cancer cells within tumor spheroids (Figure 2A).
[image: Figure A displays fluorescence microscopy images showing anti-Gal-Antb-647 staining in different conditions: a) control, b) di-Gal-pHLIP, c) di-Gal-Peg₆-pHLIP, d) di-Gal-Peg₁₂-pHLIP, with brighter areas indicating higher fluorescence. Figure B is a scatter plot comparing normalized tumor weight percentages between the control and Gal-pHLIP groups, showing a significant reduction in the Gal-pHLIP group (p = 0.026), with data points represented by black and red dots for each group.]FIGURE 2 | Gal-pHLIP in tumor spheroids and mice. Antibody binding and therapeutic performance of Gal-pHLIP agents investigated in tumor spheroids (A) and in mice (B). (A) HeLa tumor spheroids were treated with medium (a), di-Gal-pHLIP (the contour of the tumor spheroid is outlined) (b), di-Gal-Peg4-pHLIP (c) and di-Gal-Peg12-pHLIP (d), followed by washing and incubation with anti-Gal-Antb-Al647. Finally, tumor spheroids were washed and imaged using a confocal microscope with a ×10 objective. A 100 μm scale bar is shown. Representative fluorescence images are shown in (a–d). (B) Normalized weights of murine melanoma B16F10 tumors collected from A3galt2 knockout mice immunized with HSA-Gal/CFA and HSA-Gal/IFA and treated with Gal-pHLIP are shown. The mean weight of tumors in the control group was taken as 100%. The distributions of tumor weights in the control (non-treated) group and Gal-pHLIP (treated) group are statistically different as established by the Kolmogorov-Smirnov two-tailed non-parametric test.
In order to assess therapeutic efficacy, we used an α-Gal trisaccharide epitope, known to enhance the binding affinity of anti-Gal antibodies (Anraku et al., 2017). The tri-Gal epitope was conjugated with pHLIP peptide via a Peg4 linker to obtain Gal-pHLIP. The Gal-pHLIP therapeutic efficacy was tested in immunized A3galt2 knockout mice using a B16F10 melanoma tumor model. Only knockout mice can produce anti-Gal antibodies, since they lack α-Gal epitopes (Thall et al., 1995; Porubsky et al., 2007). The poorly immunogenic B16 or B16F10 melanoma cells are suitable for testing Gal-pHLIP, since these cells lack α-Gal epitopes (Gorelik et al., 1995). Immunization was performed by several injections of HSA-Gal co-injected with CFA (first injection) and HSA-Gal co-injected with IFA in a series of boosts. A high blood titer of anti-Gal IgG antibodies was confirmed by ELISA against the α-Gal epitope. Murine melanoma B16F10 tumor cells were implanted into mice and the treatment with Gal-pHLIP was initiated on the next day. The treatment consisted of IP injections of the agent (80 μM 450 μl per injection) each day for 10 days. Mice were euthanized on day 12, and tumors were collected and weighed. Figure 2B presents the normalized tumor weights. The mean tumor size in the control (untreated) group was taken as 100%. The treatment led to a statistically significant reduction of tumor growth, by 66%.
3.3 HA-pHLIP
The repertoire of therapeutic immunogenic epitopes could be significantly expanded if efficacy did not rely on the presence of natural antibodies but was instead based on anti-epitope endogenous antibodies induced by immunization against the selected epitope. We have selected an exogenous antigen: a 9 amino acid HA peptide (YPYDVPDYA) from the hemagglutinin protein of H3N2 influenza virus. The HA sequence is not present in the human genome, and immunity is readily developed during viral infection or immunization against the HA antigen. We designed and tested several HA-pHLIP agents (Figure 3). HA constructs were designed to explore several ideas of how efficacy might be produced and enhanced. As a simple construct, a single HA epitope was synthesized as a continuation of the pHLIP sequence separated by a poly-Gly motif (HA-pHLIP1). In other sets of constructs, HA epitope was separated from pHLIP by Peg12 polymer (HA-Peg12-pHLIP). In an effort to enhance antibody binding to HA, double HA epitopes were linked to pHLIP (pHLIP3 or pHLIP4) via Peg12 linkers (2(HA-Peg12)-pHLIP) or Peg24 linkers (2(HA-Peg24)-pHLIP). Also, HA epitopes repeated three times were tried (3xHA) and conjugated with pHLIP (pHLIP3) via a Peg12 linker (2(3xHA-Peg12)-pHLIP. The double headed HA pHLIP peptides were designed to enhance overall antibody affinity by binding to both antigen sites of an anti-HA antibody. We used links of different lengths, Peg12 (∼5.3 nm) and Peg24 (∼9.5 nm), for conjugation of HA epitopes to pHLIPs (the distance between the antibody binding sites is about 10–11 nm). Based on biophysical measurements, we modified pHLIP sequences to achieve physiologically relevant pKs by enhancement of the hydrophobicity of pHLIP sequences linked to polar HA-Peg conjugates. The hydrophobicity of pHLIP4 was increased by replacing Asp residues by Glu residues, omitting a C-terminal Trp residue, and removing polar, charged residues from the N-terminal sequence. pHLIP5 is a slightly modified version of pHLIP4 with a longer poly-Gly motif between the Lys residues where HA-Peg linkers are attached to reduce steric hindrance and improve conjugation. HA-pHLIP and pHLIP4 peptides were also used for conjugation with fluorescent dyes, AFDye546 (AF546), Dy680 or ICG. Several different synthetic schemes, as described in Methods, were utilized for conjugation of HA via Peg linkers to Lys or azide groups at different pHLIP peptides to obtain the different agents summarized in Table 1 and Supplementary Figure S1.
[image: Diagram showing different molecular configurations. Section A illustrates structures: pHLIP, 2(HA-Peg12)-pHLIP, 2(3xHA-Peg12)-pHLIP, and 2(HA-Peg24)-pHLIP, with red wavy lines and blue dots. Section B lists sequences for HA-pHLIP1, HA, 3xHA, pHLIP2-5, highlighting sequences such as YPVDVPYAG and their modifications. Azide notation \(Az\) and azidolysine \(K(N_3)\) are explained in the text.]FIGURE 3 | HA-pHLIP constructs (A): Schematic representation of the HA-pHLIP agents, where HA is shown as blue circle, Peg linkers are shown in pink and pHLIP is shown in red. (B): Sequences of HA-pHLIP synthesized as a single peptide, the separately conjugated HA and 3xHA units, and several pHLIP peptides are shown. As indicated, some pHLIP peptides had acetylated N-termini (Ac). Peptides pHLIP4 and pHLIP5 consisted of all D amino acids and the other peptides consisted of all L amino acids.
TABLE 1 | List of all HA-pHLIP constructs used in this study. The conjugated molecules are shown in bold. Az is the 5-Azido-pentanoyl and K[N3] is azidolysine. The calculated molecular weight (MWc) and molecular weight measured by masspec (MWm), retention time (Rt) and purity (%) established by analytical HPLC are shown.
[image: A table listing constructs of HA-pHLIP with columns for sequence, peg linker, molecular weights, retention time, and purity. The sequences involve variations of HA-Peg, with different linker types: Maleimide-Peg12-NHS, Peg24-NHS, and Peg12-DBCO. Molecular weights range from 4,602 to 12,435, retention times are between 14.4 and 16.4, and purity values range from 92.4 to 99.9 percent. A note indicates a lack of good signal on mass spec for one molecular weight measurement.]Since all pHLIP peptides contain one or two tryptophan residues, we used tryptophan fluorescence to monitor the interactions of different HA-pHLIP constructs with lipid bilayers in POPC liposomes. All agents exhibited pH-dependent pHLIP-like properties. The maximum positions of fluorescence of HA-pHLIP agents in state I (where the agent is a largely unstructured polymer in aqueous solution at pH8), state II (where the agent is adsorbed by POPC liposomes at pH8), and state III (where the agent is inserted across the lipid bilayer of POPC liposomes at pH3) are given in Table 2. Transitions from the membrane-adsorbed (state II) to the membrane-inserted (state III) conformations of HA-pHLIP agents were monitored by the shift of the maximum position of fluorescence spectra (Figure 4; Table 2).
TABLE 2 | Fluorescence parameters of HA-pHLIPs in state I (HA-pHLIP in solution at pH8), state II (HA-pHLIP with POPC liposomes in solution at pH8) and state III (Ha-pHLIP with POPC liposomes in solution at pH3), and the mid-points (pK) and cooperativities (n) of state II to state III transitions are shown.
[image: Table showing HA-pHLIP agents with their maximum wavelengths in states I, II, and III, and state II to III transition values. Agents include HA-pHLIP1, HA-Peg12-pHLIP2, and others. Wavelengths range from 336 to 352 nanometers, and transition parameters include various \( pK \) and \( n \) values. Each agent has unique wavelength and transition characteristics.][image: Nine graphs showing changes in wavelength maxima (λ-max) versus pH for various HA-pHLIP peptide constructs. Each graph displays a curve with data points and a fitted line. The pK values range from 4.6 to 6.8, varying by construct. Each graph is labeled with the specific peptide construct name and its corresponding pK value, such as HA-pHLIP1 with pK=5.5.]FIGURE 4 | pH-dependent interactions of HA-pHLIP constructs with liposome bilayers. pH transitions from state II to state III as monitored by changes of the fluorescence maximum of HA-pHLIP agents are shown (experimental points and fitting curves, red, with 95% confidence interval, pink).
It is evident that addition of a polar Peg polymer shifts the pK of the transition from state II to state III, which reflects the pHLIP insertion into the membrane, to lower pH values. Thus, the pK of HA-Peg12-pHLIP2 is 5.1, while the pK of HA-pHLIP1 is 5.5. When two HA-Peg12 units were added (2(HA-Peg12)-pHLIP3) the pK is shifted further to 4.8 and even further (pK = 4.6) when two HA-Peg24 units are added (2(HA-Peg24)-pHLIP3). The parameters obtained for 2(HA-Peg12)-pHLIP3 and 2(3xHA-Peg12)-pHLIP3 were similar. More hydrophobic versions of the pHLIP peptide, pHLIP4 and pHLIP5, which can be manufactured without difficulty, shifted the insertion pK to higher pH values, which are more physiologically relevant. By using revised pHLIP4s, the pKs of two versions of the single HA-headed Peg12 construct (HA-Peg12-pHLIP4) were 6.4 and 6.8, and the pK of a double HA-headed agent was found to be 5.8. The pK of 2(HA-Peg12)-pHLIP5 was shifted even further, to 6.2. The pK shift can be understood as arising from stronger hydrophobic interactions of the HA-pHLIP4 and HA-pHLIP5 agents with membranes at normal and high pHs as indicated by the shorter-wavelength fluorescence maximum in state II (343–344 nm for HA-Peg12-pHLIP4 and 2(HA-Peg12)-pHLIP4, and 347 nm for 2(HA-Peg24)-pHLIP4) compared to the 350–351 nm established for the HA-pHLIP1 and HA-pHLIP3 agents. Stronger hydrophobic interactions will place the titratable groups of a pHLIP deeper in the bilayer, where the dielectric is lower and the pK is shifted to higher values.
HA-pHLIP agents were tested on HeLa and 4T1 tumor spheroids to ensure that the HA epitope is positioned properly at the surfaces of cells so that the anti-HA fluorescent antibody can recognize it. Representative fluorescence images obtained on HeLa tumor spheroids are shown on Figure 5A. In some cases, we used a fluorescent HA-pHLIP agent (HA-Dy680-pHLIP) to establish co-localization with the fluorescent anti-HA antibody (anti-HA-Antb-550), as shown in Figure 5B. We also performed a titration experiment: HeLa tumor spheroids were treated with HA-pHLIP, followed by washing. Next, different concentrations of anti-HA-Antb-550 ranging from 0.035 to 0.56 µM were used to treat the spheroids, followed by washing, imaging and analysis of mean fluorescence per area. The fluorescence signal reflects the binding of anti-HA-Ant550. The signal increases with the increase in antibody concentration until saturation is achieved (Figure 5C), clearly indicating specific binding of anti-HA antibody with HA epitopes.
[image: Images A and B show fluorescent microscopy images of cells treated with different pHLIP constructs labeled in red and green, with an overlay in image f. Image C is a line graph showing fluorescence intensity on the y-axis versus the concentration of anti-HA-Antb-550 (in micro molar) on the x-axis, illustrating a dose-response curve.]FIGURE 5 | Binging of anti-HA-Antb with HA-pHLIP in tumor spheroids. (A): HeLa tumor cell spheroids were treated with HA-pHLIP1 (a), 2(HA-Peg12)-pHLIP3 (b) or 2(HA-Peg12)-pHLIP4 (c), followed by washing and incubation with anti-HA-Antb-550. Tumor spheroids were then washed and imaged with a confocal microscope. (B) HeLa tumor spheroids were treated with HA-Dy680-pHLIP, followed by washing and incubation with anti-HA-Antb-550. Tumor spheroids were then washed and imaged using different channels to visualize fluorescent HA-pHLIP (d), bound anti-HA antibody (e) and their overlay (f) by confocal microscopy using ×10 and ×20 objectives. 100-μm scale bars are shown in all panels. (C) Titration curve: HeLa tumor spheroids treated with 1 µM of HA-pHLIP1 followed by washing were then treated with increasing concentrations of anti-HA-Antb-550, the mean fluorescence intensities per area were calculated and are shown vs. the concentration of anti-HA-Antb-550.
We investigated the biodistribution of fluorescent HA-pHLIP agents. Fluorescent HA-ICG-pHLIP was administered as a single IP injection to non-immunized mice and immunized mice with different anti-HA antibody titers (Figure 6). All mice had 4T1 tumors. We employed different schemes of immunization to establish different amounts of anti-HA antibodies in the blood of the animals. About 65 μg/ml of anti-HA-Antb was established in one of the immunized groups and about 650 μg/ml in another immunized group. Significant tumor targeting was achieved in all groups. At the same time, the fluorescence signals in the organs were observed with the increase of the amount of anti-HA antibodies in the blood. The signal in the spleen, lungs and heart decreased and was essentially undetectable in immunized mice with a high titer of anti-HA antibodies. The signal in the kidney dropped as well, while a signal in the liver was observed in all groups, indicating hepatic clearance. A more detailed biodistribution study was performed with ICG-2(HA-Peg12)-pHLIP4, which was given as a single injection into mice immunized with KLH-HA/AddaVax (Supplementary Figure S2). After immunization, 4T1 tumors were grown and mice received a single IP injection of ICG-2(HA-Peg12)-pHLIP4 (40 μM 400 μl). Mice were euthanized at 24-, 8- and 72-h, tumor and major organs were collected and imaged. The signal levels in all organs at different time points are shown on Supplementary Figures S2A–C and kinetics of fluorescence signal changes are shown in Supplementary Figure S2D. The signal in all organs decayed, indicating clearance of the agent, while the signal in the tumors was persistent. It is important to note that the signal in spleen, lungs, kidney and heart of immunized mice was much lower compared to the signal in these organs of non-immunized mice. It is expected that HA-pHLIP binds anti-HA antibodies in the blood and potentially travels as an HA-pHLIP antibody complex and therefore has limited accessibility to major organs, resulting in a lowered signal in the organs of immunized mice with a high amount of anti-HA antibody. We checked the level of anti-HA antibody before injection of HA-pHLIPs and 24-, 48-, and 72-h later, when animals were euthanized. The level of anti-HA antibodies in the serum dropped 4.5 fold from 65 μg/ml to 14.6 μg/ml 24 h after injection of ICG-2(HA-Peg12)-pHLIP4, indicating binding of HA-pHLIP with anti-HA antibodies (Supplementary Figure S2E). The level of unbound anti-HA antibodies slowly increased in the blood over the next few days.
[image: Series of fluorescence images showing the distribution of anti-HA antibodies in organs of mice. Panel A shows low background levels in organs of non-immunized mice. Panel B shows increased antibody presence at 65 micrograms per milliliter in immunized mice. Panel C shows a further increase to 650 micrograms per milliliter, notably in the kidney, liver, and lungs of immunized mice.]FIGURE 6 | HA-pHLIP tumor targeting and biodistribution. Photos and NIR fluorescent images of major organs collected 24-h after administration of HA-ICG-pHLIP to mice bearing 4T1 flank tumors: non-immunized mice containing no anti-HA antibodies (A) and immunized mice with low (B) and high titer of anti-HA antibodies (C).
In the next set of experiments, we evaluated the ability of pHLIP to position and expose HA epitopes to the extracellular surface for anti-HA antibody recognition within tumors. Mice bearing 4T1 tumors in their right flanks received single IP injections of AF546-2(HA-Peg12)-pHLIP4 (40 μM 400 μl). At 24-, 48- and 72-h post injection, the mice were euthanized, and tumors were resected, frozen and sectioned. Sections were stained with fluorescent anti-HA, or CD206 antibodies and DAPI, or H&E. At 24-h after administration of AF546-2(HA-Peg12)-pHLIP4, the fluorescence signal of HA-pHLIP and anti-HA antibody were observed within tumor sections (Figure 7A). The majority of the HA-pHLIP fluorescence is co-localized with anti-HA antibody fluorescence (Figures 7A, d). At 48-h p.i., despite the fact that HA-pHLIP fluorescence was present, the amount of anti-HA antibody recognizing HA-pHLIP was less (Figure 7B). Sections from the control mouse with no injection of HA-pHLIP are shown on Figure 7C. At 72-h, no anti-HA antibody was bound to cells (data not shown). “Hot spots” for HA-pHLIP fluorescence signal were detected. These “hot spots” were mostly not stained by anti-HA antibody, potentially indicating that HA-pHLIP was internalized by some cells and was therefore not accessible to anti-HA antibody binding. Further investigation revealed that the “hot spots” of HA-pHLIP fluorescence were co-localized with CD206 antibody staining of tumor-associated macrophages (TAMs) (Figure 7D). We also employed the Trypan Blue quenching assay, which allows to distinguish the extracellular signal from the intracellular, since Trypan Blue is a cell-impermeable quencher of fluorophores emitting in the range of 500–600 nm. Tumor sections, either containing or not containing contain “hot” AF546-2(HA-Peg12)-pHLIP4 fluorescent spots, were imaged before and after Trypan Blue addition (Figure 7E). Most of the HA-pHLIP fluorescence was quenched by Trypan Blue indicating extracellular localization of HA-AF546. However, some “hot” spots remained fluorescent, indicating internalization of HA-AF546 by cells (mostly TAMs).
[image: Fluorescence microscopy images showing experiments with various stainings. Panels A and B compare anti-HA antibodies and DAPI staining at 24 and 48 hours post-infection, with overlays. Panel C depicts autofluorescence, anti-HA antibody staining, and DAPI with an overlay. Panel D shows AF546 staining with anti-CD206 antibodies and DAPI, including the overlay. Panel E displays samples before and after Trypan Blue staining at 24 hours. Each figure helps visualize different cellular components and processes, comparing staining and time points. Scale bars are included for reference.]FIGURE 7 | Extracellular exposure of HA epitope in tumors. Fluorescence images of tumor sections obtained from mice injected with AF546-2(HA-Peg12)-pHLIP4 (40 μM 400 μl) (A,B,D,E) and control mice, which did not receive injection of HA-pHLIP agent (C). The fluorescence images of AF546-2(HA-Peg12)-pHLIP4 (a,e,m), sections stained with anti-HA-Antb-650 (b,f,j), or CD206-Antb-647 (n) and DAPI (c,g,k,o), and overlay images (d,h,l,p) (image d is an overlay of 3 images a, b, and c; image h is an overlay of 3 images e, f, and g; and image l is an overlay of 3 images i, j, k, and image p is an overlay of 2 images m and n) are shown for tumors resected 24-h (A) and 48-h (B) after a single IP injection of AF546-2(HA-Peg12)-pHLIP4. (C) represents images of tumor sections obtained from control mice [no injection of HA-pHLIP agents (i)], while sections were stained with anti-HA-Antb-650 (j) and DAPI (k). In (E), two sets of images from unfixed tumor sections obtained from the mice injected with AF546-2(HA-Peg12)-pHLIP4 are shown before (q,s) and after (r,t) addition of solution of Trypan Blue to the sections. The images were acquired using a fluorescence inverted microscope. 200-μm scale bars are shown.
We evaluated the therapeutic efficacy of the HA-pHLIP agents on immunized mice bearing 4T1 flank tumors. Mice were immunized by injections of KLH-HA/CFA and boosts of KLH-HA/IFA. Blood was collected randomly from several mice to confirm high titers of anti-HA antibody prior to the injection of cancer cells. Cancer cells were inoculated on day 1 and treatment was initiated on day 3. IP injections of various HA-pHLIP agents were performed every second day and continued until all mice were euthanized, tumors were collected and weighed. The treatment results are presented in Figure 8A. In another control experiment, the selected HA-pHLIPs were injected into non-immunized mice with no effect on tumor growth (data not shown). We also performed multiple injections of HA-pHLIP to establish if anti-HA antibodies could be developed, and found no detectable antibodies. Statistically significant therapeutic effects were established between control and treated groups except for HA-pHLIP1, probably indicating that more space is needed between the epitope and pHLIP for better exposure of the epitope to antibody binding. However, no difference was observed between agents with Peg12 and Peg24 spacers between the epitope and pHLIP. Also, no difference was noted between the performance of the HA-pHLIP agent with a single HA epitope and the agent with 3 repeats of the HA epitope (3xHA), most probably because the affinity to the anti-HA antibody was not altered. The more hydrophobic agent (pHLIP4), with its pK shifted toward higher pH values, exhibited a slightly better therapeutic performance, however statistical significance was not achieved. In another experiment, we treated mice immunized with 2 injections of KLH-HA with AddaVax adjuvant. Melanoma B16F10 cancer cells lacking MHC-I presentation were inoculated in right flank of mice after immunization was completed. Tumors were grown until they reached volumes of about 100 mm3, which was designated as Day 1. Three consecutive IP injections of 2(HA-Peg12)-pHLIP5 agent (40 µM 400 µl per injection) were given (one injection per day) on days 1, 2 and 3. The tumor in the control group reached a volume of about 1,500 mm3 on day 7 and all animals in this group were euthanized. Normalized tumor weights from the control (non-treated) and treated with 2(HA-Peg12)-pHLIP5 groups are shown on Figure 8B. We also established the amount of anti-HA antibodies in all mice in the treated group before the treatment was initiated and after the treatment was completed and animals were euthanized (Figure 8C). The amount of anti-HA antibody dropped significantly (close to background level) after 3 injections of HA-pHLIP and the level of antibodies was not restored by day 7. The drop of antibodies is therefore likely to be limiting the observed therapeutic effect. Just two injections of the HA-pHLIP agent were sufficient to capture practically all of the anti-HA antibodies in the blood. Successful continuation of the treatment might require additional boosts to restore the amount of anti-HA antibodies and keep them at high levels. Importantly, none of animals in the treated group lost weight during the treatment, and all resected organs appeared normal.
[image: Three graphs labeled A, B, and C. Graph A shows normalized tumor weight percentages for various groups with statistical significance indicated. Graph B compares normalized tumor weight between two groups, showing a significant reduction in the 28-day group. Graph C displays anti-HA antibody levels before and after treatment, with a significant decrease after treatment. Error bars represent variability in the data.]FIGURE 8 | Therapeutic efficacy of HA-pHLIP. (A) Normalized weight of murine breast 4T1 tumors collected from mice immunized with KLH-HA/CFA and KLH-HA/IFA and treated with HA-pHLIP agents is shown. (B) Normalized weight of murine melanoma B16F10 tumors collected from mice immunized with 2 injections of KLH-HA/AddaVax and treated with 2(HA-Peg12)-pHLIP5 is shown. The mean weight of tumors in the control group was taken as 100%. At the 0.05 level the distributions of tumor weight in the control (untreated) group and HA-pHLIP (treated) groups are statistically different as established by the Kolmogorov-Smirnov two-tailed non-parametric test (except for the HA-pHLIP1 agent in panel A). (C) The amount of anti-HA antibody in serum obtained from mice (bearing B16F10 tumors) before the treatment was initiated and after treatment with 2(HA-Peg12)-pHLIP5 was completed and animals were euthanized. Statistical significance was established by the Kolmogorov-Smirnov two-tailed non-parametric test.
We also tested several different adjuvants since the CFA adjuvant cannot be translated to the clinic. The amount of anti-HA antibodies after 2 injections of KLH-HA/CFA and KLH-HA/IFA was in the range of 200–400 μg/ml. Similar antibody concentrations resulted from using the IFA adjuvant. A lower level (50–100 μg/ml) resulted from 2 injections using AdjuPhos, which is an aluminum phosphate wet gel suspension used as an adjuvant in humans for many years, and which predominantly activates the Th2 helper cell response leading to the production of antibodies. Two injections with the AddaVax adjuvant, a squalene-based oil-in-water nano-emulsion with a formulation like the FDA-approved novel MF59® adjuvant used with flu vaccines, produced the highest amount of anti-HA antibodies in the range of 1–3 mg/ml. AddaVax activates both the Th1 and Th2 helper cell immune responses for training of both T- and NK-cells and the production of antibodies. We also tested commercially available Flu vaccines approved for canines (Vanguard CIV H3N2) and for humans (Flucelvax® Quadrivalent) since the HA sequence is from the hemagglutinin protein of the H3N2 influenza virus. Neither vaccine induced production of anti-HA antibodies in mice, indicating that dog and human vaccines are not suitable to initiate anti-HA immunity. However, humans who have had a prior infection with the H3N2 flu virus might develop anti-HA immunity in the course of the disease, since HA is a highly immunogenic epitope. We tested plasma samples from 20 healthy humans and established the level of anti-HA antibodies. The histogram presented in Supplementary Figure S3 indicates that one person had < 10 μg/ml of anti-HA antibodies in the blood. Nine, four and two people had levels in the ranges 10–20, 20–30 and 30–40 μg/ml, respectively. Four people had levels of anti-HA antibodies higher than 40 μg/ml.
4 DISCUSSION
Immune check point inhibitors (ICIs), which promote the cytotoxic action of T cells, lead to significant therapeutic effects in some cancer patients. However, the response rates are not high, ranging from 20% to 40% (Sharma et al., 2021). Preclinical and clinical evidence suggests that ICIs/T cell based therapies do not work in “cold” non-inflamed tumors with impaired MHC-I (major histocompatibility complex class I) presentation and low tumor mutational burden (TMB) (Volz et al., 2019; Bai et al., 2020; Cornel et al., 2020; Dhatchinamoorthy et al., 2021; Hodi et al., 2021; Liu and Sun, 2021). Therefore, other immuno oncology therapeutic approaches are under development, including the delivery of antigens (and epitopes) aimed at triggering immunological responses by activating of NK-cells. Since pHLIP peptides target tumor cells and insert across their membranes, and since the insertion leaves one end of the peptide exposed at the cell surface, we have investigated the idea of attaching an epitope to the extracellular end of pHLIP for targeted extracellular delivery of epitopes to tumors as a way of inducing an immune response to the tumor cells.
We tested pHLIP-mediated targeted delivery of DNP and α-Gal epitopes to cancer cells in tumor spheroids and in mouse tumor models. Both epitopes were properly targeted and positioned extracellularly and were exposed to corresponding anti-DNP and anti-Gal antibodies. No therapeutic effect of DNP-pHLIP was observed, while treatment with Gal-pHLIP induced regression of MHC-I negative melanoma B16F10 tumors. Both approaches, if transferred to the clinic, would rely on the presence of endogenous anti-Gal and anti-DNP antibodies in humans, while in the mouse experiments an immunization is necessary. The repertoire of useful epitopes could be significantly expanded if targeted delivery of an antigen/epitope were coupled with immunization to develop corresponding anti-epitope antibodies, prompting us to investigate this direction. Currently, vaccination for cancer prevention and treatment is based on the need to identify neo-antigens at the surfaces of cancer cells, and then to perform immunization to activate T- and NK-cells and thereby to develop anti-antigen antibodies (Finn, 2018; Crews et al., 2021). An alternative approach is to perform an immunization and induce production of a high titer of antibodies against an exogenous antigen, not present in the human body, and then to position this antigen on cancer cells, which will be recognized by newly produced antibodies to induce ADCC, ADCP and CDC.
As an exogeneous immunogenic antigen we selected the 9 amino acid HA peptide that corresponds to amino acids 98-106 of the human influenza virus hemagglutinin (Wilson et al., 1984). The HA peptide has been extensively used as a general epitope tag in expression vectors in HA-tagged fusion proteins (Field et al., 1988). We have shown that immunity is readily developed for the HA peptide in mice, as shown by the high blood levels of anti-HA antibodies after immunization with KLH-HA in the presence of adjuvants. A high immunogenicity for such a short peptide epitope in humans might be explained by the absence of the HA peptide sequence in the genome. Typically, immunogenicity for carbohydrate epitopes or for similar sized peptide epitopes is low. We would like to note that KLH is used in humans and that translation of KLH-HA paired with an FDA-approved novel MF59® adjuvant (in some experiments we used Addavax, a squalene-based oil-in-water nano-emulsion with a formulation similar to MF59®) is expected to be straightforward. We explored the possibility of using human or dog flu vaccines against the H3N2 influenza virus. No anti-HA antibodies were developed in mice. It is not surprising that the existing Flu vaccines do not give immunity to the HA peptide, since the 98–106 sequence of HA peptide is located in the trimer interface of the hemagglutinin and is not accessible to antibodies (Wilson et al., 1984), and vaccines mostly are developed for the parts of viral proteins that are readily accessible (Rajao and Perez, 2018). At the same time, individuals who have contracted the H3N2 flu virus might develop anti-HA immunity, since the peptide could be exposed and recognized as foreign during the natural virus-elimination process. We tested plasma samples from 20 healthy donors and found variable amounts of anti-HA antibodies. Individuals who recently contracted the H3N2 virus might have a high titer of anti-HA antibodies, while others with a low titer could be immunized with KLH-HA/MF59® to achieve a higher titer. Flu vaccination is not expected to interfere with the process. We also note that after treatment the HA peptide will likely be destroyed and immunoreactivity will be suppressed, since the DVPD sequence from the HA peptide is cleaved by the Caspase-3 and Caspase-7 overexpressed in apoptotic cells (Schembri et al., 2007). Thus, use of the HA epitope seemed to be an attractive choice of epitope from several standpoints, motivating our studies with pHLIP peptides.
In addition to testing HA simply attached to the end of a pHLIP, we tried to enhance the overall binding affinity of HA-pHLIP to anti-HA antibodies using double headed HA-pHLIP agents, where HA epitopes were linked to a single pHLIP peptide via Peg12 or Peg24 polymers. However, the attachment of these large, polar entities shifted the pKs of insertion of the HA-pHLIP agents to lower pH values that are less relevant to the values of pH at the surfaces of cancer cells (Anderson et al., 2016; Wei et al., 2019). Tuning of pHLIP properties and introducing more hydrophobic sequences allowed restoration of suitable pKs of insertion. In experiments using tumor spheroids, all agents targeted acidic cells and positioned HA epitopes in the extracellular space accessible to anti-HA antibodies. Fluorescent versions of the agents were used to demonstrate excellent tumor targeting and clearance of the agent from most organs. The biodistribution observed in non-immunized and immunized mice with different titers of anti-HA antibodies was different: the agent was widely distributed in the organs of non-immunized mice, but not found in the major organs of immunized mice with high amounts of anti-HA antibodies, except for the liver, the organ of clearance. Also, the level of anti-HA antibody in the blood dropped by 77.5% 24-h after HA-pHLIP administration. These data indicate that agents can bind to anti-HA antibodies in the blood of immunized mice and travel as antibody complexes to target tumors.
The HA antigens should be positioned and remain at cell surfaces to induce immune suppression of tumors via ADCC, ADCP or CDC. For 24–48 h the HA epitope is exposed to the extracellular space, while later it is internalized by cells. Thus, the time window for therapeutic action for a day after tumor targeting is achieved. Some of the agent is taken up by macrophages and may potentially be internalized even faster. Our main finding is that treatments of imunized mice, bearing 4T1 triple negative or B16F10 MHC-I negative melanoma flank tumors, with a double-headed HA-pHLIP resulted in a 55% reduction of tumor growth. We demonstrated that practically all of the anti-HA antibodies in the blood were captured in complexes after 3 injections of HA-pHLIP. Such a capture depletes the effective antibodies and may well limit therapeutic efficacy in the mouse tumor models. Additional boosts might be used to restore the level of free anti-HA antibodies, however the tumors in our models were developing too fast to effectively employ additional boosts in the course of the treatment. Additional experiments might be performed on slow-growing tumor models, when multiple boosts could be done to keep the amount of anti-HA antibodies at a high level, potentially enabling a more significant therapeutic efficacy.
Immunization coupled with epitope targeting might open an opportunity for the treatment of tumors with a low number of neo-antigens (or low TMB) and absence or low MHC-I presentation. These tumors are problematic for treatments based on T-cell action and for the development of anticancer therapeutic vaccines. In the work reported here, prior immunization ensures a high titer of anti-HA antibodies, and the pHLIP-targeted delivery of HA epitopes to position them on the surfaces of cancer cells results in antitumor activity. Of course, the approach might be combined with any therapies that promote the presence and activation of NK-cells within the tumor microenvionment.
The idea to treat tumors by marking cancer cells with pHLIP-targeted exogeneous antigens opens an opportunity either to exploit endogeneous antibodies present in the organism or to employ new ones by immunization against the desired antigens.
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There are still limitations in artificial bone materials used in clinical practice, such as difficulty in repairing large bone defects, the mismatch between the degradation rate and tissue growth, difficulty in vascularization, an inability to address bone defects of various shapes, and risk of infection. To solve these problems, our group designed stereolithography (SLA) 3D-printed calcium silicate artificial bone improved by a calcium sulfate-Cu2+ delivery system. SLA technology endows the scaffold with a three-dimensional tunnel structure to induce cell migration to the center of the bone defect. The calcium sulfate-Cu2+ delivery system was introduced to enhance the osteogenic activity of calcium silicate. Rapid degradation of calcium sulfate (CS) induces early osteogenesis in the three-dimensional tunnel structure. Calcium silicate (CSi) which degrades slowly provides mechanical support and promotes bone formation in bone defect sites for a long time. The gradient degradation of these two components is perfectly matched to the rate of repair in large bone defects. On the other hand, the calcium sulfate delivery system can regularly release Cu2+ in the temporal and spatial dimensions, exerting a long-lasting antimicrobial effect and promoting vascular growth. This powerful 3D-printed calcium silicate artificial bone which has rich osteogenic activity is a promising material for treating large bone defects and has excellent potential for clinical application.
Keywords: 3D printing, calcium silicate, calcium sulfate, Cu2+, bone repair

1 INTRODUCTION
In clinical treatment, successful bone healing is still not possible due to large bone loss, osteomyelitis, comorbidities, and aging (Holmes, 2017). The conventional clinical treatment for these incorrigible bone defects is bone grafting (Dalisson et al., 2021). In recent years, the large number of nonhealing bone cases have made bone the second most crucial tissue for transplantation after blood (Holmes, 2017; Lobb et al., 2019). The enormous demand for bone grafts has led to increased development of bionic bone materials. Stereolithography (SLA) 3D printing technology shows major advantages over numerous other bioprosthesis manufacturing processes for the preparation of structurally complex bionic bone materials for clinical cases (Ma et al., 2018). This technology can accurately design large scaffold structures and rapidly create personalized bone defect-filling models for patients (Quan et al., 2020; Cheng et al., 2021). We expected that blood and nutrients can be transported to the depths of large bone defects, and new bone can quickly grow into the center of large bone defects. This method will be a solution to the problem of complex bone repair.
Recent extensive research has found that calcium silicate has excellent properties in bone repair (Srinath et al., 2020). Silicon is strongly associated with bone density, bone mechanics, and possibly estrogenic status (Götz et al., 2019). Calcium silicate (CSi) can appropriately increase the silicon concentration and consistently induce bone regeneration and angiogenesis with degradation (Lu et al., 2022). These biological effects may promote repair at the bone defect site. For example, Chen et al. manufactured a multihole Si-CaP scaffold by digital light processing printing technology. The Si-CaP scaffold has a regular structure and excellent mechanical properties. This scaffold also promoted osteogenic factor expression and calcium deposition (Chen D. et al., 2022). This proves the excellent osteogenic effect of 3D-printed calcium silicate scaffolds.
The channel structure established by 3D printing technology has been studied in the field of bone repair. For example, the hollow tube structure has been proven to significantly promote the rapid infiltration of stem cells, cytokines and blood vessels to enhance tissue regeneration (Zhang et al., 2017). Zhang et al. established a 3D-printed Haversian structure that is conducive to early bone formation (Zhang et al., 2020). Based on these studies, we designed a three-dimensional tunnel structure. This horizontal and vertical traffic network can provide a pathway for cells migrating from all directions to the center of bone defects. However, the scaffold with hollow channels alone cannot quickly repair the empty area in the center of large bone defects because it is difficult for cells to traverse the distance of large defects. To solve the problem of the internal cavity of large bone defects, we introduced calcium sulfate (CS) into the three-dimensional tunnel structure to further enhance the osteogenic activity of the calcium silicate artificial bone. The rapid degradation and complete absorption of calcium sulfate contributes to the induction of osteogenesis by enhancing the expression of osteogenic cytokines (Chen H. et al., 2022; Chopra et al., 2023). Calcium sulfate also possesses unique osteoconductive properties that restore the morphological contours of bone (Echave et al., 2022). We expect that this factor will contribute to the gradual formation of native blood vessels and new bone tissue in the center of the scaffold. Zhang et al. directly added calcium sulfate into the calcium silicate printing stock, but the calcium sulfate decomposed under the high temperature of calcination and lost its biological activity (Zhang et al., 2021). We improved this scheme by filling calcium sulfate into the channels of the three-dimensional tunnel structure, ensuring rich biological functions.
We also took advantage of calcium sulfate degradation to construct a delivery system. The delivery system can slowly release drugs, further enhancing the biological activity of calcium silicate artificial bone. Postoperative infection is a key challenge that can lead to bone repair failure. Cu2+ is a well-known broad-spectrum antimicrobial material and has been shown to be effective against Gram-positive bacteria, Gram-negative bacteria, and fungi (Mitra et al., 2020). The addition of Cu2+ can effectively prevent infection problems during bone repair processes. Cu2+ also contributes to cell adhesion, osteogenic differentiation of mesenchymal stem cells, and production of vascular endothelial growth factor (VEGF) (Lin et al., 2016). These factors are all necessary for successful tissue regeneration. Therefore, we added Cu2+ to calcium sulfate to verify the performance of the delivery system.
In summary, we printed a calcium silicate artificial bone with a precise three-dimensional tunnel structure by SLA technology and fitted the calcium sulfate-Cu2+ delivery system into the channel to create a sandwich structure. Figure 1 outlines the synthetic route of 3D-printed calcium silicate artificial bone improved by the calcium sulfate-Cu2+ delivery system and its effect in the bone defect area. To systematically test our hypothesis that improved calcium silicate artificial bone could promote uniform osteogenesis at the center of large bone defects, we set pure calcium silicate-based 3D-printed scaffolds as a control group and investigated the physical and mechanical properties of the novel 3D-printed calcium silicate artificial bone improved by the calcium sulfate-Cu2+ delivery system. Subsequently, we comprehensively examined the in vitro biocompatibility, osteogenesis, angiogenesis, and antibacterial properties of different scaffold materials. Finally, we chose a large cranial defect model of 7 mm in diameter to assess the in vivo bone repair capabilities of 3D-printed calcium silicate artificial bone.
[image: Illustration of a process for creating an improved 3D printed calcium silicate artificial bone. It begins with SLA 3D printing, followed by sintering. Next, copper chloride and calcium sulfate are mixed into a slurry, treated with ultrasound, resulting in the improved bone material. The final product is depicted as promoting angiogenesis, antimicrobial properties, and osteogenesis, and targeting large bone defects in a mouse model.]FIGURE 1 | Schematic Illustrations: The preparation process of 3D-printed calcium silicate artificial bone improved by calcium sulfate-Cu2+ delivery system and its role in the bone defect area.
2 MATERIALS AND METHODS
2.1 Materials
Copper (II) chloride (99%) was purchased from Sigma-Aldrich. Calcium sulfate hemihydrate (CSH) was synthesized in the laboratory. First, magnesium sulfate heptahydrate and sodium citrate were added to pure water and stirred evenly. Then alcium sulfate powder dihydrate was added to the solution and stirred for 10 min. The obtained solution was placed in the reactor (130°C, 0.19 MPa) for 5 h. After the reaction, the supernatant was decanted and dried at 100°C for 4 h to obtain calcium sulfate hemihydrate. Finally, it was crushed and sieved to obtain the powder.
2.2 Preparation of the scaffolds
We use Magics software to model and slice the desired structure. After mixing calcium silicate ceramic slurry with photosensitive resin, the scaffold was printed by a CeramBuilder 100pro (iLaser, China). The operating parameters were as follows: the viscosity of 4 Pa s, a laser scanning speed of 2,500 mm/s, a slice thickness of 40 μm, and single layer curing depth of 120 μm. Subsequently, the printed blank was degreased and sintered in a muffle furnace to obtain the CSi group. The sintering conditions of the samples were as follows: 30°C–300°C with a heating rate of 2°C/min and 2 h of holding time; 300°C–600°C with a heating rate of 2°C/min and 2 h of holding time; 600°C–1,200°C with a heating rate of 5°C/min and 2 h of holding time. Then the samples were cooled naturally at room temperature. Copper chloride powder (0.5 wt%, CuCl2) and CSH powder (99.5 wt%) were mixed well with water at a ratio of 2 g/mL to form a slurry. The CSi group was immersed in the slurry and ultrasonically shaken for 5 min to assist the filling of the slurry into the channels. Then the scaffold was removed from the mud and cured at 37°C for 24 h. Finally, the scaffold was dried to constant weight to obtain the 3D-printed calcium silicate loaded with calcium sulfate and Cu2+ (CSi/CS/0.5Cu group) at 80°C. The CSi/CS/0.1Cu was prepared with 0.1 wt% CuCl2 and the CSi/CS/1Cu was prepared with 1 wt% CuCl2. The CSi/CS was prepared by mixing the CSi and calcium sulfate slurry without copper chloride powder according to the above method.
2.3 Scanning electron microscopy (SEM) and X-ray diffraction (XRD)
The surface morphologies of the scaffolds were characterized using a field emission scanning electron microscope (Zeiss SIGMA, England). Before scanning, each scaffold was gold sprayed. An X-ray diffractomer (XPert Pro, Netherlands) was used to scan the crystal structure of the powder of the scaffolds.
2.4 Mechanical strength evaluation
The compression testing machine (CMT6503, SANS Testing Machines, Shenzhen, China) with a 10 kN load cell was used to perform mechanical tests on the 3D-printed calcium silicate artificial bone. The scaffold was fabricated the cylinder (diameter, 7 mm; height, 10 mm) and was compressed in the vertical direction at a crosshead speed of 1 mm/min in the compression test. The maximum load at failure was recorded. The formula P = F/S was used to calculate the compression strength P (MPa), where F was the load at failure (N), S was the cross-sectional area of the sample (mm2).
2.5 In vitro degradation of scaffolds
Phosphate buffered saline (PBS) at pH 7.4 was chosen to test the in vitro degradation of the scaffolds. Scaffolds were immersed in 37°C PBS at a 0.05 g/mL concentration ratio and then placed in a shaker at 72 rpm. The scaffolds were removed from PBS after degradation for 1, 7, 14, 21, and 28 days. Then the scaffolds were dried to constant weight in a drying oven at 100°C and the weight was measured. The weight loss was calculated by formula shown below: Weight loss = 100%×(W0−W1)/W0. W0 is the weight before immersion and W1 is the weight after every immersion.
2.6 Ion release and change in pH by the scaffold in pure water
The ion release test of the scaffold was evaluated by inductively coupled plasma-atomic emission spectrometry ((ICP‒AES, IRIS Intrepid II XSP, Thermo Elemental). Each scaffold was immersed in 10 mL ultrapure water at a concentration ratio of 0.05 g/mL at 37°C. Only 1 mL of liquid was taken for testing each time, and then 1 mL of ultrapure water was added to restore the experimental conditions. The concentrations of chemical elements (copper, calcium, silicon) in the collected liquids (Days 1, 7, 14, 21, and 28) were measured by ICP‒AES. The pH values at Days 1, 7, 14, 21, and 28 were measured by a pH meter (FE28, Mettler Toledo).
2.7 In vitro mineralization
The scaffolds were immersed in simulated body fluid (SBF) and shaken in a water bath at 37°C for 7 days. Then, the scaffolds were removed from the SBF and rinsed with deionized water. After drying in a 60°C oven for 24 h, the surface of the scaffolds was sprayed with gold. The surface morphologies of the scaffolds were characterized using SEM and energy dispersive spectroscopy (EDS, Oxford UltimMax 40, England).
2.8 Cell culture
Bone marrow mesenchymal stem cells (BMSCs) were isolated from the femurs and tibias of Sprague–Dawley rats (4 weeks old). Both ends of the bone were cut off and the marrow cavity was washed with culture media to obtain cells. The cells were cultured in alpha minimum essential media (alpha MEM) containing 10% (V/V) fetal bovine serum (FBS, Gibco, U.S.A.) and 1% (V/V) penicillin‒streptomycin. Human umbilical vein endothelial cells (HUVECs, ATCC CRL-1730) were cultured in endothelial cell media with 5% (V/V) FBS and 1% (V/V) penicillin‒streptomycin.
of both BMSCs and HUVECs were made by immersing the material in the media without FBS at 37°C for 1 d. After the soaked media was filtered with a 0.22 μm bacteria filter, FBS and penicillin‒streptomycin were added to the media. The cells of the three experimental groups (CSi group, CSi/CS group, CSi/CS/0.5Cu group) were cultured in their respective conditioned media. The control group represented BMSCs and HUVECs cultured in conventional media.
2.9 Biocompatibility
The in vitro cytotoxicity of the biological scaffolds was determined by MTT assays. The density of the cells in 96-well plates was adjusted to 2000 cells per well. Cells were cultured with different conditioned media for 1, 3, and 7 days. After that, 10 μL of MTT solution (0.5% MTT) was added to each well. Dimethyl sulfoxide was added to each well after 4 h, and the crystals were fully dissolved at low speed for 10 min on a shaking table. The absorbance values were measured at 490 nm using a plate reader (Multiscanfc, Thermo Scientific). Cell viability was the ratio of the OD value.
Furthermore, BMSCs were seeded on the surface of each scaffold to evaluate the effect of the scaffolds. The scaffolds were wetted in alpha MEM for 24 h in advance, and then 100 μL of cell suspension (1 × 107 cells/mL) was evenly dropped on the surface of the scaffold. After incubation for 1 h, the culture media was replenished. The cells were cultured with scaffolds for 3 days. Then the cells were stained with phalloidin (Sigma-Aldrich) or calcein AM (Sigma-Aldrich). The scaffolds were viewed with a confocal laser scanning microscope (LSM).
2.10 Alkaline phosphatase staining and alizarin red staining
For evaluation of the effect of the scaffolds on the osteogenic differentiation of BMSCs, alizarin red (Cyagen) and BCIP/NBT alkaline phosphatase (ALP) color development kits (Beyotime) were used to stain cells. A total of 20,000 cells per well were seeded in 24-well plates with conditioned media. ALP was stained on the seventh day to reflect early osteogenesis. Calcium nodules were stained with alizarin red on the 14th day to reflect late osteogenesis.
2.11 Real-time quantitative polymerase chain reaction (RT-qPCR)
RT-qPCR evaluated the expression of genes. Cells were seeded in 6 well cell cultrue cluster by conditioned media for 3 days and 7 days. The total RNA of cells was extracted by Trizol reagent. Reverse transcrip-tion of mRNA was performed using a HiScript III RT SuperMix reverse transcription kit (Vazyme). RT-qPCR was performed using a 7,500 Real-Time PCR system (Applied Biosystems, USA) with ChamQ SYBR qPCR Master Mix (Vazyme). Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used to normalize the DNA content of the samples. The delta-delta CT method was used to analyze the quantitative polymerase chain reaction results.
2.12 Western blot analysis
For Western blot analysis, 40 μg protein was loaded into each sample hole. The sample was separated by SDS-PAGE with 10% dissolution gel, and transferred to PVDF membranes. After sealing with 5% fat free milk for 1.5 h, the membranes were probed with antibodies at 4°C overnight. On the second day, after washing the PVDF membrane, the antibody conjugated with HRP was incubated at room temperature for 1 h. Proteins were observed by chemiluminescence method.
2.13 Tube formation experiment
A tube formation experiment was uesd to evaluate the ability of the scaffolds to promote angiogenesis in vitro. HUVECs (1 × 105) were seeded on growth factor-reduced Matrigel (200 μL/well, Corning, US) in 24-well plates. Then the cells were cultured in an incubator for 12 h. HUVECs were labeled with calcein. The tube morphology was observed by fluorescence microscopy. ImageJ software was used to determine the mean of the tube formation parameter.
Angiography was used to observe the distribution of blood vessels in rats. The thoracic cavity was opened after the rats were euthanized. Saline was injected from the heart to replace the blood in the rat, and Microfil (Flowtech) was injected to replace saline. Subsequently, the rats were refrigerated at 4°C. The next day, the skull samples were taken, and the vessels on the skull surface were photographed.
2.14 Antibacterial experiments
Disc diffusion assays were used to evaluate the antibacterial properties of the scaffolds. The scaffolds of each group were immersed in LB broth media at 200 mg/mL for 1 d. Then the sterile disc was immersed in the conditioned LB broth media and dried. Staphylococcus aureus was cultured in LB broth media with shaking at 120 rpm at 37°C for 16 h. The bacterial liquid was diluted to 1 × 106 CFU/mL with PBS. Then the diluted bacterial liquid (50 μL) was inoculated on the blood plate with a triangular rod, and sterile discs were pasted on the blood plates. Finally, the blood plates were placed an incubator for 24 h.
2.15 Animal model and scaffold implantation
We prepared Sprague‒Dawley rats (8 weeks old) as a large bone defect model. Rats were anesthetized by intraperitoneal injection of 2.5% sodium pentobarbital (40 mg/kg). The skin tissue was incised to reach the skull surface, and a 7 mm diameter circular defect was drilled in the middle of the skull with a motorized bone drill. Then the defective area was filled with scaffold and the cut was closed. After 6 and 12 weeks, the skulls were collected and immersed in 4% paraformaldehyde for fixation.
2.16 Micro-CT evaluation
To evaluate the repair of the bone defect model in animal experiments, we performed microcomputed tomography (micro-CT) scans with bone tissue at the 6th and 12th weeks to quantitatively evaluate bone healing. The samples were placed on the scanning platform and tested by micro-CT system (SkyScan 1,276 system, Bruker, Germany). After each sample was scanned, 3D reconstruction was performed using the Sky Scan program. Numerical analyses were then performed to calculate the bone volume percentage (BV/TV).
2.17 Histological analysis
Skull samples were immersed in ethylenediaminetetraacetic acid to decalcify for 2 weeks. Then the skull was embedded in paraffin. The tissues in the paraffin were cut to 5 µm by a slicer and pasted on the slides. The slides were stained with hematoxylin and eosin (H&E), and Masson trichrome to observe new bone production and neovascularization.
2.18 Statistical analysis
All experiments were repeated three times in each group. The data were all analyzed by GraphPad Prism 7.02. And the data were calculated as the mean ± standard deviation (SD) and analyzed by one-way analysis of variance (ANOVA) with Tukey’s test. Statistical significance was attained with a greater than 95% confidence level (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
3 RESULTS AND DISCUSSION
3.1 Structure and composition of the scaffolds
The CSi scaffold was printed by SLA technology and had channels in both longitudinal and transverse directions (Figure 2A; Supplementary Figure S1). In order to adapt to the rat skull defect model, the scaffold was designed with a height of 2 mm and a diameter of 7 mm (Cooper et al., 2010). The channel diameter was 1 mm. This channel diameter can provide as much space as possible for new bone to grow into the scaffold. The longitudinal channel was uniformly distributed in a circular shape around the center of the scaffold, while the transverse channel run through the center of the scaffold. This three-dimensional channel structure effectively connected the surface and center of the scaffold, providing a pathway for cells migrating from all directions to the center of bone defects. The edge of the channel was not regular circles from overall surface morphology of the scaffold under SEM (Figure 2B). This is because calcium silicate undergoes shrinkage during the sintering process (Ding et al., 2022; Huang et al., 2023). Then we filled the CSH slurry and CuCl2 into the channel to obtain CSi/CS scaffold or CSi/CS/0.5Cu scaffold. Calcium sulfate was evenly loaded into the channel from the top view of three types of scaffolds (Supplementary Figure S2). And we scanned the cross-section of the CSi/CS/0.5Cu scaffold by SEM (Supplementary Figure S3). Calcium sulfate filled the channel and was combined with calcium silicate. There was no obvious gap on the joint surface of the two materials, which was attributed to the excellent adhesive property of calcium sulfate. We combined the three-dimensional channel structure with calcium sulfate to create a sandwich structure. The rapid degradation and bone conductivity of calcium sulfate will hopefully accelerate osteoblasts to enter the center of bone defect through three-dimensional channel structure (Yahav et al., 2020; Chen H. et al., 2022; Echave et al., 2022; Chopra et al., 2023). In addition, we carried out crystal phase detection on the scaffolds. As shown by the XRD pattern, the three groups had obvious diffraction peaks of wollastonite (PDF # 05–0586, PDF # 29–0376), indicating that the 3D-printed scaffold was mainly composed of calcium silicate (Figure 2C). In the CSi/CS group, the scaffold had a new peak of calcium sulfate dihydrate. In the CSi/CS/0.5Cu group, the diffraction peak of CuCl2 was added, which proved that CuCl2 was successfully loaded into the scaffold.
[image: A composite image showing multiple panels: Panel A displays a close-up of a round material with wells. Panel B shows a magnified surface texture. Panel C presents a graph with intensity versus degree, featuring different colored lines representing CSi, CSi/CS, and CSi/CS/0.5Cu. Panel D consists of six SEM images comparing low and high magnifications of CSi, CSi/CS, and CSi/CS/0.5Cu, demonstrating variations in surface structures.]FIGURE 2 | Structure and composition of the scaffolds. (A) 3D model of the CSi scaffold. (B) General view of the CSi scaffold under SEM. (C) XRD spectrum of the 3D printed scaffolds. (D) Representative SEM images of various groups at different magnifications. (Low: low magnification; High: high magnification).
We also scanned the surface of the prepared three groups by electron microscopy, and obtained SEM results at different magnifications. Figure 2D showed that CSi maintained the calcium silicate crystal structure on the surface of the scaffolds after sintering, with a large number of pores and grooves. This finding was attributed to the fact that the photosensitive resin incorporated decomposed at high temperatures during the sintering process of ceramic blanks. Many irregular micropores were formed on the surface and inside of the scaffold. These micropores increased the porosity and roughness of the scaffold surface, which may contribute to the cell attachment (Calore et al., 2023; Ma et al., 2023). In contrast, the samples were immersed in calcium sulfate slurry and covered with a large amount of calcium sulfate with large crystal patterns for the CSi/CS group. These crystals were loosely connected and accompanied by a large number of small broken crystals, which may be one of the reasons for the rapid degradation of calcium sulfate. Finally, we observed that the surface of the CSi/CS/0.5Cu group no longer showed large crystals of calcium sulfate because of the addition of Cu2+, but a large number of dense small prismatic crystals instead. The surface of the scaffold was flatter than that of the CSi/CS group when viewed under low magnification. Next, we will study the changes in various biological functions of the 3D-printed calcium silicate artificial bone loaded with the calcium sulfate-Cu2+ delivery system in more detail.
3.2 Characterization of the scaffolds
For an ideal scaffold for bone repair, the scaffold should be mechanically strong enough to provide support for the defective area during bone repair. Our 3D-printed CSi had a compressive strength of up to 9.5 MPa (Figure 3A), which was sufficient to provide an initial structure and stability for the repair of cranial defects (Fu et al., 2013). Supplementary Supplementary Figure S4A showed the compression curves of three scaffolds. The compressive strength of the other two scaffolds was slightly stronger than that of the CSi group, but there was no significant difference. In addition, in terms of degradation performance, the weight loss of the CSi group after 4 weeks was 10% of the original weight. Moreover, the weight loss of the CSi/CS group and CSi/CS/0.5Cu group had values approximately 35%, which was due to the rapid degradation of calcium sulfate (Figure 3B). The data indicated that the CSi scaffold had good biodegradability compared to the conventional β-TCP scaffold (Jodati et al., 2020). We also measured the compressive strength of the three scaffolds after 4 weeks of degradation. Supplementary Figure S4B showed the compressive strength of the three scaffolds after degradation were 7.5 MPa (CSi), 7.8 MPa (CSi/CS), 7.9 MPa (CSi/CS/0.5Cu). None of the three scaffolds had an excessive decrease in compressive strength at 4 weeks of degradation. They can still provide certain mechanical support to the bone defect site.
[image: Bar and line graphs display various metrics over time for CSi, CSi/CS, and CSi/CS/0.5Cu compositions. Graph A shows compressive strength. Graph B illustrates weight loss. Graph C indicates pH levels. Graphs D, E, and F track concentrations of calcium ions, silicon ions, and copper ions, respectively, over 28 days.]FIGURE 3 | Physicochemical characterization of the scaffolds. (A) Compressive strengths. (B) The weight changes in scaffold degradation. (C) The pH of the scaffold changes in pure water. (D) Calcium ion release curve. (E) Silicon ion release curve. (F) Copper ion release curve.
The pH value of the surrounding environment will affect the behavior and growth of cells. Therefore, we also examined the change in pH value of the three groups (Figure 3C). The CSi group exhibited powerful alkaline properties at the beginning, notably reaching a pH of 10.4 after 4 weeks. This phenomenon can be detrimental to the adhesion and growth of cells on the material to some extent. However, the pH value of the CSi/CS group and the CSi/CS/0.5Cu group dropped below 9 after 4 weeks. This finding is explained by the introduction of calcium sulfate, which is able to effectively neutralize the alkalinity property of calcium silicate. This combination led to a significant decrease in pH.
In addition, we examined the concentration range of various ionic products in the scaffolds. The Ca2+ released from the CSi group at Day 28 was 38 mg/L, while the level of Ca2+ released from the CSi/CS group and CSi/CS/0.5Cu group was approximately 100 mg/L at Day 1 and rose to over 200 mg/L at Day 28 (Figure 3D). We clearly observed that the calcium silicate group had the lowest concentration of Ca2+ released due to the slower rate of calcium silicate degradation. In contrast, the release of Ca2+ in the CSi/CS group was the highest due to the rapid degradation of calcium silicate. The concentration of Ca2+ was slightly higher on the first day than in the cell culture media. The concentration continued to rise in the later period, but was still within the effective range for guiding bone regeneration (Chai et al., 2012). The calcium silicate degradation of the CSi/CS/0.5Cu group was slowed due to the addition of Cu2+, so the concentration of Ca2+ was slightly higher than that of the CSi group but lower than that of the CSi/CS group. Figure 3E shows the ionic concentration of silicon ions. The concentration of silicon released by the three groups of scaffolds was higher than that of normal plasma, but it could promote osteogenesis (Li et al., 2014). Finally, we also measured the release concentration of Cu2+ (Figure 3F), which was 0.38 mg/L on the 28th day. The Cu2+ concentration will not produce significant cytotoxic effects at such low release levels (Weng et al., 2017; Ameh and Sayes, 2019). This result demonstrates the slow-release effect of the calcium sulfate delivery system, which can stably release loaded drugs.
3.3 In vitro mineralization
The formation of a hydroxyapatite layer is closely related to the osteogenic process, and the ability to form hydroxyapatite on the scaffold surface will directly affect the activity of osteoblasts (Xu et al., 2022). Therefore, we soaked the scaffold in SBF for 1 week and evaluated the ability of the scaffold to induce hydroxyapatite by an in vitro mineralization assay. Figure 4 shows the SEM images of the scaffold after soaking in SBF solution for 1 week. We found that the surface of the CSi group became less flat due to degradation and a small amount of hydroxyapatite was deposited. The CSi/CS group, on the other hand, clearly showed many agglomerates of tiny spherical particles distributed in the gullies. The CSi/CS/0.5Cu group also showed such agglomerates. To further verify whether the agglomerated particles formed on the surface were hydroxyapatite, we performed EDS scans on the scaffold surface. Based on the EDS spectra, the phosphorus content on the surface of the CSi/CS group and the CSi/CS/0.5Cu group was significantly higher than that of the CSi group. This finding indicates that loads of phosphorus were deposited on the surface of the scaffolds. Supplementary Table S3 summarized the results of EDS analysis, the amount of silicon, calcium, and phosphorus, as well as Ca/P of the deposited layer. The CSi group had a high Ca/P radio (9.1). In contrary, the CSi/CS group and the CSi/CS/0.5Cu group had a lower Ca/P radio (2.67, 2.71), which was closer to the Ca/P ratio (1.67, 2.71) of hydroxyapatite in the human body (Kien et al., 2018). This further proved that calcium sulfate can promote the generation of hydroxyapatite. This phenomenon is due to the degradation of calcium silicate to produce Si-OH groups that can become the nucleation center of hydroxyapatite. However, pure calcium silicate cannot rapidly expand the aggregation of hydroxyapatite. The dissolution of calcium sulfate produces a large amount of Ca2+, which accelerates the nucleation rate of hydroxyapatite (Huan and Chang, 2007). Thus, calcium sulfate can substantially enhance the biological activity of calcium silicate to strengthen the precipitation ability of hydroxyapatite on the surface. This combination may improve the osteogenic ability of calcium silicate in vivo (Wang et al., 2022; Liang et al., 2023).
[image: Three panels show SEM images and corresponding EDS spectra. The top row displays mineralization images labeled CSi, CSi/CS, and CSi/CS/0.5Cu. Each image shows differing textures at a 25 micrometer scale. The bottom row features EDS spectra for each material, indicating elemental composition with varying peaks.]FIGURE 4 | SEM images and EDS spectra of surface precipitates after soaking three groups in SBF for 1 week.
3.4 The biocompatibility of the scaffolds with cells
For a qualified biological scaffold, its biocompatibility is an important aspect that cannot be ignored. First, we assayed the ion concentrations in the conditioned media obtained from each scaffold. Supplementary Table S1, 2 show that the ion concentrations in the conditioned media were within the cell safe range (Chai et al., 2012; Li et al., 2014; Ameh and Sayes, 2019). Then, we treated the cells with conditioned media. On the third and seventh days, the MTT assay showed some promotion of cell proliferation in the CSi/CS group and the CSi/CS/0.5Cu group (Figure 5C). And both groups promoted the proliferation of cell by about 10% or more at day 7. This finding may be because the release of Ca2+ and Si ions from calcium silicate helped to enhance the viability and proliferation of BMSCs and HUVECs (Wang et al., 2019). In contrast, the CSi group showed the opposite effect and decreased by about 10% compared to the control group. The content of Ca2+ and Si ions in the conditioned medium of the three scaffolds was similar, but the conditioned medium of the CSi group was too alkaline. So we think that the alkaline nature of medium inhibited the proliferation of the CSi group (Aina et al., 2009). In the Supplementary Material, we also investigated the effect of CSi/CS/0.1Cu and CSi/CS/1Cu on cell viability. Supplementary Figure S5 shows that all treatments with Cu2+ positively affected cells after 3 days. However, cell viability showed a certain decrease in the CSi/CS/1Cu group compared to the CSi/CS/0.5Cu group. Therefore, we adopted CSi/CS/0.5Cu as the final scaffold composition in the experiment. To further confirm the effect of scaffolds on cell growth and adhesion, we also grew BMSCs on the surface of the scaffolds and stained the cytoskeleton of BMSCs with phalloidin to observe cell extension. In the confocal images (Figure 5A), we observed that the cells adhered to the surface of all three types of scaffolds, especially the BMSCs on the CSi/CS/0.5Cu scaffold showed good extension morphology similar to a starfish, and favorable cell activity. Afterward, we performed a quantitative analysis of the confocal images. We observed that the adhesion area of BMSCs on the CSi/CS/0.5Cu scaffold was improved compared to that of the CSi group (Figure 5D). This finding was also demonstrated by live cell staining experiments (Figure 5B), which indicated that cells survived normally on the surface of all three types of scaffolds. By counting the number of live cells in the field of view, we showed that there was no significant difference in the number of live cells on the three scaffolds (Figure 5E). These results proved that the CSi/CS/0.5Cu scaffold did not release toxic concentrations of ions in a short period to impair cell activity and that the degradation process of the scaffold did not negatively affect the normal growth of the cells.
[image: Panel A shows fluorescence microscopy images of cell scaffolds stained with Phalloidin (red) and DAPI (blue), with a merged view. Panel B presents live cell images on different materials: CSI, CSI/CS, and CSI/CS/0.5Cu, stained green. Panel C features bar graphs showing cell viability over time for BMSCs and HUVECs. Panel D illustrates a bar graph of cell attachment numbers for day one. Panel E displays a bar graph of the number of tubules formed on different scaffolds. Scale bars indicate 100 micrometers.]FIGURE 5 | In vitro cytocompatibility of the scaffolds. (A) The adhesion of BMSCs to scaffolds was observed under confocal fluorescence microscope. Phalloidin staining of cell F-actin filaments was shown in red, and DAPI-stained cell nuclei was shown in blue. (B) Calcein AM staining showing the effect of scaffolds to the cell toxicity of BMSCs (green: live cells). (C) Cell activity of BMSCs and HUVECs were measured by MTT after 1, 3, and 7 days of culture with scaffold extract. Quantitative analysis of the cell area (D) and cell number (E) from the confocal fluorescence microscope imaging results. Data are presented as the mean ± SD (n = 3). (*, p < 0.05)
3.5 Scaffolds promote osteogenic differentiation of BMSCs in vitro
We next tested the ability of the 3D-printed calcium silicate artificial bone loaded with the calcium sulfate-Cu2+ delivery system to promote BMSC osteogenesis. First, we measured alkaline phosphatase activity to detect their early osteogenic differentiation status when BMSCs were cultured for 7 days (Vimalraj, 2020). According to the results (Figure 6A), the ALP staining in the CSi group and control groups was similar to that of the control group, with no significant differences. However, the ALP staining in the CSi/CS group and CSi/CS/0.5Cu group was significantly deepened, indicating a significant promotion of early osteogenic differentiation. Then, we used alizarin red staining as a marker of inorganic calcium to assess the efficiency of the mineralization phase (Maharjan et al., 2021). After BMSCs were cultured in the conditioned media for 14 days, a significant amount of mineralized nodule formation was observed by microscopy in the CSi/CS group and the CSi/CS/0.5Cu group. Then we quantitatively analyzed the results of ALP staining (Figure 6B) and alizarin red staining (Figure 6C). The ALP activity of the CSi group, CSi/CS group and CSi/CS/0.5Cu group was 145%, 260% and 323% higher than that of the control group. The OD values of alizarin red staining in the CSi/CS group and CSi/CS/0.5Cu group even reached about 100 times that of the control group. These results further confirmed that Cu2+ in concert with calcium sulfate can increase ALP activity and induce BMSC mineralization.
[image: Panel A displays four microscopic images of cell samples treated with C, CSi, CSi/CS, and CSi/CS/0.5Cu, showing ALP and Alizarin Red staining. Panels B and C are bar graphs comparing ALP activity and matrix mineralization quantification, respectively, across treatments, showing significant differences. Panels D to G present bar graphs of gene expression levels for RUNX2, OPN, BMP-2, and OC, with significant differences noted. Panel H shows Western blot results for RUNX2 and BMP-2, with GADPH as a control, demonstrating protein expression differences across treatments.]FIGURE 6 | In vitro experiments on osteogenic differentiation of rat BMSCs. (A) The effects of different groups on osteogenesis differentiation of rat BMSCs in alizarin red staining and ALP staining. Quantitative analysis of ALP staining (B) and alizarin red staining (C). RNA expressions of Runx2 (D), OPN (E), BMP-2 (F) and OCN (G) genes in BMSCs were detected by RT-qPCR after intervention with scaffold extracts. (H) BMSCs were cultured in conditioned media for the protein analysis of Runx2 and BMP-2. Data are presented as the mean ± SD (n = 3). (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001)
To further explain the effects of the CSi, CSi/CS, and CSi/CS/0.5Cu scaffolds on the osteogenic differentiation of BMSCs, we detected four osteogenic marker genes by RT‒qPCR (Figures 6D–G). Expression of the Runt-related transcription factor-2 (Runx2), osteopontin (OPN), bone morphogenetic protein-2 (BMP-2), and osteocalcin (OCN) genes is the key feature of osteoblasts at various stages of differentiation. These genes can be used to evaluate the functional status of osteoblasts under the intervention of 3D -printed calcium silicate artificial bone extracts. The relative expression of each gene at day 3 was Runx2 (1.096 ± 0.021, 1.181 ± 0.079 and 1.092 ± 0.209-fold), BMP-2 (1.203 ± 0.042, 2.121 ± 0.021 and 2.225 ± 0.113-fold), OCN (1.740 ± 0.069, 2.736 ± 0.247 and 2.855 ± 0.153-fold) and OPN (1.465 ± 0.046, 1.216 ± 0.035 and 1.328 ± 0.067-fold). Except for the expression of Runx2 gene, which was not a significant difference, the expression of the other three genes showed a distinct upward trend in the experimental group compared with the control group. As the duration of the experiment increased (7 days), Runx2 (1.041 ± 0.027, 1.022 ± 0.022 and 1.429 ± 0.089-fold), BMP-2(1.287 ± 0.059, 1.521 ± 0.113 and 3.196 ± 0.343-fold), OCN (1.149 ± 0.078, 1.139 ± 0.041 and 5.40 ± 0.543-fold) and OPN (1.432 ± 0.049, 1.220 ± 0.71 and 1.763 ± 0.122-fold) expressed higher in all experimental groups. Compared with the control group, the difference was statistically significant (p < 0.05). Runx2 is a critical gene in the process of osteogenic differentiation and initiates the differentiation process (Narayanan et al., 2019). The expression of Runx2 in the experimental groups was increased to a certain extent on the third day and the CSi/CS/0.5Cu group showed a significant upregulation of the Runx2 gene on approximately the seventh day, which may strongly promote osteogenic differentiation of BMSCs. OPN is a nonspecific early bone marker with an early peak during the proliferative phase and another peak after initial mineralization of the extracellular matrix, while BMP-2 and OCN are mainly associated with the later stages of osteogenic differentiation. The expression levels of these osteogenic differentiation-related genes change in response to the osteogenic differentiation of BMSCs and extracellular matrix formation (Salazar et al., 2016; Ching et al., 2017; Depalle et al., 2021). There was a higher trend of upregulation of BMP-2 and OCN gene expression in the experimental groups on the third day, while the gene expression in the CSi/CS/0.5Cu group had a highly significant increase on the seventh day. This phenomenon may be related to the elevated expression of Runx2 in the CSi/CS/0.5Cu group at the Day 7. Its upregulation as an upstream gene drove the elevated expression of BMP-2 and OCN genes one the seventh day, promoting the maturation of the extracellular matrix (Zhang et al., 2018). In order to further determine the changes in osteogenic related protein, we cultured BMSCs in conditioned media for 7 days and extracted cell proteins for the protein analysis of Runx2 and BMP-2. Both proteins were highly expressed in the CSi/CS/0.5Cu group compared to the control group (Figure 6H). There was also a slight increase in BMP-2 expression in the CSi/CS group at the Day 7.
All the results of BMSC differentiation demonstrated the potential of the CSi/CS/0.5Cu scaffold to promote bone regeneration. One of the explanations may be silicon. Many previous studies have reported that silicon stimulates osteoblast growth and contributes to osteogenesis by regulating osteogenesis-related genes (Götz et al., 2019; Srinath et al., 2020). Moreover, the Ca2+ concentration played a critical role in this process. This factor can regulate osteoblast differentiation by activating calcium-sensing receptors and increasing Ca2+ influx into osteoblasts (Chiu et al., 2023). In addition to these potential reasons, a recent study reported that Cu2+ could promote higher expression of osteogenesis-related genes, and mineralization of the cells (Burghardt et al., 2015). In terms of these aspects, our results were supported by previous studies, which further supported the ability of the CSi/CS/0.5Cu scaffold to enhance osteogenic differentiation.
3.6 Angiogenic capacity
Angiogenesis which is an essential biological process, precedes osteogenesis during bone repair. This process is considered a prerequisite for bone regeneration. After measuring the osteogenesis of the 3D-printed calcium silicate artificial bone, we investigated its ability to support angiogenesis. The effect of scaffolds on the angiogenesis of HUVECs was assessed by the tube formation experiments. CSi group, CSi/CS group, and control group showed disorganization after 12 h, with HUVECs aggregating to form multiple strips but not complete tubules. In contrast, the CSi/CS/0.5Cu group was well-arranged and formed a meshwork of several small closed loops. The difference in the image results was noticeable (Figure 7A), demonstrating that the CSi/CS/0.5Cuscaffold had a significant ability to promote angiogenesis. The above conclusion was further confirmed by observing the total length of tubes and the number of nodes by ImageJ software analysis (Figure 7B, C). The total length of tubes formed in the CSi/CS/0.5Cu group was 1.3 times longer than that in the control group, and there was no significant difference between the other groups. The number of nodes formed by the tube also showed some improvement in the CSi/CS/0.5Cu groups, but no significant differences existed in the statistical analysis. As shown by the above results, the CSi and CSi/CS treatments had no effect on angiogenesis. In contrast, the CSi/CS/0.5Cu treatment could increase formation of the vascular networks by endothelial cells. This finding may be related to the fact that the CSi/CS/0.5Cu scaffold contains trace amounts of Cu2+. Cu2+ has been suggested in previous studies to promote angiogenesis through increased VEGF production. VEGF is a key signaling molecule regulating neovascularization, and its role as a critical indicator and regulator of angiogenesis has been well described (Das et al., 2022). The CSi/CS/0.5Cu scaffold slowly released free Cu2+ into the media, which may promote VEGF secretion, and induce HUVECs to form vascular networks. To further verify why the CSi/CS/0.5Cu scaffold promoted tubulogenesis, we examined the expression of VEGF and von Willebrand factor (VWF), which can promote angiogenesis (Figure 7D, E) (Carmeliet and Jain, 2011; Higgins et al., 2016). The relative expression of gene at day 3 was VEGF (1.017 ± 0.038, 1.086 ± 0.041 and 1.282 ± 0.034-fold) and VWF (0.765 ± 0.084, 0.569 ± 0.032 and 1.917 ± 0.172-fold). The relative expression of gene at day 7 was VEGF (0.648 ± 0.018, 0.889 ± 0.035 and 1.090 ± 0.112-fold) and VWF (0.345 ± 0.028, 1.152 ± 0.088 and 1.831 ± 0.229-fold). The results showed that the CSi/CS/0.5Cu group had upregulated expression of VEGF and VWF to produce proangiogenic synergistic stimulation and revascularization at each time point. In contrast, the CSi group showed some negative effects. This finding may be due to CSi significantly increasing the pH value of the media (Aina et al., 2009) The proliferation and cell function of HUVECs decreased under alkaline conditions for a long time. In summary, we demonstrated that the CSi/CS/0.5Cu scaffold upregulated VEGF and VWF and promoted the expression of VEGF in HUVECs, leading to a rapid angiogenic process in vitro.
[image: Panel A shows fluorescence microscopy images of cell networks in four conditions: C, CSi, CSi/CS, and CSi/CS/0.5Cu. Panels B and C display bar graphs comparing tube lengths and branch points among the same conditions, indicating differences with statistical significance marked by asterisks. Panels D and E feature bar graphs of VEGF and VWF expression levels, also showing statistical differences. Panel F shows cross-sections of materials under the same conditions, demonstrating structural variations.]FIGURE 7 | The pro-angiogenic and antibacterial effect of the scaffold extract. (A) Representative images of tube formation in different groups. Summarized data showing the difference of total length (B) and branch points (C) per field in HUVECs. Effects of scaffold extract on the expression of VEGF (D) and VWF (E). (F) Antibacterial effect of the scaffold extract detected by disc diffusion method. Data are presented as the mean ± SD (n = 3). (*, p < 0.05; **, p < 0.01; ***, p < 0.001)
3.7 Antibacterial ability
The inhibitory effect on S. aureus in the CSi group, CSi/CS group, and CSi/CS/0.5Cu group was evaluated by disc diffusion assays. As shown in Figure 7F, the CSi group and CSi/CS group did not show an observable inhibition zone. However, the inhibition zone of the CSi/CS/0.5Cu group was 4.0 mm, which was significantly different from that of the control group. The results indicated that the CSi/CS/0.5Cu scaffold had significant antibacterial activity against S. aureus. The antibacterial function of the CSi/CS/0.5Cu scaffold was supposed to be a result of Cu2+. This finding was consistent with the results reported in previous studies. Cu2+ can penetrate into bacteria, and the redox potential allows Cu2+ to generate hydroxyl radicals according to Haber-Weiss and Fenton reactions, which can lead to the destruction of lipids, proteins, and nucleic acids (Vincent et al., 2018). These results indicated that the CSi/CS/0.5Cu scaffold not only stimulates bone and angiogenesis but can also combat the infection from bone damage.
3.8 Evaluation of in vivo bone formation
After the in vitro evaluation of the scaffold was completed in the above experiments, bone regeneration studies in vivo were conducted according to the planned protocol. The circular critical bone defect model was created on the rats’ skull with a ring drill. Throughout the experimental period, animals that underwent surgery survived with no signs of wound complications or infection. Animals were sacrificed at the 6th and 12th weeks, and the effect of bone repair in vivo was assessed by micro-CT and histological research. As shown in Figure 8A, C, representative 3D micro-CT images and 2D micro-CT images were obtained for all three groups of experiments. First, we clearly observed that the calcium sulfate had been wholly degraded at the sixth weeks, which did not affect new bone production. However, the calcium silicate was still not completely degraded at the 12th week, which can still provide sufficient mechanical and spatial support to the incompletely repaired bone defect area and accelerate the regeneration of the mineralized matrix during the bone repair process in vivo. Thus, this aspect is sufficient for the function of the 3D-printed calcium silicate artificial bone in mechanical support and osteogenesis induced by the tunnel. The bone repair results showed that the scaffolds generated more mineralized new bone in both the CSi/CS group and CSi/CS/0.5Cu group than the CSi group at the sixth week after implantation. The new bone generated on the scaffolds had filled the middle of the channels and had an initial connection with the edges of the bone defects. After 12 weeks of implantation, new bone tissue accumulated inside the scaffold channels. Especially in the CSi/CS group and CSi/CS/0.5Cu group, the channels were almost filled with new bone tissue. Notably, the new bone tissue of the CSi/CS/0.5Cu group was connected to the edges of the bone defect as a whole. This result suggested that direct osseointegration occurred between the scaffold and the natural bone. Next, we selected BV/TV as the indicator for quantitative analysis based on micro-CT images. As shown in Figure 8B, the proportion of new bone formation in the CSi/CS group and CSi/CS/0.5Cu group reached 12.5% and 15.8% respectively at sixth week. This indicator of both groups increased to 23% and 25.8% at 12th week. Both the CSi/CS group and the CSi/CS/0.5Cu group showed significantly higher BV/TV than the CSi group at both time points, which revealed significant osteogenic enhancement. The group with the best osteogenic effect was the CSi/CS/0.5Cu group, which was remarkably different from the CSi/CS group at the 12th week. This result further supported the previous findings.
[image: Panel A shows micro-CT images of samples with different coatings at 6 and 12 weeks. Panel B is a bar graph comparing bone volume over total volume (BV/TV) percentages between coatings at 6 and 12 weeks, highlighting significant differences. Panels C and D display cross-sectional micro-CT and histological images of the samples at the same time intervals, with visible changes in bone formation.]FIGURE 8 | In vivo evaluation of scaffolds in a skull defect model. (A) 3D micro-CT images of the bone defect area. (B) Quantitative bone volume analysis based on micro-CT images. (C) Cross-section of micro-CT images of the bone defect area. (D) Representative images of H&E staining and Masson’s trichrome staining. Red arrow = blood vessel; NB = newly formed bone. Scale bars: 500 μm. Data are presented as the mean ± SD (n = 3). (*, p < 0.05; ****, p < 0.0001).
To further evaluate the formation and mineralization of new bone during bone defect healing, we performed H&E staining and Masson’s trichrome staining on sections of cranial defects at the 6th and 12th weeks after implantation (Figure 8D). By analyzing the cross-sectional microphotographs of the bone defect sites at the 6th and 12th weeks, we found that both the CSi/CS group and the CSi/CS/0.5Cu group had increased new bone growth, and there was abundant vascularity in the middle of the new bone. Supplementary Figure S6 also demonstrates the angiogenic ability of the CSi/CS/0.5Cu group at the 12th weeks from in vivo experiments. The vascular distribution of the skull defect sites of the three groups was shown by vascular perfusion. The number of blood vessels in the CSi group, CSi/CS group, and CSi/CS/0.5Cu group increased significantly and sequentially. Especially in the CSi/CS/0.5Cu group, there were a large number of microvessels around the bone defect, which were due to the dual effect of silicon and Cu2+. In addition, we observed that the new bone formed in the channels of the CSi/CS/0.5Cu group was connected to the edges of the bone defect with good osseointegration. However, for the CSi group without calcium silicate filling, there was relatively little new bone formation at the defect site. Although the CSi group had a channel structure that created sufficient space for the implantation of new bone, the scaffold was still filled with inflammatory cells and fibrous tissue until the 12th week. There was less new bone production in channels. It is possible that the strong alkalinity of CSi scaffold can cause long-term inflammation or fibrous tissue to hinder the bone repair process (Maruyama et al., 2020; Newman et al., 2021). Therefore, we speculated that calcium silicate can reduce the alkalinity to reduce the inflammatory reaction in the CSi/CS group and CSi/CS/0.5Cu group or that an overly strong inflammatory response was subtly prevented from invading the scaffold due to the space being occupied by calcium silicate in the early repair process. Over time, calcium silicate was completely resorbed, and calcium sulfate still released silicon ions. The three-dimensional tunnel structure and silicon ions can recruit endogenous stem cells and endothelial cells from the body to the implant area. Then, vascularity and new bone production were induced in the channels. Thus, the rate of new bone formation was synchronized with the absorption of biomaterials. The addition of Cu2+ to the CSi/CS/0.5Cu group could also inhibit inflammation and promote osseointegration. Low concentrations of Cu2+ will be able to regulate the immune microenvironment of bone defect areas to decrease the inflammatory response (Lin et al., 2019). As shown in Supplementary Figure S7, CSi/CS/0.5Cu group extracts inhibited the expression of the inflammatory factor inductible nitric oxide synthase (INOS) and promoted the expression of anti-inflammatory related factor mannose receptor (CD206) after long-term culture with macrophages. This finding further validated that the CSi/CS/0.5Cu group can suppress inflammatory responses and promote osseointegration by modulating the immune microenvironment in the bone defect region. Taken together, these data demonstrated that the CSi/CS/0.5Cu group had a strong ability to promote angiogenesis and osteogenesis in large cranial defects.
4 CONCLUSION
In summary, this project designed a 3D-printed calcium silicate artificial bone improved by a calcium sulfate-Cu2+ delivery system (CSi/CS/0.5Cu). A calcium sulfate-Cu2+ delivery system would greatly enhance the osteogenic activity of calcium silicate to repair large bone defects. We successfully printed calcium silicate scaffolds with large sizes and precise structures using SLA technology. In vitro experiments showed that the calcium silicate artificial bone improved by the calcium sulfate-Cu2+ delivery system can not only provide excellent mechanical support and a cell growth environment for bone defect sites but also promote cell proliferation, stem cell osteogenic differentiation, angiogenesis and inhibit antibacterial growth. The results of the in vivo experiments were consistent with those of the in vitro experiments. We demonstrated that the improved calcium silicate artificial bone could induce blood vessels and osteoblasts into the center of large defects, and regulate bone regeneration at both times (different degradation rates of calcium silicate and calcium sulfate) and space (the three-dimensional tunnel structure). Thus, the new 3D-printed calcium silicate artificial bone improved by the calcium sulfate-Cu2+ delivery system provided a new strategy to study the promotion of bone defect repair and regeneration and can be applied in clinical bone repair engineering.
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Objective: Brucellosis, the most common bacterial zoonosis, poses a serious threat to public health in endemic regions. Cardiovascular complications of brucellosis, mostly pericarditis or endocarditis, are the leading cause of brucellosis-related death. Complications involving the aorta and iliac arteries are extremely rare but can be life-threatening. Our objective was to identify and review all reported cases of aortic and iliac involvement in brucellosis to provide a deep, up-to-date understanding of the clinical characteristics and management of the disease.
Methods: Online searches in PubMed, Web of Science, China National Knowledge Infrastructure, and the Chinese Wanfang database were conducted to collect articles reporting cases of brucellosis with aortic and iliac artery involvement. All data in terms of patient demographics, diagnostic methods, clinical manifestations, and treatment regimens and outcomes were extracted and analyzed in this systematic review.
Results: A total of 79 articles were identified, reporting a total of 130 cases of brucellosis with aortic and iliac artery involvement. Of the 130 cases, 110 (84.5%) were male individuals and 100 (76.9%) were over 50 years old. The patients had an overall mortality rate of 12.3%. The abdominal aorta was most commonly involved, followed by the ascending aorta, iliac artery, and descending thoracic aorta. Arteriosclerosis, hypertension, and smoking were the most common comorbidities. There were 71 patients (54.6%) who presented with systemic symptoms of infection at the time of admission. Endovascular therapy was performed in 56 patients (43.1%), with an overall mortality rate of 3.6%. Open surgery was performed in 52 patients (40.0%), with an overall mortality rate of 15.4%.
Conclusion: Aortic and iliac involvement in brucellosis is extremely rare but can be life-threatening. Its occurrence appears to be associated with the male gender, an older age, arteriosclerosis, and smoking. Although the number of reported cases in developing countries has increased significantly in recent years, its incidence in these countries may still be underestimated. Early diagnosis and therapeutic intervention are critical in improving patient outcomes. Endovascular therapy has become a preferred surgical treatment in recent years, and yet, its long-term complications remain to be assessed.
Keywords: brucellosis, review, aorta and iliac arteries, endovascular therapy, infection

INTRODUCTION
Brucellosis is a zoonotic infection caused by the bacterial genus Brucella. It is the most common bacterial zoonosis, with more than 500,000 cases reported worldwide each year (Herrick et al., 2014; Franco et al., 2007). Most human and animal cases of brucellosis occur in resource-poor developing countries, especially those in the Middle East, Mediterranean, and East Asia. Brucellosis is mainly contracted through occupational exposure of laboratory or slaughterhouse workers to infected animals, consumption of infected, unpasteurized dairy products or contaminated meat products, or inhalation of Brucella-containing aerosols (Pappas et al., 2005). The general systemic symptoms include fever, fatigue, and joint and muscle pain. Brucellosis can also cause organ-specific symptoms involving the liver, central nervous system, genitourinary system, or circulatory system (Pappas et al., 2005). The damage to the circulatory system, most often presenting as pericarditis or endocarditis, occurs in 3% of cases. Although the overall fatality rate of brucellosis is approximately 1%, and endocarditis occurs in only 1%–2% of cases, 80% of brucellosis-related deaths are associated with endocarditis (Buzgan et al., 2010; Dean et al., 2012; Li et al., 2021; Jin et al., 2023). An infected aneurysm is a life-threatening condition caused by an abnormal swelling or bulge in the wall of an artery due to an infection that destroys the inner lining of the artery. The bacteria that most commonly cause these infections are Salmonella, Staphylococcus, and Streptococcus. Infected aneurysms involving the aorta and iliac arteries, although extremely rare, can occur in the course of brucellosis (Herrick et al., 2014; Willems et al., 2022). If left untreated, aneurysms can rupture quickly, causing severe bleeding and even death (Müller et al., 2001; Luo et al., 2003; Brossier et al., 2010; Jiang et al., 2023). In 2022, Willems and colleagues published a review on aortic and iliac involvement in brucellosis, wherein they conducted PubMed, Web of Science, and AccessMedicine searches and identified (Ramachandran Nair et al., 2019) cases with an overall mortality rate of 22% (Willems et al., 2022).
Thanks to the increasingly common practice of brucellosis diagnosis and treatment in China, the number of reports on brucellosis involving aorta and iliac arteries in Chinese patients has increased significantly in recent years (Wang et al., 2021; Yu and Zhao, 2021; Ma et al., 2023). To expand the discoveries of Willems et al. (2022), we conducted online searches in the China National Knowledge Infrastructure (CNKI) and the Chinese Wanfang database. As a result, we identified a total of (Liu and ZY, 2022) 79 articles reporting a total of 130 cases of brucellosis with aortic and iliac artery involvement. Our objective was to identify and review all reported cases of aortic and iliac involvement in brucellosis to provide a deep, up-to-date understanding of the clinical characteristics and management of the disease.
MATERIALS AND METHODS
Literature review
To identify reports on aortic and iliac involvement in brucellosis, we conducted searches in PubMed, Web of Science, CNKI, and the Chinese Wanfang database using terms (Brucella or brucellosis) AND (abdominal/thoracic aneurysm or pseudoaneurysm or aortitis or aorta or mycotic). The searches were performed without restriction on language and with any date of publication before 1 August 2023. The retrieved articles were included for meta-analysis if they reported on aortic and iliac artery involvement in brucellosis. We also hand-searched references contained in the retrieved articles. We included all articles that provided information on the aorta or iliac artery pathology caused by brucellosis, including cohort studies, case–control studies, case reports, and case series. Aorta and iliac artery pathology included infected aneurysms (pseudoaneurysms and true aneurysms), arterial dissection, abscesses, interwall hematoma, and ulcers. A quality assessment was not used to exclude articles. Cases involving peripheral or cerebral arteries, isolated endocarditis, and duplicate cases were excluded. All articles identified were independently reviewed for relevance by two authors (Xiao Li and Zhihua Cheng). A flow chart showing search strategies and results is presented in Figure 1.
[image: Flowchart showing the identification of articles via online searches. Initial records: PubMed 91, Web of Science 123, CNKI 87, Wanfang 52. Duplicate records removed: 178. Records reviewed for relevance: 175; irrelevant records removed: 92. Records reviewed for redundancy: 83; redundant records removed: 4. Articles included in review: 79.]FIGURE 1 | Flow diagram of the search strategy for articles on aortic and iliac involvement in brucellosis.
Clinical data
If available, the following information was extracted from each article: reference name, the year and country of publication, gender, age, route of transmission, country of transmission, comorbidities, clinical symptoms and course of the disease, Brucella species, diagnostic tests (blood cultures, biopsy cultures, or serological tests) and results, the location and type of aortic and iliac artery manifestations, manifestations at other sites (especially endocarditis, intervertebral discitis, psoas abscess, and fistula), antibiotic treatment (dose and duration), surgical treatment, and end results (follow-up and complications). Since not every article provided information on every variable, the denominator of a single variable may be less than the total number of cases enclosed for the meta-analysis.
Statistical methods
SPSS 26.0 software was used for statistical analysis. Continuous variables are presented as mean ± standard deviation (SD). Count data are presented as number and percentage [n (%)].
RESULTS
Articles and cases
A total of 79 articles reporting on 130 cases of human brucellosis involving the aorta and iliac arteries were identified and included in the meta-analysis (Herrick et al., 2014; Willems et al., 2022; Jiang et al., 2023; Yu and Zhao, 2021; Wang et al., 2023; Cascio et al., 2012; Hart et al., 1951; Peery and Belter, 1960; Bennett, 1967; Golden et al., 1970; Quilichini et al., 1974; Cros and Maestracci, 1975; Fudge et al., 1977; Colonna and Cristallo, 1978; Gillet et al., 1983; Cueto García et al., 1983; Aguado et al., 1987; Pressl et al., 1990; Kasab et al., 1990; Bergeron et al., 1992; Kumar et al., 1993; Gross et al., 1994; Sanchez-Gonzalez et al., 1996; Yee and Roach, 1996; Blain et al., 1997; Cano Trigueros et al., 1997; Peláez Fernández and Sánchez Galindo, 1999; Shehata and Adib, 2001; Rousié et al., 2004; Alhyari et al., 2005; Quaniers et al., 2005; Tsioufis et al., 2006; Biyik et al., 2007; Bul et al., 2007; Park et al., 2007; Kusztal et al., 2007; Kokkinis et al., 2008; Wolff et al., 2009; Ahmed et al., 2010; Bakhos et al., 2010; Jun Park and Hyun Cho, 2010; Kwon et al., 2010; Sasmazel et al., 2010; Amirghofran et al., 2011; Benedetto et al., 2011; Jariwala, 2013; Goudard et al., 2013). There were 65 single-case reports, 6 articles reporting on 2 cases, 1 article reporting on 3 cases, 2 articles reporting on 4 cases, 1 article reporting on 5 cases, 1 article reporting on 9 cases, 1 article reporting on 13 cases, and 1 article reporting on 15 cases. The combined cases involved all aortic segments. The clinical features, diagnostic tests, treatments, and outcomes of each case are shown in Supplementary Table S1.
Gender distribution
Of the 130 cases of brucellosis involving the aorta and iliac arteries, one case did not provide information on the gender of the patient. Of the 129 cases that did specify the gender of the patient, 109 (84.5%) were male and 20 (15.5%) were female individuals (Table 1).
TABLE 1 | Brucellosis involving the aorta and iliac arteries: patient demographics, comorbidity, epidemiological history, and diagnostic method.
[image: Table displaying demographic, regional, comorbidity, epidemiological history, and diagnostic method data for 130 cases. Average age is 58.3 years. Most are aged 61-70 years and male. China has the highest regional distribution. Common comorbidities include arteriosclerosis and smoking history. Diagnostic methods primarily involve serological and blood culture tests.]Age distribution
Age was not specified in one of the 130 cases. The patient age in the other 129 cases ranged from 11 to 83 years, with a mean age of 58.3. There were 16 patients who were 40 years old or younger (12.4%), 14 patients who were 41–50 years old (10.9%), 23 patients who were 51–60 years old (17.8%), 54 patients who were 61–70 years old (41.9%), 20 patients who were 71–80 years old (15.5%), and two patients who were over 80 years old (1.6%) (Table 1). The age group of 61–70 years had the highest incidence of common iliac artery involvement.
Regional distribution
China had the greatest number of patients [(Korkut et al., 2015), 50.4%], followed by Mediterranean countries (29, 24.4%), the United States (11, 9.2%), Saudi Arabia (8, 6.7%), Northern Europe (7, 5.9%), and Iran (4, 3.4%) (Table 1). The regions of residence of the remaining 11 cases were not reported.
Comorbidity
The most common comorbidities were arteriosclerosis (27, 20.8%), smoking history (24, 18.5%), and hypertension (21, 16.2%) (Table 1). Other comorbidities included alcoholism (10, 7.7%), diabetes (3, 2.3%), coronary atherosclerotic heart disease (1, 0.8%), cerebral infarction (2, 1.5%), and hyperlipidemia (3, 2.3%).
Epidemiological history
A summary of the patient epidemiological history is presented in Table 1. Out of the 130 patients, 50 (38.5%) had a history of animal contact, including 26 with sheep, 13 with cattle, 5 with cattle and sheep, 3 with wild boar, 2 with cats and dogs, and 1 with camels. Sixteen patients (12.3%) consumed unpasteurized milk products. Fifty patients (38.5%) had a risk of occupational exposure to infected animals, including 20 farmers, 7 animal keepers, 6 travelers, 5 factory workers, 4 butchers, 3 veterinarians, 2 wild boar hunters, 2 cooks, and 1 herdsman. Eleven patients contracted brucellosis abroad but were diagnosed and treated in their country of residence.
Overview of clinical presentation
A total of 71 patients (54.6%) showed one or more general systemic symptoms of infection at the time of admission. The common symptoms were fever (61, 46.9%), weight loss (17, 13.1%), and fatigue (13, 10.0%). Less common symptoms included hypothermia, nausea, vomiting, and palpitation. More specific symptoms depend on the site of blood vessel involvement. Involvement of the abdominal aorta was mainly manifested as abdominal pain, lower back pain, and pulsating abdominal mass. Hypovolemic shock occurred in certain cases of abdominal aorta rupture. Involvement of the thoracic aorta presented with chest pain and back pain. Additional aorta manifestations included aortoesophageal fistula with hematemesis, aortotracheal fistula with hemoptysis, and aortointestinal fistula with hematochezia. Involvement of the iliac artery mainly presented with groin pain and lower abdominal pain.
Diagnostic tests
Human Brucella infections can be diagnosed by serological tests, blood culture, or biopsy culture. Serological tests include the Coombs test, serum agglutination test, and enzyme-linked immunosorbent assay (ELISA). In the current review, serological tests were conducted in 110 patients (84.6%), making them the most commonly used diagnostic method in the meta-analysis. Of these 110 patients, 104 (94.5%) tested positive and 6 (5.5%) tested negative. A total of 108 patients (83.1%) undertook the blood culture test, of whom 64 (59.3%) were positive and 44 (40.7%) were negative. Additionally, a total of 46 patients (35.4%) undertook the biopsy culture test, of whom 33 (71.7%) were positive and 13 (28.3%) were negative. A summary of diagnostic methods and results is presented in Table 1. Nineteen patients (14.6%) were diagnosed to have brucellosis before admission, and for the other 111 patients, the diagnosis was made after admission.
Brucella species
Brucella species were reported in 44 cases (33.8%), of which Brucella melitensis (B. melitensis) was the most common (32, 72.7%), followed by B. abortus (7, 15.9%) and B. suis (5, 11.4%).
Vessel involvement sites and pathological manifestations
The abdominal aorta was the most common site of involvement (82 cases, 63.1%), followed by the ascending aorta (28, 21.5%), iliac artery (22, 16.9%), and descending thoracic aorta (14, 10.8%) (Table 2). There were 67 cases (51.5%) that involved the abdominal aorta alone, 28 cases (21.5%) that involved the ascending aorta alone, 10 cases (7.7%) that involved the descending thoracic aorta alone, and 10 cases (7.7%) that involved the iliac artery alone, with three in the right, six in the left, and one in the bilateral iliac artery. There were 14 patients (10.8%) who had two sites of involvement, with three in the descending thoracic aorta and abdominal aorta, six in the abdominal aorta and right iliac artery, and five in the abdominal aorta and bilateral iliac artery. One patient (0.8%) had three sites of involvement, which were the descending thoracic aorta, abdominal aorta, and iliac artery.
TABLE 2 | Brucellosis involving the aorta and iliac arteries: vessel involvement sites.
[image: Table showing involvement sites of the aorta with case numbers out of 130. Ascending aorta: 28 cases (21.5%), abdominal aorta: 82 cases (63.1%), descending thoracic aorta: 14 cases (10.8%), iliac artery: 22 cases (16.9%). Data are in number and percentage, with cases potentially having multiple sites.]In terms of pathological manifestations of the blood vessel, infected pseudoaneurysm was the most commonly diagnosed (69, 53.1%), followed by infected true aneurysm (41, 31.5%), ascending aortic root abscess (8, 6.2%), arteritis (7, 5.4%), dissecting aneurysm (5, 3.8%), aortic ulcer (5, 3.8%), interwall hematoma (2, 1.5%), and thrombotic occlusion of the aorta (1, 0.8%) (Table 3). In the cases that involved the abdominal aorta, there were 49 cases of infected pseudoaneurysm, 28 cases of infected true aneurysm, 3 cases of aortitis, 1 case of dissecting aneurysm, 1 case each of aortic ulcer and interwall hematoma, and 1 case of thrombotic occlusion of the aorta. In the cases that involved the descending thoracic aorta, there were five cases each of infected pseudoaneurysm and true aneurysm and one case each of dissecting aneurysm, interwall hematoma, aortitis, and aortic ulcer. In the cases that involved the ascending aorta, there were eight cases of root abscess, five cases each of infected pseudoaneurysm and true aneurysm, four cases each of dissecting aneurysm and aortic ulcer, and three cases of arteritis. In the cases that involved the iliac artery, there were 12 cases of infected pseudoaneurysm, nine cases of infected true aneurysm, and one case of dissecting aneurysm.
TABLE 3 | Brucellosis involving the aorta and iliac arteries: pathological manifestations of vessel involvement.
[image: Table showing pathological manifestations with corresponding case numbers out of one hundred thirty. Infected pseudoaneurysm: sixty-nine cases (53.1%), infected true aneurysm: forty-one cases (31.5%), ascending aortic root abscess: eight cases (6.2%), arteritis: seven cases (5.4%), dissecting aneurysm: five cases (3.8%), aortic ulcer: five cases (3.8%), interwall hematoma: two cases (1.5%), thrombotic occlusion of the aorta: one case (0.8%). Data presented as n (%). Multiple manifestations per case possible.]Complications
A summary of complications is presented in Table 4. Endocarditis (24, 18.5%), discitis (13, 10.0%), fistula formation (12, 9.2%), and psoas abscess (6, 4.6%) were the most common complications. The complications that occurred at a lower incidence rate included splenic infarction (5, 3.8%), thrombosis (4, 3.1%), inguinal lymph node enlargement (3, 2.3%), osteomyelitis (1, 0.8%), and epididymitis (1, 0.8%). All endocarditis occurred in cases involving the ascending aorta except one, which occurred in a case involving the abdominal aorta. Of the 13 cases of discitis, 12 occurred in cases involving the abdominal aorta or iliac artery and 1 occurred in a case involving the descending thoracic aorta. All psoas abscesses and abdominal lymph node enlargement complications occurred in cases involving the abdominal aorta, and all splenic infarction occurred in cases involving the ascending aorta. Fistula formation occurred in six cases involving the ascending aorta, with two between the aortic sinuses, two on the right ventricle, one between the aorta and pulmonary artery, and one on the aortic wall. Fistula formation also occurred in five cases involving the descending thoracic aorta, with three aortotracheal and two aortoesophageal fistulas. Finally, an aortoduodenal fistula was reported in a case involving the abdominal aorta.
TABLE 4 | Brucellosis involving the aorta and iliac arteries: complications.
[image: Table showing complications among 130 cases: Endocarditis with 24 cases (18.5%), Discitis 13 (10.0%), Fistula formation 12 (9.2%), Psoas abscess 6 (4.6%), Splenic infarction 5 (3.8%), Thrombosis 4 (3.1%), and Remaining 5 (3.8%). Data are presented as numbers and percentages; cases may have multiple complications.]Antibiotic treatment
Overall, the antibiotic treatment was a combination of fluoroquinolones, sulfonamides, tetracycline, rifampicin, and aminoglycosides. The specific treatment combination, dose, and duration varied from one medical center to another. In articles published over the past 10 years, intravenous gentamicin in combination with oral doxycycline and rifampicin was the most commonly used treatment regimen. The duration of treatment varied from 6 weeks to a lifetime.
Surgical treatment
Of the 130 cases, 56 (43.1%) received endovascular surgery only, 52 (40.0%) received open surgery only, 4 (3.1%) received open surgery after endovascular surgery, and 15 (11.5%) adopted conservative treatment without surgery. Information on surgery was not provided in the remaining three cases (2.3%). In 2007, endovascular surgeries were first reported to treat infection of the iliac artery caused by brucellosis. Of the 99 cases reported since 2007 (within the past 15 years), 56 (56.6%) received endovascular surgery and 29 (29.3%) received open surgery. Of the 68 cases reported over the past 5 years, 47 (69.1%) received endovascular surgery, 13 (19.1%) received open surgery, and 3 (4.4%) received open surgery after endovascular therapy. Of the 54 cases reported over the past 2 years, 40 (74.1%) received endovascular surgery and 10 (18.5%) received open surgery. Endovascular surgery has become a preferred surgical treatment option over the years (Figure 2).
[image: Bar chart showing the number of cases in the last 15, 5, and 2 years, divided into "Open" and "Endovascular" procedures. Last 15 years: 56 Endovascular, 29 Open (total 85). Last 5 years: 47 Endovascular, 13 Open (total 60). Last 2 years: 40 Endovascular, 10 Open (total 50).]FIGURE 2 | Brucellosis involving the aorta and iliac arteries: surgical treatments (open vs. endovascular) within the past 15, 5, and 2 years.
Of the 28 cases involving the ascending aorta, 17 (60.7%) received surgical treatment (all open surgical procedures, including three Bentall surgery cases), 9 (33.3%) went without surgery, and the information on surgery was not provided for the two remaining cases. Arterial ulcers were mainly treated with valve replacement, and abscesses were treated with antibiotics and/or abscess drainage. Of the 11 cases of infected aneurysms of the ascending aorta, eight were treated with aneurysm resection and valve replacement, one received Bentall surgery, and the information on surgery was not provided for the remaining two cases.
Of the 14 cases involving the descending thoracic aorta, 13 received surgical treatment, including eight endovascular surgery procedures, three open surgery procedures, and two open surgery procedures after endovascular surgery. The information on surgery was not provided for the remaining case. Of the 12 cases of infected aneurysm of the descending thoracic aorta, seven received thoracic endovascular aortic repair surgery (TEVAR), three underwent aneurysm resection and artificial vascular replacement, and two received open surgery for fistula complications after endovascular therapy. TEVAR was performed in one case of aortic dissection. Of the 82 cases involving the abdominal aorta, 74 were treated with surgery (40 intracavitary surgery procedures, 33 open surgery procedures, and 1 open surgery after endovascular surgery), 6 did not undergo surgery, and the information on surgery was not provided for the remaining two cases. Of the 33 patients who underwent open surgery for infected aortic aneurysm, 22 received abdominal aortic aneurysm resection and artificial vascular replacement and 5 underwent aneurysm resection and axillary-bilateral femoral artery bypass. Endovascular therapy was performed in 38 cases of infected abdominal aortic aneurysm.
Of the 10 cases of iliac artery involvement alone, nine were treated with endovascular isolation technology. The remaining case received drainage treatment for abscesses surrounding the stent and autologous vein reconstruction of the aorta and iliac arteries after endovascular treatment.
Outcome and follow-up
Of the 130 cases, 91 (70.0%) reported a specific follow-up time ranging from 9 days to 8 years, with an average time of 16.6 months. During the follow-up, 106 (81.5%) patients were considered cured by antibiotic and/or surgical treatment, 16 (12.3%) died after treatment, 7 (5.4%) had no significant follow-up records, and 1 (0.8%) was lost to follow-up. The main causes of death were bleeding, multi-organ failure, and shock. Of the 112 patients who underwent surgery, 10 (8.9%) died after surgery, including two out of 56 who received endovascular surgery and eight out of 52 who received open surgery. Notably, four patients underwent open surgery after endovascular surgery. The overall rate of secondary surgery was 5.4% (6/112). Of the 15 patients who received conservative treatment, six (40.0%) died.
DISCUSSION
Brucella bacteria can replicate in a variety of mammalian cell types, including microglia, fibroblasts, epithelial cells, and endothelial cells (Wang et al., 2023; Martirosyan and Gorvel, 2013), causing multiple organ damage. Brucellosis involving the aorta and iliac arteries is extremely rare but can be life-threatening (Herrick et al., 2014; Willems et al., 2022; Cascio et al., 2012). In 2022, Siem and colleagues published a review on this severe complication of brucellosis (Jin et al., 2023), wherein a total of 71 cases were identified through searches in PubMed, Web of Science, and AccessMedicine. The 71 cases had an overall mortality rate of 22%, and the highest number of cases reported in a single article was three. The past 2 years have witnessed an increased clinical awareness of brucellosis and its complications in developing countries, such as China, resulting in a greater number of reports from these countries on this disease. In this review, we identified 130 cases of brucellosis involving aorta and/or iliac arteries through searches in PubMed, Web of Science, CNKI, and the Chinese Wanfang database. The 130 cases were gathered from 79 relevant articles, including a 14-patient 16 and a 15-patient 12 single-center clinical case study. Notably, both centers were located in China. This suggested that the incidence of this life-threatening complication of brucellosis likely has been underestimated in developing countries due to insufficient diagnosis, as well as scientific and financial barriers to publication.
In the current review, 76.8% of patients were over 50 years old and 84.5% were men. This is consistent with that degenerative aneurysm is associated with advanced age and the male gender (Hannawa et al., 2009). Arteriosclerosis (20.8%), hypertension (16.2%), and smoking history (18.5%) were the most common comorbidities. This suggests that blood vessel degeneration due to arteriosclerosis, hypertension, or smoking makes the aorta and iliac arteries more vulnerable to Brucella infection. Infection of the common iliac artery can be caused by bacterial spread from the site of entry or pathogen introduction as a result of improper operation that causes damage to the artery wall. Previous studies have found that the presence of atherosclerotic plaques in the abdominal aorta, carotid arteries, or femoral arteries doubles the risk of infected aneurysms (Wang et al., 2023). A critical pathological hallmark of aneurysm in this patient group is the necrosis and/or rupture of atherosclerotic blood vessel walls, leading to bacterial adhesion and spread. Atherosclerotic plaques have irregular surfaces that provide potential attachment sites for microbes (Betancourt et al., 2007).
In the current review, endocarditis [(Fudge et al., 1977), 18.5%], discitis [(Yu and Zhao, 2021), 10.0%], psoas abscess [(Li et al., 2021), 4.6%], and fistula formation [(Jiang et al., 2023), 9.2%] were the most common complications. Nearly all endocarditis complications (23 out of 24) occurred in cases involving the ascending aorta, and only one occurred in a case involving the abdominal aorta. Of the 13 cases of discitis (Jiang et al., 2023), 12 occurred in patients with abdominal and iliac artery involvement and only one occurred in a patient with descending thoracic aorta involvement. All psoas abscesses and abdominal lymph node enlargement complications occurred in cases involving the abdominal aorta. These complications likely resulted from direct bacterial spread from the abdominal aorta to the anterior surface of the cone and psoas muscle, which are structurally adjacent to the aorta. Fistula formation occurred in six cases involving the ascending aorta, with two between the aortic sinuses, two on the right ventricle, one between the aorta and pulmonary artery, and one on the aortic wall. Fistula formation also occurred in five cases involving the descending thoracic aorta, with three aortotracheal and two aortoesophageal fistulas. Additionally, an aortoduodenal fistula was reported in a case involving the abdominal aorta. Fistula formation is a result of chronic damage to blood vessels caused by Brucella bacteria localized on the surface of the vessel wall. Fistulas, which can be considered tubes connecting adjacent arteries, can cause bleeding or even shock, which may result in death. In clinical practice, the presence of hemoptysis or gastrointestinal bleeding signals the possibility of fistula complications and calls for timely diagnosis and treatment.
Similar to previous reports (Herrick et al., 2014; Willems et al., 2022; Cascio et al., 2012), the main systemic symptoms were latent fever, weight loss, fatigue, and joint pain. Notably, only 54.6% of patients (71/130) showed systemic symptoms of infection at the time of admission, which may be a result of the use of over-the-counter antipyretic analgesics. The difficult-to-track epidemiological contact history of patients and the lack of specific systemic symptoms are considerable challenges to the early diagnosis of brucellosis. In the current review, only 14.6% of patients (19/130) were diagnosed before admission. The vast majority of patients already presented with clinical manifestations of aortic and iliac artery involvement at the time of admission before brucellosis was diagnosed. The most common site of involvement was the abdominal aorta (82/130, 63.1%), followed by the ascending aorta (28/130, 21.5%), iliac artery (22/130, 16.9%), and descending thoracic aorta (14/130, 10.8%). The specific clinical symptoms varied depending on the site of involvement. Involvement of the abdominal aorta was mainly manifested as abdominal pain, lower back pain, and pulsating abdominal mass. Hypovolemic shock occurred in certain cases of abdominal aorta rupture. Involvement of the thoracic aorta presented with chest pain and back pain. Additional aorta manifestations included aortoesophageal fistula with hematemesis, aortotracheal fistula with hemoptysis, and aortointestinal fistula with hematochezia. Involvement of the iliac artery mainly presented with groin pain and lower abdominal pain. The duration of symptoms ranged from a few days to years.
Brucella infection can be diagnosed by serological tests, blood culture, or biopsy culture. Serological tests are generally more sensitive than the culture methods, and hence, they are most commonly used in the diagnosis of brucellosis (Jiang et al., 2023). For example, 92% of patients with Brucella arteritis tested positive in either the agglutination or ELISA serological test 1. In the current review, 84.6% (110/130) of patients undertook a serological test, of whom 94.5% (104/110) tested positive. Culture tests are less sensitive and require weeks of culture time (Willems et al., 2022; Araj et al., 1986). Blood cultures in most hospitals are usually discarded after 5–7 days, which is not long enough to detect the slow-growing Brucella bacteria. Previous reviews found that the average sensitivity of the blood culture test for brucellosis was only 68% 1. In the current review, 83.1% of patients (108/130) undertook the blood culture test, of whom 64 tested positive, giving an average sensitivity of 59.3%. The biopsy culture test is mainly used for patients who undergo open surgery. Over the recent years, the utilization of this culture method has gradually waned as endovascular therapy has become the preferred surgical treatment. In the current review, 35.4% of patients (46/130) undertook the biopsy culture test, of whom 33 tested positive, giving an average sensitivity of 71.7%. Early diagnosis of brucellosis may help raise awareness of possible severe complications, such as Brucella aneurysm, and hence encourage early intervention and save lives. Yet, the lack of access to appropriate diagnostic tests for brucellosis in hospitals in developing countries almost certainly leads to underdiagnosis of the infection. To increase the rate of diagnosis, hospitals need to extend the culture time to allow adequate bacterial expansion. In addition to serological or culture tests, epidemiological contact history and clinical manifestations need to be taken into account for treatment decision-making.
Combinatorial antibiotic therapy is the gold standard for treating brucellosis. Monotherapy and treatment durations of less than 6 weeks are associated with high rates of recurrence and complications and, hence, are not acceptable treatment strategies (Herrick et al., 2014; Willems et al., 2022). The Sanford Guide to Antimicrobial Therapy recommends 100 mg of doxycycline twice daily for 6 weeks and 5 mg/kg of gentamicin once daily for 1 week for brucellosis in the absence of local lesions (Fever Sanford Guidelines, 2021). The World Health Organization recommends 100 mg of doxycycline twice daily and 600–900 mg of rifampicin once daily for 6 weeks as standard treatment, and doxycycline for 6 weeks and streptomycin for the first 3 weeks as an acceptable alternative (Joint FAO, 1986). According to Harrison’s Infectious Diseases, the gold standard treatment for adults is intramuscular 0.75–1 g of streptomycin once daily for 14–21 days in combination with 100 mg of doxycycline twice daily for 6 weeks (Kasper et al., 2019). According to the Expert Consensus on the Diagnosis and Treatment of Brucellosis formulated in China in 2017, antibiotic treatment should continue for at least 3–6 months in the presence of comorbidity (Diseases EBoCJoI, 2017). In the current review, although the antibiotic combination and dose varied depending on the location of the admission hospital, patients were typically treated with a combination of two or three of five classes of antibiotics, namely, fluoroquinolones, sulfonamides, tetracycline, rifampin, and aminoglycosides. The treatment duration varied from 6 weeks to a lifetime, with 3 months being the most common.
Surgical treatment of brucellosis involving the aorta and iliac arteries, which includes open surgery and endovascular therapy, is aimed at complete clearance of the infected area, reconstruction of the blood vessels, and restoration of the blood flow. Open surgery has long been recognized as the gold standard in the treatment of infectious peripheral vascular diseases, even though it has high rates of post-operational complications and mortality (Luo et al., 2003; Müller et al., 2001; Kyriakides et al., 2004). In a study by Muller et al. published in 2001 10, the mortality rate of open surgery for ruptured mycotic aneurysms of aorta and iliac arteries was as high as 63%. Similar to open surgeries for other infectious vascular diseases, the objective of open surgery for infected aneurysms caused by brucellosis is to resect infected lesions and necrotic tissues, and restore function. Compared with traditional open surgery, endovascular repair is a simpler, less invasive, and more effective procedure (Jiang et al., 2023; Jones et al., 2005; Ting et al., 2006; Clough et al., 2009). However, endovascular repair was once considered a contraindication for infected aortic and iliac aneurysms. The main concern was that the infection at the site of stent implantation could not be effectively cleared, which could easily lead to endograft infection, recurrence, and sepsis (Bakhos et al., 2010; Li et al., 2019; Sörelius et al., 2014). Endovascular repair of fungal aneurysms was first reported by Semba et al. (1998). Since endovascular repair was first used to treat infected aneurysm caused by brucellosis in 2007 (Kusztal et al., 2007), endovascular therapy has been increasingly used to treat this brucellosis complication, and it has proved to be highly efficacious. Although still under debate (Jiang et al., 2023), many believe that the use of covered stents in combination with antibiotics for Brucella infections is a viable treatment option for infected aneurysms caused by brucellosis. In the current review, 43.1% of patients (56/130) received endovascular surgery and 40.0% (52/130) received open surgery. Notably, the proportions of patients who received endovascular therapy within the past 5 and 2 years were 69.1% and 74.1%, respectively. This finding indicates that endovascular therapy has become a preferred option for surgical treatment over the years. In the current review, the mortality rate was 3.6% (2/56) for endovascular therapy, 15.4% (8/52) for open surgery, and 40.0% (6/15) for conservative treatment. These data support that endovascular intervention is a viable treatment option for aortic and iliac involvement in brucellosis.
The current review had a few limitations. First, this review only included cases that had already been published. As such, the results may be influenced by publication bias. Second, some articles included in this review did not provide data on the duration of symptoms, complications, duration of follow-up, or patient outcomes, which caused some degree of data uncertainty, especially in terms of mortality and survival. Third, the results may be limited by the small sample size. Prospective studies with a larger sample size are required to verify the efficacy and safety of endovascular techniques for the treatment of aortic and iliac involvement in brucellosis, even though this could be very difficult, given the extreme rarity of the condition.
CONCLUSION
Aortic and iliac involvement in brucellosis is extremely rare but can be life-threatening. Its occurrence appears to be associated with the male gender, an older age, smoking history, and arteriosclerosis. Although the number of reported cases in developing countries has increased significantly in recent years, its incidence in these countries may still be underestimated. If a patient with an epidemiological history has persistent fever, chest pain, or abdominal pain that does not respond to conventional treatment, aortic and iliac involvement in brucellosis should be considered. Early diagnosis and therapeutic intervention with antibiotics and surgery are critical in improving patient outcomes. Endovascular therapy has become a preferred surgical treatment in recent years, and yet, its long-term complications remain to be assessed.
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Kaposi’s sarcoma-associated herpesvirus (KSHV) can infect a variety of cells and cause malignant tumors. At present, the use of microRNA (miRNA) for anti-KSHV is a promising treatment strategy, but the instability and non-specific uptake of miRNA still limit its use in the treatment of KSHV. In the present study, we constructed a nano-drug delivery system employing chemical grafting and electrostatic adsorption to solve the problems of easy degradation and low cell uptake of miRNA during direct administration. This nano-drug delivery system is to graft 4-carboxyphenylboric acid (PBA) and lauric acid (LA) onto polyethylenimine (PEI) through amidation reaction, and then prepare cationic copolymer nanocarriers (LA-PEI-PBA). The drug-carrying nanocomplex LA-PEI-PBA/miR-34a-5p was formed after further electrostatic adsorption of miR-34a-5p on the carrier and could protect miR-34a-5p from nuclease and serum degradation. Modification of the drug-carrying nanocomplex LA-PEI-PBA/miR-34a-5p by targeted molecule PBA showed effective uptake, increase in the level of miR-34a-5p, and inhibition of cell proliferation and migration in KSHV-infected cells. In addition, the drug-carrying nanocomplex could also significantly reduce the expression of KSHV lytic and latent genes, achieving the purpose of anti-KSHV treatment. In conclusion, these cationic copolymer nanocarriers with PBA targeting possess potential applications in nucleic acid delivery and anti-KSHV therapy.
Keywords: cationic copolymer nanocarriers, targeting function, nucleic acid delivery, anti-KSHV treatment, drug-carrying nanocomplex

1 INTRODUCTION
Kaposi’s sarcoma-associated herpesvirus (KSHV) is a double-stranded DNA virus that infects lymphocytes, endothelial cells, and nerve cells, and can cause Kaposi’s sarcoma (KS), primary effusive lymphoma (PEL), multicenter Castleman disease (MCD), and KSHV inflammatory cytokine syndrome (KICS) (Prieto-Barrios et al., 2018; Alzhanova et al., 2021; Naimo et al., 2021). After infecting cells, the virus mainly exists in a latent state, and only a limited number of viral genes are expressed in order to evade the immune response of host cells and maintain the survival of the virus (Li et al., 2018; Gam Ze Letova et al., 2021; Sharma and Zheng, 2021). When it is stimulated by hypoxia, phorbol ester induction, and a variety of inflammatory factors, it will quickly enter the lytic state and produce infectious virus particles, thus infecting neighboring cells (Long et al., 2021; Chinna et al., 2023; Davis et al., 2023).
At present, the involvement of miRNA from KSHV and host cells in the regulation of latent and lytic switches has received more and more attention (Alomari and Totonchy, 2020; Kumar et al., 2022). miRNA is a class of small endogenous non-coding RNAs that can simultaneously regulate multiple target genes and play a unique tumor suppressive role in tumor occurrence, development, and metastasis through inhibition or degradation of the RNA translation (Hussein et al., 2019; Liu et al., 2019; Ma et al., 2022). Wu et al. (2022) reported that low-expressed miR-34a-5p in KSHV-infected cells could regulate the level of c-Fos and target the 3′-UTR region, thereby inhibiting cell proliferation and the expression of KSHV-related genes; thus miR-34a-5p may be used as a nucleic acid drug for the treatment of KSHV infection. However, its poor stability and non-specificity in vivo environment lead to low cell uptake efficiency, thus limiting its further application (Wang et al., 2019). Therefore, finding effective delivery methods to enhance its stability may lead to better anti-KSHV therapeutic effects.
The rapid development of nanomedicine provides advantages such as stability, targeting, safety, and versatility for gene delivery (Li and Kataoka, 2021; Wen et al., 2023). The nucleic acid delivery system based on a non-viral vector has many advantages such as low immunogenicity, good biocompatibility, high loading efficiency, and abundant sources (Jiao et al., 2020; Jiang et al., 2022; Tong et al., 2023). These delivery carriers mainly include cationic polymers (Van Bruggen et al., 2019; Feng et al., 2022), micelles (Ivana et al., 2021; Winkeljann et al., 2023), liposomes (Obuobi et al., 2020; Lohchania et al., 2022), dendrimers (Choudhury et al., 2022; Liyanage et al., 2022), and nanoparticles (NPs) (Vaughan et al., 2020; Sharma et al., 2022; Hu et al., 2023). Among them, cationic polymers have been widely studied and have a wide variety of controllable structure designs, which can form nanocomplexes by electrostatic interaction containing negative nucleic acids (You et al., 2018), and then carry out in vivo and intracellular transport. Polyethylenimine (PEI) is often used as a cationic carrier for gene delivery, but unmodified PEI can be cytotoxic (Wang et al., 2016; Li et al., 2020).
Li et al. (2015) and Truong et al. (2013) reported that the introduction of hydrophobic components into cationic polymer carriers can improve the stability of carrier delivery genes, promote cell uptake, and activate endosome escape. Lauric acid, a natural fatty acid found in human sebum and coconut (Li et al., 2023), is hydrophobic at one end of the molecular chain and is introduced to PEI to decrease toxicity and improve endosome escape.
4-carboxyphenylboric acid (PBA) is a Lewis acid capable of forming a reversible borate structure with compounds containing cis-diol. Based on this, PBA can be used as a ligand that specifically binds to sialic acid (SA) receptors, targeting tumor sites (Zhao et al., 2016; Chen et al., 2020). The content of SA on the membrane of cancer cells is significantly higher than that of normal cells, which makes it a tumor marker. The diagnosis and treatment of tumors based on SA has important clinical value (Monteiro et al., 2020). Under weakly acidic conditions of tumor tissue, PBA and SA can form stable borates. Therefore, nanodrug delivery systems using PBA as targeted ligands have been widely developed for the targeted delivery of anti-tumor drugs (Liu et al., 2018). Li et al. (2023) have prepared an acid-responsive nanoassembly for tumor active targeting, which is used to eliminate nucleated Fusobacterium (Fn) in tumors to enhance cancer treatment. In the nanoassembly, PBA can specifically bind to the overexpressed SA site on the surface of cancer cells and promote the uptake of drugs through receptor-mediated endocytosis, significantly inhibiting tumor growth.
Our team has reported a folate-targeted cationic copolymer nanocarrier for the delivery of miR-34a-5p (Fangling et al., 2023). It is very meaningful for anti-KSHV therapy to develop more targeted nano-drug delivery carriers while protecting miR-34a-5p. We grafted lauric acid (LA) and small molecule targeting substance PBA onto PEI through a simple “one-pot method” to form cationic copolymer nanocapsular LA-PEI-PBA. The whole process utilized the amidation reaction between the carboxyl group on LA and PBA and the amino group on PEI. This not only reduces the toxicity of PEI but also provides the targeting function for the vector. LA-PEI-PBA is electrostatic adsorbed with miR-34a-5p to form the final LA-PEI-PBA/miR-34a-5p, which can effectively protect and deliver miR-34a-5p to play the role of anti-KSHV treatment. These findings help to provide some new ideas for anti-KSHV treatment.
2 MATERIALS AND METHODS
2.1 Materials
4-carboxyphenylboric acid (PBA), lauric acid (LA), and polyethylenimine (PEI, MW1800) were purchased from Shanghai Aladdin Biochemical Technology Company, 1-ethyl-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) was purchased from Zhengzhou Alpha Biochemical Company, N-hydroxysuccinimide (NHS) was purchased from Shanghai McLean Company, and methanol was purchased from Tianjin Fuyu Fine Chemical Company.
2.2 Synthesis and characterization of carrier
2.2.1 Preparation of LA-PEI-PBA
PBA (221.6 mg, 1.296 mmol), LA (135 mg, 0.66 mmol), EDC (391.3 mg, 2.0 mmol), and NHS (200 mg, 1.7 mmol) were added to methanol (20 mL) and stirred at room temperature for 2 h. Then PEI (200 mg, 0.33 mmol) was dissolved in 6 mL methanol and slowly added to the above mixture, and we continued to stir for 24 h. Then, the solution was transferred to a dialysis bag (MWCO 1000 Da), where it underwent dialysis with deionized water for 3 days. It was then frozen in the refrigerator and finally freeze-dried in the freeze dryer to obtain white solid LA-PEI-PBA.
2.2.2 Structural characterization of the nanocarriers
The LA-PEI and LA-PEI-PBA were characterized by 1H NMR using a 400 MHz nuclear magnetic resonance spectrometer (Switzerland, AVANCE III HD). Ultraviolet-visible spectrophotometers (UV-8000S, Shanghai, Yuanxi) were used to test the products, and the spectral scanning range was 200–800 nm. The sample was determined using a Fourier transform infrared spectrometer (FTIR, VERTEX 70, Bruker, USA), which mixed the sample with KBr and ground it for testing after pressing the tablet; the determination range was 400–4000 cm−1 with a resolution of 4 cm−1.
2.3 Preparation and characterization of drug-carrying nanocomplex
2.3.1 Preparation of LA-PEI-PBA/miR-34a-5p
LA-PEI-PBA was first prepared into an aqueous solution with a concentration of 1 mg/mL, which was evenly dissolved by 100 W ultrasound, and then the solution of LA-PEI-PBA and miR-34a-5p was mixed according to different mass ratios and swirled for 30 s. Finally, the drug-carrying nanocomplex LA-PEI-PBA/miR-34a-5p was obtained after standing for 30 min. LA-PEI without modified PBA and miR-34a-5p were prepared by the same method as described above, and the obtained LA-PEI/miR-34a-5p was used as the control group in the follow-up experiment.
2.3.2 Gel electrophoresis retardation test
The binding ability of the nanocarriers to miR-34a-5p was tested by gel retardation experiment. LA-PEI and LA-PEI-PBA were mixed with miR-34a-5p (1 μg) according to different mass ratios and then stood at room temperature for 30 min to obtain drug-carrying nanocomplex. Then, the drug-carrying nanocomplex was added into the sampling hole of the agar-gel prepared in advance, and the agar-gel was placed in the electrophoresis apparatus with TRIS-ethyl acetate EDTA electrophoresis buffer (TAE buffer) at 110 V for 25 min. Finally, the gel imaging system was used to take pictures of the gel and observe the band on the gel to analyze the binding ability of the carrier to miR-34a-5p. 
2.3.3 Particle size, Zeta potential, and morphology observation
The particle size and potential of the drug-carrying nanocomplexes were measured using the nano-size Zeta potential analyzer (Nanoplus-3), and the solvent was ultra-pure water. The morphology of drug-carrying nanocomplexes was observed by transmission electron microscopy (TEM, HT7700, Japan).
2.4 Protective assay
In order to detect the protective effect of the carrier on miR-34a-5p (1 μg/per well), free miR-34a-5p, LA-PEI/miR-34a-5p, and LA-PEI-PBA/miR-34a-5p were mixed with 50% FBS (Fangling et al., 2023) or RNase A solution (10 μg/mL) at room temperature for 1 h, and then agarose gel electrophoresis was performed (the same conditions as in 2.5).
2.5 In vitro hemolysis and stability test
LA-PEI and LA-PEI-PBA were prepared with 1×PBS solution, and 0.1%Tritonx-100 was used as a positive control, whereas PBS was used as a negative control. Then, various sample solutions, 0.1% Tritonx-100 and PBS solution (500 μL) were absorbed into 5% red blood cell suspension (500 μL), incubated at 37°C at 100 rpm for 2 h, and centrifuged at 2000 rpm for 10 min. Then, 100 μL of supernatant was absorbed and placed in a 96-well plate, and the absorbance (OD) was measured at 450 nm by a microreader. We used the following formula to calculate the hemolysis rate of the sample:
[image: Formula for hemolysis rate in percentage: \[(\text{sample group} - \text{negative control}) / (\text{positive control} - \text{negative control})\] multiplied by 100.]
The LA-PEI and LA-PEI-PBA with a concentration of 1 mg/mL and the drug-carrying nanocomplexes LA-PEI/miR-34a-5p and LA-PEI-PBA/miR-34a-5p were dissolved in 50% FBS, and then 100 μL of the above solution was absorbed and added to the 96-well plate. The solution was placed in a constant temperature incubator at 37°C and taken out at different times to measure the OD value at 415 nm. OD values can be regarded as turbidity changes to evaluate the stability of the sample.
2.6 Cell culture and cytotoxicity test
KMM cells were KSHV-transformed rat primary mesenchymal precursor cells and donated by Hangzhou Normal University, cultured in 90% DMEM and 10% FBS containing 150 μg/mL hygromycin (Solarbio) at 37°C, 5% CO2 incubator. SK-RG cells were KSHV-infected SH-SY5Y cells described in our previous study (Cao et al., 2021), and cultured in a complete medium with 6 μg/mL puromycin (Gibco) at 37°C, 5% CO2 incubator. The cytotoxicity of LA-PEI and LA-PEI-PBA were detected by MTT assay. SK-RG and KMM cells were placed in 96-well plates at a density of 5000 cells/well for 24 h. The supernatant was replaced with a complete culture medium without serum and then added into different concentrations of nanocarriers (5, 10, 20, 40, 60, 80, and 100 μg/mL). After 48 h, 20 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Solarbio) was added to each well, and then cultured at 37°C in the dark for 4 h. The MTT medium was removed, and 100 µL of dimethyl sulfoxide (Solarbio) was added. Finally, we measured the OD value at 490 nm (Bio-RAD).
2.7 Cell uptake assay
Immunofluorescence microscopy was used to observe the uptake of drug-carrying nanocomplexes in KMM cells. KMM cells were inoculated with a density of 1.0 × 105 cells/well into a 6-well plate containing slides (climbing plates), cultured for 24 h, added with drug-loaded nanocomplex with red fluorescent miR-34a-5p-Cy3 (2 μg) for 4 h, centrifuged with 1×PBS three times, and fixed with 4% paraformaldehyde for 30 min. We then removed the supernatant and added it to 1×PBS centrifugally three times to remove the residual 4% paraformaldehyde. Then, we dyed it with 1 μg/mL DAPI solution for 10 min, removed the sliver, and placed it on a cover slide with 10 µL anti-fluorescence quench agent. We gently sealed the surrounding area with neutral gum and observed the solution using a fluorescence microscope.
2.8 Cell proliferation assay
The KMM and SK-RG cells were incubated with the free miR-34a-5p, LA-PEI/miR-34a-5p, and LA-PEI-PBA/miR-34a-5p for 24 h. After adding 20 μL MTT solution to every peer on days 1, 2, 3, 4, and 5, the mixtures were then cultured for another 4 h at 37°C with 5% CO2. The absorbance value at 490 nm was detected by an enzyme-labeled instrument.
2.9 Cell migration assay
After culturing with free miR-34a-5p, LA-PEI/miR-34a-5p, and LA-PEI-PBA/miR-34a-5p for 4 h, KMM and SK-RG cells were digested and centrifuged. Then, 1 mL of complete medium was added for re-suspension, mixed, and counted. We added 150 μL cell suspension (containing 2 × 105 cells) to the upper chamber and 800 μL culture medium containing 10% FBS to the lower chamber and cultured for 36 h. The supernatant was removed, and 800 μL 4% paraformaldehyde was used to fix the cells at room temperature for 30 min. Then, 1% crystal violet was dyed for 30 min and left to dry naturally. Five to six fields were randomly selected under the microscope for photo recording.
2.10 RNA extraction and real-time PCR
Total RNA of SK-RG and KMM cells was extracted using TRIzol reagent (Invitrogen). cDNA synthesis was used by RevertAid First Strand cDNA Synthesis kit (Thermo Fisher). Real-time PCR was used to detect cDNA recovered (SYBR Green PCR Kit; Qiagen). The primers are shown in Supplementary Table S1. Then real-time PCR was used to amplify the target fragment and the reaction conditions described in our previous study (Fangling et al., 2023).
2.11 Statistical analysis
The experimental data were processed and analyzed using Graph Pad Prism 9.0 and Origin 2018 software. The experimental data were represented as mean ± standard deviation. Multivariate analysis of variance was used to determine the statistical significance among all groups. Significant differences were expressed as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
3 RESULTS AND DISCUSSION
3.1 Synthesis and characterization of LA-PEI-PBA
The main synthesis steps of LA-PEI and LA-PEI-PBA are shown in Figure 1. LA was activated by the carboxyl group through EDC and NHS, formed an amide bond with PEI, and grafted to PEI, and LA-PEI was synthesized. The carboxyl groups on LA and PBA were activated by EDC and NHS at the same time, formed an amide bond with PEI, and grafted to PEI to prepare LA-PEI-PBA. The structures of LA-PEI and LA-PEI-PBA were characterized by 1H NMR. As can be seen from Figure 2A, in the control group, LA-PEI without PBA coupling had the characteristic peak of amide bond at 3.56–3.33 ppm, the characteristic peak of PEI at 3.07–2.48 ppm, and the characteristic peak of LA at 2.22 ppm and 1.59–0.87 ppm. This indicated that LA-PEI was successfully prepared. Then, LA-PEI-PBA was characterized by 1H NMR. Figure 2B shows that the characteristic peak of the benzene ring on PBA appeared at 7.73 ppm, and the chemical shift of the characteristic peak in the fat region was basically the same as that of LA-PEI, indicating that PBA had been successfully coupled to LA-PEI to prepare LA-PEI-PBA.
[image: Illustration of a biochemical process. Panel A shows the synthesis of a compound involving LA, PBA, and PEI through a reaction facilitated by EDC, NHS, and methanol. The resultant compound is LA-PEI-PBA. Panel B depicts the cellular uptake mechanism of LA-PEI-PBA/miR-34a-5p complexes into a cell, targeting nuclear pathways and forming inhibiting complexes with sialic acid receptors. Labels include LA, PBA, PEI, miR-34a-5p, and biological structures involved in the process.]FIGURE 1 | (A) LA-PEI-PBA synthesis process, (B) LA-PEI-PBA/miR-34a-5p anti-KSHV treatment diagram.
[image: Two NMR spectra labeled A and B are displayed, with chemical structures depicted above each spectrum. Spectrum A shows peaks for CO\(_2\)Me, PEG, and D\(_2\)O, while Spectrum B displays peaks for PBA and D\(_2\)O. Both spectra include a main plot and an inset with detailed peak assignments.]FIGURE 2 | Structural characterization of LA-PEI-PBA. (A) LA-PEI and (B) LA-PEI-PBA 1HNMR.
To further prove that the LA-PEI-PBA was successfully prepared, PBA, LA-PEI, and LA-PEI-PBA were tested by UV-Vis spectroscopy. As can be seen in Figure 3A, PBA’s characteristic absorption peak was 237 nm, but LA-PEI had no absorption peak at 237 nm. The characteristic absorption peak of PBA appeared at 237 nm in LA-PEI-PBA, which proves that PBA is coupled to LA-PEI. The infrared absorption spectrum of LA-PEI was composed of the -NH-stretching vibration peak of PEI at 3281 cm−1 and the -CH2 stretching vibration peak of LA at 2854 cm−1, and the characteristic absorption peak of the amide bond appeared at 1643 cm−1, as seen in Figure 3B, which proved that LA-PEI was prepared. Figure 3C shows that the infrared absorption spectrum of LA-PEI-PBA was composed of the absorption peak of LA-PEI, but the characteristic absorption peak of PBA does not appear, possibly because the grafting amount of PBA is too small, resulting in the absence of the infrared characteristic absorption peak. However, it could be proved by 1H NMR and UV-Vis that LA-PEI-PBA was successfully synthesized.
[image: Three panels labeled A, B, and C show spectral graphs. Panel A illustrates absorbance versus wavelength for PBA, LA-PEI, and LA/PEI/PBA. Panel B shows IR spectra with peaks noted for PEI, LA, LA-PEI, and LA/PEI/PBA. Panel C compares IR spectra for LA-PEI, PBA, LA, and LA-PEI/PBA. Various peaks and labels detail the spectral features.]FIGURE 3 | UV-Vis and IR absorption spectra of the carrier. (A) Ultraviolet-visible spectrum of LA-PEI-PBA, (B) infrared absorption spectrum of LA-PEI, and (C) infrared absorption spectrum of LA-PEI-PBA.
3.2 Preparation and characterization of LA-PEI-PBA/miR-34a-5p
LA-PEI and LA-PEI-PBA formed stable drug-carrying nanocomplexes by electrostatic adsorption of miR-34a-5p. The adsorption and inclusion capacity of miR-34a-5p were evaluated by gel electrophoresis. If the vector could not effectively adsorb miR-34a-5p, bands of free miR-34a-5p would appear in the swim lane with the action of the current; otherwise, bands of miR-34a-5p would not appear. As shown in Figures 4A, B, when the mass ratio was ≥4, LA-PEI and LA-PEI-PBA could effectively contain miR-34a-5p and bind to form stable drug-carrying nanocomplexes, and PBA modification did not affect the adsorption capacity of the vector to miR-34a-5p.
[image: Gel electrophoresis image comparing two sets of samples. Panel A shows samples with LA-PEI:miR-34a-5p, and Panel B with LA-PEI-PBA:miR-34a-5p, at various ratios from 1:1 to 5:1. The naked miRNA lanes appear at the start of each gel, indicating the unbound miRNA presence.]FIGURE 4 | Gel electrophoresis of miR-34a-5p adsorption by carrier. (A) Gel electrophoresis of LA-PEI and miR-34a-5p; (B) Gel electrophoresis of LA-PEI-PBA and miR-34a-5p.
Next, we tested the potential values of LA-PEI/miR-34a-5p and LA-PEI-PBA/miR-34a-5p under the mass ratio of 4:1 and 5:1, respectively. With the increase of the mass ratio, the potential of LA-PEI/miR-34a-5p changed from −0.33 ± 0.16 mV to 2.55 ± 0.80 mV, indicating that LA-PEI could not fully contain miR-34a-5p when the mass ratio was 4:1, but at 5:1, the potential became positive, and LA-PEI could completely contain miR-34a-5p, as seen in Figure 5A. The reason is that miR-34a-5p is a negative nucleic acid, and when it is electrostatic adsorbed with the carrier, the negative potential becomes positive potential. At the same time, with the increase of the mass ratio, the potential of LA-PEI-PBA/miR-34a-5p changed from 22.02 ± 1.60 mV to 26.74 ± 2.36 mV, indicating that at the mass ratio of 4:1, LA-PEI-PBA could fully contain miR-34a-5p, and LA-PEI-PBA had a higher binding ability to miR-34a-5p. Figures 5B, C show that, at the best mass ratio of 5:1, the particle sizes of LA-PEI/miR-34a-5p and LA-PEI-PBA/miR-34a-5p were 190.6 nm and 207.3 nm, respectively. It could be seen from TEM images that the morphology of LA-PEI -PBA/miR-34a-5p was similar to a circle.
[image: Panel A shows a bar graph comparing zeta potentials for mass ratios 4:1 and 5:1. Panel B is a line graph depicting differential intensity versus diameter for LA-PLH:Man:sa-gp, showing a peak at 196.6 nanometers. Panel C shows a similar graph for LA-PLH:Man/Ala:sa-gp, with a peak at 102.9 nanometers. Insets display corresponding microscopic images.]FIGURE 5 | Potential and particle size of drug-carrying nanocomplex. (A) Potential of LA-PEI/miR-34a-5p and LA-PEI -PBA/miR-34a-5p. Data are presented as mean ± SD (n = 3), (B) particle size distribution and TEM image of LA-PEI/miR-34a-5p at a mass ratio of 5:1 (miR-34a-5p: 2 μg), (C) Particle size distribution and TEM image of LA-PEI-PBA/miR-34a-5p at a mass ratio of 5:1 (miR-34a-5p: 2 μg).
3.3 Protective effect of carriers on miR-34a-5p
Free miR-34a-5p is easily degraded and unstable in vivo. We used gel electrophoresis to detect the protective effects of LA-PEI and LA-PEI-PBA on miR-34a-5p. As shown in Figures 6A, B, the free miR-34a-5p showed bright white bands in the swim lane, which disappeared after treatment by RNase A, indicating that RNase A completely degraded the free miR-34a-5p. However, LA-PEI/miR-34a-5p and LA-PEI-PBA/miR-34a-5p were treated with RNase A, and no bands appeared in the lane. When Heparin was added, which could compete with miR-34a-5p, bands of miR-34a-5p appeared again in the lane. This indicated that LA-PEI and LA-PEI-PBA could protect miR-34a-5p from the degradation of RNase A. Figures 6C, D also show the same results, except that FBS has a weak degradation effect on miR-34a-5p, and the band brightness of miR-34a-5p is weakened. All the above mentioned results indicate that LA-PEI and LA-PEI-PBA can effectively protect miR-34a-5p from the degradation of RNase A and FBS, thus improving the stability of miR-34a-5p.
[image: Gel electrophoresis images A, B, C, and D showing the effects of different treatments on miR-34a-5p. Lanes are labeled one through six. Varying conditions include the presence or absence of LA-PEI, LA-PEI-PBA, RNase A, heparin, and FBS. Bright bands indicate the presence of miR-34a-5p, with visibility varying across conditions, suggesting different levels of protection against degradation.]FIGURE 6 | The protective effect of the carrier against miR-34a-5p was detected by gel electrophoresis. (A, B) 0.05 mg/mL of RNase A for 1 h, (C, D) 50% of FBS for 1 h (The mass ratio of carrier to miR-34a-5p was 5:1, and the miR-34a-5p was 1 μg).
3.4 Biosafety analysis of carriers in vitro
The hemolysis effect of carriers on red blood cells is an important index to evaluate their biocompatibility. In Figure 7A, it can be seen that the color is bright red in the 0.1% TritonX-100 group, which means complete hemolysis. In contrast, the supernatant color of the LA-PEI and LA-PEI-PBA groups showed a light yellow color similar to the PBS group, and the erythrocyte was deposited at the bottom. When the carrier concentration was 200 μg/mL and 500 μg/mL, the hemolysis rates of LA-PEI to red blood cells were 0.70% and 2.35%, respectively, and the hemolysis rates of LA-PEI-PBA were 0.37% and 1.51% respectively, calculated according to Eq. (1). The hemolysis rates of LA-PEI and LA-PEI-PBA were both within the range of hemolysis safety standards (<5%), among which the hemolysis rate of LA-PEI-PBA on red blood cells was lower than that of LA-PEI, indicating that LA-PEI-PBA had better blood compatibility than LA-PEI.
[image: Panel A shows a bar graph comparing hemolysis rates of LA-PEI, LA-PEI/PBA, and other treatments at different concentrations, with an inset of blood samples in tubes. Panel B depicts a line graph illustrating the turbidity over 20 hours for LA-PEI, LA-PEI/miR-34a-5p, LA-PEI/PBA, and LA-PEI/PBA/miR-34a-5p treatments. Both graphs imply the evaluation of biocompatibility and stability of the treatments.]FIGURE 7 | Hemolysis rate and stability analysis. (A) the hemolysis rates of LA-PEI and LA-PEI-PBA, (B) the OD values of LA-PEI, LA-PEI -PBA, LA-PEI/miR-34a-5p and LA-PEI -PBA/miR-34a-5p in 50% FBS. Data are presented as mean ± SD (n = 3).
PEI is a cationic polymer, often used as a carrier to deliver gene or nucleic acid drugs, but it is easy to bind to serum proteins in the blood, resulting in cytotoxicity and biosafety risks. Therefore, we tested the stability of LA-PEI, LA-PEI-PBA, and LA-PEI/miR-34a-5p and LA-PEI-PBA/miR-34a-5p in serum by measuring their absorbance changes (turbidity changes). Figure 7B shows that in 50% FBS, the absorbance of the carrier and drug-carrying nanocomplex did not change significantly within 20 h. Those results indicated that the carrier and drug-carrying nanocomplex were stable and did not bind to serum proteins to cause cytotoxicity.
Next, we used MTT assay to detect the cell survival rate after treatment with LA-PEI and LA-PEI-PBA for 48 h. Figure 8A shows that when the carrier concentration is 40 μg/mL, the KMM cell survival rate is maintained at about 80% after incubation with LA-PEI and LA-PEI-PBA, but when the concentration is greater than 40 μg/mL, the cytotoxicity is concentration-dependent, that is, when the concentration increases, the toxicity increases. Figure 8B shows that when the carrier concentration is 20 μg/mL, the SK-RG cell survival rate of LA-PEI and LA-PEI-PBA is maintained at about 85%, however, when the concentration is greater than 20 μg/mL, the cytotoxicity is also concentration-dependent. The optimal mass ratio of nanocarriers to miR-34a-5p was 5:1, and the amount of nanocarriers was only 10 μg/mL, which would not cause toxicity. Therefore, the hemolysis test, stability test, and cytotoxicity test showed that the nanocarriers have good biosafety.
[image: Bar graphs comparing the effects of LA-PEI and LA-PEI/PBA on cell viability for KMM cells (A) and SK-RG cells (B) at varying concentrations (0 to 100 micrograms per milliliter). Viability decreases with increasing concentration for both substances in each cell type, with LA-PEI/PBA displaying generally higher viability than LA-PEI.]FIGURE 8 | Cytotoxicity of nanocarriers. The cell survival rate of LA-PEI and LA-PEI-PBA with different concentrations after incubation with KMM (A) and SK-RG (B) cells for 48 h. Data are presented as mean ± SD (n = 5).
3.5 Delivery effect of drug-carrying nanocomplexes on miR-34a-5p
We further detected the level of miR-34a-5p in KMM and SK-RG cells by RT-PCR to verify the delivery effect of nanocarriers. As shown in Figure 9, compared with the control group, the level of miR-34a-5p in the free miR-34a-5p group did not significantly increase, indicating that the degradation of free miR-34a-5p had already occurred before it entered the cells. In the LA-PEI/miR-34a-5p group treated with KMM and SK-RG, the levels of miR-34a-5p were 4.89 and 7.89 folds, respectively. In the LA-PEI-PBA/miR-34a-5p group, the level of miR-34a-5p was 12.66 and 14.50 folds. miR-34a-5p in the LA-PEI-PBA/miR-34a-5p group was significantly higher than in the LA-PEI/miR-34a-5p group, indicating that PBA-modified nanocarriers are more conducive to cell uptake, which may be attributed to the targeting of PBA. These results also indicated that after the drug-carrying nanocomplex entered the cells, in the acidic environment of the endosome, the “proton sponge effect” of PEI increased the osmotic pressure of the endosome and caused the membrane to break down (Bus et al., 2018; Vermeule et al., 2018) so that the swallowed drug-carrying nanocomplex escaped and then released miR-34a-5p.
[image: Bar graph showing miR-34a-5p expression levels in KMN and SK-RG groups. Four categories are compared: Control, miR-34a-5p, LA-PEI/miR-34a-5p, and LA-PEI-PBA/miR-34a-5p. Expression levels are highest in the LA-PEI-PBA/miR-34a-5p group across both samples. Statistical significance is indicated by asterisks, with more asterisks representing higher significance.]FIGURE 9 | The level of miR-34a-5p in KMM and SK-RG cells. Data are presented as mean ± SD (n = 3), *p < 0.05, ***p < 0.001, ****p < 0.0001. (The mass ratio of carrier to miR-34a-5p was 5:1, and the miR-34a-5p was 2 μg).
3.6 Cellular uptake
PBA ligands modified on drug-carrying nanocomplexes can also bind specifically to overexpressed sialic acid (SA) receptors on tumor cell membranes, thus targeting KSHV-infected cells. To facilitate the observation of the uptake of drug-carrying nanocomplexes, we used miR-34a-5p with red fluorescent dye Cy3 for fluorescence microscopy. KMM cells were treated with free miR-34a-5p-Cy3, LA-PEI/miR-34a-5p-Cy3, and LA-PEI -PBA/miR-34a-5p-Cy3 groups, and the results are shown in Supplementary Figure S1. The red fluorescence of the free miR-34a-5p-Cy3 group was not visible in the cells, and the LA-PEI/miR-34a-5p-Cy3 group showed little red fluorescence, while the LA-PEI-PBA/miR-34a-5p-Cy3 group showed more fluorescence intensity, indicating that PBA-modified carriers were more conducive to delivering miR-34a-5p into cells. This indicates that PBA-modified drug-carrying nanocomplexes have excellent targeting ability, which is conducive to the enrichment of miR-34a-5p in the cell.
3.7 Effects of drug-carrying nanocomplex on cell proliferation
The effects of LA-PEI/miR-34a-5p and LA-PEI-PBA/miR-34a-5p on cell proliferation were detected by MTT assay. Figure 10A shows that KMM cell proliferation was not inhibited in all experimental groups at 1–3 days. From the 4th day, both the LA-PEI/miR-34a-5p and LA-PEI-PBA/miR-34a-5p groups could inhibit cell proliferation, and the inhibitory effect was more obvious in the LA-PEI-PBA/miR-34a-5p group. As shown in Figure 10B, the LA-PEI/miR-34a-5p group and LA-PEI-PBA/miR-34a-5p group showed inhibitory effects from day 3, and the LA-PEI-PBA/miR-34a-5p group showed stronger inhibitory effects. In conclusion, drug-carrying nanocomplexes have a better inhibitory effect on cell proliferation, and PBA-modified drug-carrying nanocomplexes are more conducive to inhibiting cell proliferation.
[image: Bar graphs showing cell proliferation over five days for KMM and SK-RG cells. Four conditions are compared: Control, miR-34a-5p, LA-PEI/miR-34a-5p, and LA-PEI-DNA/miR-34a-5p. Significant differences are indicated with asterisks.]FIGURE 10 | Cell proliferation. (A) Effect of drug-carrying nanocomplexes on proliferation of KMM cells and (B) SK-RG cells. Data are presented as mean ± SD (n = 5), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
3.8 Effects of drug-carrying nanocomplex on cell migration
Cell migration plays an important role in the process of tumor cell metastasis, so inhibiting migration is also one of the methods of tumor treatment. As shown in Figures 11A, B, the number of cell migrations in the free miR-34a-5p group was similar to the control group, and the number of cells after treatment in the LA-PEI/miR-34a-5p and LA-PEI-PBA/miR-34a-5p group was significantly reduced. LA-PEI-PBA/miR-34a-5p group had a stronger inhibitory effect on cell migration. In SK-RG cells, the number of cell migrations of the free miR-34a-5p group was less than that of the control group, and the LA-PEI/miR-34a-5p group was very similar to it, while the LA-PEI-PBA/miR-34a-5p group showed a significant inhibitory effect, which may also be caused by the targeting effect of PBA. These results indicate that LA-PEI-PBA/miR-34a-5p could inhibit cell migration.
[image: Panel A shows stained cell images under different treatment conditions for KMM and SK-RG cell lines: Control, miR-34a-5p, LA-PEI/miR-34a-5p, and LA-PEI-PBA/miR-34a-5p. Panel B presents a bar graph comparing cell migration across the same treatments for both cell lines, with statistical significance indicated by asterisks.]FIGURE 11 | Cell migration. (A) Cell migration microscopy of KMM and SK-RG cells treated with drug-carrying nanocomplexes (scale: 100 μm), and (B) cell migration number. (The mass ratio of carrier to miR-34a-5p was 5:1, and the miR-34a-5p was 2 μg). Data are presented as mean ± SD (n = 3), *p < 0.05, ***p < 0.001.
3.9 Expression of KSHV-related genes
After KSHV infections, there are two states: the latent and lytic state (Juillard et al., 2016). We further used RT-PCR to detect the expressions of the KSHV latent gene LANA and lytic genes ORF26, v-GPCR, and K8.1A to verify whether LA-PEI-PBA/miR-34a-5p could effectively suppress their expression. As shown in Figures 12A, B, LA-PEI-PBA/miR-34a-5p could effectively inhibit the expression of the KSHV latent gene LANA and the lytic genes ORF26, v-GPCR, and K8.1A in both KMM and SK-RG cells, proving that LA-PEI-PBA/miR-34a-5p has an anti-KSHV therapeutic effect.
[image: Bar graphs comparing mRNA levels in KMM and SK-RG cells for ORF26, LANA, K1.1A, and vG-PCR. Four conditions are shown: Control, miR-34a-5p, LA/PEI/miR-34a-5p, and LA/PEI-BAME/miR-34a-5p. Significant differences are indicated with asterisks for each comparison.]FIGURE 12 | Effect of drug-carrying nanocomplexes on the expression level of KSHV-related genes. (A) KMM cells, (B) SK-RG cells. (The mass ratio of carrier to miR-34a-5p was 5:1, and the miR-34a-5p was 2 μg). Data are presented as mean ± SD (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
4 CONCLUSION
In summary, in this study, LA-PEI-PBA, a cationic copolymer nanocarrier with a PBA targeting function, was successfully prepared through an amidation reaction. The drug-carrying nanocomplex LA-PEI-PBA/miR-34a-5p was formed by electrostatic adsorption of miR-34a-5p by nanocarriers. With the optimal mass binding ratio of 5:1, a particle size of 207.3 nm, and a potential of 26.74 ± 2.36 mV, it can effectively protect miR-34a-5p from nuclease degradation, and possess good stability, blood compatibility, and cell compatibility. A PBA-modified drug-carrying nanocomplex is conducive to cell uptake and increases the level of miR-34a-5p, thereby inhibiting the proliferation and migration of KSHV-infected cells, and reducing the expression levels of KSHV lytic and latent genes. The nano-drug delivery system constructed by this simple method may have a good application prospect in anti-KSHV treatment, and provide more strategies for the delivery of other nucleic acids.
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Objective: Considering the advantages and widespread presence of 3D-printing technology in surgical treatments, 3D-printed porous structure prostheses have been applied in a wide range of the treatments of bone tumor. In this research, we aimed to assess the application values of the 3D-printed custom prostheses with ultra-short stems for restoring bone defects and maintaining arthrosis in malignant bone tumors of lower extremities in children.
Methods: Seven cases of pediatric patients were included in this study. In all cases, the prostheses were porous titanium alloy with ultra-short stems. MSTS 93 (Musculoskeletal Tumor Society) scores were recorded for the functional recovery of the limbs. VAS (Visual analogue scale) scores were utilized to assess the degree of painfulness for the patients. X-ray and MRI (magnetic resonance imaging) were applied to evaluate the bone integration, prostheses aseptic loosening, prostheses fracture, wound healing, and tumor recurrence during follow-up.
Results: During follow-up, none of the patients developed any postoperative complications, including prostheses aseptic loosening, prostheses fracture, or tumor recurrence. Radiological examinations during the follow-up showed that prostheses implanted into the residual bone were stably fitted and bone defects were effectively reconstructed. The MSTS 93 scores were 24.9 ± 2.9 (20–28). VAS scores were decreased to 5.8 ± 1.2 (4.0–7.0). No statistically significant differences in leg length discrepancy were observed at the time of the last follow-up.
Conclusion: 3D-printing technology can be effectively applied throughout the entire surgical treatment procedures of malignant bone tumors, offering stable foundations for the initial stability of 3D-printed prostheses with ultra-short stems through preoperative design, intraoperative precision operation, and personalized prosthesis matching. With meticulous postoperative follow-up, close monitoring of postoperative complications was ensured. These favorable outcomes indicate that the utilization of 3D-printed custom prostheses with ultra-short stems is a viable alternative for reconstructing bone defects. However, further investigation is warranted to determine the long-term effectiveness of the 3D-printing technique.
Keywords: 3D-reprinting prostheses, ultra-short stem, malignant bone tumor, bone defect reconstruction, reconstruction

1 INTRODUCTION
Bone tumors are tumors that occur in bone or originate from various components of bone tissues, among which malignant bone tumors account for about 40% (Niu et al., 2015). Malignant bone tumors, including osteosarcoma and Ewing sarcoma (Zeytoonjian et al., 2004), have higher incidence in children and adolescents (Muscolo et al., 2003), Malignant bone tumors are characterized by distal metastasis and the 5-year survival rates of patients are approximate 20% (Loh et al., 2014). The predilection sites of malignant bone tumors are commonly located in the long tubular bones of the extremities, such as the femur and tibia (Hmada et al., 2020). Abnormal and diffuse growth is a hallmark of malignant bone tumors, accompanied with a wide range of invasion, blurred boundaries with adjacent tissues, and high heterogeneity (Shin et al., 2000), which are prominent challenges for accurate and complete tumor resection and bone defect reconstruction in clinical treatment.
In recent years, the vigorous development of neoadjuvant chemoradiotherapy and accurate evaluation of preoperative imaging data are important breakthroughs in the treatment of malignant bone tumors, which has become the first choice for the limb salvage surgery (Mavrogenis et al., 2012; Jauregui et al., 2018). Limb salvage surgery mainly involves the complete resection of tumors and the effective reconstruction of bone defects. In traditional limb salvage surgery, the location, range, boundary, and surrounding tissue of tumor lesions are roughly evaluated by imaging data and treatment experience, with a higher risk of the incomplete or excessive resection of tumors, leading to increasing intraoperative bleeding (Ayvaz et al., 2014; Ozaki et al., 1996; O'Connor and Sim, 1989). At the same time, postoperative functional reconstruction is another great barrier in limb salvage surgery.
With the vigorous development of digital medical technology, 3D-printing technology has begun to emerge in the clinical treatment of malignant bone tumors. 3D-printing technology is fully integrated with preoperative imaging technology, in combination with a variety of new biomterials to accurately design a 3D digital model by the way of printing and stacking layer by layer, which has the characteristics of high compatibility and high biosecurity (Ma et al., 2018; Feng et al., 2021). However, few studies have reported on the clinical efficacy of 3D-printed prostheses in children with malignant bone tumors. Therefore, this study aims to retrospectively analyze malignant tumors in children with extreme osteotomy and preservation of the metaphysis, so as to provide a theoretical basis for 3D-printing technology in tumor resection and bone defects after resection.
2 MATERIALS AND METHODS
2.1 Patients
Among the seven cases, one was diagnosed with Ewing sarcoma and six were diagnosed with osteosarcoma. Patients with osteosarcoma were admitted to receive MAP + I (doxorubicin, cisplatin, high dose methotrexate, and ifosfamide) neoadjuvant chemotherapy. The one patient with Ewing sarcoma was referred to our hospital for a neoadjuvant chemotherapy regimen of VACIE (vincristine, doxorubicin, cyclophosphamide, ifosfamide, and etoposide) for 2 weeks, subjectively reduces pain in patients. After chemotherapy cycles of neoadjuvant chemotherapy, 3D-printed matching prosthesis was created for bone defect repair after tumor bone resection. Post-operative examination found no residual tumor (Figure 1).
[image: Panel A shows colored models of leg bones with a scale in the middle. Panel B displays 3D-printed surgical tools and bone models. Panel C depicts a surgical procedure with exposed tissue. Panel D shows an implant being inserted into a leg. Panel E presents a fluoroscopic image displaying surgical placement of a tool or implant.]FIGURE 1 | The reconstruction of the right tibia with a 3D-printed scaffold of a patient with osteosarcoma. (A) The design of the 3D-printed scaffold based on the MRI results. (B) The custom 3D-printed prosthesis components. (C,D): The length measuring of the osteotomy. (E) The fixing of the custom 3D-printed prosthesis on the bone defect.
2.2 Prosthesis design and manufacture
X-ray, computerized tomography, and MRI imaging examinations were performed after admission and preoperative chemotherapy.
Thin-slice computerized tomography was used as a data source, and MRI was used to determine the tumor scope and edema reaction area. After determining the lesion site and structural details, the original image was reconstructed in 3D and stored in DICOM format. The 3D reconstructed image was obtained by Simics software. Personalized 3D-printed prostheses for the patient were designed through the 3D design software UNIGRAPHICS NX. The porous structure of the prosthesis was designed using MAGICS software. After admission, computerized tomography, MRI, and X-ray examinations were performed before neoadjuvant chemotherapy and after chemotherapy, and the imaging data were compared before and after chemotherapy to determine the osteotomy location after excluding the edema area.
The lesions and surrounding soft tissues after resection of the tumor, the prosthesis was installed into the partial site and fit well with the surrounding tissue, to determine the invading of the tumor to the epiphyseal line, to evaluate the values of preserving the epiphyseal line and articular surface, and to plan the scope of the osteotomy. Finally, the distances were located 1.2 ± 0.6 cm (1.0–1.9 cm) away from the epiphyseal line. The prostheses were designed according to the local bone defect after surgical resection and the lengths of the contralateral femora. The components of the prostheses were both made of a titanium alloy porous structure.
Next, one patient (case 1) with osteosarcoma was focused on. The proximal part of the prosthesis was designed as a horn shape due to the long lesion site. The osseous joint segment was designed to be porous with a porosity of 60%–70% and a pore diameter of 600 μm. The front and back components of the prosthesis were fixed with a short moment arm, combined with a plate or an interlocking nailing (Figures 2A, B).
[image: X-rays of a femur showing various stages of prosthetic placement. Images A through G illustrate different views and conditions of the femur with prosthetics and surrounding tissue. Each panel highlights surgical implants and changes in bone structure over time.]FIGURE 2 | The preoperative and postoperative MRI results. (A) The preoperative coronal MRI results of case 1. (B) The preoperative coronal MRI results of case 2. (C) The preoperative coronal MRI results of case 3. (D) The preoperative coronal MRI results of case 4. (E) The preoperative coronal MRI results of case 5. (F) The preoperative coronal MRI results of case 6. (G) The preoperative coronal MRI results of case 7.
The prosthesis of the 7-year-old patient (case 2) with Ewing sarcoma consisted of the following components: (1) the proximal end of the prosthesis consisted of a “banana stalk” structure only 13 mm away from the epiphyseal line, with a diameter of 11mm–9mm; (2) the proximal prosthesis was supported by a plate with a width of 1.8 cm and a length of 1.4cm, and was fixed on the residual cortical; and (3) the distal end of the prosthesis consisted of a medullary needle (Figures 3A, B). Subsequently, the prostheses were well-preserved for operation after disinfection treatment.
[image: A series of images show A) diagrams of a hip joint prosthesis with measurements and color-coded components, B) close-up views highlighting areas of interest in the prosthesis, and C) a person in two panels performing leg exercises on a bed, bending and raising one leg while keeping the other flat.]FIGURE 3 | (A) 7-year-old female patient with Ewing sarcoma undergoing femur tumor resection and wedge osteotomy of the femoral neck and reconstruction with a 3D-printed scaffold. (A, B): The extents of the personalized 3D-printed scaffold of the left proximal femur. (C): Postoperative hip joint mobility at 6 months.
2.3 Surgical procedures
All patients underwent general anesthesia with endotracheal intubation. In the supine position, the anterolateral femur was approached midline, with careful separation of the skin, subcutaneous tissue, muscle groups, blood vessels, and nerves layer by layer to fully expose the tumor truncated bone. Osteotomy was performed according to the preoperative 3D-printed osteotomy guide plate design, and the anatomical structure of the articular surface was preserved (Figures 2C, D, E, F). As listed in Table 1, the osteotomy length of the patients was 13.0–27.6 cm, respectively, with an average of 18.1 cm. Subsequently, the residual bone marrow cavity was reamed and the personalized 3D-printed prosthesis was inserted into the tibia to reconstruct the bone defect. A cancellous bone screw or the auxiliary plate screw was used to secure the implant and the residual bone. Finally, the surrounding muscle tissue was reconstructed to cover the prosthesis, the deep fascia and skin were sutured, and intravenous antibiotics were given to prevent postoperative infection.
TABLE 1 | The detailed characteristics of patients.
[image: Table comparing seven cases of bone lesions by various variables. Columns represent cases, and rows include age, gender, pathological diagnosis, predilection sites, lesion and osteotomy lengths, distances from epiphyseal lines, follow-up times, postoperative MSTS scores, growth in stature, limb length differences, and preoperative and postoperative VAS scores. Data varies across cases.]2.4 Postoperative management
The patient continued the same chemotherapy regimen for 4 weeks after surgery. The insertion statuses of the custom 3D-printed prostheses were examined postoperatively (Figure 2E). The affected limbs were pressurized by elastic bandages. After the recovering from anesthesia, functional recovery trainings of the patients were performed. The patients could walk with partial weight bearing on both crutches at 6 weeks postoperative and undertake full weight-bearing exercises at 3 months postoperative (Figure 3C).
2.5 Postoperative assessment
All patients were followed up regularly. X-ray and computerized tomography results of the affected limb were reviewed after operation. Additionally, prosthesis position, prosthesis function, and bone ingrowth were reviewed. MSTS score was recorded for the improvement of the functional recovery of the affected limb after operation, with a total of 30 points. A higher score indicated better recovery of limb function. VAS score was performed to assess the pain index of the patients with a total score of 10 points. A lower score showed a lower intensity of pain for patients.
3 RESULTS
All patients were successfully operated on and followed up after operation, and the results revealed that patients were alive without postoperative complications, such as infection. No prosthesis loosening or periprosthetic fracture were observed. Neither tumor recurrence nor distant migration were found. At the same time, the wound and the function of limbs were well recovered after operation.
As one of the classic cases, one of the predilection sites was located in the right femur, of which the lesion length was 24.0 cm and the length of the intraoperative osteotomy was 27.5 cm with a distance of 1.5 cm from the epiphyseal line. Figure 2E shows the stably fixed prosthesis and the equality in length of the lower limbs at 3 months postoperative. The results of postoperative follow-up at 6 months showed that the MSTS score was 26, which is graded as excellent. At a follow-up at 16 months, the height of patients increased by 8 cm and the length differences between the limbs was 1 cm. The VAS score was 5 before surgery and 0 after surgery, and there was significantly improved compared with the preoperative VAS score. Videos taken during the 3-month and 6-month follow-up are shown in Supplementary Videos S1, S2, respectively.
The predilection site of the patient with Ewing sarcoma was located in the proximal left femur, with a lesion length of 7.6 cm and an intraoperative osteotomy of 13.0 cm. The distance between the distal osteotomy and epiphyseal line was 1.3 cm. No prosthetic loosening and fracture were found and bone ingrowth was in good condition during the 12-month follow-up. After following up for 12 months, the MSTS score was 28, the increase in height was 5.0 cm and no length differences between the operative limb and the healthy limb were observed. Compared with the preoperative VAS score of 4, the postoperative VAS score was significantly reduced to 0. The details of all patients are listed in Table 1. The follow-up videos of 3 months and 6 months postoperative are shown as Supplementary Videos S3, S4, respectively.
4 DISCUSSION
In this study, titanium alloy as the surface material and the porous structure of bone trabeculae were selected to design and synthesize personalized 3D-printed prostheses for the bone defect reconstruction of two pediatric patients the reason for the choice of prosthetic reconstruction was the resection of the tumor. After continuous follow-up, the prostheses were stably integrated with the residual bone, and fracture, loosening, or infection around the prosthesis were not observed. The good recovery of limb functions was beneficial for patients to return to normal life. In the past, there was no effective reconstruction method for this ultra-short femoral osteotomy, and only half hip arthroplasty or total hip arthroplasty could be performed. Postoperatively, the children had a serious problem of unequal length of lower limbs. The results of our center studies (Zhang et al., 2023) including this research indicated that 3D-printing technology could provide a safe and effective niche for bone reconstruction in the clinical treatment of pediatric malignant bone tumors.
The application of 3D-printed personalized models in bone tumor surgery can effectively assist tumor resection. The complex anatomical structures of the tumor site can be transmitted into a 3D digital model with the combination of 3D-printing technology and preoperative computerized tomography and MRI data according to the clinical needs, which can reflect the tumor margin and the relationship of the tumor to the vital structures, including the vessels and nerves (Rengier et al., 2010; Duncan et al., 2015). Compared with traditional tumor resection depending on experience, 3D-printed models have the characteristics of allowing surgeons to make more accurate judgments when planning the surgical procedure and protecting the main blood vessels and nerves, which effectively avoids non-essential amputation or R1 resection (Xiao et al., 2016; Kwakwa et al., 2017; Van Genechten et al., 2021). The 3D-printed model could transmit the heterogeneous tumor environment information of various patients to surgeons to provide guidance for preoperative planning, thereby leading to a solid foundation for total radical tumor resection (Ozturk et al., 2019). In addition, 3D-printed models are designed for preoperative planning, resulting in the significant decrease of surgical and fluoroscopy times without preoperative simulation of 3D printed prosthesis models, clinicians cannot accurately and quickly install prostheses by experience (Cherkasskiy et al., 2017). In this study, the preoperative imaging data were bonded with 3D-printing technology to make customized 3D-printed models of the patients, which were conducive to accurately possess the structures of tumor areas and surrounding tissues and to discuss the tumor excision, of which the osteotomies were performed at a distance of 1–3 cm from the tumor boundary. Postoperative results showed that the tumors were completely removed and the epiphyseal lines were preserved to retain the growth potential of the affected limbs in the future. In addition, the personalized models were presented to the patients to roughly understand the operative programs beyond the obscure and professional fields of medicine, in order to reduce the fear of surgery in children.
Remodeling large bone defects after tumor resection is another great challenge in the clinical treatment. Previous studies have reported multiple methods of bone defect reconstruction, such as autologous tumor bone inactivation (Baldwin et al., 2019), allogeneic bone transfer (Zavras et al., 2022), and Ilizarov distraction osteogenesis (Demiralp et al., 2014). However, due to tumor recurrence, delayed wound healing, bone non-union, and infection (Grimer, 2005), the short-term effects of these biological reconstruction methods are poor. In our study, 3D-printing technology was selected to complete the prostheses synthesis of the two patients using titanium alloy materials. The major components of titanium alloy are Ti6AI4V, which is similar to the elastic modulus of bone (Arabnejad et al., 2017), of which the elastic modulus of cortical bone and cancellous bone are 0.5 and 10–20 GPa, respectively (Zhang et al., 2017). Considering the advantages of biological similarity and biocompatibility, prostheses made from titanium alloy materials are more suitable to the application of bone reprogramming. A 12-year-old patient with Ewing sarcoma underwent the rebuild of a 3D-printed prosthesis, which was made of titanium alloy material. Postoperative follow-up results showed that the prosthesis was stably integrated with residual bone, showing good biomechanical stability (Xu et al., 2016). Consistent with the above study, the postoperative follow-up results of pediatric patients in our center with 3D-printed titanium alloy prostheses showed that no fracture or loosening were found, which was beneficial to the long-term stability.
The gradual fusion of 3D-printed titanium alloy prostheses (Geng et al., 2021; Meng et al., 2022) and residual bone surface mainly depends on bone ingrowth. Bone ingrowth refers to the process in which osteoblasts secrete and synthesize bone collagen and bone protein fibers at the target site, accompanied with precipitate calcium and phosphorus in the pores of the prostheses, in order to provide a potential breeding ground for the generation of bone tissue and finally generate new bone tissue, which is an effective index to evaluate the long-term combination of the prostheses and bones (Pauly et al., 2012; Rentsch et al., 2014; Gu et al., 2018). Previous studies have shown that the pore structure of prosthesis materials could significantly optimize the histocompatibility between prostheses and residual bone to harbor cell adhesion and proliferation to promote bone ingrowth. Studies have revealed that compared with the (15.0 ± 2.9)% and (37.9 ± 4.0)% pore size groups, the viability of MSCs (mesenchymal stem cells) were highest in the (15.0 ± 2.9)% pore size titanium alloy prostheses (Cheng et al., 2014). Similarly, BMSCs (bone marrow stromal cells) were seeded on titanium alloy porous scaffolds with porosities of 40% and 70%, respectively. The results showed that a 70% pore size was more conductive to the adhesion and proliferation of cells (Wang and Li, 2016). Not only the porosity of the prosthesis but also the pore size affects bone ingrowth. Studies have evaluated the fixation abilities of titanium alloy prostheses with diameters of 300, 600, and 900 μm after implantation, of which the results showed that 600 μm proved a niche for implants due to the traits of the appropriate strength and high holding ability (Taniguchi et al., 2016). Another study reported that compared with the 1,200 um pore size scaffold, the cells implanted in the 600 um pore size scaffold acquired the characteristics of stronger active viability, alkaline phosphatase activities, and bone mineralization abilities (Lv et al., 2015). In this study, the relationships between porosity, pore size, and the mechanical strength of titanium alloy plates and elastic modulus were comprehensively considered. Finally, the titanium alloy with a porous structure of 60%–70% porosity and 600um pore size was selected, with an auxiliary plate and interlocking screw to enhance the stability of the prosthesis and bone interface. The results of postoperative follow-up found that the prostheses and screws of two patients were not loose and were stably integrated with the bones, suggesting that a porous titanium alloy bracket with 60%–70% porosity and 600um pore size could meet the requirements of the physiological and mechanical properties of daily life and have reliable application prospects in the future.
For patients with malignant bone tumors, the reconstruction of bone defects after resection of bone tumors has always been an enormous challenge for surgeons (Chen et al., 2022). The primary purpose of prosthetic construction after femoral tumor resection is to effectively restore lower limb function to help patients back to a normal life. In recent years, with the exponential development of 3D-printing technology and in-depth analysis of osseointegration theory, the 3D-printed long-backbone prosthesis has been an emerging application for the hallmarks of good stability and the personalized matching of bone defect sites. In this study, the two patients are children who needed to retain osteoepiphyses and joint planes on the basis of complete resection of tumor segment bone to maintain normal physical growth ability and avoid the phenomenon of double lower limbs. Subsequently, the osteotomy was performed at a distance of 1–3 cm from the epiphyseal line, where the porous structural prostheses were placed at the end of the osteosynthesis. Due to withstanding no compressive force and lateral stress, the scaffolds were steadily fused with the residual bone to achieve the purpose of long-term stability. Furthermore, the traditional mechanical processing procedures were adopted for the ultra-long prostheses to avoid excessive stress concentration to effectively reduce the absorption of the proximal femoral bone while ensuring mechanical stability, which finally achieved good effects in the early and middle periods of the treatments.
However, our study still has some limitations. Firstly, this was a retrospective study with a small sample size. As the number of cases was only two, it was difficult to analyze the relationship between the scope of surgical resection and disease progression. Secondly, the relevant finite element stress analyses of the prostheses were not performed, thus the stress situations of the prostheses could not be clearly clarified. Thirdly, the longest follow-up time for the patients in this study was 9 months. Although the initial follow-up results were good, the correlations between long-term 3D-printed prosthetic bone defects and postoperative limb function recovery, survival status, and quality of life in patients need to be further proved.
5 CONCLUSION
3D-printed titanium alloy porous structure prostheses with ultra-short shanks can fully preserve the physiological function of adjacent articular surfaces to the limit, and screw fixation contributes to the stability of the prostheses stalk. Through the preoperative simulation of 3D-printed models, the intraoperative assisted resection of the tumors and personalized matching of bone defect sites, and paying more attention to postoperative rehabilitation trainings, the recovery of limb function of patients can be accelerated. However, longer follow-ups and a larger sample size are still needed to further prove the application reliability of 3D-printed titanium alloy porous structure prostheses with ultra-short shanks.
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Patients with osteoporosis often encounter clinical challenges of poor healing after bone transplantation due to their diminished bone formation capacity. The use of bone substitutes containing bioactive factors that increase the number and differentiation of osteoblasts is a strategy to improve poor bone healing. In this study, we developed an in situ dual-drug delivery system containing the bone growth factors PTH1-34 and simvastatin to increase the number and differentiation of osteoblasts for osteoporotic bone regeneration. Our system exhibited ideal physical properties similar to those of natural bone and allowed for customizations in shape through a 3D-printed scaffold and GelMA. The composite system regulated the sustained release of PTH1-34 and simvastatin, and exhibited good biocompatibility. Cell studies revealed that the composite system reduced osteoblast death, and promoted expression of osteoblast differentiation markers. Additionally, by radiographic analysis and histological observation, the dual-drug composite system demonstrated promising bone regeneration outcomes in an osteoporotic skull defect model. In summary, this composite delivery system, comprising dual-drug administration, holds considerable potential for bone repair and may serve as a safe and efficacious therapeutic approach for addressing bone defects in patients with osteoporosis.
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1 INTRODUCTION
Osteoporosis is one of the most widespread metabolic bone diseases worldwide. It has been reported that the number of individuals with osteoporosis exceeds 200 million, and this number is still rising in recent decades (Langdahl, 2021; Khandelwal and Lane, 2023). Osteoporosis is characterized by declined bone density, sparse bone trabeculae, and degenerative bone microarchitecture, which often lead to bone fractures and defects (Zhang H. et al., 2022). Bone substitutes or bone implants are often used for bone defects, but patients with osteoporosis face challenges in osseointegration due to reduced osteoblastic activity (Chandran and John, 2019). It is therefore crucial to consider these limitations when treating patients to achieve optimal outcomes.
In response to the difficulties posed by osteoporotic bone defects, a “Three in One” strategy has been proposed by researchers. The strategy includes proper bone grafting, anti-osteoporosis treatment, and subsequent bone regeneration promotion (Chen et al., 2022). Traditional bone grafts include autogenous bone, allogeneic bone, and xenografts, but supply constraints and potential immunological reactions remain substantial obstacles (Jin et al., 2021; Zhao et al., 2021). Advances in tissue engineering via biomaterial carriers have led to an opportunity to achieve tissue restoration and to deliver biological factors locally (Martin and Bettencourt, 2018; Wani et al., 2021). Methacrylate gelatin (GelMA), a hydrophilic polymeric network hydrogel, is a popular drug delivery vector and cell culture matrix due to its excellent physiological function, high water content, and controlled physicochemical properties (Sun et al., 2018; Wang F. et al., 2021). However, the mechanical characteristics of the hydrogels are significantly inferior to those exhibited by bone tissue, and thus, these hydrogels may provide inadequate support for subsequent bone tissue growth. Polylactic acid (PLA) is another degradable polymer which has received Food and Drug Administration (FDA) approval for osteoconductive scaffolds, and it is characterized by the exceptional mechanical strength similar to that of bone tissue (Barbeck et al., 2017; Grémare et al., 2018; Tilkin et al., 2020; Anita Lett et al., 2021; Xu et al., 2022). In addition, the 3D-printing properties of PLA make it particularly suitable for creating custom-fit scaffolds that match irregularly-shaped bone defects (Han et al., 2020).
Parathyroid hormone (PTH)1-34, a growth factor approved by the FDA as an anti-osteoporotic drug, is used to promote bone anabolism for the clinical treatment of osteoporosis (Hauser et al., 2021). Previous studies have suggested that PTH increases the number of osteoblasts by reducing apoptosis of these cells and exerts positive effects on bone (Silva and Bilezikian, 2015; Xie et al., 2017; Jiang et al., 2018; Chen et al., 2021; Rocha et al., 2021). Bone formation is the result of a rise in the quantity and differentiation of osteoblasts. As such, the administration of multiple bioactive factors may achieve the desired results within the skeletal environment (Wani et al., 2021). Simvastatin (SV) has demonstrated the ability to improve osteogenic differentiation by improving alveolar bone recovery, implant osseointegration, and bone tissue regeneration in various studies (Wang et al., 2018; Xu et al., 2018; Delan et al., 2020; Dang et al., 2021; Xu et al., 2021; Zhu et al., 2021). The systemic administration of PTH and SV produces a more significant osteogenic effect than either treatment alone (Jeon and Puleo, 2008; Tao et al., 2015; Tao et al., 2016). However, it is important to consider that systemic administration can result in high doses and low bioavailability, which may lead to potential toxicity and increased costs (Meng et al., 2022). Alternative approaches to drug administration may be needed to achieve more favorable outcomes.
The background provided indicates that a personalized dual delivery system consisting of bioactive PTH1-34 and SV should be considered when addressing osteoporotic bone defects. Therefore, we hypothesized that a composite PLA and GelMA scaffold loaded with PTH1-34 and SV to promote higher osteoblast numbers and differentiation could be employed as a bioactive bone scaffold to address osteoporotic bone defects (see Figure 1). In this study, a composite system composed of a 3D bioprinted PLA scaffold and GelMA was utilized to replicate the physical properties and personalized morphology of bone defects while concurrently controlling the release of osteoinductive factors. PTH1-34 was packed in poly (lactic-co-glycolic acid) (PLGA) microspheres to prevent early exposure to body fluids and to mitigate its short half-life. We assessed the osteogenic potential of the engineered delivery system in MC3T3-E1 cells in vitro as well as in osteoporotic rat cranial defects in vivo. Our results indicate that the dual release of SV and PTH1-34 from the delivery system upregulates osteogenic genes and proteins, thereby accelerating the healing process of osteoporotic bone defects. Overall, these findings highlight the potential effectiveness of the personalized biomimetic dual delivery system for osteoporotic bone repair.
[image: Diagram illustrating a process for repairing cranial and bone defects. It shows 3D printed PLA scaffolds loaded with PTH(1-34) and simvastatin, which release PTH@PLGA microspheres and GelMA hydrogel. This is depicted through a series of arrows leading to bone defect repair. A mouse with osteoporosis is shown alongside anatomical visuals, and icons represent ALP, RUNX2, OCN, and COL1, indicating bone regeneration stages.]FIGURE 1 | Schematic of a composite system for in situ osteoporotic bone repair. A dual-drug delivery system was composed of PTH@PLGA microspheres and SV, which were encapsulated in a GelMA hydrogel and enhanced by a 3D-printed PLA scaffold for compressive strength. The delivery system placed in the osteoporotic cranial defect controlled the release of PTH and SV, enhanced osteoblast marker (ALP, BMP2, COL1, OCN) expression, and improved bone regeneration.
2 METHODS
2.1 Main reagents and materials
Medical-grade PLGA and PLA polymers were obtained from Daigang Bioengineering Co., Ltd. (Jinan, China). GelMA was obtained from Suzhou Yongqinquan Intelligent Equipment Co., Ltd. (Suzhou, China). SV was obtained from Macklin Biochemical Technology Co., Ltd. (Shanghai, China), and PTH1-34 was obtained from Psaitong Biotechnology Co. Ltd. (Beijing, China). The MC3T3-E1 cell line was a gift from Jilin University Stomatology Hospital. qRT-PCR related reagents were purchased from Yeasen Biotech (Shanghai, China). Antibodies were purchased from Proteintech or Servicebio Biotechnology Co., Ltd. (Wuhan, China). Other reagents were obtained from Solarbio (Beijing, China) or Beyotime (Shanghai, China).
2.2 Preparation of the PTH1-34/SV dual-drug delivery system
2.2.1 PTH1-34@PLGA microspheres and encapsulation efficiency
A multiple emulsion method was used to prepare PTH1-34@PLGA microspheres as previously reported (Eswaramoorthy et al., 2012). Briefly, 500 μL of 100 μM PTH1-34 solution was emulsified in 5 mL dichloromethane PLGA solution, with a power of 15 W in an ice bath form a water-in-oil (w/o) emulsion. With vigorous stirring, the w/o emulsion was gradually added to 40 mL of 1% PVA aqueous solution to form a w/o/w solution. The solution was stirred overnight at room temperature to evaporate dichloromethane.
For the encapsulation efficiency, 10 mg PTH1-34@PLGA microspheres was added into a mixture of 0.9% NaCl and dichloromethane at room temperature to release PTH1-34 in the microspheres. The supernatant was collected by centrifugation to measure the concentration of PTH1-34. Encapsulation efficiency is determined by the following Formula (1):
[image: Encapsulation efficiency percentage equals the actual drug concentration divided by the theoretical drug concentration, multiplied by one hundred percent. Equation labeled as one.]
2.2.2 The PTH1-34/SV dual-drug delivery system
A 3D bioprinter (Sunp Biomaker Pro series, Sunp Biotech, Beijing, China) was employed to produce PLA scaffolds using a fused deposition technique. Cuboid models 10 mm × 10 mm in size were used for in vitro characterization and cell culture, while cylindrical models with a diameter of φ8 mm were used for animal models. A 10% (w/v) solution of GelMA and a 0.1% (w/v) solution of photoinitiator were dissolved according to the guidelines provided by the manufacturer, and then passed through a filter membrane. 0.4 mg PTH1-34@PLGA microspheres and 0.1 mg/mL SV were added into GelMA solution at 37°C, and the prepared mixture was crosslinked under 405 nm UV light after injection into the PLA scaffold. Finally, the dual-drug delivery system was obtained and kept at 4°C before being used.
2.3 Characterizations
2.3.1 SEM
All samples were lyophilized and observed with a scanning electron microscope (JSM-IT500A) after gold spraying. The size of the microporous structure was measured using ImageJ.
2.3.2 Porosity
Porosity was determined using the ethanol immersion method (Arumugam et al., 2020). Briefly, the initial mass of the dried samples was first measured as Wi, and then the sample was immersed in ethanol medium and vacuumed. The final weight was quickly measured and recorded as We. The porosity was performed based on the following Formula (2):
[image: Porosity percentage is given by the formula: \( \text{Porosity } \% = \frac{W_c - W_i}{V \times \rho} \times 100\% \), labeled as equation (2).]
where V is the total volume of the sample, and ρ is the specific mass of ethanol at atmospheric temperature, 0.789 g/mL.
2.3.3 Water absorption
The water absorption was measured based on the ASTM standard D570 (Alam et al., 2020). The initial weight of the sample was first recorded as W0, and then the sample was submerged in neutral PBS at 37°C (Wu et al., 2020). After a 24-h immersion period, the sample was removed from the PBS, and the weight was recorded as W1. The water absorption rate of the sample was performed according to the subsequent Formula (3):
[image: Absorption rate percentage is calculated using the formula: \((W_1 - W_0) / W_0 \times 100\%\), where \(W_1\) is the final weight and \(W_0\) is the initial weight. This is labeled as equation three.]
2.3.4 Degradability and pH value
The sample was weighed as W0 and then transferred into neutral PBS at 37°C. A pH meter (INESA, China) was used to measure the pH around the samples. The remaining weight of the sample at a predetermined time was Wt. The weight loss was determined according to the subsequent Formula (4):
[image: The formula for weight loss percentage is given as \( \text{Weight loss} \% = \frac{W_o - W_t}{W_o} \times 100\% \), where \( W_o \) is the initial weight and \( W_t \) is the final weight. Equation (4).]
2.3.5 Mechanical properties
A universal mechanical testing machine (AG-XPLUS10KN, Shimadzu, Japan) was employed to test the mechanical properties. Compression properties were examined with a speed of 1 mm/min. Stress‒strain curves corresponding to strains of 0%–10% were used to calculate the compression modulus.
2.4 In vitro release of PTH1-34 and SV from the delivery system
The samples were immersed in neutral PBS and underwent incubation at a temperature of 37°C. The solution was obtained at the predetermined time, and the absorbance values at 238 nm (SV) and 280 nm (PTH1-34) were measured by a spectrophotometer (UV-2100, Unico, China) (Yuan et al., 2022). The cumulative drug release was plotted in a line graph.
2.5 Hemolytic tests
Blood hemocompatibility was assessed using methods described in previous studies (Ma et al., 2018). Samples incubated in PBS at 37°C, diluted with 1:1.25 fresh rat blood and re-incubated for an hour before centrifuged. Supernatant absorbance at 545 nm was measured. PBS and distilled water served as negative and positive controls, respectively. The hemolysis rate (HR) was determined according to the subsequent Formula (5):
[image: The formula shown is for calculating HR percentage: \( \text{HR\%} = \frac{A_t - A_{\text{nc}}}{A_{\text{pc}} - A_{\text{nc}}} \times 100\% \).]
where At, Anc, and Apc denote the absorbances of test, negative, and positive controls.
2.6 In vitro cell experiments
2.6.1 Cell viability assay
Cranial-derived preosteoblastic MC3T3-E1 cells were cultivated in an incubator consisting of a 37°C environment supplemented with 5% CO2. α-MEM containing 10% fetal bovine serum and 1% penicillin‒streptomycin was used. The cells were seeded in 96-well plates and cultured with PTH1-34 or SV containing culture medium. After incubation for 1, 3, and 5 days, 100 μL diluted CCK-8 solution was added, and OD at 450 nm was measured.
2.6.2 Live/dead cell staining
MC3T3-E1 cells were cultivated in 24-well plates for 48 h, and the cells were visualized by calcein-AM (1:1000) and PI (1:500) according to the assay instructions. Images were obtained using fluorescence microscopy (Olympus, Japan). The percentage of live/dead cells was counted using ImageJ.
2.6.3 Alkaline phosphatase (ALP) and Alizarin red (AR) staining
MC3T3-E1 cells were cultured in osteogenic medium containing 10 mM disodium β-glycerophosphate, 50 μg/ml L-ascorbic acid, and 10−7 M dexamethasone. Cells were fixed in 4% paraformaldehyde before ALP and AR staining performed. Calcium nodules were lysed in 10% (w/v) cetylpyridinium chloride for quantification, and the OD values were measured at 562 nm (Fang et al., 2016).
2.6.4 Immunofluorescence staining
Sterilized samples were wetted with culture medium overnight and then seeded with a density of 1500 cells/mm3 (Han et al., 2020; Wu et al., 2020). After coincubation for 48 h, the cells were fixed and lysed by 0.1% Triton-X. Cells were detected using fluorescence microscopy after incubation with phalloidin and DAPI in the dark.
2.6.5 qRT‒PCR
Total cellular RNA was obtained using TRIzol, and RNA purity was determined using a Nanodrop 2000C. RNA was reverse transcribed, and cDNA amplification was performed using a CFX Connect Real Time PCR Detection System (Bio-Rad, Singapore). Supplementary Table S1 showed the primer sequences. The 2−ΔΔCt method was utilized to analyze gene expression levels.
2.6.6 Western blot
Cells were lysed in RIPA buffer on ice and quantified by BCA method. The protein samples with 5× SDS loading buffer were loaded into the wells of the prepared SDS‒PAGE gel. Electrophoresis was performed at 80 V (for the concentrated gel) and 120 V (for the separated gel) until bromophenol blue reached the bottom of the gel. Proteins were transferred to a PVDF membrane, and then the membranes were blocked and incubated with primary and secondary antibodies. The ECL method was used for protein detection. ImageJ software was used to quantify the grayscale values.
2.7 In vivo animal studies
2.7.1 Animal surgical procedure and administration of the drug delivery system
All animals in this experiment were purchased from Liaoning Changsheng Experimental Animal Company, and all animal work was approved by the Institutional Animal Care and Use Committee of Jilin University School of Pharmaceutical Science (No. 20220034). Twenty-four 12-week-old SD rats (female, 250–280 g) were randomly divided into the sham-operated group (n = 3) and the OVX group (n = 21). All OVX rats underwent bilateral ovariectomy after anesthesia (intraperitoneal injection of pentobarbital sodium, 45 mg/kg), while a comparable mass of adipose tissue surrounding the ovary was cut off in the sham-operated group. Three months after OVX surgery, three rats in each group were selected, and the distal femurs were harvested for micro-CT examination. The remaining rats were assigned to 3 groups: (1) Con group: OVX + nondrug-loaded scaffold group (n = 6); (2) PTH group: OVX + PTH1-34 group (n = 6); and (3) PTH + SV group: OVX + PTH1-34 + SV group (n = 6). By a dental trephine, an 8 mm full-thickness circular defect was created on the midline of the rat’s parietal bone under anesthesia. After the delivery system was placed in the bony defect, rats were given penicillin postoperatively for 3 days. Rats were sacrificed by cardiac perfusion under anesthesia at 4 or 8 weeks.
2.7.2 X-ray and micro-CT
To assess the extent of bone repair, X-ray (Faxitron MultiFocus, United States) and micro-CT (Scanco, Switzerland) imaging was performed. The specimens obtained were placed in 4% paraformaldehyde before X-ray and micro-CT analysis. Each planar radiography was scored according to a previous description (Spicer et al., 2012). Using micro-CT at a resolution of 34 μm, regions of interest (ROIs) were selected, and bone volume fraction (BV/TV), bone volume (BV), bone surface area (BS), trabecular number (Tb. N), trabecular thickness (Tb. Th) and trabecular separation (Tb. Sp) were determined.
2.7.3 Histological observation
Rat skull specimens were decalcified and sectioned for HE, Masson’s Trichrome, and immunohistochemical (IHC) staining. Primary antibodies against ALP (1:200, 13365-1-AP, ProteinTech, Wuhan, China), BMP2 (1:200, 18933-1-AP, ProteinTech, Wuhan, China), COL1 (1:800, GB11022-3, Servicebio, Wuhan, China), OCN (1:200, 23418-1-AP, ProteinTech, Wuhan, China), and HRP-labeled secondary antibody (1:200, 5220-0336, SeraCare, Beijing, China) were used. Viscera were harvested to observe structural changes by HE staining. The sections were observed using a photomicroscope (OLYMPUS, BX53).
2.8 Statistical analysis
All data are expressed as the mean ± standard. A minimum of 3 parallel samples were tested at each time point. Statistical analysis was performed using GraphPad Prism 8.0 software, utilizing Student’s t-test or analysis of variance (ANOVA) as appropriate. For data with unequal variances or nonnormal distributions, Welch’s t-test or the Kruskal‒Wallis nonparametric test was employed. Statistical significance was assigned as * (p < 0.05), ** (p < 0.01) or *** (p < 0.001), respectively.
3 RESULTS
3.1 Physical characteristics of dual-drug delivery systems
We followed the procedure illustrated in Figure 2A to prepare the delivery systems. The photo of PLGA microspheres is shown in Supplementary Figure S1, and the encapsulation efficiency is 72.07% ± 1.89%. Different printing line distances on pore size and fiber size of PLA scaffolds were investigated, as shown in Supplementary Figure S2, and a printing line distance of 1.0 mm was finally selected for subsequent experiments. The gelation process of GelMA is shown in Supplementary Figure S3. The macroscopic and microscopic images of the PLA scaffold, GelMA delivery system, and PLA-GelMA system are shown in Figure 2B. All samples maintained their preset sizes. SEM revealed that the pore size in the 3D-printed PLA scaffold was approximately 500 μm, which was similar to that of natural cancellous bone (300–600 μm) (Anita Lett et al., 2021). The GelMA delivery system demonstrated microporous pores. For the PLA—GelMA composite delivery system, the microporous pores of the GelMA delivery system filled the macroporous pores of the PLA scaffold, which resulted in a close embedding relationship.
[image: Diagram illustrating a composite hybrid scaffold development process (A) with schematic steps; structural and surface images of different scaffold types (B); bar charts displaying porosity rate (C), water absorption rate (D), and modulus of compressibility (E); line graphs showing stress-strain curves (F), weight loss over weeks (G), and cumulative release amount over days (H) for PLA, GelMA, and PLA-GelMA scaffolds.]FIGURE 2 | Synthesis and characterization of dual drug delivery systems. (A) Schematic diagram of the preparation process of the dual-drug delivery system. (B) Macroscopic digital photographs and microscopic morphology of the PLA, GelMA, and PLA-GelMA delivery systems under scanning electron microscopy. The (C) porosity rate, (D) water absorption rate, (E) compression modulus, (F) stress‒strain curve, (G) degradation weight loss, and (H) PTH1-34/SV cumulative release curves are shown. * and *** representing p < 0.05 and p < 0.001 respectively.
In our experiments, the porosity rates of the PLA scaffolds, the GelMA delivery system, and the PLA-GelMA system were 51.74% ± 1.74%, 59.05% ± 3.41%, and 52.82% ± 3.77%, respectively, and no notable disparities were identified among the groups (Figure 2C). The average water absorption rate of the GelMA delivery system was 1242.18% ± 85.65%, while that of PLA was 36.27% ± 4.77%. When the hydrogel was combined with the PLA scaffold, the water absorption rate decreased to 255.88% ± 24.67% (Figure 2D). The loading‒displacement curve and the stress‒strain curve showed that the stress of GelMA was always maintained at a low level, whereas the stress of PLA and PLA-GelMA increased with compression (Figure 2F;Supplementary Figure S4). The compressive modulus data of the GelMA hydrogel, the PLA scaffold, and the PLA-GelMA composite system were 17.377 ± 1.953 kPa, 3.032 ± 0.751 MPa, and 39.318 ± 6.549 MPa, respectively (Figure 2E). This result showed that the incorporation of PLA enhanced the ability of the delivery system to withstand mechanical.
We investigated the degradation characteristics of the three systems in PBS (Figure 2G). Our results showed that all three systems exhibited continuous degradation over time, with the GelMA system showing the fastest degradation rate and reaching complete degradation within 3 weeks. The PLA scaffold had a slower degradation rate and reached a weight loss rate of 34.94% ± 6.04% over 8 weeks. The degradation rate was found to be slow in the initial 3 weeks, but increased in the later stages. The PLA-GelMA system degraded quickly in the first 2 weeks, which was followed by a slower degradation rate in the remaining weeks. In addition, the pH values of all three delivery systems were maintained at physiological levels between 6.8 and 7.3 during degradation (Supplementary Figure S5).
3.2 In vitro release characteristics
100 ng/mL PTH and 0.2 μg/mL SV were selected for our experiments as a result of previous tests (Supplementary Figure S6). The cumulative release amount of SV and PTH1-34 in the composite system is displayed in Figure 2H. The initial release rate of SV was 6.29% ± 2.88%, followed by a gradual decline until day 19. The cumulative release of SV barely increased after 19 days, which was most likely due to complete degradation of the hydrogel. On the contrary, the initial release of PTH1-34 was not obvious (3.46% ± 0.08%), which may be because PTH1-34 was pre-encapsulated in PLGA microspheres. In addition, the cumulative release of PTH1-34 achieved a zenith around day 40. The release results showed that the composite system could allow a prolonged release of the drugs and could successfully deliver both PTH1-34 and SV in vitro, which was favorable for bone healing in a pathological environment.
3.3 Synergistic osteogenic effects of the dual-drug composite delivery system in vitro
To investigate the effectiveness of composite delivery systems containing PTH1-34 and/or SV, studies on the survival and differentiation status of MC3T3-E1 osteoblasts were conducted. Live/dead staining data indicated that the SV group and the control group had similar levels of dead cells (red fluorescence), as shown in Figures 3A, B. However, the PTH and PTH + SV groups showed a lower rate of cell death. Overall, all the mortality rates were far less than 30%, which indicated no cytotoxicity according to GB/T 16886.5-2017. To further investigate the combined effect of PTH1-34 and SV on osteogenic differentiation, we performed ALP staining and mineralized nodule staining (Figures 3C, D). Seven and 14 days of osteogenic induction in both the PTH group and the SV group resulted in darker ALP staining, while the darkest staining was found in the PTH + SV group. AR staining revealed enhanced mineralization in all three experimental groups, and the PTH + SV group showed the most obvious mineralization.
[image: Panel A shows fluorescence microscopy images displaying live/dead cell staining under four conditions: Control (Con), PTH, SV, and PTH+SV, with green representing live cells and red representing dead cells. Panel B is a bar graph illustrating the percentage of dead cells across the same conditions, showing statistically significant differences. Panel C presents ALP and AR staining over three time points (D7, D14, D21) for each condition, indicating cell differentiation and mineralization. Panel D includes four bar graphs analyzing ALP and AR staining quantification across different time points and treatments, with significant differences marked.]FIGURE 3 | Effect of dual administration of PTH1-34 and SV on the survival and differentiation of MC3T3-E1 cells. (A) Live/dead staining images. The scale bar is 200 μm. (B) Quantitative analysis of the cell death ratio. (C) ALP and AR staining images. The scale bar is 500 μm. (D) Quantitative analysis of ALP activity and calcium nodules. *, **, and *** representing p < 0.05, p < 0.01, and p < 0.001, respectively.
The adhesive behaviors of the MC3T3-E1 cells cocultured on different composite systems were observed by examining fibrillar actin and nuclei. The results of rhodamine-phalloidin and DAPI staining showed that MC3T3-E1 cells were able to grow on all composite delivery systems (Figure 4A). The cells had a shuttle shape, with cell protrusions interconnected with each other in a reticular pattern. The counts of red-stained actin and blue-stained nuclei were observed to be elevated in the PTH-containing groups. The qRT-PCR analysis indicated that Alp, Bmp2, Col1, and Ocn genes were upregulated in both the PTH group and the SV group, while these genes were expressed at the highest levels in the PTH + SV group (Figure 4B). Consistent with the trend of the PCR assay results, the expression of related osteogenic proteins was also significantly upregulated after PTH and SV co-loading (Figures 4C, D). The above results indicated that the dual-drug strategy of PTH1-34 and SV from the composite delivery system could exert osteogenic effects in vitro and that the comedication therapeutic effect was better than that of single-drug treatment.
[image: Panel A shows fluorescent images of cells stained red with Phalloidin and blue with DAPI, labeled as Con, PTH, SV, and PTH+SV. Panel B contains bar graphs illustrating mRNA expression levels for Alp, Bmp2, Col1, and Ocn, showing significant increases in PTH+SV. Panel C displays Western blots for ALP, BMP2, COL1, OCN, and GAPDH, with visible bands across different treatments. Panel D presents bar graphs for protein expression levels of ALP, BMP2, COL1, and OCN, indicating significant differences between groups, particularly in PTH+SV. Statistical significance is marked with asterisks.]FIGURE 4 | Effect of different delivery systems on adhesion and osteogenic marker expression in MC3T3-E1 cells. (A) Fluorescence images of MC3T3-E1 cells cultured on different systems (red: F-actin; blue: nucleus). The scale bar indicates 500 μm. (B) Osteogenic gene expression levels in MC3T3-E1 cells. (C) Osteogenic protein expression levels and (D) quantitative analysis. ** and *** representing p < 0.01 and p < 0.001 respectively.
3.4 Dual-drug composite delivery system promotes repair of cranial defects in situ in osteoporotic rats
Osteoporotic bone defects are usually difficult to repair, therefore, we established an osteoporotic model to evaluate the ability of the dual-drug composite delivery system to repair osteoporotic bone defects. The hemolysis rate was below 2% (Supplementary Figure S7), which is considered biosafety for implantation in vivo according to ASTM standards (Anita Lett et al., 2021). The entire animal experimental schedule is summarized in Figure 5A, and the surgical procedure is shown in Supplementary Figures S8, S11. In OVX rats, the volume and density of bone trabeculae in the distal femur were decreased, and the bone marrow cavity was expanded (Figure 5B). Quantitative analysis revealed that BV, BV/TV, and Tb. N values demonstrated reductions compared to the sham group, whereas Tb. Sp displayed an elevation in the epiphysis (Figure 5C). Furthermore, the body weight was increased (Supplementary Figure S9), and the uterus was atrophied (Supplementary Figure S10) in OVX rats. The above results demonstrated the successful establishment of the osteoporosis model.
[image: Experimental timeline depicting ovariectomy, osteoporosis confirmation, calvarial defect, and sample collections at weeks 4 and 8. B shows bone scans for sham and OVX groups. C presents bar graphs of bone volume over total volume (BV/TV), bone mineral density (BMD), trabecular number (Tb.N), and trabecular separation (Tb.Sp). D and E display 3D bone images at weeks 4 and 8 for control, PTH, and PTH+SV treatments. F illustrates graphs comparing bone regeneration. G demonstrates additional data for BV/TV, BMD, Tb.N, and Tb.Sp over time. Abbreviations: Sham, OVX, PTH, SV.]FIGURE 5 | The osteogenic capacity of the dual-drug delivery systems in vivo. (A) Illustration of the schedule of the animal experimental procedure. (B) Micro-CT snapshots of the distal femur of sham and OVX rats and (C) analysis results. (D) Radiographs and (E) micro-CT 3D-reconstructed images of the skull defect after 4 and 8 weeks. (F) Planar radiographic score of the skull and (G) quantitative micro-CT analysis. The scale bars are 5 mm *, **, and *** representing p < 0.05, p < 0.01, and p < 0.001, respectively.
4 and 8 weeks after the delivery system was implanted, all the scaffolds remained at the defect without detachment. X-ray images revealed varying degrees of novel bone in the rat skull in both the PTH group and the PTH + SV group, whereas minimal novel bone was found in the control group (Figure 5D). Both the PTH groups exhibited improved planar radiography scores after 4 and 8 weeks, although the difference was not statistically significant (Figure 5F). As shown in the micro-CT 3D-reconstructed images, almost no increase was observed in the defects in the control group, while island-like and irregular new bone were seen in the other two groups (Figure 5E). BV/TV, BV, BS, and Tb. N values increased in the PTH + SV group, and Tb. Sp values decreased at 4 and 8 weeks. However, no differences were observed in Tb. Th among the three groups (Figure 5G).
In the histological observation by HE staining (Figures 6A, C), the defect was replenished with a fibrous layer of sparse reticular fibrous tissue in the control group. Conversely, several islands of bone-like structures were visible in the reticular fibrous tissue in the PTH group, and osteoblasts and osteocytes could be seen. More novel bone was observed to connect to the host bone or through the material and connective tissue in the PTH + SV group, which resulted in a significantly larger area of new bone and more osteoblasts. By 8 weeks, all groups showed similar growth trends but exhibited greater bone mass and less residual material compared with groups at 4 weeks. Masson’s trichrome staining (Figures 6B, D) demonstrated that the defects consisted of sparse and disordered collagen in the control group, whereas the collagen was denser and more orderly in the PTH and PTH + SV groups. IHC staining (Figure 7) showed that a greater extent of positive staining for ALP, BMP2, COL1, and OCN in the PTH group, and this increase in positive staining was particularly noticeable in the PTH + SV group.
[image: Panels A and B show histological images comparing new bone (NB) formation and bone marrow (BM) among three conditions: Control (Con), PTH, and PTH+SV at 4 and 8 weeks. Panels C and D display bar graphs indicating the percentage of new bone area and blue staining area, respectively, across conditions, showing increased values for PTH and PTH+SV compared to Control, with statistical significance marked by asterisks.]FIGURE 6 | Histological photographs of the skull defect at 4 and 8 weeks. (A) HE staining. The black arrow indicates osteoblasts, and the blue arrow indicates osteocytes. (B) Masson’s trichrome staining. The red arrow indicates collagen fibers. (C) New bone area fraction and (D) blue staining area fraction. The scale bars at low magnification (×1) and high magnification (×40) are 1 mm and 50 μm, respectively. HB: host bone, NB: new bone, RM: remaining materials. * and ** representing p < 0.05 and p < 0.01 respectively.
[image: Panel A shows histological staining of bone tissue at four and eight weeks under three conditions: control, PTH, and PTH with SV, displaying markers ALP, BMP2, COL1, and OCN. Arrows indicate regions of bone matrix and new bone. Panel B presents bar graphs of the positive area ratio for these markers, highlighting increased expression under treatment conditions compared to control, with significant differences denoted by asterisks.]FIGURE 7 | IHC staining at 4 and 8 weeks. (A) Expression of ALP, BMP2, COL1, and OCN proteins in rat cranial bone. The scale bar is 50 μm. (B) Quantitative analysis of IHC staining. NB: new bone, RM: remaining materials. *, **, and *** representing p < 0.05, p < 0.01, and p < 0.001, respectively.
Finally, we conducted a toxicological evaluation of the dual-drug composite delivery system (Supplementary Figure S12). The sections of the viscera from rats who received the delivery system revealed no significant abnormalities, which indicated that the dual-drug composite delivery system does not induce any toxic reactions.
4 DISCUSSION
Osteoporosis is a prevalent metabolic bone disorders that affects a significant number of individuals worldwide, resulting in pain, fractures, and substantial annual costs. Worse still, impaired bone regeneration also hinders the repair process after trauma or infection. Therefore, a functional composite system carrying bioactive factors or drugs would provide a good repair strategy for difficult-to-heal bone defects.
Ideal osteogenic biomaterials must possess several characteristics, such as biocompatibility, suitable shape and porosity, matched mechanical force, osteoconductivity, osteoinductivity, and degradability (Wang S. et al., 2021; Sang et al., 2022; Xue et al., 2022). Additionally, a delivery system that serves as a local platform to sustainably release active substances should be considered. GelMA is an ideal platform for controlled drug release and cell adhesion (Sun et al., 2018; Collins et al., 2021; Kimicata et al., 2021). The hydrogels establish a biomimetic microenvironment for bone tissue engineering (Meng et al., 2022; Xue et al., 2022), but their biomechanical properties are slightly inadequate compared with those of hard bone tissue. To reinforce the mechanical strength of GelMA, secondary structural scaffolds are typically incorporated into the hydrogel matrix (Boere et al., 2014). Here, we employed PLA as the secondary scaffold due to its strength properties and 3D printable properties, and the combined design of polymer and hydrogel provides a biomimetic organoid for bone regeneration (Xue et al., 2022). Our composite drug delivery system achieved satisfactory results in terms of physical properties. First, personalized irregular and regular tissue defects can be perfectly replicated using a 3D-printed scaffold and a light-curing hydrogel, both of which can combine efficiently. Second, the physical parameters of the delivery system, such as porosity and degradability, are comparable to those of natural bone, and similar physical properties will be conducive to subsequent cell behavior and nutrient exchange in the environment. The porosity of the delivery systems ranged from 51.74% to 59.05%, which is consistent with the porosity of cancellous bone reported in the literature (Collins et al., 2021). We also found a high absorption rate in GelMA and a low absorption rate in the PLA scaffold, while a moderate water absorption rate was found in the PLA- GelMA system. We speculated that this result was related to the incorporation of the internal hydrophobic PLA scaffold, which acted as a “cage” to confine the swelling of the GelMA hydrogel. Therefore, the composite system could absorb exudate and nutrients while maintaining its macroscopic morphology and porosity. The appropriate degradation time of scaffolds contributes to the stability of the bone healing space in the early stage as well as the replacement of bone tissue in the later stage. We observed accelerated degradation during the later stages of GelMA and PLA, which could be because the eroded material created larger pores and increased the contact area over time. GelMA degrades rapidly within 1 month (Wang F. et al., 2021), whereas PLA degrades in 70 days- 5.5 years (Saini et al., 2016; Gasparotto et al., 2022). Therefore, the PLA-GelMA system demonstrated a marked initial degradation but subsequently decelerated in the later stage of degradation due to GelMA depletion. The advantage of this is that even if GelMA degrades rapidly in the first stage, the presence of PLA in the composite system can still provide ongoing support for new bone growth. Third, the mechanical characters of hydrogels (∼5–110 kPa) are generally inferior to those exhibited by natural bone (∼0.2–80 MPa) (Zhao et al., 2016; Zhou et al., 2021), thereby augmenting a risk of material collapse during subsequent tissue regeneration. A 3D-printed PLA scaffold structure can improve the support of biological cue-rich hydrogels (Han et al., 2020; Wang et al., 2022). That is, the PLA-GelMA composite delivery system in this study integrated the characteristics of PLA and GelMA and met the physicochemical requirements of bone scaffolds. In addition, drugs encapsulated in the GelMA hydrogel could achieve sustained release, which can provide continuous stimulation for subsequent treatment.
During bone formation, osteoblasts undergo four stages: proliferation, extracellular matrix maturation, mineralization, and osteoblast apoptosis. The increased number of osteoblasts and their degree of differentiation contribute to the final structure and quality of bone tissue. PTH1-34 has been approved by the FDA as a clinical drug for the treatment of osteoporosis. PTH1-34 interacts with PTH1R on the surface of osteoblasts and osteocytes and contributes to expanding the number of osteoblasts by reducing apoptosis and exerting an anabolic effect on bone (Silva and Bilezikian, 2015; Chen et al., 2021). Previous studies have used PTH in combination with bisphosphonates to achieve better osteogenesis and reduce the amount of PTH in the treatment of osteoporosis (Zhang and Song, 2020; Zhou et al., 2022). However, one risk of bisphosphonates is medication-related osteonecrosis of the jaw (Pires et al., 2005). Statins have a similar effect to bisphosphonates in inhibiting the mevalonate pathway, but carry no risk of osteonecrosis and promote osteogenesis through multiple signaling pathways (Xia et al., 2018; Jin et al., 2021; Guo et al., 2022). Previous studies reported that the combined use of two drugs resulted in a greater osteogenic effect, but the drugs in these studies were administered systemically (Jeon and Puleo, 2008; Tao et al., 2015; Tao et al., 2016). In this investigation, we examined the combined influences of PTH and SV on osteoblasts and osteoporotic bone defects in situ via the PLA-GelMA composite delivery system. According to the cell viability assay and differentiation experiments, 100 ng/mL PTH1-34 and 0.2 μg/mL SV were demonstrated to be safe for osteoblasts and exerted superior osteogenic effects, as such, these concentrations were used in subsequent experiments. We further observed the biological synergistic effect of PTH1-34 and SV on osteoblasts using the composite delivery system. Our results suggested that the cell death rates in the PTH and PTH + SV groups were slightly reduced, while osteogenic differentiation was significantly improved in all experimental groups. Bone formation is highly correlated with the number of osteoblasts and their level of differentiation. The number of osteoblasts was expanded by PTH administration, which led to increased ALP expression and mineralization. In addition, SV promoted osteogenic differentiation, which further improved bone formation. For this reason, the PTH + SV group showed the most significant enhancement in ALP activity and calcium nodule staining.
Immunofluorescence staining showed that the cocultured MC3T3-E1 cells were able to adhere to all composite scaffolds, which is beneficial for subsequent bone formation. The PTH group and the PTH + SV group displayed higher cell counts, possibly related to the reduction in apoptosis induced by PTH administration (Silva and Bilezikian, 2015; Chen et al., 2021; Jin et al., 2021). We also conducted a study to examine the expression of osteogenesis-related genes and proteins, and the results were consistent with the ALP and AR staining mentioned above. Alp is a representative early osteogenic marker, while Ocn serves as a representative late osteogenic marker. Bmp2 induces bone formation and regeneration during early embryonic development, and Col1 is the predominant collagenous fiber in the bone matrix (Zhang Y. et al., 2022). According to our experimental data, the combination of PTH1-34 and SV upregulated osteogenic genes and proteins, which indicates that they contribute to early and late osteogenesis. Notably, a substantial rise in Bmp2 gene expression was observed in the SV group, while PTH expression was not significantly different. This phenomenon might be credited to the functional role of SV in eliciting osteogenic differentiation via enhanced BMP2 expression (Mundy et al., 1999; Kodach et al., 2011).
Using in vivo experiments, we first established an osteoporosis model in rats by performing bilateral ovariectomy. The decreased volume of femoral trabecular bone, along with the increased weight and atrophic uterus, confirmed the successful establishment of the model. An 8 mm rat cranial defect is defined as a typical critical bone defect (Spicer et al., 2012). Indeed, the control group in this study showed minimal new bone formation. Although the delivery system is theoretically osteoconductive, the impaired osteogenic capacity in osteoporotic conditions still prevents bone formation. When the anti-osteoporotic factors were loaded, a greater increase in new bone production was noted. Histological staining at 4 and 8 weeks revealed that the PTH + SV group exhibited the most extensive new bone area as well as the greatest collagen content. Additionally, this group also showcased the highest extent of immunopositive IHC staining for ALP, BMP2, COL1, and OCN, which concurred with the findings obtained from in vitro experimentation. Furthermore, the hemolysis test and HE staining of various organs revealed no obvious hemolysis reaction or tissue toxicity as a result of any of the composite systems, which demonstrates the biosafety of in vivo implantation.
5 CONCLUSION
In summary, this study aimed to design a personalized biomimetic local drug delivery system to repair bone defects in osteoporosis. For the first time, this novel approach applied PTH and SV in combination for in situ bone defects. The dual-drug delivery system can be summarized by the following characteristics. First, 3D-printed PLA scaffolds and injectable light-curing hydrogels could replicate irregular shapes to better conform to the unique profile of bone defects. Second, the composite delivery system has physical properties that match those of natural bone tissue and successfully achieved dual-controlled release of PTH1-34 and SV. Third, the cytological, radiological, and histological analyses of the drug delivery system demonstrated its safety and efficacy. The dual release of the active molecules PTH1-34 and SV synergistically enhanced the repair of osteoporotic defects, possibly through an increased cell counts and an enhanced differentiation of osteoblasts.
However, despite our promising results, we also acknowledge that our work has some limitations. The cranial bone defect did not fully recover within the 8-week observation period. Therefore, future investigations should consider additional factors, longer observation times, and additional underlying mechanisms. In addition, the concentrations of PTH1-34 and SV were screened separately through in vitro experiments, and an appropriate combination of the two drug doses might yield more optimized results. Nevertheless, these limitations do not undermine the potential of the dual-drug delivery system to promote bone regeneration through the release of PTH1-34 and SV. Consequently, this localized personalized biomimetic dual-drug composite delivery system presents an encouraging and safe approach for the medical therapeutics of bone defects in individuals with osteoporosis.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was approved by the Institutional Animal Care and Use Committee of Jilin University School of Pharmaceutical Science. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
TX: Data curation, Formal Analysis, Investigation, Writing–original draft. SG: Visualization, Writing–review and editing. NY: Methodology, Writing–review and editing. QZ: Writing–review and editing. YZ: Investigation, Writing–review and editing. TL: Methodology, Writing–review and editing. ZL: Funding acquisition, Project administration, Writing–review and editing. BH: Project administration, Resources, Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Jilin Province Development and Reform Commission (Grant No. 2023C043-3); Science and Technology Department of Jilin Province (Grant No. 20230204076YY and 20220401102YY); Changchun Science and Technology Bureau (Grant No. 21ZGY01).
ACKNOWLEDGMENTS
Figure 1; Figure 2A; Figure 5A were partly generated from Figdraw (ID: WIRIW84164) or Servier Medical Art (http://smart.servier.com/), licensed under a Creative Common Attribution 3.0 Generic License. (https://creativecommons.org/licenses/by/3.0/).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2024.1355019/full#supplementary-material

REFERENCES
	 Alam, F., Shukla, V., Varadarajan, K., and Kumar, S. (2020). Microarchitected 3D printed polylactic acid (PLA) nanocomposite scaffolds for biomedical applications. J. Mech. Behav. Biomed. 103, 103576. doi:10.1016/j.jmbbm.2019.103576
	 Anita Lett, J., Sagadevan, S., Léonard, E., Fatimah, I., Hossain, M., Mohammad, F., et al. (2021). Bone tissue engineering potentials of 3D printed magnesium-hydroxyapatite in polylactic acid composite scaffolds. Artif. Organs 45 (12), 1501–1512. doi:10.1111/aor.14045
	 Arumugam, S., Kandasamy, J., Shah, A., Sultan, M., Safri, S., Majid, M., et al. (2020). Investigations on the mechanical properties of glass fiber/sisal fiber/chitosan reinforced hybrid polymer sandwich composite scaffolds for bone fracture fixation applications. Polymers 12 (7), 1501. doi:10.3390/polym12071501
	 Barbeck, M., Serra, T., Booms, P., Stojanovic, S., Najman, S., Engel, E., et al. (2017). Analysis of the in vitro degradation and the in vivo tissue response to Bi-layered 3D-printed scaffolds combining PLA and biphasic PLA/bioglass components - guidance of the inflammatory response as basis for osteochondral regeneration. Bioact. Mat. 2 (4), 208–223. doi:10.1016/j.bioactmat.2017.06.001
	 Boere, K., Visser, J., Seyednejad, H., Rahimian, S., Gawlitta, D., Steenbergen, M., et al. (2014). Covalent attachment of a three-dimensionally printed thermoplast to a gelatin hydrogel for mechanically enhanced cartilage constructs. Acta Biomater. 10 (6), 2602–2611. doi:10.1016/j.actbio.2014.02.041
	 Chandran, S., and John, A. (2019). Osseointegration of osteoporotic bone implants: role of stem cells, silica and strontium - a concise review. J. Clin. Orthop. Trauma 10 (1), S32–S36. doi:10.1016/j.jcot.2018.08.003
	 Chen, T., Wang, Y., Hao, Z., Hu, Y., and Li, J. (2021). Parathyroid hormone and its related peptides in bone metabolism. Biochem. Pharmacol. 192, 114669. doi:10.1016/j.bcp.2021.114669
	 Chen, X., Hu, Y., Geng, Z., and Su, J. (2022). The ‘three in one’ bone repair strategy for osteoporotic fractures. Front. Endocrinol. 13, 910602. doi:10.3389/fendo.2022.910602
	 Collins, M., Ren, G., Young, K., Pina, S., Reis, R., and Oliveira, J. (2021). Scaffold fabrication technologies and structure/function properties in bone tissue engineering. Adv. Funct. Mat. 31 (21), 2010609. doi:10.1002/adfm.202010609
	 Dang, L., Zhu, J., and Song, C. (2021). The effect of topical administration of simvastatin on entochondrostosis and intramembranous ossification: an animal experiment. J. Orthop. Transl. 28, 1–9. doi:10.1016/j.jot.2020.11.009
	 Delan, W., Zakaria, M., Elsaadany, B., ElMeshad, A., Mamdouh, W., and Fares, A. (2020). Formulation of simvastatin chitosan nanoparticles for controlled delivery in bone regeneration: optimization using box-behnken design, stability and in vivo study. Int. J. Pharm. 577, 119038. doi:10.1016/j.ijpharm.2020.119038
	 Eswaramoorthy, R., Chang, C., Wu, S., Wang, G., Chang, J., and Ho, M. (2012). Sustained release of PTH(1–34) from PLGA microspheres suppresses osteoarthritis progression in rats. Acta Biomater. 8 (6), 2254–2262. doi:10.1016/j.actbio.2012.03.015
	 Fang, X., Xie, J., Zhong, L., Li, J., Rong, D., Li, X., et al. (2016). Biomimetic gelatin methacrylamide hydrogel scaffolds for bone tissue engineering. J. Mat. Chem. B 4 (6), 1070–1080. doi:10.1039/c5tb02251g
	 Gasparotto, M., Bellet, P., Scapin, G., Busetto, R., Rampazzo, C., Vitiello, L., et al. (2022). 3D printed graphene-PLA scaffolds promote cell alignment and differentiation. Int. J. Mol. Sci. 23 (3), 1736. doi:10.3390/ijms23031736
	 Grémare, A., Guduric, V., Bareille, R., Heroguez, V., Latour, S., L’heureux, N., et al. (2018). Characterization of printed PLA scaffolds for bone tissue engineering. J. Biomed. Mat. Res. A 106 (4), 887–894. doi:10.1002/jbm.a.36289
	 Guo, C., Wan, R., He, Y., Lin, S., Cao, J., Qiu, Y., et al. (2022). Therapeutic targeting of the mevalonate–geranylgeranyl diphosphate pathway with statins overcomes chemotherapy resistance in small cell lung cancer. Nat. Cancer 3 (5), 614–628. doi:10.1038/s43018-022-00358-1
	 Han, S., Cha, M., Jin, Y., Lee, K., and Lee, J. (2020). BMP-2 and hMSC dual delivery onto 3D printed PLA-biogel scaffold for critical-size bone defect regeneration in rabbit tibia. Biomed. Mat. 16 (1), 015019. doi:10.1088/1748-605X/aba879
	 Hauser, B., Alonso, N., and Riches, P. (2021). Review of current real-world experience with teriparatide as treatment of osteoporosis in different patient groups. J. Clin. Med. 10 (7), 1403. doi:10.3390/jcm10071403
	 Jeon, J., and Puleo, D. (2008). Alternating release of different bioactive molecules from a complexation polymer system. Biomaterials 29 (26), 3591–3598. doi:10.1016/j.biomaterials.2008.05.011
	 Jiang, L., Zhang, W., Wei, L., Zhou, Q., Yang, G., Qian, N., et al. (2018). Early effects of parathyroid hormone on vascularized bone regeneration and implant osseointegration in aged rats. Biomaterials 179, 15–28. doi:10.1016/j.biomaterials.2018.06.035
	 Jin, H., Ji, Y., Cui, Y., Xu, L., Liu, H., and Wang, J. (2021). Simvastatin-incorporated drug delivery systems for bone regeneration. ACS Biomater. Sci. Eng. 7 (6), 2177–2191. doi:10.1021/acsbiomaterials.1c00462
	 Khandelwal, S., and Lane, N. (2023). Osteoporosis: review of etiology, mechanisms, and approach to management in the aging population. Endocrin. Metab. Clin. 52 (2), 259–275. doi:10.1016/j.ecl.2022.10.009
	 Kimicata, M., Mahadik, B., and Fisher, J. (2021). Long-term sustained drug delivery via 3D printed masks for the development of a heparin-loaded interlayer in vascular tissue engineering applications. ACS Appl. Mat. Interfaces 13 (43), 50812–50822. doi:10.1021/acsami.1c16938
	 Kodach, L., Jacobs, R., Voorneveld, P., Wildenberg, M., Verspaget, H., Wezel, T., et al. (2011). Statins augment the chemosensitivity of colorectal cancer cells inducing epigenetic reprogramming and reducing colorectal cancer cell ‘stemness’ via the bone morphogenetic protein pathway. Gut 60 (11), 1544–1553. doi:10.1136/gut.2011.237495
	 Langdahl, B. (2021). Overview of treatment approaches to osteoporosis. Brit. J. Pharmacol. 178 (9), 1891–1906. doi:10.1111/bph.15024
	 Ma, L., Wang, X., Zhao, N., Zhu, Y., Qiu, Z., Li, Q., et al. (2018). Integrating 3D printing and biomimetic mineralization for personalized enhanced osteogenesis, angiogenesis, and osteointegration. ACS Appl. Mat. Interfaces 10 (49), 42146–42154. doi:10.1021/acsami.8b17495
	 Martin, V., and Bettencourt, A. (2018). Bone regeneration: biomaterials as local delivery systems with improved osteoinductive properties. Mat. Sci. Eng. C. Mat. 82, 363–371. doi:10.1016/j.msec.2017.04.038
	 Meng, F., Yin, Z., Ren, X., Geng, Z., and Su, J. (2022). Construction of local drug delivery system on titanium-based implants to improve osseointegration. Pharmaceutics 14 (5), 1069. doi:10.3390/pharmaceutics14051069
	 Mundy, G., Garrett, R., Harris, S., Chan, J., Chen, D., Rossini, G., et al. (1999). Stimulation of bone formation in vitro and in rodents by statins. Science 286 (5446), 1946–1949. doi:10.1126/science.286.5446.1946
	 Pires, F., Miranda, A., Cardoso, E., Cardoso, A., Fregnani, E., Pereira, C., et al. (2005). Oral avascular bone necrosis associated with chemotherapy and biphosphonate therapy. Oral Dis. 11 (6), 365–369. doi:10.1111/j.1601-0825.2005.01130.x
	 Rocha, T., Cavalcanti, A., Leal, A., Dias, R., Costa, R., Ribeiro, G., et al. (2021). PTH1-34 improves devitalized allogenic bone graft healing in a murine femoral critical size defect. Injury 52 (3), S3–S12. doi:10.1016/j.injury.2021.03.063
	 Saini, P., Arora, M., and Kumar, M. (2016). Poly(Lactic acid) blends in biomedical applications. Adv. Drug Deliv. Rev. 107, 47–59. doi:10.1016/j.addr.2016.06.014
	 Sang, S., Wang, S., Yang, C., Geng, Z., and Zhang, X. (2022). Sponge-inspired sulfonated polyetheretherketone loaded with polydopamine-protected osthole nanoparticles and berberine enhances osteogenic activity and prevents implant-related infections. Chem. Eng. J. 437, 135255. doi:10.1016/j.cej.2022.135255
	 Silva, B., and Bilezikian, J. (2015). Parathyroid hormone: anabolic and catabolic actions on the skeleton. Curr. Opin. Pharm. 22, 41–50. doi:10.1016/j.coph.2015.03.005
	 Spicer, P., Kretlow, J., Young, S., Jansen, J., Kasper, F., and Mikos, A. (2012). Evaluation of bone regeneration using the rat critical size calvarial defect. Nat. Protoc. 7 (10), 1918–1929. doi:10.1038/nprot.2012.113
	 Sun, M., Sun, Xi., Wang, Z., Guo, S., Yu, G., and Yang, H. (2018). Synthesis and properties of gelatin methacryloyl (GelMA) hydrogels and their recent applications in load-bearing tissue. Polymers 10 (11), E1290. doi:10.3390/polym10111290
	 Tao, Z., Zhou, W., Bai, B., Cui, W., Lv, Y., Yu, X., et al. (2016). The effects of combined human parathyroid hormone (1–34) and simvastatin treatment on the interface of hydroxyapatite-coated titanium rods implanted into osteopenic rats femurs. J. Mat. Sci. Mat. M. 27 (3), 43. doi:10.1007/s10856-015-5650-9
	 Tao, Z., Zhou, W., Tu, K., Huang, Z., Zhou, Q., Sun, T., et al. (2015). The effects of combined human parathyroid hormone (1-34) and simvastatin treatment on osseous integration of hydroxyapatite-coated titanium implants in the femur of ovariectomized rats. Injury 46 (11), 2164–2169. doi:10.1016/j.injury.2015.08.034
	 Tilkin, R., Régibeau, N., Lambert, S., and Grandfils, C. (2020). Correlation between surface properties of polystyrene and polylactide materials and fibroblast and osteoblast cell line behavior: a critical overview of the literature. Biomacromolecules 21 (6), 1995–2013. doi:10.1021/acs.biomac.0c00214
	 Wang, C., Wang, Y., Lin, C., Lee, T., Fu, Y., Ho, M., et al. (2018). Combination of a bioceramic scaffold and simvastatin nanoparticles as a synthetic alternative to autologous bone grafting. Int. J. Mol. Sci. 19 (12), E4099. doi:10.3390/ijms19124099
	 Wang, F., Xia, D., Wang, S., Gu, R., Yang, F., Zhao, X., et al. (2021). Photocrosslinkable Col/PCL/Mg composite membrane providing spatiotemporal maintenance and positive osteogenetic effects during guided bone regeneration. Bioact. Mater 13, 53–63. doi:10.1016/j.bioactmat.2021.10.019
	 Wang, S., Shi, K., Lu, J., Sun, W., Han, Q., Che, L., et al. (2021). Microsphere-embedded hydrogel sustained-release system to inhibit postoperative epidural fibrosis. ACS Appl. Bio Mat. 4 (6), 5122–5131. doi:10.1021/acsabm.1c00347
	 Wang, Y., Wang, J., Gao, R., Liu, X., Feng, Z., Zhang, C., et al. (2022). Biomimetic glycopeptide hydrogel coated PCL/nHA scaffold for enhanced cranial bone regeneration via macrophage M2 polarization-induced osteo-immunomodulation. Biomaterials 285, 121538. doi:10.1016/j.biomaterials.2022.121538
	 Wani, T., Khan, R., Rather, A., Beigh, M., and Sheikh, F. (2021). Local dual delivery therapeutic strategies: using biomaterials for advanced bone tissue regeneration. J. Control. Release 339, 143–155. doi:10.1016/j.jconrel.2021.09.029
	 Wu, Z., Meng, Z., Wu, Q., Zeng, D., Guo, Z., Yao, J., et al. (2020). Biomimetic and osteogenic 3D silk fibroin composite scaffolds with nano MgO and mineralized hydroxyapatite for bone regeneration. J. Tissue Eng. 11, 204173142096779. doi:10.1177/2041731420967791
	 Xia, Y., Xie, Y., Yu, Z., Xiao, H., Jiang, G., Zhou, X., et al. (2018). The mevalonate pathway is a druggable target for vaccine adjuvant discovery. Cell. 175 (4), 1059–1073. doi:10.1016/j.cell.2018.08.070
	 Xie, Z., Weng, S., Li, H., Yu, X., Lu, S., Huang, K., et al. (2017). Teriparatide promotes healing of critical size femur defect through accelerating angiogenesis and degradation of β-TCP in OVX osteoporotic rat model. Biomed. Pharmacother. 96, 960–967. doi:10.1016/j.biopha.2017.11.141
	 Xu, D., Chen, S., Xie, C., Liang, Q., and Xiao, X. (2022). Cryogenic 3D printing of modified polylactic acid scaffolds with biomimetic nanofibrous architecture for bone tissue engineering. J. Biomat. Sci. Polym. E. 33 (4), 532–549. doi:10.1080/09205063.2021.1997210
	 Xu, L., Sun, X., Zhu, G., Mao, J., Baban, B., and Qin, X. (2021). Local delivery of simvastatin maintains tooth anchorage during mechanical tooth moving via anti-inflammation property and AMPK/MAPK/NF-kB inhibition. J. Cell. Mol. Med. 25 (1), 333–344. doi:10.1111/jcmm.16058
	 Xu, R., Shi, G., Xu, L., Gu, Q., Fu, Y., Zhang, P., et al. (2018). Simvastatin improves oral implant osseointegration via enhanced autophagy and osteogenesis of BMSCs and inhibited osteoclast activity. J. Tissue Eng. Regen. Med. 12 (5), 1209–1219. doi:10.1002/term.2652
	 Xue, X., Zhang, H., Liu, H., Wang, S., Li, J., Zhou, Q., et al. (2022). Rational design of multifunctional CuS nanoparticle-PEG composite soft hydrogel-coated 3D hard polycaprolactone scaffolds for efficient bone regeneration. Adv. Funct. Mater 32 (33), 2202470. doi:10.1002/adfm.202202470
	 Yuan, X., Yuan, Z., Wang, Y., Wan, Z., Wang, X., Yu, S., et al. (2022). Vascularized pulp regeneration via injecting simvastatin functionalized GelMA cryogel microspheres loaded with stem cells from human exfoliated deciduous teeth. Mater Today Bio 13, 100209. doi:10.1016/j.mtbio.2022.100209
	 Zhang, C., and Song, C. (2020). Combination therapy of PTH and antiresorptive drugs on osteoporosis: a review of treatment alternatives. Front. Pharmacol. 11, 607017. doi:10.3389/fphar.2020.607017
	 Zhang, H., Hu, Y., Chen, X., Wang, S., Cao, L., Dong, S., et al. (2022). Expert consensus on the bone repair strategy for osteoporotic fractures in China. Front. Endocrinol. 13, 989648. doi:10.3389/fendo.2022.989648
	 Zhang, Y., Wang, H., Huangfu, H., Zhang, X., Zhang, H., Qin, Q., et al. (2022). 3D printing of bone scaffolds for treating infected mandible bone defects through adjustable dual-release of chlorhexidine and osteogenic peptide. Mat. Des. 224, 111288. doi:10.1016/j.matdes.2022.111288
	 Zhao, X., Lang, Q., Yildirimer, L., Lin, Z., Cui, W., Annabi, N., et al. (2016). Photocrosslinkable gelatin hydrogel for epidermal tissue engineering. Adv. Healthc. Mat. 5 (1), 108–118. doi:10.1002/adhm.201500005
	 Zhao, Z., Li, G., Ruan, H., Chen, K., Cai, Z., Lu, G., et al. (2021). Capturing magnesium ions via microfluidic hydrogel microspheres for promoting cancellous bone regeneration. ACS Nano 15 (8), 13041–13054. doi:10.1021/acsnano.1c02147
	 Zhou, C., Wang, Y., Meng, J., Yao, M., Xu, H., Wang, C., et al. (2022). Additive effect of parathyroid hormone and zoledronate acid on prevention particle wears-induced implant loosening by promoting periprosthetic bone architecture and strength in an ovariectomized rat model. Front. Endocrinol. 13, 871380. doi:10.3389/fendo.2022.871380
	 Zhou, X., Zhou, G., Junka, R., Chang, N., Anwar, A., Wang, H., et al. (2021). Fabrication of polylactic acid (PLA)-Based porous scaffold through the combination of traditional bio-fabrication and 3D printing Technology for bone regeneration. Colloid. Surf. B 197, 111420. doi:10.1016/j.colsurfb.2020.111420
	 Zhu, J., Zhang, C., Jia, J., Wang, H., Leng, H., Xu, Y., et al. (2021). Osteogenic effects in a rat osteoporosis model and femur defect model by simvastatin microcrystals. Ann. NY. Acad. Sci. 1487 (1), 31–42. doi:10.1111/nyas.14513

Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Xu, Gao, Yang, Zhao, Zhang, Li, Liu and Han. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 31 January 2024
doi: 10.3389/fbioe.2023.1289299


[image: image2]
Multi-scale in silico and ex silico mechanics of 3D printed cochlear implants for local drug delivery
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The currently available treatments for inner ear disorders often involve systemic drug administration, leading to suboptimal drug concentrations and side effects. Cochlear implants offer a potential solution by providing localized and sustained drug delivery to the cochlea. While the mechanical characterization of both the implants and their constituent material is crucial to ensure functional performance and structural integrity during implantation, this aspect has been mostly overlooked. This study proposes a novel methodology for the mechanical characterization of our recently developed cochlear implant design, namely, rectangular and cylindrical, fabricated using two-photon polymerization (2 PP) with a novel photosensitive resin (IP-Q™). We used in silico computational models and ex silico experiments to study the mechanics of our newly designed implants when subjected to torsion mimicking the foreseeable implantation procedure. Torsion testing on the actual-sized implants was not feasible due to their small size (0.6 × 0.6 × 2.4 mm³). Therefore, scaled-up rectangular cochlear implants (5 × 5 × 20 mm³, 10 × 10 × 40 mm³, and 20 × 20 × 80 mm³) were fabricated using stereolithography and subjected to torsion testing. Finite element analysis (FEA) accurately represented the linear behavior observed in the torsion experiments. We then used the validated Finite element analysis models to study the mechanical behavior of real-sized implants fabricated from the IP-Q resin. Mechanical characterization of both implant designs, with different inner porous structures (pore size: 20 μm and 60 μm) and a hollow version, revealed that the cylindrical implants exhibited approximately three times higher stiffness and mechanical strength as compared to the rectangular ones. The influence of the pore sizes on the mechanical behavior of these implant designs was found to be small. Based on these findings, the cylindrical design, regardless of the pore size, is recommended for further research and development efforts.
Keywords: 3D printing, two-photon polymerization, stereolithography, Raman spectroscopy, cochlear implant, finite element analysis, mechanical characterization, compression

1 INTRODUCTION
The effective delivery of drugs to the inner ear, encompassing the vestibule and cochlea, is impeded by the presence of the blood-labyrinth barrier (BLB) (Zhang et al., 2021). Although essential for maintaining homeostasis and regulating ion and nutrient transportation, the BLB restricts the entry of high molecular weight compounds, such as drugs, hindering the treatment of inner ear disorders (Hao and Li, 2019; Szeto et al., 2020). Local drug delivery methods, such as microneedles, intratympanic injections, nanoparticles, stents, silicone-based rods, and implants offer a promising approach to enhance drug bioavailability within the target organ while minimizing the systemic side effects (e.g., fatigue, nausea, headache, cardiovascular complications) associated with general drug administration (Hao and Li, 2019). Cochlear implants, with anatomically relevant sizes for the human ear (i.e., 0.6 × 0.6 × 2.4 mm³), incorporating a drug reservoir and an implantable tip, have been recently developed as an alternative solution to the existing drug delivery methods by using two-photon polymerization (2PP) (Isaakidou et al., 2023). The implant shapes were rectangular (R) and cylindrical (C) featuring cylindrical tips (Figure 1A). To enable drug storage and release, these implants feature either an internal interconnected network of square pores in two different sizes (20 and 60 μm) (Figures 1B,C) or a hollow design (Figure 1D). As a result, six distinct implant designs were created, namely, R20, R60, RH, C20, C60, and CH (Figures 1B–D). The internal porosity fulfills a dual function: firstly, it acts as a reservoir for a particular pharmaceutical agent or drug associated with the auditory impairment, and secondly, it serves as a mechanism to modulate the precise release of the medication into the cochlear labyrinth. Furthermore, the architectural configuration of the implant, in conjunction with its porous characteristics, plays a vital role in preserving its structural stability in the phases preceding, throughout, and subsequent to the implantation process. The implant size and shape are crucial to fulfilling the anatomical requirements of the cochlea at the implantation site. These implants can be inserted through either the round window or the oval window of the cochlea, requiring twisting and insertion into a surgically created aperture (Figure 1E). As these implants undergo mechanical stresses during implantation, it is crucial to determine their mechanical properties to ensure the safety of the surgical procedure. However, due to their small size, complex geometry, and specific fabrication technique, conventional mechanical testing methods could not easily be used for comprehensive mechanical characterization of such implants. Utilizing the 2PP printing method is advantageous in producing small-scale structures with high precision. However, this method presents challenges when it comes to conducting microscale mechanical testing due to issues associated with implant-substrate adhesion. Microscale mechanical testing with commercially available micromechanical testing systems has been demonstrated feasible when the samples (micropillars, cantilevers, or dogbones) were prepared using dual beam systems (focused ion beam/scanning electron microscopy (FIB/SEM)) (Zhao et al., 2015; Jun et al., 2016; Ast et al., 2017; Fu et al., 2018). Finite element analysis (FEA) offers a numerical approach to simulate the mechanical behavior of complex structures and materials and has been employed for the modeling of compression testing of 2 PP printed origami architected metamaterials (Lin et al., 2020). In this regard, FEA can be used to simulate the mechanical behavior of cochlear implants during implantation, while experimental validation can be achieved using enlarged implant models. To the best of our knowledge, our study represents the first attempt to investigate the mechanical behavior of 3D-printed cochlear implants designed for local drug delivery. Thus, this study aimed to mechanically characterize the cochlear implants by first employing in silico FEA models for enlarged cochlear implants to investigate their mechanical behavior under compression and torsion. The results were then validated against ex silico experimental data obtained with enlarged implants fabricated using stereolithography (SLA) from Grey resin. The validated FEA models were finally used to help us assess the mechanical properties of real-size cochlear implants that are printed using 2PP from the IP-Q resin. Last, the results enabled us to choose the most potent design for further studies.
[image: Diagram showing various implant designs labeled A to E. A features cylindrical implants R and C with dimensions. B shows R60 and C60 with a 60 micrometer square lattice. C displays R20 and C20 with a 20 micrometer lattice. D illustrates hollow designs RH and CH. E depicts an anatomical diagram of the ear, highlighting the oval window, round window, and implant positioning near the round window membrane.]FIGURE 1 | The cochlear implants and implantation method. (A) The cochlear implant designs with dimensions; rectangular (R) and cylindrical (C), The lateral views of the R and C implants with inner porous cubic lattice structures with a unit cell of (B) 60 × 60 × 60 μm3, (C) 20 × 20 × 20 μm3 and (D) hollow implants, (E) A schematic representation of the anatomy of the inner ear (i.e., cochlea) including the labyrinth, the oval, and round window. The details of the proposed implantation method of the implant to the round window involve a translational and a rotational move.
2 MATERIALS AND METHODS
2.1 Fabrication of the specimens for compression testing
2.1.1 Printed pillars produced by two-photon polymerization (2PP)
Micro-pillars were printed using a Photonic Professional GT 2PP machine (Nanoscribe, Eggenstein-Leopoldshafen, Germany). The pillar geometry with a diameter of 50 µm and a height of 100 µm was designed using SolidWorks (Dassault Systèmes SE, France), exported as an STL (stereolithography) file and prepared for microscale printing using a Nanoscribe provided software Describe (Nanoscribe, Eggenstein-Leopoldshafen, Germany), in which the following printing parameters were set: laser power of 50 mW, scanning speed of 100,000 μm/s, hatching distance of 1 μm, and slicing distance of 5 µm. Samples were prepared by putting a droplet of IP-Q™ resin (Nanoscribe, Eggenstein-Leopoldshafen, Germany) onto a silicon substrate, which was then transferred to the Nanoscribe machine. For the two-photon absorption process, a femtosecond infrared laser beam with a wavelength of 780 nm was directed onto the resin. After the printing process, the fabricated specimen was immersed in propylene glycol monomethyl ether acetate (PGMEA, Sigma-Aldrich, Hamburg, Germany) for 25 min for development (removal of non-polymerized parts). Subsequently, it was rinsed in isopropyl alcohol (Sigma-Aldrich, Hamburg, Germany) for 5 min to remove any residual impurities. Finally, the specimen was dried thoroughly using an air-blowing gun. The dimensions of the printed pillars were measured using a high-resolution scanning electron microscope (SEM) (FEI Helios G4 CX dual-beam workstation, Hillsboro, OR, United States of America). To counteract charging for the polymeric samples, the specimens were gold-sputtered using a sputter coater (JFC-1300, JEOL, Akishima, Japan) for 40 s prior to SEM imaging.
2.1.2 Printing of larger pillars by stereolithography (SLA)
Pillars were printed in triplicate (n = 3) using a Form 3+ SLA printer (Formlabs Inc., Berlin, Germany) The pillar geometry with a diameter of 8 mm and a height of 16 mm was created using SolidWorks (Dassault Systèmes SE, Vélizy-Villacoublay, France), exported as an STL file and was then imported into the preparation software of the 3D printer (PreForm 3.24.2, Formlabs Inc., Berlin, Germany), which allowed adjustments to be made for size, structure orientation, and layer thickness. For the printing process, Grey resin (Formlabs Inc., Berlin, Germany) was selected as the material due to its elastic properties, which were expected to closely resemble those of IP-Q. Two different printing orientations were employed, namely, horizontal and vertical, to investigate their effects on the resulting structures. Additionally, two different layer thicknesses, namely, 25 μm and 50 μm, were utilized to examine their impact on the printed pillars. Upon completion of the printing process, the build platform, containing the printed structures, was carefully removed from the printer. It was then immersed in isopropyl alcohol (IPA) for 10 min to dissolve any residual materials. Subsequently, the printed structures underwent post-curing under UV light at 80°C for 15 min, following the manufacturer’s instructions. The final geometry of the printed pillars, including height and diameter, were measured using a caliper with a precision of 0.05 mm. These measurements allowed for the evaluation and characterization of the printed pillar dimensions.
2.2 Fabrication of enlarged 3D printed implants for torsion testing
In this study, upscaled models of recently developed porous cochlear implant designs (Isaakidou et al., 2023) were modified and fabricated specifically for torsion testing. Four different specimen types were developed, namely, 8R, 16R, 32R, and 32R60, where the letter ‘R’ (rectangular) represents the implant type, the number preceding it (8, 16, or 32) corresponds to the scaling factor relative to the actual implant size, and the subsequent number after the letter R (if present) indicates the pore size (in μm) in the original porous design (Figure 2A).
[image: A: Illustrations showing four different concrete specimen shapes including 8R, 16R, 32R, and 32R60, with dimensions for width, length, and height. B: Table listing dimensions of each specimen in millimeters. C: Photograph of a laboratory setting with testing equipment under blue lighting. D: Photograph of two cylindrical concrete specimens, one standing upright and one lying down, displaying their cross-sectional areas.]FIGURE 2 | (A) The scaled-up R implant designs, including prismatic grippers (top: hexagonal, bottom: square) for torsion testing, (B) The design parameters of the scaled-up R implants for both the solid (8R, 16R, 32R) and porous (32R60) versions. (C) An image of the mechanical testing setup including Electropulse 10,000 and the DIC system. (D) The steel holders with prismatic sockets (top: hexagonal, bottom: square) used in torsion testing.
To facilitate torsion testing, additional grippers were integrated into both ends of the implants. These grippers were designed using SolidWorks (Dassault Systèmes SE, Vélizy-Villacoublay, France) and were consistent in size across all three upscaled models. The upper gripper, located near the cylindrical part of the implant, was designed as a hexagonal prism with a base edge length of 19.93 mm and a height of 31.88 mm. The lower gripper, situated close to the cuboid part of the implant, was designed as a square prism with the dimensions of 39.85 mm × 39.85 mm × 31.88 mm (w × h × l) (Figures 2B,C). To minimize stress concentrations at the joints, additional fillets with a radius of 8 mm were incorporated into the design, ensuring a smoother transition from the implant to the grippers.
The models were fabricated in triplicate (n = 3) using the aforementioned SLA system (Form 3B+, Formlabs Inc., Berlin, Germany) with a layer thickness of 50 μm vertically oriented on the built plate. Grey resin was utilized as the printing material, following the methodology described earlier. The resulting geometry of the printed torsion specimens was measured using a caliper with a precision of 0.05 mm (Table 1).
TABLE 1 | The dimensions of the torsion specimens 3D printed from Grey resin as measured by a caliper with a precision of 0.05 mm.
[image: Table displaying measurements for different specimens, including width of cuboids, diameter of cylinders, and height, all in millimeters. Specimens are labeled as 8R, 16R, 32R, and 32R60, with each group having three entries. Measurements vary slightly across specimens.]2.3 In silico investigation of torsion specimens and cochlear implants
FEA simulations were performed using Abaqus Standard (Dassault Systèmes Simulia, Vélizy-Villacoublay, France). The torsion testing was modeled for both the enlarged and real-sized implants. Variations with and without grippers as well as solid and porous designs were simulated for the enlarged specimens while variations of solid, hollow, and porous designs with pore sizes of 20 and 60 μm were simulated for the real-sized implants. The computational models of the torsion specimens required such inputs as the Young’s modulus, Poisson’s ratio, true stress, and true plastic strain. The Young’s modulus and Poisson’s ratio were derived from the compression tests on the Grey resin pillars, while the true stress and true plastic strain were calculated using Eq. 1 and Eq. 2), respectively. The outputs of the computational models included the forces (torque) and displacements of the structures, which were then converted into true stresses and strains. To assess the accuracy of the models, a comparison was made between the FEA results and the experimental data. The simulation of torsion testing for the R and C types of implants (solid, hollow, and porous) involved a pre-processing step that transformed the STL files into hexahedral element meshes, following the methodology developed and described by Saldivar et al. (Saldívar et al., 2022). The results of the mesh sensitivity analysis are provided in Supplementary Materials 1.1 and Supplementary Figure S1. This analysis showed that the stress results converged to less than 1% difference when the element number reached 25,000. The torque, rotation, shear stress, and shear strain were extracted for analysis.
2.4 Ex silico mechanical characterization
2.4.1 Compression of the IP-Q micropillars
The IP-Q micropillars, with a diameter of 50 μm and a height of 100 μm, were subjected to compression using a commercial ex situ indenter setup (Alemnis AG, Thun, Switzerland) equipped with a flat punch diamond tip of 50 μm diameter. Micropillars were compressed uniaxially with a displacement-controlled loading protocol up to a maximum displacement of 30 μm at a quasi-static strain rate (1 × 10−3 s-1). To determine the engineering stress (σeng), the top cross-sectional area of the pillars was used, while the engineering strain (εeng) was calculated based on the initial height of the pillars (measured by SEM). The Young’s modulus was obtained by analyzing the slope in the initial elastic region, which corresponded to an engineering strain range of 10%–15%.
2.4.2 Compression and torsion of the grey resin printed specimens
Compression and torsion testing of the SLA printed specimens was conducted using a dynamical testing machine (ElectropulseTM E10000, Instron Systems, Norwood, United States) (Figure 2C). The compression tests were performed at a strain rate of 1.3 mm/min, following the ASTM D695-15 standard (ASTM International, 2019), with a maximum loading of 8500 N. To study the full-field strain distributions, the local displacement fields of each test were captured using a Q-400 2 × 12 MPixel digital image correlation (DIC) system (LIMESS GmbH, Krefeld, Germany) at a frequency of 1 Hz. Before testing, a black dot speckle pattern was applied over a white paint background on each specimen. The strains of the tested specimens were determined using the commercial DIC program Instra 4D v4.6 (Danted Dynamics A/S, Skovunde, Denmark). The elastic modulus was calculated from the engineering stress-strain curve within the elastic region (0.3%–2% strain) using MATLAB R2020b, and the average value was obtained for each set of three specimens. The yield strength (σy) was calculated at 0.2% strain. The true stress and strain were calculated from the engineering stress and strain using Eq. (1) and (2) (Arasaratnam et al., 2011):
[image: Equation showing epsilon equals the natural logarithm of one plus epsilon sub avg, labeled as equation one.]
[image: Equation showing sigma equals sigma sub avg multiplied by one plus epsilon sub avg, enclosed in parentheses, labeled as equation two.]
where ε is the true strain and σ is the true stress. The true plastic strain of the material was calculated using Eq. (3) (12):
[image: Equation showing \( e_{d'} = e_r - e_d = e_r - \sigma_f E \) followed by the number three in parentheses.]
where εpl is the true plastic strain, εt is the true total strain, εel is the true elastic strain, and Ε is the Young’s modulus.
For torsion testing, special steel holders were required, which were designed in SolidWorks and manufactured using a 5-axis computer numerical control (CNC) machine (MillTap 700, DMG MORI, Veenendaal, NL) (Figure 2D).
The torsion specimens were rotated at a rate of 0.001 s-1 according to ASTM E143-20. The rotational speed was adjusted to the specimen size (Table 2) using Eq. (4) (ASTM International, 2020):
[image: The formula \(\gamma = \theta T / I_L\) is shown, labeled as equation (4).]
where γ is the torsional shear strain, θ is the angle of rotation, r is the radius of the specimen, and L is the total length of the specimen.
TABLE 2 | The rotational speed and strain rate for the solid and porous torsion specimens.
[image: Table showing specimens and their corresponding rotational speeds. Specimen 8R has a speed of 0.0238 rad/s, 16R has 0.0183 rad/s, 32R has 0.0158 rad/s, and 32R60 has 0.0149 rad/s. The torsional shear strain rate is 0.001 s⁻¹ for all specimens.]The torque (T) and rotation angle (θ) were recorded until failure or until reaching the torque limit (95 Nm) or rotation angle limit (270°). The DIC system was utilized to calculate the torsional shear strain for improved measurement accuracy. The torsional shear stress was determined from the recorded torque using Eq. (5) (ASTM International, 2020):
[image: The equation shows tau equals capital T subscript i divided by capital J, with the number five in parentheses to the right.]
where τ is the shear stress and J is the second polar moment of area. The polar moment of the area was calculated for the smallest cross-sectional area (i.e., the cylindrical tip of the R implant) according to Eq. (6) (ASTM International, 2020):
[image: The formula shows the polar moment of inertia \( J \) as \( \pi D^4 / 32 \).]
where D is the diameter of the cylindrical tip of the torsion specimens (Table 1).
The strain was calculated by utilizing the DIC displacement values for two points on the cylindrical part of the specimens, near the base and the top. The recorded displacements were converted to rotational displacements using coordinate system conversion for cylindrical coordinates. The shear strain was then calculated using Eq. 4 and the shear modulus was calculated according to Eq. (7):
[image: Equation illustrating the relationship between Young's modulus \(E\), shear modulus \(G\), and Poisson's ratio \(\nu\). The formula is \(E = 2G(1 + \nu)\), labeled as equation (7).]
where G is the shear modulus and [image: A lowercase Greek letter "nu" symbol on a plain white background.] is the Poisson’s ratio.
2.5 Fractography
To investigate the failure mode of the specimens after the torsion test, high-resolution SEM images of 8R specimens were captured from the fracture surface using a Helios microscope (FEI Helios G4 CX dual-beam workstation, Hillsboro, OR, United States) operating at 10 kV and 25 pA. Before SEM imaging, the specimens were coated with a thin layer of gold (thickness ≈5 nm) using a sputter coater (JFC-1300, JEOL, Japan). Optical images were also taken from the section closest to the cuboidal end of the torsion specimens following the test, and whenever possible, the fracture angles were determined.
2.6 Raman spectroscopy
The chemistry of uncured and cured IP-Q and Grey resin was analyzed using an inVia Reflex Raman system (Renishaw plc, Wotton-under-Edge, United Kingdom). Raman spectra were acquired using a ×50 objective lens, operated at an excitation wavelength of 532 nm. The laser intensity was set to 50%. Each spectrum was obtained by averaging 15 acquisitions with an exposure time of 1.0 s. Subsequently, a baseline correction was applied to subtract instrument noise using OriginPro 9.8.0.200 (OriginLab Corporation, Northampton, United States).
2.7 Statistical analysis
To investigate whether the Young’s modulus and yield strength of the Grey resin micropillars were significantly different with respect to the printing layer thickness and orientation, we conducted a one-way ANOVA test (p ≤ 0.05). We have assessed the normality of the data using the Shapiro-Wilk test (p ≤ 0.05), which is appropriate for the small sample size in our study. The results of these normality tests for the elastic moduli and compressive strength of the vertically and horizontally printed specimens are presented in Supplementary Figure S4. The analyses were performed using Prism 10 (GraphPad Software Inc., San Diego, CA, United States).
3 RESULTS
3.1 Compression of the IP-Q (2PP) and grey resin (SLA) pillars
Micropillar compression tests revealed a Young’s modulus of 2.78 GPa and a yield strength of 60.4 MPa for the IP-Q printed pillars (Supplementary Figure S2). Compression testing was employed to calculate the Young’s modulus and yield strength of the pillars printed with two different layer thicknesses and in two different printing directions. The vertically printed pillars with a layer thickness of 25 µm exhibited a Young’s modulus of 2.51 ± 0.13 GPa and a yield strength of 59.2 ± 0.91 MPa, while those with a layer thickness of 50 µm had a Young’s modulus of 2.50 ± 0.10 GPa and a yield strength of 56.4 ± 1.7 MPa. The horizontally printed pillars displayed a Young’s modulus and yield strength of 2.51 ± 0.05 GPa and 72.4 ± 3.4 MPa for the 25 µm pillars, and 2.33 ± 0.20 GPa and 79.4 ± 2.8 MPa for the 50 µm pillars. The stress-strain curves obtained for the pillars with varying layer thicknesses and printing orientations revealed that there were no statistically significant differences in the Young’s modulus values. However, statistically significant differences were observed in the yield strength values (see Supplementary Material 1.2 and Supplementary Figure S5). Nevertheless, the general mechanical behavior of the pillars remained the same regardless of the layer thickness or printing direction (Figures 3A,B). Moreover, the pillars exhibited no signs of buckling during the compression tests, as detailed by the DIC data in Figures 3A,B. The Young’s modulus and yield strength for the pillars composed of IP-Q and Grey resin were found to be comparable, as illustrated in Figure 3C.
[image: Four-panel image showing material testing results. Panel A and B display engineering stress versus strain graphs for two different layer thicknesses. Panel C shows overlayed stress-strain curves comparing IP-Q and Grey resin. Panel D presents Raman spectra for uncured and cured samples of both Grey resin and IP-Q, with distinct peaks noted. Inset images in panels A and B depict color-coded samples for thickness and strain values.]FIGURE 3 | The compression stress-strain curves of (A) Grey resin pillars (ø 8 mm × 16 mm) with horizontally printed layers with a thickness of 25 μm or 50 μm (inset: DIC image of a compressed pillar at yield). (B) Grey resin pillars (ø 8 mm × 16 mm) with vertically printed layers with a thickness of 25 μm or 50 μm (inset: DIC image of a compressed pillar at yield). (C) The compression stress-strain curves for pillars printed from Grey resin and IP-Q. (D) The Raman spectra of polymerized (red) and unpolymerized (black) Grey resin and IP-Q specimens.
3.2 Torsion testing
3.2.1 Experimental torsion testing on solid grey resin torsion specimens
The largest torsion specimen (32R) failed at the lowest angle of rotation (123.2° ± 9.0°) and the highest applied torque (15.43 ± 0.39 Nm), while the smallest torsion specimens (8R) failed at the highest angle of rotation (216.9° ± 5.4°) and the lowest applied torque (0.21 ± 0.01 Nm) (Figure 4A). The 16R torsion specimens failed at a rotation of 181.7° ± 27.0° and a torque of 1.78 ± 0.08 Nm (Figure 4A). All the specimen types experienced failure in the cylindrical shaft close to the junction with the cuboid (Supplementary Materials 1.3 and Supplementary Figure S3). Among the 8R specimens, one exhibited a fracture angle of ≈44°, while the other two had a fracture angle of ≈0° (Figure 4B). The hackles on the inclined fracture surface appeared to radiate from a single point of origin, whereas the flat angle surface showed visible hackles without a single point of origin. The inclined-angle surface displayed elongated markings and relatively larger smooth sections within the roughness of the surface, in contrast to the flat-angle surface which exhibited more uniformly sized round markings (Figures 4C–F).
[image: Graph A presents torque versus rotation for R8, R16, and R32 materials, with R32 achieving the highest torque. Insets highlight specific torque responses between R8 and R16. Image B shows a gray multi-part component. SEM images C and D display magnified views of material surfaces, revealing distinct microstructures at specified scales.]FIGURE 4 | (A) The torque vs rotation curves of the torsion specimens 8R, 16R, and 32R printed from Grey resin. (B) The optical image of the fracture angles of the 8R torsion specimens. (C, E) SEM images of the 8R flat fracture surfaces. (D, F) SEM images of the 8R inclined fracture surface.
3.2.2 Experimental and FEA simulation of the solid and porous grey resin torsion specimens
3.2.2.1 Torque vs rotation
FEA simulation and experimental torsion testing on specimens 8R, 16R, and 32R confirmed that torque increased with the specimen size. The torque for the 16R specimens was approximately 8.5 times greater than that of the 8R torsion specimens and approximately 8.7 times lower than that of the 32R specimens. At 15° rotation, the measured torque values for the 8R, 16R, and 32R specimens were 85.6% ± 5.0%, 84.6% ± 5.1%, and 89.2% ± 2.8% of the torque value resulting from their corresponding FEA models, respectively. The difference between the measured and FEA-predicted values of torque increased with the rotation. For example, at 50° rotation, the torque measured for the 8R, 16R, and 32R torsion specimens were 77.1% ± 2.6%, 78.5% ± 3.5%, and 83.6% ± 2.2% of their corresponding FEA-predicted values, respectively. The FEA-predicted torque values of the torsion specimens were lower than the FEA-predicted torque values of the enlarged implants without grippers and were more similar to the experimental data. FEA simulations for all the sizes of the R design indicated that higher torques were needed to achieve the same rotation as in the torsion specimens (Figures 5A–C). However, as the size of the specimens increased, the difference between the FEA-predicted torque values of the torsion specimens and that of the R implants decreased, with the grippers playing a minor role in the final response of the specimens under torsion. A comparison between the torque-rotation values of the porous 32R60 specimens and the FEA simulations revealed that the specimens failed at the rotation angle of 38 ± 10°, which was approximately 3.2 times lower than the rotation angle corresponding to the failure point of the 32R specimens (Figures 5C,D). Within the linear part of the curve, the results of the FEA simulations and the experiments were in good agreement. For instance, at 15° rotation, the measured torque value for the porous 32R specimens was 98.9% ± 2.8% of the corresponding FEA values (Figure 5D).
[image: Four graphs labeled A, B, C, and D depict torque versus rotation for different experiments and finite element analysis (FEA) scenarios with and without grippers. Each graph shows distinct lines for experimental data, FEA with and without grippers, alongside corresponding icons illustrating a mechanical structure. Graph A covers FEA 8R, B covers FEA 16R, C covers FEA 32R, and D covers FEA 32R60. Torque increases with rotation in all graphs.]FIGURE 5 | Torque vs rotation graph for all the torsion specimens. The experimental and FEA data for the (A) 8R, (B) 16R, (C) 32R, and (D) 32R60 torsion specimens with and without the grippers.
3.2.2.2 Shear stress vs shear strain
Comparing the shear stress-stain values between the FEA torsion specimens and experimental data for the 8R, 16R, and 32R specimens prior to the 0.2% yield (50° rotation) revealed that the shear stresses of the 8R and 16R specimens were lower than those predicted by the FEA models (Figure 6A). However, the shear stress values of the 32R specimens were higher than those obtained from the FEA simulations. Calculation of the shear modulus using the linear part of the shear stress-shear strain graph resulted in shear modulus values of 670.0 ± 34.0 MPa, 772.2. ± 30.6 MPa, and 867.1 ± 36.7 MPa, for the 8R, 16R, and 32R specimens, respectively. Based on Eq. (7), the theoretical value for the shear modulus is 896.1 MPa. The DIC strain distribution analysis for the 8R and 16R specimens revealed very low stress values near the junction (Figures 6B,C). However, the 32R specimens displayed the highest stress values at the junction between the cylindrical shaft and the cube (Figure 6D). The FEA strain distribution also showed similar values and behavior (Figure 6E). A comparison between the strain distributions measured by DIC for the porous 32R60 specimens and the corresponding FEA results revealed that the highest strain values were observed at the junction, as well as on the checkered patterns present on the cylinder, corresponding to the pores of the inner lattice structure (Figures 6F,G).
[image: Graph A shows stress-strain curves for different models, labeled 8R to 32R60, along with FEA solid and porous simulations. Panels B to G display simulation images of models (8R, 16R, 32R, 32R60) and both FEA types, with a color scale indicating varying stress levels.]FIGURE 6 | Shear stress-shear strain curves and full-field strain measurement using digital image correlation (DIC). (A) Shear stress vs shear strain for the SLA-printed torsion specimens printed from Grey-resin and the corresponding FEA data (red). The experimental data is averaged and is presented as mean ± standard deviation (shadowed lines). The DIC-measured distribution of the effective strain (von Mises) for the (B) 8R, (C) 16R, (D) 32R, and (E) FEA model of the scaled-up R torsion specimen. Color map strain: 0%–16%. (F) The FEA-predicted values of the effective strain (von Mises) for the porous 32R60 scaled-up torsion specimen. (G) The distribution of the FEA-predicted values of the effective strain (von Mises) for the porous torsion specimen. Color map strain: 0%–5%.
3.2.2.3 FEA simulation of IP-Q implants
A comparison between the FEA-predicted torque-rotation curves of the R, R20, R60, and RH IP-Q implants showed that much higher torque is required for the R specimens to achieve the same rotation angle, while there was a smaller difference between the torque values required for achieving the same rotation angle between the R20 and R60 implants. The shear stress and shear strain distribution measured for the R, R20, and R60 specimens at a rotation of 15° indicated the stress and strain values experienced by the cuboid part are close to zero, and the entire stress and strain distribution was limited to the cylindrical part (Figure 7B). In the case of the R specimens, the maximum shear stress and strain occurred at the junction. However, these observations were not valid for either of the porous designs, namely, R20 and R60. For R60, a discernible checkered pattern was observed within the cylindrical region, representing the presence of pores within the structure (Figure 7B). Additionally, two distinct lines were identified along the longitudinal axis of the cylinder, aligning with the regions of elevated shear strain and shear stress. However, the checkered patterns were not visible on the R20 design. Nonetheless, a broad line was discerned along the longitudinal axis of the cylinder, corresponding to the regions of maximum shear stress and strain within the structure. A comparison between the FEA-predicted torque-rotation curves of the C, C20, C60, and CH IP-Q implants showed that much higher torque is required for the C specimens to achieve the same rotation angle, while there was no significant difference between the torque values required for the C20 and C60 implants (Figure 7A). More specifically, the torque needed to rotate the C60 specimens by 15° was 97% of the torque needed to rotate the C20 specimens (Figure 7A). The distribution of the shear strain was similar for all the designs (Figure 7C). The C specimens had the highest maximum strain of the three designs, while C20 had the lowest maximum strain (Figure 7C). The shear strain was concentrated at the tip of the specimens, where the diameter of the design was the smallest (Figure 7C). A comparison between the results of the torsion tests on the two different designs revealed that, within each porous group, the C design exhibited greater stability and required higher torque to achieve the same amount of rotation as compared to the R design (Figure 7A). For instance, at a rotation angle of 15°, the torques required to rotate the C, C60, and C20 specimens were respectively 1.6, 3.1, and 2.7 times higher than the torques required to rotate the R, R20, and R60 specimens (Figure 7A).
[image: Graph A shows torque versus rotation for different materials, with lines indicating varying responses. Diagram B compares strain distributions, and diagram C contrasts strain distributions in alternative materials. Both diagrams use a color gradient to depict stress levels from zero to forty megapascals.]FIGURE 7 | (A) The FEA-predicted torque vs rotation for the solid, porous, and hollow types of cochlear implants made from IP-Q (i.e., R, R20, R60, RH, C, C20, C60, and CH). (B) The FEA-predicted values of the shear stress (on the left) and shear strain (on the right) corresponding to a rotation of 15° for the R, R20, R60, and RH specimens. (C) The FEA-predicted values of the shear stress (on the left) and shear strain (on the right) corresponding to a rotation of 15° for the C, C20, C60, and CH specimens.
3.3 Raman spectroscopy
The Raman spectra of the uncured and cured IP-Q exhibited characteristic peaks at 1,590 cm-1, 1,635 cm-1, and 1715 cm-1, associated with aromatic ring vibrations, double bond (C=C) stretching vibrations, and carbonyl (C=O) stretching vibrations, respectively. The peak intensity of the carbonyl (C=O) vibration did decrease upon curing. However, the peak intensity of the double bond (C=C) at 1,635 cm-1 and the aromatic ring vibration at 1,590 cm-1 decreased in the cured specimens. In the case of the uncured and cured Grey resin specimens, a prominent peak at 2,952 cm-1 corresponding to C-H stretching vibration was observed. Additionally, the uncured Grey resin exhibited peaks at 1715 cm-1 (carbonyl C=O stretching vibration) and 1,640 cm-1 (presence of monomers).
4 DISCUSSION
The aim of the current study was to mechanically characterize the newly developed 3D printed cochlear implants designed for local drug delivery. This characterization considered the method of fabrication and implantation, factors which can influence their effectiveness as a permanent drug delivery system. Due to the unique size and complex shape of these implants, mechanical testing on such implants with standard testing equipment was challenging and had received limited attention. Consequently, the development of a novel approach was necessary, incorporating multi-scale in silico and ex silico methods to achieve a comprehensive mechanical characterization of cochlear implants. To address size and shape limitations, enlarged models of cochlear implants were simulated for torsion using FEA models, which were further validated through torsion tests. By extrapolating the validated in silico model to real-size implants, the study enabled the mechanical characterization of various cochlear implant designs, facilitating the selection of the most suitable one for cochlear implantation. Moreover, the development of this new method provided an opportunity to investigate some additional parameters related to the 3D printing techniques employed and the materials utilized.
4.1 Effect of layer thickness and print orientation on the Young’s modulus of Grey resin
Compression testing was performed on the pillars printed with Grey resin using different printer settings. Two different layer thicknesses (25 and 50 μm) and two different print orientations (horizontal and lateral layers) were used. The Young’s modulus was determined for each of these four conditions. In the case of the horizontally printed pillars, the Young’s modulus of the pillars printed with a 25 μm layer thickness was 2.51 ± 0.13 GPa, while for the 50 μm layer thickness, it was 2.50 ± 0.10 GPa. The laterally printed pillars had a Young’s modulus of 2.51 ± 0.050 GPa for the pillars printed with a 25 μm layer thickness and 2.33 ± 0.20 GPa for the 50 μm layer thickness pillars. The lack of difference in the Young’s modulus between the pillars with different layer thicknesses was unexpected, as previous research on specimens with different layer thicknesses has observed differences in the tensile strength and the Young’s modulus (Chockalingam et al., 2008; Wang et al., 2020). The literature is divided on whether different print orientations should affect the Young’s modulus of the material. Some studies have found that SLA printed parts are broadly isotropic materials, and print orientation does not significantly affect the Young’s modulus (Hague et al., 2004; Dizon et al., 2018; Aravind Shanmugasundaram et al., 2020; Cosmi and Dal Maso, 2020), which is in line with our findings. However, other studies have reported a dependence of the mechanical properties on the printing direction (Wang et al., 2020; Dulieu-Barton and Fulton, 2000; Saini et al., 2020). It is worth noting that most of these tests are performed using tensile testing, making it difficult to directly compare them with the compression tests we conducted here. Therefore, a more comprehensive study investigating the anisotropy of SLA materials, possibly employing different mechanical tests, is necessary to draw definitive conclusions.
4.2 Failure mode analysis of Grey resin
One of the crucial aspects of a material’s mechanical behavior is its failure mode, which can generally be categorized as either ductile or brittle (Hayes et al., 2015). In this study, experimental torsion testing was conducted on Grey resin torsion specimens until failure to determine the material’s failure mode. Several factors were considered, including the shape of torque versus rotation curves, the failure angles of the torsion specimens, and the SEM images of the fracture surface. Analysis of the experimental torque versus rotation curves for all three scales of the specimens revealed that the material yielded after approximately 50° of rotation, with the torque reaching a plateau as rotation increased. This behavior indicates a ductile material, as it exhibits a large area under the stress-strain curve due to continued deformation after the yield point (Hayes et al., 2015), and implies that the torsion specimens experienced a ductile failure mode. Next, the failure angles of the specimens were examined. In ductile materials, torsion failure typically occurs along the plane of maximum shear stress since they are weaker in shear, which is perpendicular to the structure’s axis. In contrast, brittle materials are weaker in tension, and torsion failure tends to occur along the plane of maximum tension, resulting in a 45° angle (Hailu et al., 2021; Sadaghian et al., 2022). Out of the ten analyzed failure angles, three (two 8R and one 16R torsion specimens) exhibited a failure angle perpendicular to the axis of the structure, indicating shear failure. The remaining six measured specimens had failure angles ranging between 31° and 44°, suggesting that these specimens were weaker in tension than in shear (Supplementary Table S1). The variation in failure rotational angles among the specimens is associated with the differences in specimen sizes. Furthermore, SEM images were captured of the fracture surfaces of two 8R torsion specimens: one with a flat failure angle and one with an inclined failure angle. Both specimens displayed a rough surface with visible micropatterning and fibrillations, although the specimen with the flat angle exhibited overall smaller micropatterning compared to the inclined-angle specimen. A study examining the fracture surfaces of tensile test specimens made using SLA from an acrylate polymer MD-R001CR (ApplyLabWork, Torrance, United States) concluded that specimens with a highly ductile stress-strain curve exhibited a smooth fracture surface, while specimens with a more brittle stress-strain curve had rougher fractures (Quagliato et al., 2022). This observation does not hold for our torsion specimens made out of Grey resin, as they demonstrate a ductile stress-strain curve but exhibit a rough fracture surface. An exact comparison between the results of the previous study and our study can, therefore, not be made since the type of the material seems to influence the mechanical and fractural behavior more than the manufacturing technique. In summary, the various aspects of the failure mode analysis cannot predominantly conclude a brittle or ductile failure in the Grey resin material. Conducting additional torsion testing to examine the post-yield plastic behavior of the material would help clarify this inconsistency. Understanding the failure mode of Grey resin is essential for informing its potential applications.
4.3 Comparative analysis of experimental and FEA torsion testing results
For both solid and porous specimens, the experimental torsion tests conducted on the torsion specimens made from Grey resin were compared with the torsion tests simulated using FEA. When comparing the FEA-predicted and experimental torque-rotation curves for the solid specimens, good agreement was observed for the elastic-linear part of the curve until yielding. The porous 32R60 specimen also showed good agreement between the experimental and FEA curves, although the porous specimens failed earlier than their solid counterparts, which was not captured by the FEA models. However, significant differences were observed in the post-yield behavior between the FEA simulations and experimental results for the solid R specimens. The stress-strain curve obtained from compression testing showed strain hardening, which was not observed during torsion testing. Therefore, using compression stress-strain curves as input data for FEA may not be accurate for simulating the post-yield behavior observed in the torsion tests. Comparing the solid upscaled R and solid torsion specimens through FEA, we found that the R exhibits higher torques for all the three sizes, indicating that the inclusion of the additional grippers lowers the torque-rotation curve which is translated into a decrease in the total needed energy to failure. The difference between the experimental and simulation data increased with the degree of rotation, with a smaller difference observed for the 32R torsion specimens as compared to the 8R and 16R torsion specimens. This apparent dependence on the size might be due to the relatively greater added length of the structures in the 8R torsion specimens as compared to the 32R torsion specimens. The shear stress-strain curves were approximated by considering only the cylindrical part of the specimen, as it experiences most of the generated stress and strain due to its smaller diameter as compared to the cubic part. Good agreement between the experimental and FEA-predicted curves was observed in the linear elastic region. Similar to the torque-rotation curves, a trend was observed where the 8R and 16R torsion specimens deviated more from the FEA shear stress-strain curve compared to 32R torsion specimens. The experimentally measured and FEA-predicted strain distribution in both solid and porous torsion specimens presented similar patterns. For the porous 32R torsion specimens, both showed a checkered pattern with higher strain areas corresponding to the inner unit of the lattice structure. The experimental DIC distribution exhibits a similar pattern as the FEA strain distribution, with higher strain areas occurring between the struts of the inner lattice structure. The strain distribution of the Grey resin specimens revealed that the higher strain areas observed in the porous specimens corresponded to the inner unit of the lattice structure, which had a pore size of approximately 1.9 × 1.9 × 1.9 mm³. In the FEA simulations, the higher strain areas within the cylindrical part were located between the struts of the inner lattice structure. Comparing the experimental data obtained for the Grey resin with the FEA models, good agreement was found in the linear-elastic region for both torque-rotation and stress-strain curves, as well as strain distributions. This indicates that Grey resin can be accurately modeled with FEA using compression data as input in the linear-elastic region.
4.4 Analysis of FEA modeling: Grey resin vs IP-Q
SLA and 2PP are additive manufacturing techniques based on the principle of polymerization. While SLA involves the absorption of a single photon, 2PP requires the absorption of two photons (Pagac et al., 2021; Waheed et al., 2016). Due to the similarities in the manufacturing process and mechanical properties of Grey resin (printed with SLA) and IP-Q (printed with 2PP), it is expected that the mechanical behavior of the printed structures would exhibit similar characteristics. The measured Young’s moduli of Grey resin and IP-Q were similar (2.50 GPa and 2.78 GPa, respectively). Validation of the FEA model using torsion testing on IP-Q structures was not possible due to the limited size that can be achieved with 2PP printing. However, with Grey resin, sufficiently large specimens were printed using SLA to conduct torsion testing, allowing for experimental validation of the FEA model. The linear regions of both experimental and FEA-predicted data demonstrated good agreement (Figure 6), enabling the extrapolation of the FEA simulations to predict the linear behavior of the ear implants made from IP-Q. In the FEA simulations, the input data for IP-Q, including the Young’s modulus and stress-strain curve, were obtained from compression testing of a solid cylindrical structure made from IP-Q, similar to the process for Grey resin. However, the IP-Q input data was derived from a single compression experiment, unlike Grey resin data which was derived from three compression experiments on distinct pillars. Consequently, the reliability of the IP-Q input data is comparatively lower, but the measured values are in line with the values reported in the literature (Schweiger et al., 2022). Despite their distinct Young’s moduli and yield points, the shear stress-shear strain curves predicted by the FEA models for both materials presented similar overall trends. This similarity suggests that the torsional behavior of IP-Q can be accurately simulated using FEA techniques similar to those applied for Grey resin. Utilizing FEA modeling to characterize IP-Q could reduce the reliance on specialized equipment and facilitate the mechanical testing of more complex designs.
4.5 FEA of mechanical behavior: R vs C implant designs
In the case of IP-Q, both the R and C cochlear implant designs were simulated using FEA models, considering both porous and non-porous variations. Introducing porosity to the designs resulted in decreased stiffness and mechanical strength for each implant. Although the difference in the stiffness and mechanical strength between the identical designs with different pore sizes (i.e., 20 and 60 µm) was not substantial, the difference in stiffness and mechanical strength between the different types of implants (i.e., R and C) was notable. At a rotation angle of 15°, the C design exhibited a mere 3% reduction in stiffness and mechanical strength, whereas the R design experienced a more pronounced decrease of 13% (Figure 7) when compared to their solid versions, respectively. This implies that the porous structure had a greater impact on the mechanical properties of the R as compared to the C. The shear stress-strain distribution of the porous R displayed a distinct pattern for both the 20 and 60-pore size variants, which was absent in the solid R. This pattern suggests the presence of stress concentrations arising from the inner lattice structure of the square unit, particularly near the connections between the struts where sharp transitions occur (Al-Ketan et al., 2018). Conversely, the porous C did not exhibit such patterns. The shear stress-shear strain distributions of both solid and porous C implants presented similarities. Notably, the C design exhibited higher stiffness and mechanical strength as compared to R. This verifies our attempt to enhance the mechanical performance of the R-type implant. To achieve this, we introduced a tapering angle at the interface between the drug reservoir and the tip of the implant, which led to the creation of the C-type implant. From a mechanical viewpoint, the design of the C-type implant is more advantageous while preserving the overall dimensions (Gehrke et al., 2016).
4.6 Polymerization of IP-Q and Grey resin during 2PP and SLA printing
Existing studies have established a correlation between the polymerization that occurs during 3D printing and its influence on the mechanical properties of the resulting structures (Schweiger et al., 2022; LaFratta and Baldacchini, 2017). Raman spectroscopy allows for the analysis of distinct peaks associated with different intramolecular bonds, providing insights into the molecular structure changes during polymerization. Therefore, the polymerization process during 2PP printing and SLA printing was investigated by conducting Raman spectroscopy on unpolymerized and polymerized IP-Q and Grey resin. The C=C bond, typically present at 1,640 cm-1, showed lower intensity in the polymerized IP-Q and Grey resin specimens as compared to the unpolymerized specimens. This decrease in the C=C bond peak is expected for photocurable resins undergoing polymerization (Jiang et al., 2014; Pianelli et al., 1999). Furthermore, the unpolymerized IP-Q resin exhibited a peak at 1,590 cm-1, which is associated with the aromatic ring present in IP-Q. This peak is specific to IP-Q and is not observed (at the same intensity) in most other photoresins (Saldívar et al., 2022; Pianelli et al., 1999; Jiang et al., 2014; Liu et al., 2018; Bauer et al., 2019). The decrease in the intensity of the aromatic ring peak after polymerization suggests its potential involvement in the polymerization process of IP-Q, a resin specifically designed for high-speed fabrication. Since the aromatic ring also contains C=C bonds, its contribution may influence the intensity of the C=C bond peak, consequently impacting the polymerization. Albeit, no parametric study of the 2PP printing parameters that influence polymerization, hence the mechanical properties of IP-Q was performed, IP-Q was chemically characterized for the printing conditions suitable for the fabrication of the cochlear implants. Further investigations on IP-Q resin can provide additional insights into the specific mechanisms of polymerization during the printing of this innovative resin. For the Grey resin, there is a peak at 1715 cm-1 that decreases significantly after printing, associating it with the polymerization process. The findings indicated a high DC and a high degree of printing accuracy and are in line with a previous study on commercially available methacrylate-based resins used in SLA printing (Băilă and Tonoiu, 2022).
5 CONCLUSION
In conclusion, we developed a methodology to characterize the mechanical behavior of cochlear implants of relevant sizes for humans. We used FEA models to validate the results of the experiments. The use of 2PP with the novel resin IP-Q for printing the ear implants, along with the scaled-up SLA-printed cochlear implants made from Grey resin enabled us to study their mechanical properties. The FEA simulations accurately captured the linear behavior of the ear implants until the yield point, while only utilizing compression data. This validation facilitated the use of these FEA models to study the torsion testing of the real-size implants made from IP-Q using only compression data. Comparing both ear implant designs, the cylindrical implants exhibited higher stiffness and mechanical strength than the rectangular ones. Although the size of the pores (i.e., 20 and 60 µm) did not have a significant effect on the mechanical performance of the implant, they could have a major impact on other factors, such as drug storage and diffusion in the final design. From a mechanical perspective, the cylindrical design emerges as the preferred option. Characterizing the mechanical properties of these distinct inner ear implant designs using the IP-Q resin represents a novel contribution. Additionally, this study marks the first time such ear implants have been mechanically characterized using this approach. The obtained data will contribute to the assessment of the implants’ ability to withstand mechanical stress during implantation, helping to determine whether such types of ear implants are suitable for the potential treatment of inner ear disorders. Future research directions may involve finding alternative methods to model post-yield behavior and exploring various geometries of the inner structures. Overall, this study provides valuable insights into the mechanical behavior of cochlear implants and lays the groundwork for further advancements in this field.
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Increasing bacterial infections and growing resistance to available drugs pose a serious threat to human health and the environment. Although antibiotics are crucial in fighting bacterial infections, their excessive use not only weakens our immune system but also contributes to bacterial resistance. These negative effects have caused doctors to be troubled by the clinical application of antibiotics. Facing this challenge, it is urgent to explore a new antibacterial strategy. MXene has been extensively reported in tumor therapy and biosensors due to its wonderful performance. Due to its large specific surface area, remarkable chemical stability, hydrophilicity, wide interlayer spacing, and excellent adsorption and reduction ability, it has shown wonderful potential for biopharmaceutical applications. However, there are few antimicrobial evaluations on MXene. The current antimicrobial mechanisms of MXene mainly include physical damage, induced oxidative stress, and photothermal and photodynamic therapy. In this paper, we reviewed MXene-based antimicrobial composites and discussed the application of MXene in bacterial infections to guide further research in the antimicrobial field.
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1 INTRODUCTION
One of the most critical challenges in wound healing is bacterial infection, affecting millions of people worldwide. Antibiotics are the main strategy currently used for the therapy of bacterial infections. The overuse of antibiotics not only damages the immune system but also results in bacterial resistance (such as Staphylococcus aureus (S. aureus), Escherichia coli (E. coli), Klebsiella pneumoniae (K. pneumoniae), Acinetobacter baumannii (A. baumannii), Pseudomonas aeruginosa (P. aeruginosa), and Streptococcus pneumoniae (S. pneumoniae)) (Turner et al., 2019; Gao et al., 2021; Pino et al., 2023). Multidrug-resistant bacteria are a global crisis, increasing incidence rate and mortality in patients with infections (Wang et al., 2018; Xie et al., 2023). According to estimates by the World Health Organization, antibiotic-resistant bacteria are responsible for nearly 7 million deaths per year globally, and this number is expected to skyrocket to 10 million in 2050 if effective treatments are not found and if this trend continues (Li et al., 2023). Infections caused by drug-resistant bacteria prolong hospitalization, and the annual societal cost of treating antibiotic-resistant infections is estimated to be $20 billion, posing a significant economic burden on global healthcare systems (Naylor et al., 2018). What’s more, the large-scale use of antibiotics increases the risk of environmental contamination (Zhu et al., 2017). Multidrug-resistant or extensively drug-resistant pathogens are causing a growing number of bacterial infections in clinical practice around the world (Christaki et al., 2020). In addition to antibiotic resistance, recalcitrant biofilm formation is another vexing problem. Biofilm formation on the surface of medical devices or implants exhibits strong resistance to conventional antibiotics, resulting in persistent and chronic polymer-related infections, which have always been a serious practical threat (Costerton et al., 1999; Verboni et al., 2023). Therefore, an urgent need is to explore and design a new strategy to combat drug-resistant bacterial infections.
Rapid advances in materials science and nanotechnology have enabled the development of new materials and methods for treating bacterial infections, making strategies to overcome bacterial resistance increasingly important (Zhu et al., 2023). Nanomaterials can interact with microorganisms without relying on antibiotics through multivalent interaction (multivalent interaction) to inhibit cellular functions (Fu et al., 2019; Pashazadeh-Panahi and Hasanzadeh, 2019; Yu et al., 2020). Two-dimensional (2D) materials such as graphene, black phosphorus (BP), transition metal sulfide (TMDC), hexagonal boron nitride (hBN), and graphitic carbon nitride have been successfully used as novel antimicrobial agents or biological applications by their excellent electrical conductivity, mechanical properties, and remarkable properties in fighting bacterial infections (Novoselov et al., 2004; Wang et al., 2020a; Tan et al., 2020; Yang et al., 2023). However, these materials also have certain party limitations, such as graphene lack of bandgap and visible region light absorption (Wang et al., 2012). MoS2, although correcting graphene’s zero bandgap weakness, has a relatively low charge carrier mobility. TMDC has a large bandgap and strong light absorption but relatively low charge carrier mobility. Black phosphorus has a high carrier mobility but poor material stability, and strong dipole-dipole interactions between water molecules and phosphorus lead to significant distortions in the black phosphorus structure (Lee et al., 2016). Hence, scholars are searching for a more perfect 2D nanomaterial that can decrease or eradicate the constraints mentioned above in the field of biomedical applications.
Transition metal carbides, nitrides, and carbonitrides, termed MXene, have excellent photothermal and catalytic properties under near-infrared irradiation, making them a promising candidate for drug-free antibacterial treatment (Yu et al., 2022). MXene is commonly prepared by chemically etching a bulk phase known as a MAX phase, followed by mechanical stripping and other processes (Naguib et al., 2014; Lim et al., 2021). With its modifiable chemical structure and unique characteristics, MXene has attracted great interest in the research of 2D nanomaterials. Since the first ever MXene was exfoliated from 3D titanium aluminum carbide (Ti3AlC2), producing 2D titanium-carbide (Ti3C2) layers (Naguib et al., 2011), experimental and theoretical studies on MXene materials have mushroomed, rapidly expanding into an extensive system of 2D materials (Gogotsi and Anasori, 2019). So far, researchers have successfully synthesized more than 30 MXene materials with different compositions, and theoretical calculations predict the existence of more than 70 MXene materials (Huang et al., 2020). Compared with other 2D nanomaterials, due to the transition metal carbides and abundant functional groups (e.g., hydroxyl, oxygen), MXene combines the advantages of traditional 2D nanomaterials with some unique properties (Turner et al., 2019): MXene has excellent electronic conductivity. They exhibit strong absorption and maintain high photothermal conversion efficiency in both the first and second near-infrared biological windows, which is promising for applications in photothermal therapy. And they also exhibit strong absorption in the ultraviolet range due to interband jumps (Liu et al., 2019; Lin et al., 2021), whereas the absorbance of conventional two-dimensional nanomaterials, MoS2 (Cheng et al., 2014), black phosphorus (Sun et al., 2015), and graphene (Yang et al., 2010; Robinson et al., 2011), decreases significantly in the second NIR biological window (Pino et al., 2023). MXene has excellent hydrophilicity. A large number of hydrophilic surface functional groups exist on the surface of MXene, which is conducive to stable interactions with water molecules, in contrast to graphene, which has strong hydrophobicity, is poorly dispersed in water, and requires complex surface modification before it can be helpful to in aqueous environments (Chou et al., 2013; Gao et al., 2021) MXene has excellent mechanical properties, and its hardness (Ti2CTx: 5.2 eV; Ti3C2Tx: 49.5 eV; Ti4C3Tx: 47.4 eV) (Borysiuk et al., 2018) exceeds that of graphene (2.3 eV) (Kang and Lee, 2013) and MoS2 (9.61 eV) (Jiang et al., 2013). The Young’s modulus of monolayer Ti3C2Tx is 0.33 ± 0.03 TPa (Lipatov et al., 2018), which is one-third of that of graphene (1.02 ± 0.03 TPa) (Lee et al., 2008) and higher than that of GO (0.208 ± 0.023 GPa) (Suk et al., 2010) and MoS2 (0.27 ± 0.1 TPa) (Bertolazzi et al., 2011). In addition, some of the shortcomings of MXene in vivo, including poor aqueous dispersion and slow degradation rate, can be effectively improved by surface modification and functionalization without compromising its properties, broadening its application in biomedical fields (Lin et al., 2018). In recent years, MXene has become a focus point in antibacterial drug research.
To date, the biomedical applications of MXene, especially in biosensing, antitumor, and disease diagnostic imaging, have been well reviewed (Iravani and Varma, 2022; Amara et al., 2023; Gao et al., 2023). However, there are limited relevant reviews on the research progress in the field of MXene antimicrobials. This paper presents an overview of the recent advances of MXene in the antimicrobial field, including the structure and synthesis, biosafety, antimicrobial mechanism, and various MXene-based composites in antimicrobial applications, intending to lay a theoretical foundation for future applications in the antibacterial field (Figure 1).
[image: Illustration showing a mouse under a light beam, highlighting a treatment on its side. The upper section details the structure of a nanoshell with top, side, and front views. The lower section depicts the process of nanomaterial interaction with bacteria types: Bacillus, Staphylococcus aureus, and E. coli, followed by photothermal therapy and the resulting bacterial destruction (PPT).]FIGURE 1 | Characteristic and antibacterial mechanism of MXene.
2 STRUCTURE AND SYNTHESIS OF MXENE
2.1 Structure
The ternary metal carbide or nitride MAX phase (Mn+1AXn) is the precursor for the synthesis of MXene. The MAX phase is a layered hexagonal structure consisting of alternating stacks of M-layers and A-group elements, with X-atoms filling the octahedral voids of the M-layers (Li et al., 2022a). M represents early transition metal sites (e.g., Ti, Zr, V, Nb, and Mo), A represents elements of IIIA or IV A (e.g., Al, Si, Ga, and Ge), and X represents C or N. The chemical bonding between M and X exhibits strong covalent/metallic/ionic properties, whereas the chemical bonding between M and A has only metallic bonding properties. By taking advantage of this bond-energy phenomenon, the A layer can be selectively removed from the MAX phase by strong acids or molten salts using this bonding energy phenomenon, without destroying the M-X bonds (Naguib et al., 2014). After selective etching of the A layer, the A element is replaced by surface functional groups (Tx) (e.g., OH, O, F, and Cl) to form MXene (Mn+1XnTx), and the presence of the surface functional groups not only improves the electrical conductivity but also increases the activity of the material, which provides a broad design space for further surface modification (Figure 2A) (Kuang et al., 2020; VahidMohammadi et al., 2021; Noor et al., 2023).
[image: Diagram illustrating the synthesis and structure of MXenes from MAX phases. Part A shows the layered structure of MXenes, with transition metals, A-layer atoms, and carbon/nitrogen layers, accompanied by a periodic table subset. Part B details the process: MAX phase undergoes hydrofluoric acid treatment and sonication to selectively etch A-layers, resulting in separated two-dimensional MXene sheets.]FIGURE 2 | (A) Different structures of MXene and the possible elements that have been utilized for the fabrication of different MAX phases (Seidi et al., 2023). Adapted with permission from Babak Anasori, Huining Xiao, Chengcheng Li, et al. MXene Antibacterial Properties and Applications: A Review and Perspective. Copyright 2023, Wiley-VCH GmbH. (B) Schematic for the exfoliation process of MAX phases and formation of MXene (Naguib et al., 2012). Adapted with permission from Michael Naguib, Olha Mashtalir, Joshua Carle, et al. Two-Dimensional Transition Metal Carbides. Copyright 2012, American Chemical Society (ACS). American Chemical Society (ACS).
2.2 Synthesis
In the past few years, MXene synthesis methods have evolved rapidly to explore more MXene. In general, they can be divided into two categories: top-down methods, which are based on direct exfoliation of bulk crystals, and bottom-up methods, in which MXene preparation is controlled at the atomic/molecular level (Lin et al., 2021). Both methods successfully prepare monolayer, few-layer, and multilayer nanostructures of MXene.
The top-down method, which breaks down the crystal into monolayer MXene sheets, is the classical method for preparing MXene (Figure 2B) and consists of two stages: chemical etching and layering. Taking advantage of the difference in bonding energy between the M-A and M-X bonds, an etchant is used to selectively break the M-A bonds in the MAX phase and strip the A-layer atoms from MAX (Xing et al., 2018). The first reported method is HF etching, which can effectively remove the A layer in the MAX phase to generate OH and F surface terminated groups (Naguib et al., 2011). After etching, the layered bulk structure of the MAX phase is gradually transformed into a fluffy “accordion” structure, and 2D MXene nanosheets are obtained by layering MXene through mechanical ultrasonication or the weakening of the interlayer van der Waals force by the intercalating agent. The intercalating agents are generally organic base molecules (tetramethylammonium hydroxide (Xuan et al., 2016), tetrabutylammonium hydroxide (Halim et al., 2016)), polar organic molecules (dimethylformamide, dimethylsulfoxide (Mashtalir et al., 2013; Hussein et al., 2019)) or metal cations (Lukatskaya et al., 2013). The advantages of this method are lower reaction temperature, shorter etching time, simplicity and efficiency, which can be applied to various MXene compounds. However, HF is highly corrosive and toxic, which may cause excessive etching and reduce the performance of MXene. What’s more, HF residues induce cell death, which is detrimental to the application and development of MXene in biomedical fields (Alhabeb et al., 2017; Caffrey, 2018). In order to reduce the risk during the preparation process and improve the biosafety, researchers started to seek and develop safer and more effective etching systems, such as NH4HF2 (Halim et al., 2014), NH4F (Liu et al., 2017a), LiF/HCL (Ghidiu et al., 2014), and mild molten salt etching (Cao et al., 2018). Compared to HF, the in situ formation of hydrofluoric acid by mixing fluoride salts (e.g., LiF, KF, NaF, CsF, etc.) and hydrochloric acid provides milder, safer, and more efficient etching conditions, avoids the direct use of highly corrosive HF, and produces MXene crystals with fewer defects and larger layer gaps and transverse dimensions (Ghidiu et al., 2014; Alhabeb et al., 2017). More importantly, due to the presence of metal cations (e.g., Li+), single-layer or few-layer MXene can be obtained by hand-shaking method or mild ultrasonication without intercalation agent after etching, which greatly simplifies the preparation process and has gradually become a mainstream method for the preparation of MXene (Alhabeb et al., 2017). Recently, the use of algal extracts for intercalation and delamination (intercalate and delaminate) of MAX has been proposed to avoid the harsh conditions of traditional delamination methods. This method is green and high-yielding, but it should be noted that the by-products after etching will coexist with MXene, which may affect the performance of nanosheets (Zada et al., 2020).
In addition to the widely used top-down synthesis method, bottom-up synthesis has also been investigated. Unlike the strategy of preparing MXene materials by exfoliation from the layered MAX phase, the bottom-up method is a controlled synthesis of MXene at the atomic level. Layered structures are synthesized by crystal growth using individual inorganic atoms or molecules as precursors (Zhengyang et al., 2015). Bottom-up methods allow precise control of MXene parameters (e.g., composition, size, morphology, or surface groups) to prepare ultrathin sheets with large lateral dimensions, long interlayer distances, very low defect concentrations, and large specific surface areas (Verger et al., 2019; Rozmysłowska-Wojciechowska et al., 2020). Commonly used methods include Plasma-enhanced pulsed-laser deposition (PE-PLD) (Zhang et al., 2017), chemical vapour deposition (CVD) (Gogotsi, 2015; Xu et al., 2015) and Salt-Templated (Jia et al., 2017; Xiao et al., 2017). Due to the atomic and structural complexity of MXene, the internal structure and mechanism of intergroup interactions are still unclear (Zhong et al., 2022). Moreover, the preparation conditions of the bottom-up method are relatively harsh, usually requiring higher temperatures and longer etching times, making it challenging to produce on a large scale (Lin et al., 2021; Sana et al., 2023). There are limited studies on the biocompatibility of bottom-up synthesized MXene materials, which also restricts its promotion in the biomedical field (Soleymaniha et al., 2019). Overall, the preparation of MXene by bottom-up techniques remains challenging.
3 BIOCOMPATIBILITY AND BIODEGRADABILITY
3.1 Biocompatibility
MXene-based materials are known to have many excellent properties, including large specific surface area, abundant surface functional groups, and excellent electronic, mechanical, physical and chemical properties (Li et al., 2015). However, in the biomedical field, biocompatibility, biodegradation, and toxicity of biomaterials are the most critical parameters to realize their potential. To meet clinical needs, long-term low toxicity, controlled biodegradability, and high biocompatibility are necessary.
In vitro toxicity assays, the toxic cytotoxicity of MXene is strongly related to its size, oxidation state, surface functional groups, synthesis method, administration route and exposure time (Jastrzębska et al., 2017). Chen et al. (Chen et al., 2017) cultured preosteoblasts (MC3T3-E1 and CRL-2593 cells) in MAX phase solutions (Ti3AlC2, Ti3SiC, and Ti2AlN) solutions, and these materials showed that they exhibited no toxicity to preosteoblasts and the cells all had active proliferation, with Ti2AlN showing the best performance in comparison. Scheibe et al. (Scheibe et al., 2019) explored the cytotoxicity of several commonly used MXene (Ti3C2, Ti2C, and Ti2N), exposing human fibroblasts (MSU1.1) to MXene for 48 h at concentrations ranging from 10 to 400 μg/mL, and cell viability was consistently above 80% in MSU1.1 cells. Jastrzebska et al. (Jastrzębska et al., 2017) exposed normal cell lines (MRC-5, HaCaT) to increasing concentrations (0–500 mg/L) of MXene (Ti3C2) solution for 24 h. Cell viability declined as the Ti3C2 concentration increased, and HaCaT was consistently >70% throughout the concentration range tested (0–500 mg/L), and MRC-5 was >70% in the concentration range 0–250 mg/L (Jastrzębska et al., 2017). Aleksandra et al. (Szuplewska et al., 2019a) found that HaCaT, MCF-10A consistently maintained good activity (>70%) even after incubation (incubate) at high concentrations of MXene (Ti2CTx) (500 μg/mL) for 24 h. However, it should be noted that cell viability significantly decreased after 48 h of exposure (0–500 μg/mL), which may be attributed to the time-dependent toxicity of Ti2CTx, but HaCaT viability was still >80% in the concentration range (0–62.5 μg/mL). Experiments by Szuplewska et al. (Szuplewska et al., 2019b) also confirmed that after incubation of HaCaT and MCF-10A in Ti2NTx solution (0–500 μg/mL) for 24 h, the cell viability treatments showed a slight impairment with increasing concentration. Still, the cell viability was >70% throughout the concentration range. The above studies suggest that MXene has strong cell affinity and good biocompatibility and has no significant effect on cell viability. In contrast, MXene has a greater cytotoxic effect on cancer cell lines (e.g., A375, A549 and MCF-7) than on normal cells (e.g., MRC-5, MCF-10A and HaCaT), which may be related to the differences in cellular metabolism and the chemical composition of the cellular membrane (Jastrzębska et al., 2017; Szuplewska et al., 2019a; Szuplewska et al., 2019b; Scheibe et al., 2019). The generation of oxidative stress in the cell is thought to be a significant contributor to nanoparticle-induced cytotoxicity. The probable reason for the enhanced cytotoxicity of Xene in cancer cells may be due to altered mechanisms of subcellular internalization and the increased production of reactive oxygen species (ROS) due to the oxidative stress phenomenon (Yuan et al., 2018; Gurunathan et al., 2019). Wang et al. (Wang et al., 2020b) designed a three-dimensional crosslinked structured bio-composite membrane (SF@MXene) with flexibility by combining filipin protein and Ti3C2Tx. And the composite material showed a survival rate of 99.5% ± 0.8% in HSAS1 cells after 6d of incubation, demonstrating good biocompatibility. This indicates that making full use of the numerous surface functional groups of MXene for modification can help to improve its biological properties further and promote its application in biomedical fields.
In vivo toxicity tests, the toxicity is dependent on the dose, duration of treatment, and route of administration. Lin et al. (Lin et al., 2017a) injected 2.0 mg/kg of Nb2C-PVP intravenously into mouse and after 28 days, tissue sections and staining of major organs did not show significant acute, chronic pathologic toxicity or adverse effects, and hematological indicators and biochemical parameters also supported this discovery. Li et al. (Li et al., 2021) used MXene (Bi2S3/Ti3C2Tx) in an in vivo wound healing assay, and on day 2, a lot of inflammatory cells displayed in the control, Ti3C2Tx, and Bi2S3 groups, except for Bi2S3/Ti3C2Tx. On day 12, some inflammatory cells were still present in the control and Ti3C2Tx groups, suggesting that Bi2S3/Ti3C2Tx promotes wound healing. Zhang et al. (Zhang et al., 2019) applied MXene (Ti3C2Tx) films to a rat cranial defect model and reconstructed the images with Micro-CT scanning, which revealed that new bone was formed at the defect site and that the new bone extended from the edge of the defect to form bone islands under the MXene films. Nasrallah et al. (Nasrallah et al., 2018) conducted an ecotoxicological evaluation using the zebrafish embryo model and no significant teratogenic effects on zebrafish embryos were observed at 100 mg/mL of Ti3C2Tx. Further neurotoxicity and locomotor tests were carried out and toxic effects were found to be insignificant, with no significant effects on neuromuscular activity at 50 μg/mL of MXene. Up now, although long-term toxicity and biosafety have been investigated in lower animal models (e.g., zebrafish or mouse) in vitro and in vivo, further exploration in higher mammals (e.g., dogs, rabbits, and monkeys) is still needed.
3.2 Biodegradability
The bio-degradability of nanomaterials is important to ensure their safety for biological tissues, and evaluating the biodegradability of 2D materials is the basis for translating them into future clinical applications (Zhou et al., 2020). Studies have shown that MXene is degradable. Lin et al. (Lin et al., 2017a) used human myeloperoxidase (hMPO) to simulate the degradation of Nb2C in vivo and demonstrated the decomposition process by observing its shape change through TEM. Twenty-4 hours after adding the hydroxylase group, the 2D planar structure of the original nanosheets completely disappeared. Upon the addition of hMPO and hydroxylase, MXene was almost completely degraded. Feng et al. (Feng et al., 2019) evaluated the degradation behavior of Mo2C by subjecting MXene (Mo2C) to PBS and FBS solutions with different pH values by monitoring the changes in UV-vis-NIR absorption spectra of the solutions. The results showed that Mo2C had a significant pH-dependent degradation effect, with rapid degradation under alkaline conditions (pH 9.4 and 11.4), as well as gradual biodegradation in neutral PBS solution or medium containing 10% FBS (pH 7.4), while it was relatively stable in acidic environments (pH 3.4, 5.4, and 6.4). Mo2C could be degraded in the presence of water and aqueous dissolved oxygen. And the addition of H2O2 accelerated the degradation process into soluble and harmless MoO42−. Han et al. (Han et al., 2018a) injected Ti3C2-SP intravenously into mice to study its metabolic pathway and observed that Ti3C2-SP could be gradually excreted in urine and feces after 48 h. The amounts of Ti3C2-SP excreted were 18.7% and 10.35%, respectively, which indicated that it was biodegradable. Zhang et al. (Zhang et al., 2019) implanted MXene (Ti3C2) films into rat subcutaneous tissues, and HE staining showed a slight inflammatory reaction after 14d. Granulation tissue was formed around the ruptured MXene, accompanied by a large number of fibroblasts and capillaries, and macrophages adhered to the MXene without significant inflammatory cell infiltration or necrosis, indicating superior biodegradability. The degradation of MXene decreases the toxicity caused by the accumulation of materials in the body, which represents a basis for developing biological applications. However, there are still few studies on the biodegradability of MXene, and how to achieve maximum efficacy while maintaining a safe dosage will be a significant barrier to the further advancement in biomedical.
4 ANTIMICROBIAL MECHANISM OF MXENE
2D nanomaterials have received widespread attention because of their excellent antimicrobial properties. However, research on the antimicrobial mechanisms of MXene began only a few years ago, and a deep understanding of their antimicrobial mechanisms has not yet been established as of today. To the best of our knowledge, a series of pioneering studies have been conducted to unravel these mechanisms. In general, they can be summarized as follows (Turner et al., 2019): physical damage to bacterial membranes due to the sharp edges of the material (Pino et al., 2023); chemical damage by inducing oxidative stress (Gao et al., 2021); synergistic enhancement of antimicrobials by near-infrared phototherapy. The antimicrobial mechanisms of physical and chemical damage of MXene attenuate the possibility of bacteria to be drug-resistant.
4.1 Disruption of cell membrane integrity
Mechanical disruption of bacterial membranes by rough surfaces or sharp edges is one of the chief antibacterial mechanisms of 2D nanomaterials. Rasool et al. (Rasool et al., 2016) first investigated the antibacterial properties of Ti3C2Tx MXene and observed the changes in membrane integrity and bacterial morphology after interaction with E.coli and B. subtilis through SEM and TEM. SEM images showed that no membrane damage or cell death was observed in the control group, and the bacteria were protected by intact cell membrane, while the experimental group showed membrane damage and cytoplasmic leakage. When the concentration of Ti3C2Tx was increased to 100 μg/mL, the bacteria all suffered from generalized cell lysis, which was manifested by severe membrane rupture and cytoplasmic leakage (Figure 3A). The TEM images showed that the Ti3C2Tx nanosheets were strongly adsorbed around the cells and even penetrated into the cells, and all of the intracellular density of the experimental group of bacteria were reduced, indicating that they lost intracellular material. Pandey et al. (Pandey et al., 2020) used ultrathin sectioning of bacteria followed by TEM analysis. They found that Nb2C2Tx and Nb4C3Tx nanosheets were absorbed around the cell walls of S. aureus and E. coli. Some of the nanosheets were able to enter into the cell walls, resulting in pore formation and disruption of the cell wall and cytoplasmic membrane, efflux of the cellular contents, and significant deformation and damage of the intracellular structures. Arabi Shamsabadi et al. (Arabi Shamsabadi et al., 2018) measured the changes in the growth of B. subtilis and E. coli strains induced by Ti3C2Tx nanosheets of different sizes, and the growth kinetics tests showed that the sharp edges of Ti3C2Tx nanosheets caused damage to B. subtilis and E. coli through direct physical interaction with the bacterial membrane surface, which induced damage to the bacterial envelope, leading to cytoplasmic DNA release. Interestingly, this antimicrobial capacity showed a nanosheet size and exposure time dependence, with nanosheets with smaller sizes being more likely to enter the microorganisms and disrupt the cytoplasmic components through physical penetration or endocytosis (Pandey et al., 2020), in agreement with the findings of Rasool et al. (Rasool et al., 2017). Further LDH release assay was carried out to quantify the extent of cellular damage. LDH release increased significantly with increasing concentrations of Ti3C2Tx, indicating that both cell walls and contents were damaged and that the antimicrobial capacity was dose-dependent (Rasool et al., 2016). The aforementioned experiments suggest that the sharp edges of MXene result in physical damage to bacterial membrane as one of its vital antimicrobial mechanisms.
[image: Panel A shows scanning electron microscope images of E. coli and B. subtilis at different concentrations (0, 50, 100 micrograms per milliliter) with size references at 500 nanometers. Panel B includes graphs: the first graph displays absorbance versus wavelength with an inset, the second graph shows temperature changes over time at different concentrations and power densities, and the third graph plots temperature against time with 1.5 watts per square centimeter power density peaks.]FIGURE 3 | (A) At 50 and 100 μg/mL of MXene, both bacteria suffered from prevalent cell lysis indicated by severe membrane disruption and cytoplasmic leakage (see the red circles) (Rasool et al., 2016). Adapted with permission from Kashif Rasool, Mohamed Helal, Adnan Ali, et al. Antibacterial Activity of Ti3C2Tx MXene. Copyright 2016, American Chemical Society (ACS). This publication is licensed under CC-BY. (B) MXene composites showed good photothermal effect (Lin et al., 2017b). Adapted with permission from Han Lin, Xingang Wang, Luodan Yu, et al. Two-Dimensional Ultrathin MXene Ceramic Nanosheets for Photothermal Conversion. Copyright 2017, American Chemical Society (ACS).
4.2 Induced generation of oxidative stress
As we know, oxidative stress is a joint bactericidal mechanism for metal, metal oxide, and carbon-based nanomaterials. MXene induces the onset of oxidative stress by inducing the generation of ROS (1O2, OH, O2−, H2O2), which causes damage to proteins, lipids, DNA, and RNA (Jastrzębska et al., 2021). MXene typically has a negative zeta potential, which contributes to its affinity to cell surfaces and ease of formation of chemical reactions. In addition, with its excellent conductivity, MXene can induce ROS production through generating electron transfer bridges with the cellular lipid bilayers (Rasool et al., 2016). Pandey et al. (Pandey et al., 2020) used glutathione (GSH) oxidation to detect oxidative stress mediated by Nb2CTx and Nb4C3Tx when exploring the antimicrobial mechanism of Nb2CTx and Nb4C3Tx. Both materials showed GSH depletion, but the Nb4C3Tx group showed higher oxidative stress. The difference in oxidative stress between the two materials may be related to the atomic structure, Nb4C3 (n = 3) has higher interlayer spacing, greater charge transfer activity and oxidization ability than Nb2C (n = 1), in agreement with Jastrzębska et al. (Szuplewska et al., 2019b). Zheng et al. (Zheng et al., 2020) who investigated the effectiveness of the antibacterial properties of MXene, calculated that the ROS produced by the MXene group was 1.8 folds higher than that of the control group, and further performed a lipid peroxidation assay to verify whether the ROS produced caused any damage to the membranes of the bacteria, and found that the MXene group was able to oxidize the bacterial membranes, which was 1.3 folds higher than the control group. This indicates that MXene can induce oxidative stress by generating ROS, which can cause damage to bacterial membranes. However, they did not further explore the kind of ROS produced by MXene. Rasool et al. (Rasool et al., 2016) monitored the amount of O2− produced in different concentrations of Ti3C2Tx by the XTT method, yet no significant uptake was detected, indicating that O2− makes a negligible contribution to the antimicrobial activity of Ti3C2Tx. Therefore, a more in-depth study of MXene is necessary to investigate ROS formation other than superoxide anion (OH, 1O2, H2O2, etc.).
4.3 Near-infrared light-based phototherapy synergized (NIRL)
For antibiotic-resistant and oxidative stress-resistant bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA), whose growth is challenging to be inhibited by the antimicrobial action of MXene. NIRL therapies, consisting of photodynamic therapy (PDT) and photothermal therapy (PTT), have provided new strategies to inhibit such bacteria (Ezraty et al., 2017). PTT is an innovative method of combating drug-resistant bacteria by transferring light energy into heat through photothermal agents (PTAs), which are delivered to the bacterial surface, resulting in membrane rupture, protein denaturation and irreversible damage (Zou et al., 2017). PDT, on the other hand, utilizes photosensitizers (PS) to transfer energy to the surrounding oxygen molecules after receiving light, generating ROS. Excessive ROS accumulation will deplete antioxidants and affect the bacterial membranes, leading to membrane rupture (Yuan et al., 2020). Both strategies are highly dependent on the photoactivation properties of the nanomaterials. MXene has excellent light-absorbing properties across the full range of visible light and NIR, demonstrating excellent photoenergy transformation potential. Based on the intrinsic photothermal and photodynamic properties of MXene, it shows promising applications in PTA or PS (Huo et al., 2021; Xiang et al., 2021) (Table 1). The UV-vis-NIR absorption spectra obtained on Ti3C2Tx nanosheets showed unique absorption in the NIR region ranging from 750 to 850 nm, similar to conventional metal nanoparticles showing the localized surface plasmon resonance (LSPR) effect (Lin et al., 2017b). The absorption range of MXene is just within the biological NIR window, making it highly suitable for biomedical applications. The extinction coefficient at 808 nm (25.2 Lg−1 cm-1) was further measured, which is higher than that of GO nanosheets (3.6 Lg-1 cm−1) and WS2 nanosheets (23.8 Lg−1 cm−1). The photothermal conversion efficiency of Ti3C2Tx nanosheets was calculated to be 30.6%, higher than that of Au nanorods (AuNRs) (21%), Cu2-x Se NCs (22%), and Cu S95 NCs (25.7%). Under 5 laser on/off cycles, there was no significant deterioration in the photothermal performance of Ti3C2Tx, indicating its potential as a persistent photothermal agent (Figure 3B). Rosenkranz et al. (Rosenkranz et al., 2021) compared the antimicrobial effects of MXene and MXene combined with PTT; after NIR-PTT, SEM showed massive cellular debris and a significant increase in DNA release, leading to irreversible cell death, whereas bacteria in the MXene alone group showed regrowth after release from the vortexing of the nanomaterials. This suggests that the toxicity of MXene to bacteria will be enhanced by NIR spectroscopic treatment, in agreement with Lu et al. and Zhu et al. (Zhu et al., 2020; Lu et al., 2021). Liu et al. (Liu et al., 2017b) modified Ti3C2Tx by adding Al3+, and the photothermal conversion efficiency was enhanced to 58.3%. With the increase of laser power density, the degree of temperature elevation of Ti3C2Tx dispersion increased. After 30 min of irradiation, no significant photobleaching of Ti3C2Tx nanosheets was observed. Even at low concentration (25 μg/mL), the temperature of Ti3C2Tx dispersion temperature reached the plateau rapidly even at low concentration (25 μg/mL), indicating that Ti3C2Tx nanosheets have more excellent photothermal properties and stability. In addition, the MXene-based materials demonstrated an excellent ability to promote ROS generation in the study. The production of 1O2 in the MXene group was detected under near-infrared light irradiation with 1,3-diphenylisobenzofuran (DPBF), and the production of 1O2 was attributed to the energy transfer of photoexcited electrons to triplet oxygen (3O2) from Ti3C2Tx as well as the LSPR effect of metal nanoparticles (Han et al., 2018a; Zhang et al., 2019). Another study also confirmed that after irradiation with a 532 nm laser (20 mW) for 30 min, the MXene group showed a decrease in absorbance at 417 nm, which produced a single linear state of oxygen (Liu et al., 2023a). MXene produces a large amount of ROS from the material’s PDT under near-infrared light irradiation, while the material’s superior PTT raises the ambient temperature of the bacteria. High temperatures cause irreversible bacterial damage by denaturing bacterial proteins and increasing the permeability of the bacterial membrane, which allows 1O2 produced during photocatalytic process to penetrate into bacteria easier, leading to death by damaging bacterial membranes, proteins and DNA (Wu et al., 2021a). In summary, MXene is considered a very promising PTA and PS.
TABLE 1 | Photothermal conversion efficiency of some MXene.
[image: Table listing various MXenes with their photothermal conversion efficiencies and references. Efficiencies range from 21.9% for GdW10@Ti3C2 to 66.6% for MXene@AgAu@PDA. Relevant studies are cited alongside each entry.]5 APPLICATION OF MXENE IN THE ANTIMICROBIAL FIELD
Antimicrobial drug resistance is one of the biggest threats to worldwide health. With the aim of tackling this challenge, researchers have suggested the creation of hybrid antimicrobial materials to prevent the emergence of drug resistance by simultaneously targeting bacteria via a multitude of mechanisms (Razzaque, 2021; Iravani et al., 2022). MXene has shown attractive antimicrobial potential by its unique properties. In this paper, an attempt has been made to categorize the materials interacting with MXene into polymers, pharmaceuticals, metallic nanomaterial, and to state its applications in antimicrobial field according to this categorization. (Figure 4). Finally, we summarized the application of MXene in antibacterial (Table 2).
[image: Illustration of MXene-based cancer therapy modalities. The diagram divides different MXene modifications into four quadrants: pure, polymer-modified, drug-doped, and metal-doped. Each quadrant depicts treatments including nanoknife, photothermal therapy (PTT), and photodynamic therapy (PDT) using symbols such as a syringe, fire, and a light bulb. The center mentions MXene as the core material used in these treatments.]FIGURE 4 | The application of MXene and the main antibacterial strategies of pure MXene, polymer-modified MXene, metal-doped MXene and drug-doped MXene.
TABLE 2 | Summary of the application of MXene in antibacterial.
[image: A detailed table listing various MXenes, etching methods, strategies, bacterial strains targeted, laser specifications, applications, and references. The table includes specific strategies such as "Nano-knife and oxidative stress reactive" and applications like "Antibacterial infection treatment". Studies reference microbial strains like *E. coli*, *S. aureus*, and *MRSA*. Laser details include values like "0.4 W/cm², 20 min". References cite a range of studies conducted between 2016 and 2023.]5.1 Pure MXene
Pure MXene can be used in antimicrobial applications in the form of coatings. Huang et al. (Huang et al., 2022) prepared Ti3C2Tx coating on the surface of plain titanium by anodic electrophoretic deposition. The experimental data shows that the coating has great hydrophilicity and bonding strength, which can inhibit the adhesion of S. aureus and MRSA and hinder biomembrane formation, effectively preventing the peri-implantitis. Rasool (Rasool et al., 2017) et al. loaded Ti3C2Tx as a surface coating material onto polyvinylidene fluoride (PVDF) membranes to investigate its potential in wastewater purification. The results showed that Ti3C2Tx significantly improved the hydrophilicity of the membranes and the growth inhibition of B. subtilis and E. coli by Ti3C2Tx/PVDF membranes reached 73% and 67%, respectively. There was no bacterial growth in the permeate through Ti3C2Tx/PVDF membranes. The impact of environmental conditions on membrane efficiency is also an important factor. More than 99% inhibition of E. coli and B. subtilis was observed for aged membranes compared to fresh membranes, which provides new ways for the development of efficient antimicrobial membranes for wastewater processing. Diedkova et al. (Diedkova et al., 2023) deposited MXene coatings onto Polycaprolactone (PCL) nanofibers. They observed bacterial adhesion and biofilm formation, which showed that the MXene coatings reduced bacterial adhesion to the PCL membranes and suppressed the colonization of E. coli and P. aeruginosa. In order to improve the antimicrobial and osseointegration capabilities of orthopedic implants, Du et al. (Du et al., 2022) doped Ti3C2Tx in polyetheretherketone (PEEK), and the incorporation of Ti3C2Tx endowed the composites with bimodal therapeutic functions of photothermal sterilization and in vivo osseointegration, with a 100% sterilization rate under near-infrared light irradiation. Yang et al. (Yang et al., 2021) prepared Nb2C@TP by doping Nb2C onto titanium plates, and the results showed that under the near infrared light irradiation, not only could it destroy the already formed biofilm, but also the thermal damage impaired the bacterial motility system, further preventing biofilm formation and diffusion, with an antimicrobial rate of 99%. At the same time, Nb2C@TP can also reduce excessive inflammatory response and ROS production, and promote angiogenesis and tissue regeneration, bringing hope for medical implant-related infection cases. Therefore, MXene is considered a promising biomedical material.
In summary, pure MXene can be prepared as coatings or films, and thanks to its excellent hydrophilicity, loading in bioimplant materials can effectively improve the antibacterial ability of implants by inhibiting bacterial adhesion and biofilm formation. Therefore, MXene is considered to be a potential biomedical material.
5.2 Polymer-modified MXene
The modification of polymers is to be helpful in overcoming the shortcomings present in the material itself, neutralizing the charge on the surface of the nanoparticles, and preventing nanoparticle aggregation (Lukyanov and Torchilin, 2004).MXene is characterized by spontaneous aggregation and uncontrollable protein corona formation in physiological environments, which greatly limits its photothermal effects and practical applications. Dong et al. (Dong et al., 2023) prepared MX-CS hydrogels by mixing Ti3C2Tx suspension and acidic Chitosan (CS) solution, which allowed MRSA cells and MXene-induced high-temperature aggregation around the hydrogel, thus improving the photothermal effect and enhancing the photothermal anti-MRSA activity (>99%). Zhou et al. (Zhou et al., 2021) developed biodegradable HPEM scaffolds by crosslinking branched MXene@PDA, polyglycerol-ethyleneimine (PGE), and hyaluronic acid oxide (HCHO). The incorporation of MXene@PDA improved the thermal stability and electrical conductivity of the scaffolds. The HPEM scaffolds can significantly accelerate wound healing and skin reconstruction in MRSA-infected wounds through effective anti-infection (99.03% efficiency of inactivation of MRSA), promoting the process of cell proliferation and angiogenesis, and stimulating the formation of granulation tissue. Nie et al. (Nie et al., 2022) mixed Ti3C2Tx with gelatin methacrylate (GelMA), sodium alginate (Alg), and β-TCP to make bio-ink and prepared composite hydrogel scaffolds by 3D printing, which not only inhibited the growth of bacteria but also killed the bacteria that had already adhered to the scaffolds and proliferated in large quantities under NIR irradiation. The bactericidal rate reached 98%, which can effectively treat infected bone defects in the mandible, and the scaffolds also showed sustained anti-infective ability as the scaffolds degraded and MXene was slowly released. Inspired by the soft and tough properties of muscles and ligaments, Li et al. (Li et al., 2022b) synthesized MXene@PVA hydrogels by targeted freezing-assisted salting out, which possessed high water content, high swelling, and hydrophilicity, good mechanical properties, and biocompatibility, as well as good photothermal conversion properties. In vitro antimicrobial tests further showed that MXene@PVA hydrogel inhibited E. coli and S. aureus by 98.3% and 95.5%, respectively. Thanks to the electrical conductivity of MXene, the hydrogel could establish a cellular communication network by enhancing the electrical signals, up-regulating the expression of relevant genes, and promoting the proliferation of the cells, which could significantly promote infected wounds healing. Zhang et al. (Zhang et al., 2023) introduced Ti3C2Tx into the interpenetrating polymer network (IPN) constructed by GA-modified collagen (GCol) and poly (acrylic acid) and prepared GCol-MX-PAA multifunctional hydrogels by in situ polymerization, optimizing the adhesion properties and biocompatibility of the hydrogels. The adhesion, biocompatibility, and mechanical properties of the hydrogel were optimized, and the bacterial inhibition rate was greater than 95% under the synergistic effect of PTT, which had an excellent antimicrobial effect.
MXene is easily dislodged in wounds, and direct contact with tissues may result in the persistence of MXene nanosheets in tissues, causing secondary damage injury (Ding et al., 2023). Loading MXene into nanofibers helps to prevent MXene nanosheets from directly contacting the tissue. Mayerberger et al. (Mayerberger et al., 2018) functionalized electrostatically spun CS nanofibers with Ti3C2Tx to develop a flexible bandage material, a dressing that can cause mechanical damage to bacterial membranes, kills 95% of E.coli bacteria, and can be used as an excellent wound dressing material.
Bacterial infections and oxidative damage caused by various reactive oxygen species (ROS) pose a major threat to human health by impeding wound healing. Riaz (Riaz et al., 2023) et al. co-assembled Mxene with LPFEG and synthesized a multifunctional chiral supramolecular composite hydrogel system, LPFEG-Mxene, which exhibited broad-spectrum ROS-scavenging antioxidant capacity and significant photothermal antioxidant activity against E.coli, P. aeruginosa, and S. aureus showed significant photothermal antimicrobial activity, showing great potential in antimicrobial coatings and healing of infected wounds. Li et al. (Li et al., 2022c) prepared a hydrogel for diabetic wound healing using hyaluronic acid-graft-dopamine (HA-DA) and polydopamine (PDA) encapsulated with Ti3C2Tx and oxyhemoglobin/hydrogen (HbO2/H2O2). MXene converts NIR to heat, kills bacteria, and scavenges ROS to maintain intracellular redox homeostasis and eliminate oxidative stress. The PDA coating further strengthens the antimicrobial and anti-oxidant properties of MXene while promoting cross-linking of the nanosheets into the hydrogel, and the incorporation of HbO2 also endowed the dressing with the ability to deliver oxygen. The infected diabetic wound healing was significantly accelerated by oxygenation, eliminating ROS, eradicating bacteria, and promoting angiogenesis.
Wound healing and skin regeneration in drug-resistant bacterial infections is a challenge, and conventional dressings are primarily involved in the passive healing procedure and seldom participate in active wound healing through stimulation of skin cell behavior. Mao et al. (Mao et al., 2020) reported a study using electrical stimulation to accelerate skin wound closure. An rBC/MXene hydrogel was prepared by mixing Ti3C2Tx and bacterial cellulose (BC), which significantly improved the conductivity of the hydrogel. Compared with the rBC hydrogel alone, the rBC/MXene hydrogel could promote skin wound healing. In vivo and in vitro data showed that the hydrogel could further accelerate the wound healing process under the synergistic effect of electrical stimulation (ES). Blending ES with hydrogel therapy provides an effective management strategy to accelerate wound closure.
Polymers with antimicrobial properties are found in nature, such as quaternary ammonium salts, natural cationic antimicrobial polymers, etc. Inspired by various functional approaches for antifouling surfaces, Zeng et al. (Zeng et al., 2023) self-assembled a polydopamine layer onto the surface of MXene and then introduced a quaternate polyethyleneimine derivative (PEIS) to the PDA layer by Michael addition to acquire amphiphilic ionic polymer-functionalized (MXene-PEIS). The prepared MXene-PEIS nanosheets exhibited remarkable antibacterial and anti-biofouling properties (75% and 88% inhibition against E. coli and S. aureus, respectively), which was contributed by the synergistic effect of MXene and quaternary ammonium groups on the antimicrobial its.
In summary, the introduction of polymers has been observed to address some of its limitations, including its propensity to aggregate and form unmanageable protein corona in physiological settings, as well as being prone to detachment in wound sites. Additionally, the stability of MXene is enhanced by the introduction of polymers, which helps to prolong its efficacy. Moreover, the use of polymers with antimicrobial properties can lead to a synergistic effect, augmenting the antimicrobial characteristics of the materials and broadening the scope of MXene’s potential applications.
5.3 Metal-doped MXene
Metal and metal oxide nanoparticles (e.g., Cu, Ag, Zn, etc.) possess excellent antimicrobial activity and are widely used in various applications. The antimicrobial activity of metal and metal oxide nanoparticles is associated with bacterial death through oxidative stress, protein dysfunction, and membrane damage (Lemire et al., 2013; Shifrina et al., 2020).
Silver nanoparticles (Ag NPs) have shown excellent antimicrobial properties against a wide range of microorganisms, but Ag+ is unstable in the environment, and high doses of Ag have potential cytotoxicity and possible in vivo retention, which limits its use in biomedical applications (Qing et al., 2018; Dedman et al., 2020). Therefore, scholars have been trying to find a good carrier to control the release of Ag+ and reduce the toxicity. Qin et al. (Qin et al., 2023) prepared MTX/Ag by ultrasonically-impelled intercalation of MXene into montmorillonite and further in situ reduction and immobilization of Ag NPs. The results show that the micro-nano-protective structure formed by MXene embedded in MMT can immobilize Ag well and prevent the toxic reaction caused by Ag leakage, and the photothermal effect of NIR stimulation of MXene can control the release of Ag. Due to the release of reactive oxygen species and PTT, as well as Ag+, MTX/Ag exhibited excellent and long-lasting antimicrobial activity (inhibition rate >99%). In addition, when MTX/Ag was mixed with eucalyptus powder and placed in a humid environment, the control group developed mold spots on the third day, while the MTX/Ag-NIR group was not infected by mold at all. Due to the spillage of Ag, the filter paper, which was in direct contact with the wood powder, also did not show infection, providing a new direction for the anti-mold coating of wood. Ag2S is an excellent PTT material, but the narrow-forbidden band of 0.9 eV accelerates the complexation of photogenerated electrons and holes in Ag2S, which is unfavorable to the photocatalytic reaction, thus limiting its application in biomedical fields. To overcome this difficulty, Wu et al. (Wu et al., 2021a) introduced Ti3C2Tx and prepared Ag2S/Ti3C2. The introduction of Ti3C2 improved the separating efficiency of the photogenerated charge carriers of the composite enhanced the photo-catalytic activity and ROS generation. The synergistic inhibition rate of PTT and PDT of Ag2S/Ti3C2 was up to 99.99%, effectively promoted the infected wounds healing in mouse.
Conventional AuNPs are inert to bacteria, and when their core size is less than 2 nm, the ultra-small gold nanoclusters AuNCs can be internalized into the bacteria to cause the accumulation of ROS, which disrupts the metabolism and leads to the death of bacteria, showing potent antibacterial activity (Zheng et al., 2017). Zheng et al. (Zheng et al., 2020) coupled AuNCs to the surface of MXene nanosheets for the first time, and the synergistic antibacterial ability was achieved (antibacterial rate >98%). Sharp MXene nanosheets can penetrate bacterial membranes. In addition, the formation of biofilms was effectively inhibited by the construction of crumpled MXene-AuNCs structures. The hydrophobic surface of the crumpled structures prevents bacterial adhesion, as well as the crumpled structure may contain a higher density of biocides to enhance bactericidal effect.
Cuprous oxide (Cu2O) is a potentially inexpensive biocide with a wide range of applications in the antimicrobial field. However, severe photocorrosion shortens the time of Cu2O-induced ROS generation because of the overaccumulation of photogenerated electrons and holes within Cu2O crystals. In addition, the released Cu2+ destroys the Cu2O semiconductor structure, resulting in the inability of Cu2O to generate ROS. Therefore, there is an urgent need to add effective catalysts to the sterilization system of Cu2O rationally. Wang et al. (Wang et al., 2020c) designed a stable Cu2O-anchored MXene nanosheets, Cu2O/MXene, using MXene as a conductor and Cu2O as a semiconductor. The results show that the incorporation of MXene not only improves the separation efficiency of electron-hole pair Cu2O but also effectively enhances the electric field |E| and generates more ROS to kill bacteria through the LSPR phenomenon. In addition, Cu and Cu2+ can also produce toxic effects on bacteria due to denaturation of bacterial DNA. Under the synergistic effect of Cu and MXene, the bacterial inhibition efficiencies of Cu2O/MXene against S. aureus and P. aeruginosa reached 95.59%and 97.04%, respectively, which were significantly greater than those of MXene and Cu2O.
When exposed to near-infrared light, light-responsive materials produce thermotherapy and ROS to kill bacteria quickly. However, in practice, it would be more convenient and cheaper if these effects could be triggered by visible light, especially on wounds (Xu et al., 2021a). Porphyrins are widely used as photocatalysts or photosensitizers due to their strong visible light trapping ability, low photogenerated electron-hole complexation, and fast transfer of photogenerated carriers. Cheng et al. (Cheng et al., 2022) prepared ZnTCPP/Ti3C2Tx by hydrothermal method, and under visible light irradiation, ROS generation was observed in the ZnTCPP/Ti3C2Tx group, while it was almost absent in the Ti3C2Tx group. In vitro, antimicrobial experiments showed no significant change in bacterial viability under a dark environment. After 10 min of visible light irradiation, the inhibition rates of ZnTCPP/Ti3C2Tx against S. aureus and E. coli reached 99.86% and 99.92%, respectively, which were significantly higher than those of the Ti3C2Tx group. Moreover, the results also indicated that ZnTCPP/Ti3C2Tx could promote wound healing due to the enhanced photocatalytic activity.
MXene has a weak ability to scavenge ROS and is unable to remove excess ROS around the wound. The accumulation of ROS causes malignant oxidation and severe inflammatory responses, further impeding wound healing and causing pain in patients. To overcome this deficiency, Zheng et al. (Zheng et al., 2021) doped anti-inflammatory nanoparticles CeO2 and Ti3C2Tx into dynamic chemically cross-linked hydrogels to prepare injectable multifunctional hydrogel scaffolds (FOM). In vitro experiments showed that FOM could protect L929 cells effectively from the wound microenvironment and provide oxygen while alleviating oxidative stress. In addition, FOM exhibited excellent antimicrobial properties, with 100% inhibition of E. coli, S. aureus, and MRSA. The bacterial suppression and wound healing ability of FOM were further evaluated in the MRSA-infected mouse. FOM plays an important role in eliminating MRSA bacteria, promoting cell proliferation, angiogenesis, and re-epithelialization, and can significantly accelerate the healing of MRSA-infected wounds.
Physical damage to the bacterial membrane induced by the sharp edges of MXene in contact with bacteria is an important antibacterial strategy. However, both MXene and bacterial surfaces are negatively charged, making it difficult for them to contact fully. Zinc (Zn) is involved in many cellular processes and is one of the essential elements in many physiological processes. Zn2+ is positively charged and can attract negatively charged bacteria to damage bacterial membranes through electrostatic action (Nimmanon et al., 2021). Hu et al. (Hu et al., 2024) developed a natural polysaccharide hydrogel and embedded Ti3C2Tx and Zn2+ in it. The embedding of Zn2+ enhanced the electrostatic binding between the hydrogel and the negatively charged bacteria, which facilitated the role of physical antimicrobial mechanism, shortened the thermal conductivity distance of the PTT, and improved the photo-thermal conversion efficiency. While, MXene produces physical damage to the cell membrane, promoting the entry of Zn2+ into the bacteria and exerts an antibacterial effect. The integration of Zn2+ and MXene realizes effective antimicrobial properties and promotes wound healing and skin regeneration.
Researchers have discovered that the combination of MXene and positively charged metal ions can effectively bind to bacterial surfaces through electrostatic forces. This binding process results in physical harm to the bacteria, the production of ROS, and a reduction in the heat transfer distance of PPT. These metal ions are known to possess excellent antimicrobial properties, which not only enhance the antimicrobial abilities of the composites but also support the photocatalytic activity of MXene. Additionally, the metals offer anti-inflammatory effects, promote blood vessel regeneration, and assist in the healing of wounds, making these materials more versatile in their functions.
5.4 Drug-doped MXene
MXene has attracted attention in building innovative drug delivery systems due to its surface area and outstanding photothermal conversion capability (Mohajer et al., 2022; Wan et al., 2022). Jin et al. (Jin et al., 2021) developed NIR and temperature-responsive MXene nanoribbon fibers (T-RMFs) containing vitamin E with controlled release capability. They prepared nanofibers consisting of MXene and polyvinylpyrrolidone-polyacrylonitrile (PAN-PVP) by electrostatic spinning technique, and then P copolymer coating was covered on the surface, and the prepared nanofibers had good wetting and diffusion effects. MXene endowed the nanofibers with excellent photothermal effects and antimicrobial activity. Activation of the thermo-responsive properties of MXene by NIR radiation resulted in the relaxation and release of vitamin E through the polymer-coated interface. Based on the results of the cellular evaluation, cells in the T-RMFs group revealed stronger cell attachment and proliferative capacity comparing with the control group, indicating their excellent wound-healing function. Zheng et al. (Zheng et al., 2022) synthesized the antibiotic ciprofloxacin (Cip) and Ti3C2Tx into a nano-complex and prepared an injectable temperature-sensitive hydrogel (Cip—Ti3C2TSG). In vivo and in vitro experiments confirmed that rapid and effective local chemical-photothermal bacterial ablation was achieved by accelerating Cip release under the NIR trigger. The physical membrane-disrupting effect of Ti3C2Tx nanosheets facilitated the penetration of Cip into the bacterial cells, and the sustained release of Cip prevented the rebound of bacteria after PTT. Xu et al. (Xu et al., 2021b) prepared a nanofiber membrane (MAP) with antimicrobial properties by electrostatic spinning using MXene, amoxicillin (AMX), and polyvinyl alcohol (PVA) as raw materials for the treatment of wound infections. MXene transfers NIR irradiation into thermal energy, leading to the upregulation of AMX release to overcome bacterial infection at the wound site. Under NIR irradiation, the antimicrobial rates against E. coli and S. aureus were 96.1% and 99.1%, respectively. In vivo experiments demonstrated that the MAP nanofiber membrane was efficient in improving the wound healing rate of infected mouse under laser irradiation. In another study, Sun et al. (Sun et al., 2021) utilized the photothermal conversion ability of MXene to increase the release of adenosine by NIR irradiation to maintain the activation signal around the injury site. When applied to a therapeutic animal model, it effectively promoted angiogenesis and facilitated wound healing. Zhang et al. (Zhang et al., 2022) designed a ROS- and pH-responsive composite system (MXene-TK-DOX@PDA nanoparticles) in which drugs were coupled to MXene-based nanocarriers via covalent bonding, which could avoid premature drug release, enhance loading capacity, and reduce adverse effects. In addition, coupling pH-responsive polydopamine on the surface of MXene-based nanoplatforms effectively improves the photothermal conversion ability. In vitro antimicrobial experimental data showed that the bactericidal rate against E. coli and B. subtilis reached 100% after 5 h.
In summary, MXene boasts a remarkable specific surface area and serves as an exceptional drug carrier. When combined with drugs, the antimicrobial properties of MXene can work in tandem to decrease the necessary dosage and enhance the therapeutic outcome. Furthermore, leveraging the photothermal properties of MXene allows for precise control over drug release rate and amount through the manipulation of light exposure. This approach mitigates the risk of drug overdose and promotes the wellbeing of patients.
6 CONCLUSION AND OUTLOOK
Since the first ever finding of MXene by Yury Gogotsi’s group in 2011, MXene-based materials have drawn much attention in the energy and environment fields by the virtue of their tunable chemical compositions and unique physicochemical properties. In 2016, the application of MXene in the field of biomedicine attracted a great deal of attention, and since then, more and more research has been devoted to the exploration of MXene in biomedical field. MXene has been used in bioimaging, biosensing, and biomarker detection. Recently, MXene has induced extensive interest and research in antimicrobial applications. This article summarizes and discusses the research progress of MXene nanocomposites in antimicrobials, including the structure, synthesis method, biosafety, antimicrobial mechanism, and application in antimicrobial. The antimicrobial mechanisms of MXene are mainly (Turner et al., 2019): Physical damage to bacterial membranes due to the sharp edges of the nanomaterials (Pino et al., 2023); Promotion of ROS production and chemical damage caused by generating oxidative stress or charge transfer (Gao et al., 2021); Enhanced antimicrobial activity under photothermal and photodynamic synergies. In order to further enhance the antimicrobial capacity of MXene, scholars have tried to use the “addition method” to introduce metal nanoparticles, polymers, drugs, and other antimicrobial materials into MXene to synthesize MXene-based antimicrobial complex, hoping that multiple antimicrobial mechanisms will work together to reduce the emergence of bacterial drug resistance and fight against drug-resistant bacteria, and to promote the use of MXene in the antimicrobial field.
Despite its many outstanding properties, the research of MXene in the biomedical field is still in the preliminary stage, and there are still many deficiencies and challenges compared to traditional 2D nanomaterials. First, MXene is unstable in humid environments or aqueous solutions and is prone to degradation or structural changes, which not only poses challenges to the preparation and storage of the material but also may affect its performance and safety in biomedical applications. How to synthesize MXene materials with high chemical stability is a key scientific problem that needs to be solved. In addition, the development of synthesis strategies based on green chemistry requires the study of more environmentally friendly preparation methods to minimize the harm to the environment. Secondly, MXene-based materials may accumulate in our body systems and long-term accumulation may cause potential toxicity. Although most of the studies have shown that MXene has a favorable biosafety profile, these studies are mostly short-term and have only been conducted in lower animal models such as zebrafish and mice, and studies on toxic effects in mammals are still very limited. In addition, the pharmacokinetic profile of MXene (including absorption, distribution, metabolism, excretion, and immune response) remains to be determined. Therefore, moving MXene-based materials from laboratory studies to commercialization for biomedical applications requires more comprehensive studies of their long-term effects in vivo, particularly on the immune system and reproductive system. Third, despite the progress made in applying MXene and its composite against pathogenic bacteria, many factors affect their antimicrobial effects (e.g., etching technique, stripping conditions, atomic composition, size, thickness, exposure time, concentration, etc.). More extensive research is needed to determine the appropriate parameters to aid in the diffusion and application of MXene before it can be realized for biomedical applications (Figure 5). Overall, MXene research in the biomedical field is still at an early phase, and there is a long way to run before it can be specifically applied in the clinical field.
[image: Flowchart illustrating three stages: Bio-Nanochemistry, Animal Models, and Clinic. Bio-Nanochemistry focuses on green fabrication, stability, and parameter exploration. Animal Models cover in vivo biodegradation, biodistribution, excretion, toxicity, and neurotoxicity. Clinic stage evaluates safety, clinical antibacterial efficacy, and antibacterial modalities diversity.]FIGURE 5 | Perspectives for 2D MXene used in antibacterial.
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Introduction: The prognosis of advanced renal carcinoma is not ideal, necessitating the exploration of novel treatment strategies. Poly(L-glutamic acid)-g-methoxy poly(ethylene glycol)/Combretastatin A4 (CA4)/BLZ945 nanoparticles (CB-NPs) possess the dual capability of CA4 (targeting blood vessels to induce tumor necrosis) and BLZ945 (inducing M2 macrophage apoptosis), thereby inhibiting tumor growth.
Methods: Here, the therapeutic effects and underlying mechanism was explored by CCK-8 cytotoxicity experiment, transwell cell invasion and migration experiment, H&E, western blot analysis, immunohistochemistry, flow cytometry, and other techniques.
Results: These results demonstrated that CB-NPs could inhibit the growth of Renca cells and subcutaneous tumors in mice, with an impressive tumor inhibition rate of 88.0%. Results suggested that CB-NPs can induce necrosis in renal carcinoma cells and tissues, downregulate VEGFA expression, promote renal carcinoma cell apoptosis, and reduce the polarization of M2 macrophages.
Discussion: These findings offer innovative perspectives for the treatment of advanced renal carcinoma.
Keywords: combretastatin A4, BLZ945, Renca renal carcinoma, therapeutic effect, mechanism

1 INTRODUCTION
Renal carcinoma is a prevalent malignant tumor within the urinary system. Its global incidence rate has been on the rise (Capitanio et al., 2019). Early-stage renal cell carcinoma presents as asymptomatic, resulting in diagnosis at advanced stages. Surgical treatment is the preferred option for managing renal carcinoma, while immunotherapies have shown sensitivity instead of chemotherapy drugs (Klapper et al., 2008; Aggen et al., 2021). Currently, the prognosis of targeted drugs that combined to inhibit angiogenesis is unsatisfactory (Maslov et al., 2022; Li et al., 2023). Previous studies have shown that renal carcinoma is a malignant tumor that relies on angiogenesis and hypoxia. As a result, certain molecular targeted drugs are used to disrupt crucial pathways in renal carcinoma development, such as multi-receptor tyrosine kinase (RTK) inhibitors and mTOR pathway inhibitors (Baldewijns et al., 2010). However, drug resistance often develops in advanced patients, leading to treatment failure and the development of refractory diseases (Wilson and Hay, 2011; Ellis et al., 2012). Therefore, developing novel treatment strategies remains the focus of the diagnosis and treatment of renal carcinoma.
CA4 nanomedicines (C-NPs) represent prodrugs of vascular disrupting agents (VDAs) that primarily localize CA4 around blood vessels with certain degrees of tumor vascular targeting. This, in turn, results in a reduction of oxygen and nutrient supply within the tumor, ultimately triggering extensive tumor necrosis (Liu et al., 2022). However, it has been reported that C-NPs may lead to an increase in tumor-associated M2 macrophages (M2-TAMs) and subsequent tumor recurrence (Qin et al., 2019). To address this concern, BLZ945, a small molecule inhibitor of colony-stimulating factor-1 receptor (CSF-1R), has been introduced to induce apoptosis in M2-type macrophages within tumors (Xie et al., 2022). This helps mitigate the issue of increasing M2-TAMs caused by C-NPs. In light of this, Wang Yue et al. developed a nanomedicine by combining esterifying CA4 and BLZ945 together on PLG-g-mPEG, resulting in polymer-bonded vascular blocker and BLZ945 nanomedicines (CB-NPs). Subsequently, they conducted tumor inhibition experiments on a mouse C26 model (Wang et al., 2021). The results showed that CB-NPs had a significant inhibitory effect on the growth of tumors with large initial volumes. Huang Yue et al. further elucidated the drug loading and drug ratio of CA4 and BLZ945 in CB-NPs, highlighting their critical impact on the anti-tumor effect (Huang et al., 2023). They clarified that when the drug loading of CA4 and BLZ945 was 20.7% and the drug ratio was 0.45/1, CB-NPs showed an excellent anti-tumor effect on the H22 liver cancer model in mice and achieved a partial cure.
In order to broaden the potential applications of CB-NPs and deepen our understanding of underlying mechanisms of action, we initiated our investigation by selecting Renca renal carcinoma cell lines for in vitro experiments. Through CCK-8 and Transwell experiments, we confirmed that CB-NPs can effectively curb the proliferation, migration, and invasion of Renca cells. These findings, at the cellular level, attest to CB-NPs’ capability to inhibit tumor growth. To further verify the inhibitory effect of CB-NPs on tumors in vivo, we established a Renca renal carcinoma subcutaneous tumor bearing mouse model. Our observations, coupled with H&E staining, unequivocally demonstrated that CB-NPs had the effect of promoting tumor necrosis and inhibiting tumor growth, resulting in an impressive tumor inhibition rate of 88.0%. Building upon the validation of CB-NPs’ inhibitory effects on Renca cell lines in vivo and in vitro, we delved into unraveling the mechanism underlying CB-NPs’ tumor growth inhibition. Western blot analysis showed that CB-NPs significantly downregulated VEGFA expression, signifying their influence in inhibiting angiogenesis. Finally, we employed flow cytometry to detect the apoptotic effect of CB-NPs on Renca renal carcinoma cell lines and tumor tissue, as well as the effect on the expression of macrophages in tumor tissues. The results showed that CB-NPs exhibited a notable pro-apoptotic effect on cell apoptosis in Renca renal carcinoma cell lines, while not significantly affecting macrophages in tumor tissue, thus diminishing the risk of tumor recurrence. The above in vivo and in vitro data confirmed that CB-NPs exhibit remarkable anti-tumor effects in Renca-bearing mice, thereby introducing a novel treatment strategy for renal carcinoma.
2 MATERIALS AND METHODS
2.1 Materials
γ-Benzyl-L-glutamate-N-carboxyanhydride (BLG-NCA) was purchased from Chengdu enlai biological technology Co., Ltd., China. Methoxy poly (ethylene glycol) with Mw 5,000 Da (mPEG5K) was obtained from J&K Scientific Co., Ltd. The mPEGs were dried by azeotropic distillation in toluene before use. N, N′-dimethylformamide (DMF) was stored over CaH2 for 3 days and distilled under a vacuum prior to use. Combretastatin A4 (CA4) was purchased from Hangzhou Great Forest Biomedical Ltd., China. BLZ945 was obtained from Shanghai Bixi Chemical Co., Ltd., Shanghai. 4-Dimethylaminopyridine (DMAP) was supplied by Aladdin Reagent Co. Ltd., China. 2, 4, 6-Trichlorobenzoyl chloride was obtained from Tianjin Heowns Biochemical Technology Co., Ltd., China. All other reagents and solvents were purchased from Sinopharm Chemical Reagent Co., Ltd, China and used as received. CB-NPs were synthesized following our previous work (Huang et al., 2023). Supplementary Figures S1–S4 showed the detail characterization of CB-NPs.
2.2 Cell lines and animal models
The mouse renal carcinoma (Renca) cell lines were purchased from Procell under the conditions of RPMI-1640 (Seven) + 10% FBS (ABCELL) + 1% P/S (Seven) and incubated at 37°C and 5% CO2. Female BALB/c mice (6–8 weeks old) with an average body weight of 16–18 g were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. All animals received proper care in compliance with the guidelines outlined in the guide for the Care and Use of Laboratory Animals and all procedures were approved by the Animal Care and Use Committee of Changchun Institute of Applied Chemistry, Chinese Academy of Sciences.
2.3 CCK-8 cytotoxicity experiment
The cytotoxicity of CB-NPs on Renca cells was evaluated using the CCK-8 assay. Specifically, Renca cells with a density of 4 × 104 cells/mL were inoculated into a 96-well plate and cultured for 24 h before grouping. The cells were then categorized into three distinct groups: 24 h group, 48 h group, and 72 h group (n = 3). Within each group, various concentrations of CB-NPs were administered, comprising 0 μM, 10 μM, 50 μM, 100 μM, 200 μM, and 500 μM. Each concentration group has 3 replicate wells. After incubation for 24 h, 48 h, and 72 h, 10 μL of CCK8 were added to each well. The 96-well plate was returned to the incubator for further incubation, and after 3 h, the optical density (OD) was measured at a wavelength of 450 nm. Cell viability was calculated based on the ratio of the OD value of the sample to that of the control well.
2.4 Transwell cell invasion and migration experiment
Two groups, i.e., PBS group and 100 μM CB-NPs group were set for both the Transwell invasion and migration experiments. In the Transwell invasion experiment, Renca cells with a density of 2 × 105 cells/mL were suspended in 600 μL of complete medium and placed in the upper chamber of a Transwell plate. The upper chamber was pre-coated with a 50 μL diluent of matrix adhesive (prepared at a ratio of 1:5 with basic culture medium) provided by Shanghai Yisheng Biotechnology Co., Ltd. Subsequently, the Transwell plate was placed within an anoxic device (Billups Rothenberg Inc., United States) to create an environment consisting of 94% nitrogen, 5% carbon dioxide, and 1% oxygen. It should be noted that all subsequent cell experiments were conducted under this anoxic condition. After incubation, the cells were fixed with methanol and stained with a rapid Giemsa staining solution (Shanghai Yisheng Biotechnology Co., Ltd.). The migration assay followed a similar protocol to the invasion assay, except that there was no matrix adhesive coating in the upper chamber. Cells that had migrated or invaded were then collected from three different fields of view using an optical microscope (Tianjin Microinstrument Optical Instrument Co., Ltd.) for statistical analysis.
2.5 Evaluation of subcutaneous tumor burden
Rena renal cancer cells were subcutaneously injected into female Balb/c mice (6–8 weeks old, 20 ± 2 g) at a concentration of 1.09 × 108/mL, with each mouse receiving 100 μL. When the tumor volume reached −220 mm3, mice were randomly divided into four groups: the PBS group (Group 1), the low-dose CB-NPs group (Group 2, administrated at 20 mg/kg based on CA4 concentration; the same below), the medium-dose CB-NPs group at 30 mg/kg (Group 3) and the high-dose CB-NPs at 40 mg/kg group (Group 4). The commencement of treatment is designated as Day 0. CB-NPs were administered via tail vein injection on Day 0, Day 5, and Day 10, respectively. Tumor volume and body weight were recorded every 2 days. Tumor volume (V) was calculated using the following formula:
[image: V equals a times b squared divided by two.]
Where a represents the longest axis and b represents the shortest axis of the tumor. The tumor growth inhibition rate (IR) was calculated using the following formula:
[image: Formula showing IR (inhibition rate) in percentage: IR (%) equals open parenthesis 1 minus open parenthesis TV subscript t minus TV subscript 0 close parenthesis divided by open parenthesis TV subscript c minus TV subscript 0 close parenthesis close parenthesis times 100.]
Where TVt and TVt0 represent the average tumor volume at the end and beginning of the treatment group, respectively, while TVc and TVc0 represent the average tumor volume at the end and beginning of the control group, respectively. Due to the average tumor volume of the PBS control group approaching 2,000 mm3 on Day 14, the experiment was recorded up to Day 14.
2.6 Staining with hematoxylin and eosin
For subsequent in vivo experiments, we selected a drug concentration of 30 mg/kg CB-NPs. Renca cells at 1.09 × 108/mL, were subcutaneously injected into female Balb/c mice (6–8 weeks old, weighing 20 ± 2 g) at a volume of 100 μL per mouse. When the tumor volume reached −130 mm3, mice were randomly divided into two groups, i.e., the PBS group (Group 1) and the 30 mg/kg CB-NPs group (Group 2). The commencement of treatment is designated as Day 0. CB-NPs were administered via tail vein injection on Day 0 and Day 5, respectively. On Day 8, fresh tumor tissue (n = 3) was rinsed in PBS, fixed in 4% paraformaldehyde, embedded in wax, stained with hematoxylin and eosin (H&E), and subsequently imaged using an optical microscope (OLYMPUS) for statistical analysis.
2.7 qPCR in Renca cell lines and tumor tissues detection of HIF-1α, VEGFA expression
We assessed the expression of HIF-1α and VEGFA in both Renca cell lines and tumor tissues using quantitative PCR (qPCR). The experimental groups were categorized into two main sections: the PBS group and the 100 μM CB-NPs group for cell line experiments, and the PBS group and the 30 mg/kg CB-NPs grou for animal experiments. Initially, we employed the 6-min high-purity RNA extraction kit (ZS-M11005) to separate total RNA from Renca cell lines or tumor tissues. Subsequently, we conducted quantification of HIF-1α and VEGFA following reversing transcription using the Supersmart TM 6-min heat-resistant first strand cDNA synthesis kit (ZS-M14003). The primers utilized in this study were as shown in Table 1. Finally, we employed the 2−ΔΔCT method for relative quantification of gene expression levels.
TABLE 1 | The kinds and sequence of primers.
[image: Table showing primers and their sequences. The primers listed are Mus-HIF-1α-F1, Mus-HIF-1α-R1, Mus-Vegfa-F1, Mus-Vegfa-R1, Mus-ACTIN-F1, and Mus-ACTIN-R1. Each primer is paired with its specific DNA sequence.]2.8 Western blot in Renca cell lines and tumor tissues detection of HIF-1α, VEGF expression
We assessed the expression of HIF-1α and VEGFA in Renca cell lines and tumor tissues through Western blot analysis. The experimental groups were divided into two categories: the PBS group and the 100 μM CB-NPs group for cell experiments, and the PBS group and the 30 mg/kg CB-NPs group for animal experiments. To begin with, we utilized the Minute™ Total Protein Extraction Kit (Invent) to extract total proteins from Renca cell lines or tumor tissues and measure the concentration of the extracted proteins using the BCA method. Subsequently, the proteins were separated by polyacrylamide gel and transferred onto a PVDF membrane, which was sealed with TBS-T solution for 2 h. The membrane was then incubated with the primary antibody, including β-Actin (RA1012), VEGFA (19003-1-AP), HIF1α (340462). Following the incubation, the membrane was exposed to secondary antibodies at room temperature for 1.5 h. The protein bands were visualized using a chemiluminescence imaging system (Clinx, China). The molecular weight relied on the identity of the proteins based on antibody staining.
2.9 Immunohistochemical staining
The expression of HIF-1α and VEGFA in tumor tissues of Renca-bearing mice was analyzed using immunohistochemical staining. The experiment was divided into the PBS group and the 30 mg/kg CB-NPs group. The initial steps of the experiment were consistent with the preparation for H&E staining. Tumor tissues (n = 3) were collected and rinsed in PBS, fixed in 4% paraformaldehyde, embedded in wax, and sectioned. The sections were then subjected to staining using HIF-1α Antibodies (ZENBIO, 340462) and VEGFA antibodies (protenteh, 19003-1-AP). Images were obtained using an optical microscope (OLYMPUS) for subsequent statistical analysis.
2.10 Apoptosis assay
We assessed cell apoptosis through flow cytometry (FCM) analysis. The experimental groups were divided into two sections: the PBS group and the 100 μM CB-NPs group for cell experiments, and the PBS group and the 30 mg/kg CB-NPs group for animal experiments. For Renca cells, they were prepared either as suspension cells or tumor tissue was cut and digested to create a cell suspension (n = 3). These cell suspensions were then stained with Annexin V-FITC (Biogene) and subjected to flow cytometry analysis using a BD Bioscience flow cytometer.
2.11 Changes in M1 and M2 expression in macrophages
We analyzed the changes in macrophages expression through flow cytometry (FCM). The experiment groups were divided into two sections: the PBS group and the 30 mg/kg CB-NPs group. Tumor tissue was cut and digested to prepare a cell suspension, and the cell count was adjusted to 1 × 106/100 μL. For each group (PBS and CB-NPs, n = 3), 100 μL of the cell suspension was taken, and 2 μL of CD16/32 was added while keeping the samples on ice. Corresponding volumes of fluorescent antibodies were added, which included PerCP anti-mouse F4/80 (123125, Biolegend), APC anti-mouse/human CD11b (101211, Biolegend), APC/Cyanine7 anti-mouse CD86 (105029, Biolegend), and PE/Cyanine7 anti-mouse CD206 (MMR) (141719, Biolegend). The samples were then incubated at room temperature, shielded from light, for 30 min. After incubation, the supernatant was removed by centrifugation, and the cells were resuspended in 200 μL of CSB. The stained cells were analyzed using a flow cytometer (EXFLOW-206, Dakota).
2.12 Statistic analysis
Data are expressed as mean ± standard deviation (SD). Statistical differences between groups were analyzed using one-way analysis of variance (ANOVA). Group comparisons were further evaluated with t-tests. Significance levels were defined as follows: *p < 0.05 (considered statistically significant), **p < 0.01 (highly significant), ***p < 0.001 (extremely significant), and ****p < 0.0001 (incredibly significant), “ns” indicates that there was no statistically significant difference.
3 RESULTS AND DISCUSSION
Formula optimization and in vivo study of poly (L-glutamic acid)-g-methoxy poly (ethylene glycol)/combretastatin A4/BLZ945 nanoparticles for cancer therapy has been completed as described in one of our previous studies (Huang et al., 2023). Unlike cytotoxic drugs, which only exhibit their killing effect when they come into contact with tumor cells (Weaver, 2014), VDAs induce extensive necrosis within tumors by disrupting the tumor vasculature required for tumor development and progression (Al-Abd et al., 2017; Ho et al., 2017; Johnson et al., 2019; Cermak et al., 2020), thereby inhibiting tumor growth. As previously mentioned (Wang et al., 2021), CB-NPs are polymeric nanodrugs co-formulated with CA4 and BLZ945, demonstrating their ability to inhibit tumor cell growth in various tumor models. In this study, we not only expanded the scope of its applicability but also verified its anti-tumor efficacy in the Renca renal cancer model, shedding light on its underlying mechanism.
3.1 The effect of CB-NPs on the Renca renal cell carcinoma cell line
We assessed the cytotoxicity of CB-NPs on the Renca cell line using the CCK-8 assay (Figure 1A). The results of the 24-h CCK-8 cytotoxicity test showed that the toxicity of CB-NPs to the Renca cell line was drug concentration-dependent, with the half maximal inhibitory concentration (IC50) determined to be 248.2 μM through nonlinear fitting. Subsequent 48-h and 72-h CCK-8 cytotoxicity tests demonstrated a potent cell-killing effect at a concentration of 10 μM CB-NPs. As the concentration increased, the activity of the Renca cell line tended stabilize. Therefore, in subsequent cell experiments, 100 μM was selected and the cells were subjected to hypoxia treatment for 48 h to simulate the hypoxic environment on tumors.
[image: The image displays four panels of experimental data assessing the effects of CB-NPs on cell viability, migration, and invasion. Panel A presents a line graph showing decreased cell viability over time (24, 48, and 72 hours) with increasing concentrations of CB-NPs, with an IC50 of approximately 248.2 micromolar. Panel B shows microscopy images comparing cell migration and invasion in PBS and CB-NP treated groups, indicating reduced activity in the CB-NP group. Panel C bar graph shows a significant reduction in migration cells with CB-NPs compared to PBS. Panel D shows a significant decrease in invasion cells with CB-NPs.]FIGURE 1 | Impacts of CB-NPs on the Renca renal carcinoma cell line. (A) The cytotoxicity of CB-NPs on the Renca cell line was detected using the CCK-8 method (n = 3). (B) The Transwell cell migration and invasion experiments were performed on the Renca cell line, and the results were observed under a ×200 magnification (n = 3). (C) Significant difference observed in Transwell cell migration between PBS and CB-NPs groups, *p < 0.05. (D) Significant difference observed in Transwell cell invasion between PBS and CB-NPs groups, **p < 0.01.
To investigate the effects of CB-NPs on the migration and invasion of the Renca cell line, we conducted the Transwell experiment (Figure 1B). Upon observation and counting under a 200 × microscope for statistical analysis, it became evident that the CB-NPs group significantly suppressed both cell migration and invasion of the Renca cell line compared to the PBS group (Figures 1C, D).
The above cell experiment results indicate that CB-NPs exhibit cytotoxicity towards the Renca cell line, effectively inhibiting their migration, proliferation, and ultimately leading to a reduction in tumor growth at the cellular level.
3.2 The effect of CB-NPs on Renca tumor-bearing mice
We further evaluated the anti-tumor efficacy of CB-NPs in vivo using Renca tumor-bearing mice. When the average tumor volume of the mice reached −220 mm3, they were randomly divided into 4 groups (n = 6). The initiation of treatment was designated as Day 0. On Days 0, 5, and 10, the following different treatment plans were administered through the caudal vein: PBS, 20 mg/kg CB-NPs (based on CA4 concentration; the same below), 30 mg/kg CB-NPs and 40 mg/kg CB-NPs. The results were monitored until the end of Day 14 (Figure 2A). Statistical analysis indicated that the effect of CB-NPs on tumors exhibited a dose-dependent relationship. Higher dose of CB-NPs led to more pronounced tumor inhibition (Figure 2B). On the Day 14, the tumor suppression rate (TSR, %) was calculated and it increased from low to high, measuring 39.7%, 72.4%, and 88.0% (Figure 2D). Additionally, tumor mass decreased with the increased CB-NPs dosage (Figure 2E), indicating that CB-NPs can reduce tumor size in Renca tumor-bearing mice. However, it is worthy noting that the body weight of mice decreased with the increasing dosage (Figure 2C), suggesting that CB-NPs have a certain toxic effect on the Renca tumor-bearing mouse model.
[image: Combination of multiple graphs and images demonstrating the effects of treatments on tumor growth and body weight in mice. Chart A shows the experimental timeline. Graph B displays tumor volume over time for four groups with varying treatments. Graph C illustrates body weight over time for the same groups. Image D shows actual tumors from different groups. Graph E compares tumor weights across treatments. Timeline F outlines a second experiment. Images G depict tissue sections from PBS and CB-NPs groups. Graph H compares necrosis levels between the two conditions. Significant differences are marked with asterisks.]FIGURE 2 | Impacts of CB-NPs on mice with renal cancer. (A) Timeline depicting the drug administration for tumor inhibition experiments (n = 6). (B) Growth curve of subcutaneous Renca renal cancer tumors, with significance levels indicated as follows: ns p > 0.05, *p < 0.05, **p < 0.01. (C) Body weight change curve of Renca-bearing mice, with significance levels indicated as follows: ns p > 0.05, **p < 0.01. (D) Images of the physical appearance of subcutaneous Renca renal cancer tumors. (E) Mass of subcutaneous Renca renal cancer tumors, with significance levels indicated as follows: **p < 0.01, ***p < 0.001, ****p < 0.0001. (F) Timeline illustrating H&E administration (n = 3). (G) Microscopic images of H&E staining, scale bar 200 μm. (H) Analysis of H&E staining results, with significance indicated as follows: ***p < 0.001.
To verify the effect of CB-NPs on the morphology of tumor tissue in Renca tumor-bearing mice, 30 mg/kg CB-NPs was used as the dose concentration to avoid higher toxicity of CB-NPs at a dosage above this level. When the tumor volume reached −130 mm3, the mice were randomly divided into two groups: the PBS group and the 30 mg/kg CB-NPs group. The commencement of treatment was designated as Day 0, and CB-NPs were administrated via the tail vein on Day 0 and Day 5, respectively. The mice were euthanized on Day 8 (Figure 2F) and the tumor samples were collected for H&E staining. Microscopic examination revealed a substantial presence of nuclear Under the microscope, a large number of fragments of nuclear lysis fragments in the necrotic area, with a higher degree of nuclear fragmentation observed in the CB-NPs group compared to the PBS group (Figure 2G). Further statistical results confirmed a significantly greater extent of necrosis in the tumors following CB-NPs administration compared to the PBS group (Figure 2H).
The above in vivo experiments provide evidence that CB-NPs effectively inhibit tumor growth mice in Renca tumor-bearing mice. This inhibitory effect is positively correlated with the concentration of CB-NPs. Meanwhile, CB-NPs can cause extensive necrosis within tumors, further demonstrating the inhibitory effect on tumor growth.
3.3 The effect of CB-NPs on tumor angiogenesis
As the tumor grows, tumor cells and other cells in the tumor microenvironment (TME) gradually become hypoxic, triggering the activation of hypoxia signaling (Yuan et al., 2023). This condition leads to vascular abnormalities, inadequate blood supply, and, ultimately, the development of more aggressive and drug-resistant tumors (Kopecka et al., 2021; Tao et al., 2021). Hypoxia-inducible factor (HIF) plays a pivotal role in various aspects of tumor development, including angiogenesis, tumor cell proliferation, and metastasis (Kaelin and Ratcliffe, 2008; Baldewijns et al., 2010), HIF-1α is one of the subunits of HIF, and there are many opinions about its role in tumors. HIF-1α, one of HIF’s subunits, has been the subject of different interpretations regarding its acts as a tumor suppressor gene (Gonzalez et al., 2018; Mazumder et al., 2023). On the other hand, there is evidence that HIF-1α directly or indirectly regulates genes related to tumor proliferation, tumor cell apoptosis, metastasis, and invasion (Rankin and Giaccia, 2016; Rust et al., 2019), and even the expression of angiogenic factors including vascular endothelial growth factor (VEGF) (Wilson and Hay, 2011). VEGF is a key factor involved in tumor angiogenesis and promotes tumor progression (Fukumoto et al., 2023).
In our prior experiments, we observed that CB-NPs can lead to tumor necrosis. This outcome is theoretically attributed to the ability of CB-NPs to block tumor blood vessels, resulting in reduced nutrient and blood supply within the tumor. We hypothesize a close connection between this effect and hypoxia and angiogenesis. To confirm this hypothesis, we conducted assessments of HIF-1α and VEGFA expression at both the gene and protein levels through qPCR and Western blot analyses. Subsequently, we further examined the expression of HIF-1α and VEGFA in tumor tissues using immunohistochemistry.
We first employed qPCR to detect the expression changes of HIF-1α and VEGFA in the Renca cell line. Compared to the PBS group, the expression of HIF-1α in the CB-NPs group was slightly higher despite being insignificant. By contrast, the expression of VEGFA exhibited a significant increase (Figure 3A). Subsequently, we conducted Western blot analysis to provide further insights into the expression of HIF-1α and VEGFA in the Renca cell line. The results revealed an elevation in HIF-1α expression in the CB-NPs group, while VEGFA expression decreased (Figure 3C). This expression trend is more clearly illustrated in the grayscale band analysis (Figure 3D). The discordant expression patterns of VEGFA observed in qPCR and Western blot in the cell experiment may be due to processing and degradation during gene transcription and translation, leading to incomplete consistency between transcription and translation levels.
[image: Graphical data illustrates the effects of PBS and CB-NPs on relative expression and protein levels. Panels A, B, D, F, and H show bar graphs comparing the expression levels of HIF-1α and VEGFA between PBS and CB-NPs groups, with statistical significance indicated. Panels C and E present Western blot images displaying protein levels of HIF-1α and VEGFA. Panel G displays immunohistochemistry images showing HIF-1α and VEGFA expressions in tissue sections. The data highlight significant differences in expression levels between the treatment groups.]FIGURE 3 | Impacts of CB-NPs on tumor angiogenesis. (A) qPCR experiment in the Renca cell line (n = 3), ns p > 0.05, *p < 0.05. (B) qPCR experiment in the tumor tissue of Renca-bearing mice (n = 3), **p < 0.01, ****p < 0.0001. (C) Western blot experiment in the Renca cell line. (D) Grayscale band analysis of Western blot in the Renca cell line. (E) Western blot experiment in the tumor tissue of Renca-bearing mice (n = 3). (F) Grayscale band analysis of Western blot in the tumor tissue of Renca-bearing mice, ns p > 0.05, *p < 0.05. (G) Immunohistochemical staining under the microscope, scale bar 100 μm (n = 3). (H) Immunohistochemical analysis, **p < 0.01.
We proceeded to confirm the expression of HIF-1α and VEGFA in tumor tissues of Renca-bearing mice. In the qPCR results, it was evident that the CB-NPs group exhibited a significant increase in HIF-1α expression compared to the PBS group (Figure 3B), while VEGFA expression significantly decreased compared to the PBS group (Figure 3B). In the Western blot results, the CB-NPs group displayed elevated HIF-1α expression and reduced VEGFA expression relative to the PBS group (Figure 3E). Greyscale band analysis revealed no significant difference in the increase in HIF-1α expression (Figure 3F), while a marked difference was observed in the decrease in VEGFA expression (Figure 3F).
Finally, we also explored the expression of HIF-1α and VEGFA in tumor tissues of Renca-bearing mice by immunohistochemical staining (Figure 3G). The results were quantified by mean optical density (MOD), and showed that CB-NPs significantly increased the expression of HIF-1α and significantly decreased the expression of VEGFA in tumor tissues (Figure 3H).
In light of the substantial decrease in VEGFA expression, we speculate that CB-NPs might inhibit tumor angiogenesis to some extent, resulting in a reduction in oxygen and nutrient supply within the tumor. This, in turn, triggers necrosis within the tumor and elevates the expression of HIF-1α, ultimately inhibiting tumor growth. In essence, the increase in HIF-1α appears to be associated with the decrease in VEGFA expression. This conclusion aligns with the results reported by Ryo Onodera (Onodera et al., 2023).
3.4 The effect of CB-NPs on tumor cell apoptosis and macrophage count
Tumor-associated macrophages (TAMs) are tumor-infiltrating immune cells that can be differentiated into M1 and M2 phenotypes, usually influenced by the TME (Mantovani and Locati, 2013). Among them, M1 is defined as a classically activated macrophage that can activate the immune response, phagocytize and kill cancer cells, and inhibit their activity. M2 is defined as a surrogate-activated macrophage that promotes tumor invasion and metastasis, angiogenesis, and cancer cell activity (Yang et al., 2023). CSF1R-mediated signaling is crucial for the differentiation and survival of macrophages, which can effectively prevent tumor metastasis (Stanley and Chitu, 2014; Cannarile et al., 2017; Rodriguez-Tirado et al., 2022). BLZ945 is a highly selective small-molecule CSF-1R inhibitor that depletes TAMs by blocking CSF-1R, leading to a reduction in M2-TAM infiltration (Cannarile et al., 2017; Xie et al., 2022). To determine whether BLZ945 plays a role in CB-NPs, further investigation through flow cytometry is needed. This will help assess the effects of CB-NPs, especially in terms of macrophage polarization and the impact of BLZ945 on these processes.
The Annexin V-FITC double staining method was used to determine the effect of CB-NPs on tumor apoptosis in the Renca cell line and Renca tumor-bearing mice. The results in Figures 4A,D depict the flow cytometry findings for the Renca cell line and tumor cells of Renca tumor-bearing mice. The Q2 region shows late apoptotic cells, while the Q3 region shows early apoptotic cells. The total apoptotic cell ratio is the sum of the late apoptotic cell ratio and early apoptotic cell ratio. The subsequent statistical analysis revealed that CB-NPs significantly increased the proportion of total apoptosis, early apoptosis, and late apoptosis in the Renca cell line (Figures 4B, C). However, CB-NPs had no significant effect on the various apoptosis stages of Renca tumor-bearing mice (Figures 4E, F). From a cellular perspective, the use of CB-NPs led to a significant increase in the proportion of cell apoptosis in each stage, indicating that CB-NPs have a certain pro-apoptotic effect on Renca cell line. However, there was no significant difference in the effect on tumor tissue, which might be due to the complex microenvironment within the tumor.
[image: Flow cytometry and bar charts display cell apoptosis and expression analysis. Panels A, D, and G show flow cytometry plots comparing PBS and CB-NPs groups across different cell types. Panels B, C, E, F, H, and I present quantified bar charts; significant differences are marked with asterisks. The data compare early and advanced apoptosis rates, along with CD8+ and CD4+ cell expressions, under different treatments.]FIGURE 4 | Effects of CB-NPs on the number of apoptotic tumor cells and macrophages. (A) Flow cytometry apoptosis detection of Renca cell line (n = 3). (B) Renca cell lines apoptosis ratio diagram, *p < 0.05. (C) Renca cell lines early and late apoptosis ratio diagram, *p < 0.05. (D) Flow cytometry apoptosis detection of tumor tissue in Renca tumor-bearing mice (n = 3). (E) Renca tumor-bearing mice tumor tissue apoptosis ratio diagram, ns p > 0.05. (F) Renca tumor-bearing mice tumor tissue early and late apoptosis ratio diagram, ns p > 0.05. (G) Flow cytometry detection of M1 and M2 macrophage number changes in tumor tissue of Renca tumor-bearing mice (n = 3). (H) M1 macrophage proportion diagram, ns p > 0.05. (I) M2 macrophage proportion diagram, ns p > 0.05.
To investigate the effect of CB-NPs on the number of macrophages in Renca tumor-bearing mice, flow cytometry was employed to detect the positive expression of CD86 and CD206 (Figure 4G). The Q4-2 region represents the number of F4/80+CD86+ cells, indicating M1 macrophages, while the Q5-2 region represents the number of F4/80+CD206+ cells, indicating M2 macrophages. Statistical analysis suggested that CB-NPs had no significant effect on the number of M1 and M2 cells in tumor tissue (Figures 4H, I). Previous studies suggested that using CA4 alone could cause a significant increase in M2 macrophages, which might lead to tumor recurrence (Qin et al., 2019). The flow cytometry findings in the CB-NPs group showed no significant increase in M2 macrophages compared to the PBS group. This may suggest that CB-NPs inhibited the polarization of M2 macrophages and prevented tumor recurrence.
In summary, our finding demonstrate that CB-NPs stimulate apoptosis in the Renca cell line, suppress the abundance of M2 macrophages within Renca tumor-bearing mice, inhibit tumor invasion and metastases, and mitigate the potential for tumor recurrence.
4 CONCLUSION
Our study confirms the remarkable therapeutic efficacy of CB-NPs on the Renca tumor-bearing mouse model, expanding the scope of the application of CB-NPs. Furthermore, it delves deeper into the mechanisms through which CB-NPs inhibit tumor growth. CB-NPs can reduce the expression of VEGFA and restrain tumor angiogenesis to impede tumor progression. It also exhibit cytotoxicity towards the Renca cell line, effectively inhibiting its migration, proliferation, and ultimately leading to a reduction in tumor growth at the cellular level. By using flow cytometry, we have determined that there is no significant difference in the effect of CB-NPs on the quantity of M1 and M2 macrophages in Renca tumor-bearing mice. Based on previous data on C-NPs treatment of tumors, a substantial increase in the number of M2 macrophages in the later stages (Qin et al., 2019). Our study indicates that CB-NPs inhibit the significant increase of M2 macrophages in Renca tumor-bearing mice, which could reduce the possibility of tumor recurrence. These findings underscore the potential of CB-NPs to effectively inhibit the progression of renal carcinoma in the Renca-tumor bearing mouse model, offering a novel therapeutic approach for the treatment of renal carcinoma.
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Hydrogels are three-dimensional natural or synthetic cross-linked networks composed of polymer chains formed by hydrophilic monomers. Due to the ability to simulate many properties of natural extracellular matrix, hydrogels have been widely used in the biomedical field. Hydrogels can be obtained through a variety of polymerization strategies such as heating and redox. However, photochemistry is one of the most interesting methods for researchers in this field. Gelatin-methacryloyl (GelMA) inherits the biological activity of gelatin and has become one of the gold standards in the field of biomaterials. GelMA, as a photopolymerizable hydrogel precursor, can be used to fabricate 3D porous structures for biomedical applications through two-photon polymerization. We report a new formulation of GelMA-based photoresist and used it to manufacture a series of two-photon polymerization structures, with a maximum resolution less than 120 nm. The influence of process parameters on 3D structures manufacturing is studied by adjusting the scanning speed, laser power, and layer spacing values in two-photon polymerization processing. In vitro biological tests show that the 3D hydrogel produced by two-photon polymerization in this paper is biocompatible and suitable for MC3T3-E1 cell.
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1 INTRODUCTION
Hydrogels are three-dimensional (3D) natural or synthetic cross-linked networks composed of polymer chains formed by hydrophilic monomers (Mikos et al., 2006; Qin et al., 2014). Due to the ability to simulate many properties of natural extracellular matrix, hydrogels have been widely used in biomedical fields, such as drug delivery and tissue engineering (Vu et al., 2015; Bello, et al., 2020; Tianpeng et al., 2021; Wang et al., 2023; Fu et al., 2022). Hydrogels can be obtained through a variety of polymerization strategies such as heating and redox, however, photochemistry is one of the most interesting method for researchers in this field (Qin et al., 2014). Photoinitiator (PI) molecules in photosensitive hydrogel precursors absorb photons to produce free radicals, and then trigger free radical polymerization to form cross-linked hydrogel networks. The absorption of photons by PIs can be single photon or multi photons (Ovsianikov et al., 2014). Compared with traditional polymerization methods, it has many advantages, such as fast reaction speed, spatiotemporal controllability of the polymerization process, operability at physiological temperatures, etc (Qin et al., 2014).
Two photon polymerization (TPP) is based on optical nonlinear absorption (usually near-infrared femtosecond laser) to induce polymerization or crosslinking in photosensitive materials (LaFratta et al., 2007; Xing et al., 2015). When femtosecond laser is tightly focused into the material, a PI molecule absorbs two photons simultaneously and are excited to induce local free radical polymerization within the focus volume. It breaks away from the layer by layer paradigm and achieves true 3D arbitrary structure writing (Jing et al., 2022). Benefiting from the probability of two-photon absorption (TPA) proportional to the square of light intensity, and threshold characteristics of the polymerization process, TPP can fabricate structures with spatial resolution lower than the diffraction limit (Nguyen and Narayan, 2017; Paun et al., 2018; Parkatzidis et al., 2019). Correspondingly, studying the response of cell behavior (proliferation, differentiation, migration, and adhesion) to the physical, chemical, and biological characteristics of the surrounding environment at a subcellular scale (1–10 μm) and in well-defined high-resolution 3D structures has become a widespread consensus in the biomedical field (Tibbitt and Anseth, 2009; Raimondi et al., 2012; Akhmanova et al., 2015; Vu et al., 2015; Barin et al., 2022). Compared with traditional biomedical scaffold manufacturing technology, TPP has unique application advantages, mainly reflected in the spatial resolution of the structures and accurate CAD model replication. For example, using techniques such as phase separation, freeze-drying, and electrospinning to fabricate tissue engineering scaffolds cannot be compared with similar scaffolds manufactured by TPP in terms of precise geometric definition or spatial resolution (Accardo et al., 2020; Jing et al., 2022).
Gelatin is the main component of mammalian natural extracellular matrix, and the tripeptide arginine-glycine-aspartic acid (RGD) contained in its protein skeleton contributes to excellent cellular mutual activity. The gelatin-methacryloyl (GelMA) formed by the reaction of the primary amine of hydroxylysine, lysine and ornithine with methacrylic anhydride inherits the biological activity of gelatin. Therefore, GelMA has become one of the gold standards in the field of biomaterials (Van Hoorick et al., 2019; Xiang and Cui, 2021).
Previous studies have shown that GelMA, as a polymerizable hydrogel precursor, can be developed as porous scaffolds for cell inoculation through TPP (Ovsianikov et al., 2011a; Ovsianikov et al., 2011b; Prina et al., 2020). However, due to poor mechanical performance and swelling, it is difficult for the scaffolds to exceed sub-millimeter resolution even when manufactured with TPP at relatively high concentrations of GelMA (20 wt%) (Ovsianikov et al., 2011b). Some strategies are used to improve mechanical performance. For example, manufacturing structures on supports made of stronger materials or further methacrylylation of carboxylic acids present in GelMA to increase the number of photopolymerizable functionalities (Engelhardt et al., 2011; Wang et al., 2018; Wang et al., 2018). These methods either destroy the material properties of the structures or require complex chemical reactions. Particularly, TPP scaffolds with sub-micron resolution made from photosensitive solutions composed of GelMA and PEGDA with a degree of substitution (DS) of approximately 70% have been reported (Brigo et al., 2017). PEGDA is a kind of biocompatible synthetic photosensitive material, which has been manufactured into 3D hydrogel scaffolds with truly independent properties through TPP to allow the effective colonization of neuron cell line neuro2A (Accardo et al., 2018). However, due to issues with the strength of polymeric materials, the self-supporting ability of the scaffolds is insufficient, making the manufacturing of subcellular scale non-deformable 3D structures still a challenge. A recent paper reported the use of ruthenium complexes as photo-activators in TPP engineered gelatin-collagen matrixes. The GelMA used had a DS of 80% and a concentration of 20% (w/v). However, the photosensitive solution exhibited excessively high viscosity at room temperature, necessitating the entire process to be conducted at 40°C. Furthermore, the fabricated structures only had a resolution of approximately 10 μm and demonstrated noticeable swelling and deformation in the liquid environment (Van der Sanden et al., 2021).
In this article, the GelMA based photoresist was optimized by increasing the DS and adding crosslinking agents to significantly enhance the strength of the TPP structures. The preparation process is simple. Specifically, various 3D porous structures were manufactured using Poly (ethylene glycol) diacrylate PEGDA with a molecular weight of 400 Da as the crosslinking agent for GelMA of DS220 and P2CK as a two-photon specific initiator. To investigate the effects of processing parameters on the integrity and pore connectivity of TPP structures, different laser powers, scanning speeds, and layer spacing were used to fabricated 3D porous structures. Furthermore, the developed photoresist has to retain its favorable cell interactivity to remain suitable for biomedical purposes. Therefore, in vitro biological tests were performed on the structures.
2 MATERIALS AND METHODS
2.1 Synthesis of TPP- special photoinitiator
Owing its facile synthesis, superior water solubility and high initiation efficiency {[i.e., two photon absorption cross section (δTPA): 140 GM at 800 nm]}, P2CK ((sodium 3,3′-(((1E, 1E′)-(2-oxocyclopentane-1,3-diylidene)bis (met hanylydiebe))bis (4,1-phenylene))bis (methylazanediyl))dipropanoate)) was synthesized as a TPP-special photoinitiator via protocol reported previously (Li et al., 2013). In brief, before precipitation in ethanol/hydrogen chloride solution, newly distilled cyclopentanone and benzaldehyde 3- [(4-formylphenyl)–methylamino] propionic acid were refluxed in NaOH solution for 6 h. This is a typical aldol condensation reaction. The product was vacuum dried after washing with cold methyl alcohol to obtain red powder.
2.2 Modification of gelatin
We used the previously reported protocol to synthesize GelMA using a one-pot method (Shirahama, et al., 2016). Briefly, Type B gelatin with a bloom strength 250 was dissolved in 0.25 M CB buffer at a concentration of 10% (w/v) at 50°C, and the PH was adjusted with sodium hydroxide or hydrochloric acid. Afterwards, methacrylic anhydride (MAA) of 94% was added to the above solution. The reaction lasted for 4 h, and then the pH was adjusted to 7.4 to stop the reaction. This entire process was carried out under 500 rpm of magnetic stirring. After filtration, dialysis, and freeze-drying, the products were preserved at −20°C for further experiments (Figure 1A). The degree of substitution (DS) of GelMA was measured by 1H-NMR in deuterium oxide, and its calculation was based on previously reported literature (Zhu et al., 2019). Finally, GelMA with the DS of ∼220 was obtained.
[image: Diagram illustrating two stages, A and B, of a chemical reaction process. In Part A, molecules and reactions involving methacrylate and methacrylamide groups are shown. Part B depicts a three-step process involving the combination of GELMA, P2CK, and PEGDA, resulting in a 3D grid structure.]FIGURE 1 | (A) Schematic illustration of GelMA (gelatin metacryloyl) synthesis. (B) The process scheme for TPP (two-photon polymerization) fabrication of the structures in this article.
2.3 Preparation of two-photon sensitive hydrogel solution (photoresist)
The photosensitive solution was formed by dissolving P2CK 5% (w/w), GelMA 70% (w/v), and PEGDA (average Mn 400) 5% (v/v) in PBS buffer, where PEGDA served as a crosslinking agent to further enhance the stiffness of the produced structures. The general process of photoresist preparation is to dissolve a certain amount of P2CK into PBS buffer until it is completely dissolved, and then add GelMA to the same centrifuge tube, and heat the centrifuge tube in a 37–50°C water bath for 1–2 h using a constant temperature water bath. After adding PEGDA, the centrifuge tube is water bathed at 37°C for 30–50 min and oscillated 3 times during this period. Finally, before storing it at 4°C for further use, the solution is filtered by 0.2 μm filter. The solution exhibits manageable flowability at room temperature. Figure 1B shows a brief process of TPP fabrication for the prepared photoresist.
2.4 Photorheology monitoring of photoresist photo-crosslinking reaction
Prior to TPP processing, the photo-reactivity of the photoresist was measured on a Anton-Paar MCR302 photorheometer, which possesses a parallel plate geometry. To conduct this test, 200 μL of PBS solution containing 0.25% (w/v) LAP (an efficient UV initiator), DS220-GelMA 70% (w/v), and PEGDA 5% (v/v) were placed between the plates with a gap of 0.3 mm. As a control group, photosensitive solution containing LAP0.25% (w/v), DS90-GelMA 20% (w/v) was also prepared and tested. The specific parameters for rheological testing were, shear strain:1%, oscillation frequency: 1 Hz, temperature: 37°C, time: 300 s, interval Time: 1.5 s, point number: 200, UV illumination time: 120 s, UV intensity: 30 mW/m2.
2.5 Mechanical testing by nanoindentation
The nanoindentation test was conducted on MML’s NanoTest Vantage nanoindenter. The Berkovich pyramid diamond indenter is adopted, with an angle of 65.03° between the three faces of the indenter and the axis of the diamond pyramid, and an angle of 120° between the three faces. The blunt radius of the indenter is 100 nm with the spring constant of 5 N/m. The Young’s modulus of the indenter is 1,141 GPa, and the Poisson’s ratio is 0.07. The tip radius was calculated by calibrating fused silica prior to the experimental procedure. The experiment was conducted in aqueous (PBS) environment with an ambient temperature of 23°C. The Hertz model is used to calculate the Young’s modulus. The tested samples were 6 cubes with dimensions of 100 μm × 100 μm ×6 μm (length× width × height), fabricated with a constant scanning speed 400 μm/s and different laser powers 5 mW, 10 mW, 15 mW, 18 mW, 22 mW, and 25 mW. Each sample was tested at 5 points with a Poisson’s ratio of 0.4.
2.6 TPP of the photoresist
The typical experimental workstation for TPP in our lab is given in Figure 2. A mode-locked Ti: sapphire oscillator with a repetition rate of 80 MHz, a wavelength of 800 nm, and a pulse duration of 100 fs, is used for TPP. The laser beam passing through the attenuator, beam expander, beam splitter and other optical components is tightly focused into the photopolymerizable materials with the oil-immersion objective lens (×100, NA = 1.3) filled with a refractive-index-matching oil (noil = 1.518). Photoresist is scanned by the laser focus in 3D space and polymerization occurs along the trace of the focus. After fabrication of the required structures, the samples must be developed to wash off the unpolymerized materials.
[image: Diagram showing a setup for a laser scanning system. It includes a titanium-sapphire laser emitting a beam, passing through a fast shutter, neutral density filter, and telescope. The beam is split by a beam splitter, with one path leading to a CCD camera and another to a scanning system with mirrors and a galvanometer x-y scanner. The objective lens focuses the beam on a sample illuminated by a lamp on a motorized stage. A computer is connected for control and data processing.]FIGURE 2 | A typical experimental workstation for TPP in our lab.
In this paper, the photoresist was placed in the cavity of a silicone elastic ring sandwiched between two cover glass slides to prevent solution evaporation. The bottom glass plate was silanized with 3-(trimethoxysilyl) propyl methacrylate to enhance the bonding strength between the polymer structures and the plate. The silanization solution consisted of deionized water (50% v/v), ethanol (48% v/v), glacial acetic acid (0.3% v/v), and 3- (trimethoxysilyl) propyl methacrylate (2% v/v), stirred for 15 min. The glass plates were pre-treated in a plasma cleaner for 10 min and then placed in the above solution for 30 min. After surface treatment, the glass plates were rinsed twice with deionized water and dried in a drying oven (50°C) for 2 h. After TPP processing, the structures were placed in PBS buffer at 37°C for more than 30 h to fully remove the unpolymerized materials, and then soaked in deionized water for further salt removal. Finally, the structures were obtained by freeze-drying.
To study the TPP threshold of the photoresist, lines were first processed at a fixed scanning speed (30 μm/s) but different laser powers (21.6 mW–1.8 mW). Based on the TPP threshold, we attempted to obtain the ultimate structural resolution of the photoresist.
The main factors affecting the connectivity and structural strength of three-dimensional porous structures are the scanning speed, laser power, and layer spacing of TPP. Therefore, the manufacturing of the 3D porous structures was carried out by fixing two of these parameters and changing the remaining one. The external dimension of the 3D porous structures’ CAD model is 44 μm × 44 μm × 24 μm (length × width × height), and the cross-sections of beams and columns are all 4 μm × 4 μm, that is, all square holes are 16 μm × 16 μm.
The polymer cubes with 1 mm × 1 mm × 5 μm (length× width × height) were fabricated for metabolic activity assay.
2.7 Characterization of structures fabricated via TPP
In order to perform SEM characterization, the structures fabricated on glass plates were first dehydrated in ethanol solutions of 70%, 80%, 90%, and three times 100% ethanol for 10 min. Then, after the 100% ethanol step, they were soaked in 100% hexamethyldisilazane (HMDS) for 3 min (Brigo et al., 2017). Prior to SEM imaging, the structures were subjected to four gold spray treatments, each lasting 1 min, with an Au/Pd layer thickness of approximately 10 nm. The structures were observed under a Tescan Vega3 SEM operating at 20 kV.
2.8 Metabolic activity assay
To test the effect of TPP processed polymers on cellular metabolic activity, polymer cubes were fabricated. Meanwhile, a new photosensitive solution was prepared using the biocompatible gold standard DS90-GelMA 20% (w/v) instead of DS220-GelMA in the photoresist mentioned above, and the same size structures were processed. The effect on MC3T3-E1 cells was determined using PrestoBlue assay according to the manufacturer’s instructions. In brief, the polymer cubes were transferred to a 24-well plate firstly. To sterilize the samples, UV−C irradiation (254 nm, 30 min) was applied prior to storage in the incubator overnight (5% carbon dioxide, 37°C) in appropriate medium. Next, all medium was aspirated from the samples, and 20,000 MC3T3-E1 cells was seeded per well. During further culturing, the appropriate cell medium was replaced every other day. The metabolic activity was tested using a PrestoBlue Cell Viability test (Life technologies) at specific time points (1, 2, 3, and 7 days). For the tests, PrestoBlue was diluted 1:10 with appropriate medium, and 500 μL of solution was applied per well followed by incubation for 1 h. In the presence of viable cells. From each well, 100 μL of solution was transferred to a 96-well plate for fluorescence measurements, and the remaining cell medium was aspirated and replaced by new appropriate medium followed by incubation. The fluorescence was measured with a plate reader (Synergy Bio-Tek, excitation 560 nm, emission 590 nm). After subtraction of sample blank (diluted PrestoBlue incubated for 1 h in appropriated medium), the different substrates were compared to each other and to the “dead cell” control (cells in 50% DMSO and 50% medium for 1 h). The fluorescence value obtained for the cells cultivated on tissue culture plastic (TCP) after 7 days of culture was considered as 100% viability. Next, all fluorescence values were normalized against this control and expressed relative to this 100% viability.
To verify the biocompatibility of materials further, MC3T3-E1 cells growth on various material surfaces were observed and recorded at day 1, day 2, day 3 and day 7 after cell isolation with density of 1 × 105 mL−1. The growth situation was observed through a bright field map. The cell counting method involved taking 10 fields of view (×40, ×10 eyepiece, magnification of 400) under a microscope for each group of structures at each time point. After counting the number of cells in each field, the average number was taken.
2.9 Statistical analysis
To evaluate the statistical significance of the obtained data, we first conducted an F-test on the two groups of variables to determine whether their variances were different. Next, conduct a Student’s t-test. When p < 0.05, the two values are considered significantly different.
3 RESULTS AND DISCUSSION
The main purpose of this article is to develop a novel photoresist composed mainly of natural derived materials to improve the stiffness of the products processed by TPP, thereby achieving higher spatial resolution and fully leveraging the technological advantages of TPP. The amount of photopolymerizable functionalities in GelMA with low DS (≤100) is limited, so we anticipate that increasing the DS while using a small amount of crosslinking agent would positively affect the cross-link density of the resulting photoresist.
3.1 Synthesis of GelMA with high degree of substitution
The side chains of different amino acids in gelatin contain different and easily reactive functional groups. For example, amine functional groups are present in the side chains of lysine, hydroxylysine, and ornithine, carboxylic acids are present in the side chains of glutamic acid and aspartic acid, and hydroxyl functional groups are present in the side chains of serine, threonine, and hydroxylysine. Currently, most commonly used modification strategies for GelMA with DS values less than 100%, including those mentioned in the introduction, involve the introduction of other functional groups using primary amines. However, in reality, hydroxyl groups can also exhibit nucleophilic behavior, thus participating in competition in the reaction. Research has shown that in the process of modifying gelatin to GelMA, hydroxyl functional groups were also observed to participate in the reaction when a 10 fold excess of MAA was added (Van Hoorick et al., 2019). These findings are of great significance for the modification and application of gelatin. As shown in Figure 1A, MAA reacts with primary amine functional groups to form methacrylamide groups, and reacts with hydroxyl functional groups to form methacrylate groups. This is the theoretical basis for the synthesis of high DS value GelMA in this study. In addition, different research reports have shown that 0.25MCB buffer is more reactive than 0.01 M PBS buffer for free amino groups (Shirahama, et al., 2016). This study achieved highly modified gelatin, and 1H-NMR measurements showed that the DS of GelMA was approximately 220%.
3.2 Determination of the mechanical properties of photoresist based on high DS GelMA
GelMA exhibits upper critical solution temperature (UCST) behavior, which means that the material forms collagen like triple helices below UCST, forming physical crosslinked networks (Van Hoorick et al., 2017). This makes 20% (w/v) DS90-GelMA close to its solubility limit at room temperature. However, the visual observation of the DS220-GelMA photosensitive solution prepared in this paper with a concentration of 70% (w/v) showed that it was still soluble at room temperature and did not form a physical gel. The high solubility can be attributed to higher side chain functionalization more effectively hindering the formation of the triple helix, which is consistent with the research results of some literature (Van Hoorick et al., 2017).
Photorheology experiments were conducted to determine whether the different amount of photopolymerizable functionalities for DS220-GelMA-based and DS220-GelMA-based photoresist has an influence on the final mechanical properties of the crosslinked hydrogels. Due to the fact that the storage modulus (G’) describes the elastic behavior of the materials and is related to the existing crosslinks, it was monitored for mechanical properties (Tytgat et al., 2019). As reported in the literature (Van Hoorick et al., 2017), an increase in double bond density in polymer precursors can lead to an increase in crosslink density, thereby enhancing the network of the polymer materials. It should be pointed out here that under the same conditions, the density of polymerizable functionalities enhances the cross-linking network, not just the quantity. Figure 3A shows the significant difference in G’ between the two photosensitive solutions we prepared. The G’ of DS220-GelMA/PEGDA is two orders of magnitude higher than that of DS90-GelMA, reaching 1.928 × 106 Pa. To our knowledge, there are no similar tests of natural derived photopolymer materials that can demonstrate such high storage modulus. Besides, the slope of G’ also indicates that the photoactivity of high concentration and high DS photosensitive solutions is better than that of low ones (Figure 3A). The results of photorheological monitoring are consistent with expectations, that is, improving the mechanical properties of polymer materials by increasing the concentration of polymerizable double bonds.
[image: Panel A shows a graph with stress modulus (GPa) on the y-axis and time (s) on the x-axis, comparing two materials: GelMA DPN and GelMA/SPA-PDDA. The data shows distinct trends for each material. Panel B displays a graph of Young's modulus (MPa) versus laser power (mW), indicating a relationship between the two variables with data points and error bars.]FIGURE 3 | (A) Evolution of the storage modulus of 20% (w/v) DS90-GelMA and 70% (w/v) DS220-GelMA+5% (v/v) PEGDA during UV-A-induced cross-linking at 30 mW/cm2 as determined by rheology. (B) Young’s modulus of the cubic microstructures fabricated with different laser powers (testing in aqueous environment).
From Figure 3B, we can see that the Young’s modulus at power 5 mW and 10 mW is significantly different from that at higher power, due to the insufficient number of free radicals caused by lower laser intensity and subsequent insufficient polymerization in the exposure area. When the energy per unit area increases, more free radicals are generated to increase the crosslinking density of the photoresist. Therefore, the Young’s modulus significantly increases when the laser power exceeds 15 mW. The increase in the Young’s modulus of materials helps to increase the stiffness of the structures. However, when sufficient polymerization free radicals are generated, further increase of free radicals is at least not beneficial, so the Young’s modulus remains basically unchanged when the laser power is between 15 mW and 25 mW. In addition, we can see that the Young’s modulus of the material in aqueous environment has reached ∼1.7 Mpa, which shows that our strategy of developing high-strength hydrogels based on natural derived materials is effective. The loading/unloading curves for nanoindentation testing can be found in the Supplementary Material. It should be pointed out here that although we have only carried out nanoindentation tests on polymers manufactured with different TPP powers, we can imagine that the modulus of hydrogels fabricated with different scanning speeds and layer spacing will also have similar phenomenon.
3.3 Structures fabricated by TPP
In TPP, all entities processed are composed of voxels, including polymer lines. The voxel of TPP is an ellipsoid, so its short axis length is the width of the line in continuous scanning processing (Fischer and Wegener, 2012). In this article, when the laser power changed from 1.8 mW to 21.6 mW, polymer lines were fabricated with a single scan at a constant speed of 50 μm/s to determine the relationship between line width and laser power at that constant speed. As shown in Figure 4, as the laser power decreases, the line width also shows a decreasing trend, meaning that the resolution gradually improves. This is consistent with theoretical analysis and other literature reports (Gou et al., 2017). In the laser power of 3.6 mW, the line width is 809 nm (Figure 4). When the laser power is 21.6 mW, the line width is larger than 3,700 nm. In addition, we can see from Figure 4 that at 1.8 mW laser power, only one trace of polymer line was left, and its structure was damaged during the development process. As mentioned in a review (Jing et al., 2022), the laser threshold for two-photon absorption and two-photon aggregation are different, the latter refers to the laser intensity that enables the polymer structures to be retained after development. It is worth noting here that although single and multiple scans have no effect on line width, the strength of the structure and whether they can be retained in the subsequent development process cannot be ignored. A polymer beam with a span of 10 μm is processed at a scanning speed of 100 μm/s at the laser threshold of 1.8 mW, with a resolution of 119 μm, greatly exceeding the diffraction limit of the laser used (Figure 5). Such a high-resolution structure can be retained after development, benefiting from the high mechanical properties of the polymer materials we used.
[image: Panel A shows a gradient image with vertical bands decreasing in contrast from left to right, labeled with micrometer values on top and milliwatt values at the bottom. A scale bar indicates 5 micrometers. Panel B is a graph plotting laser power in milliwatts against a variable with an increasing trend, showing data points with error bars.]FIGURE 4 | (A) Top view of the SEM images of lines fabricated with a single scan at a constant speed of 30 μm/s and varying powers. (B) The relationship of the laser power and the line width.
[image: Microscopic images showing nanoscale structures. In image A, three rounded pillars are connected by a thin bridge, with a scale bar indicating five micrometers. Image B provides a closer view of one connection.]FIGURE 5 | A polymer beam with a span of 10 μm processed at a scanning speed of 100 μm/s at the laser threshold of 1.8 mW. (A) oblique view and (B) top view.
The stiffness of hydrogels produced by TPP is affected by laser power, scanning speed and layer distance (Gou et al., 2017). Therefore, we hypothesized that the integrity, stiffness, and pore connectivity of the 3D porous structures processed by TPP would also be affected by the above three parameters. At a constant scanning speed (400 μm/s) and layer distance (500 nm), the 3D porous structures were manufactured with varying laser power (Figure 6). Among the six laser powers of 25 mW, 22 mW, 18 mW, 15 mW, 10 mW, and 5 mW, when the power is high (25 mW, 22 mW, and 18 mW), there are polymer films left between the pores of the 3D structures produced (Figures 6A–C). When the power is low (5 mW), the structure collapses and deforms (Figure 6F), while at the powers of 15 mW and 10 mW, the structures’ integrity and pore connectivity are the best (Figures 6D, F). Besides, under constant laser power (18 mW) and layer distance (500 nm), different scanning speeds were used to process 3D porous structures. The scanning speeds were set from 400 μm/s to 4,000 μm/s, with an increment of 400 μm/s (Figure 7). As shown in Figures 7A–H, among the 10 scanning speeds, as the speed increases, the pores of the structure gradually become clear. However, when the speed exceeds 3,600 μm/s, the structures exhibit a lack of stiffness (Figures 7I, J). From the above experimental results, we can see that the influence of laser power and scanning speed on the manufacturing of TPP structures is significant, and the fundamental reason for this effect is the number of free radicals generated during the two-photon absorption process. When the scanning speed remains constant and the laser power changes, the lower the laser intensity, the less free radicals generated in the exposure area, resulting in insufficient polymerization of the photoresist and affecting the formation of the structures. Similarly, when the laser power is fixed and the scanning speed is changed, the faster the scanning speed, the shorter the exposure time, the insufficient density of the generated free radicals leads to insufficient crosslinking, thereby affecting the stiffness of the structures. However, if the laser intensity or exposure time is too large, the free radicals in the exposure area exceeds a certain density, the increase of voxel size and the diffusion of free radicals will have a negative impact on the resolution and connectivity of porous structures.
[image: Six scanning electron microscope images of micro-lattice structures with different deformations labeled A to F. The top row shows angled views, and the bottom row provides a top-down perspective. Each structure varies in the degree of compression or bending. Scale bar indicates five micrometers.]FIGURE 6 | SEM images (oblique and top views) of 3D porous structures manufactured with constant scanning speed (400 μm/s) and layer spacing (500 nm) at six different laser powers: (A), (a) 25 mW, (B), (b) 22 mW, (C), (c) 18 mW, (D), (d) 15 mW, (E), (e) 10 mW, and (F), (f) 5 mW.
[image: A grid of twenty SEM images showing small, intricate 3D lattice structures with labeled rows A to J. The structures vary slightly in appearance and angle, each with a scale bar indicating five micrometers.]FIGURE 7 | SEM images (oblique and top views) of 3D porous structures fabricatedwith constant laser power (18 mW) and layer spacing (500 nm) at varying scanning speed: (A), (a) 400 μm/s, (B), (b) 800 μm/s, (C), (c) 1,200 μm/s, (D), (d) 1,600 μm/s, (E), (e) 2,000 μm/s, (F), (f) 2,400 μm/s, (G), (g) 2,800 μm/s, (H), (h) 3,200 μm/s, (I), (i) 3,600 μm/s, (J), (j) 4,000 μm/s.
The TPP processing strategy of constant scanning speed, laser power, and varying layer spacing was also used for the manufacturing of 3D porous structures (Figure 8). At 10 mW power and 400 μm/s scanning speed, the processed structures with layer spacing of 900 nm and 1,100 nm have low strength and severe deformation (Figures 8E, F), while excessively small layer spacing (100 nm) is not conducive to the clarity of pores (Figure 8A). When the layering distance is within a moderate range, there are no significant changes in the pore connectivity of the structures (Figures 8B–D). On the premise that other conditions remain unchanged, the layer spacing is closely related to the strength of the structure, that is, the smaller the layer spacing, the more stacking between the voxels, and the higher the polymerization density of the photoresist, vice versa. When the layer spacing reaches a certain level, the polymer layers will separate from each other, causing structural collapse.
[image: Two rows of microstructures labeled A to F, viewed at different angles. The top row shows lateral views, revealing three-dimensional grid-like shapes. The bottom row displays top views of the same structures, emphasizing their symmetrical, lattice-like patterns. Each structure varies in form, appearing slightly distorted or bent while maintaining a consistent design theme. Scale bar at five micrometers.]FIGURE 8 | SEM images (oblique and top views) of 3D porous structures fabricated with constant laser power (18 mW) and scanning speed (400 μm/s) at varying layer spacing: (A), (a) 100 nm, (B), (b) 300 nm, (C), (c) 500 nm, (D), (d) 700 nm, (E), (e) 900 nm, and (F), (f) 1,100 nm.
Although it is beyond the research scope of this paper, it should be noted here that the 3D structure in the SEM pictures shows a certain degree of shrinkage, which is inevitable after the hydrogel absorbs a large amount of water and dries. If the structure processed by TPP is stored in liquid, shrinkage will not occur, as confirmed by the literature (Van Hoorick et al., 2017). In addition, from the neat lower edges of all structures, it can be seen that there is almost no swelling phenomenon in the TPP structure in this article, which is consistent with other literature reports (Van Hoorick et al., 2017).
3.4 Biocompatibility of 3D structures fabricated by TPP
Despite the favorable material properties, the developed photoresist has to retain its favorable cell interactivity to remain suitable for biomedical purposes. Therefore, in vitro biological tests were performed on structures fabricated by DS90-GelMA and DS220-GelMA photoresist using MC3T3-E1 cells. The metabolic activity of the cells was monitored at regular time points using a PrestoBlue assay. The results of the assays are depicted in Figure 9. Because a clear increase in metabolic activity is observed as a function of time, the cells can be considered healthy and proliferating on all substrates throughout the course of the experiment. In the performed assay, confluence was indeed reached between days 3 and 7 resulting in a plateau in metabolic activity, and all substrates exhibited a metabolic activity of >70% after 7 days of culture. As a consequence, both materials can be considered biocompatible and suitable for MC3T3-E1 cell. In addition, the results of bright field map in Figure 10A indicated that cells grown on the structures fabricated with DS220-Gelma/PEGDA, showed better cell extension and propagation, than cells grown on the structures prepared with DS90-GelMA. The number of cells on the DS220-GelMA/PEGDA structures significantly exceeded that on DS90-GelMA structures, after 3 days of culture, as shown in Figure 10B.
[image: Bar chart showing relative metabolic activity over seven days for two gel compositions: DS90Bloom250-Gelma (blue) and DS220Bloom250-Gelma with Pegda (green). Activity increases for both, with the Pegda mixture consistently higher. Significant differences are marked by asterisks on Days 2, 3, and 7.]FIGURE 9 | Presto blue assay was performed on structures made of two kinds of photoresist expressing the metabolic activity of MC3T3-E1 cell, *, p < 0.05.
[image: Panel A shows a series of cell culture images from days 1, 2, 3, and 7, comparing two conditions: 030-0-iNIA and DS-iPSC-iNIA. Panel B is a bar graph displaying the number of colonies formed, with two conditions: DS-iNIA-5A-GemB(2OH) in blue, and DS-iNIA-5A-GemB(2OH)-FengAB(5N) in red. Both conditions show an increase over time, with significant differences marked by asterisks.]FIGURE 10 | (A) The bright field map of MC3T3-E1 cells growth on structures, day 1, day 2, day 3 and day 7 respectively. The upper structures were fabricated by 20% (w/v) DS90-GelMA through TPP, while the lower structures were manufactured by 70% (w/v) DS220-GelMA+5% (v/v) PEGDA. Scale bars represent 100 μm. (B) Count statistical analysis chart of MC3T3-E1 cells growth on structures, day 1, day 2, day 3 and day 7 respectively, ***, p < 0.005.
4 CONCLUSION
A novel hydrogel precursor photoresist based on GelMA for TPP has been prepared and used to manufacture 3D structures. In particular, the highly substituted GelMA used in the paper was obtained through a simple one pot synthesis method. The structures exhibited higher strength than previous types of GelMA-based photoresists. The effects of laser power, scanning speed, and layer spacing on the 3D structures manufactured in TPP have been investigated. The metabolic activity test showed that the 3D hydrogels possess satisfactory biocompatibility. The study in this article provides new ideas for the combination of TPP as a high-resolution additive manufacturing technology and GelMA as a promising natural derivative material for the biomedical applications, including drug delivery and tissue engineering.
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Levofloxacin loaded poly (ethylene oxide)-chitosan/quercetin loaded poly (D,L-lactide-co-glycolide) core-shell electrospun nanofibers for burn wound healing
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This study developed a new burn wound dressing based on core-shell nanofibers that co-deliver antibiotic and antioxidant drugs. For this purpose, poly(ethylene oxide) (PEO)-chitosan (CS)/poly(D,L-lactide-co-glycolide) (PLGA) core-shell nanofibers were fabricated through co-axial electrospinning technique. Antibiotic levofloxacin (LEV) and antioxidant quercetin (QS) were incorporated into the core and shell parts of PEO-CS/PLGA nanofibers, respectively. The drugs could bond to the polymer chains through hydrogen bonding, leading to their steady release for 168 h. An in vitro drug release study showed a burst effect followed by sustained release of LEV and QS from the nanofibers due to the Fickian diffusion. The NIH 3T3 fibroblast cell viability of the drug loaded core-shell nanofibers was comparable to that in the control (tissue culture polystyrene) implying biocompatibility of the nanofibers and their cell supportive role. However, there was no significant difference in cell viability between the drug loaded and drug free core-shell nanofibers. According to in vivo experiments, PEO-CS-LEV/PLGA-QS core-shell nanofibers could accelerate the healing process of a burn wound compared to a sterile gauze. Thanks to the synergistic therapeutic effect of LEV and QS, a significantly higher wound closure rate was recorded for the drug loaded core-shell nanofibrous dressing than the drug free nanofibers and control. Conclusively, PEO-CS-LEV/PLGA-QS core-shell nanofibers were shown to be a promising wound healing material that could drive the healing cascade through local co-delivery of LEV and QS to burn wounds.
Keywords: core-shell nanofiber, co-axial electrospinning, drug delivery, burn wound, wound healing

1 INTRODUCTION
Wounds can be classified in different types depending on their cause or origin, e.g., incision, abrasion, puncture, burns, etc. (Abid et al., 2018). The burn wounds are a critical medical state and a global burden that needs to be treated and monitored on a regular basis (Singh et al., 2022; Sen et al., 2023). World Health Organization (WHO) has estimated the occurrence of 11 million burn injuries per year globally, 180,000 of which can lead to death (Jeschke et al., 2020). Burn injuries induce inflammatory responses and metabolic changes that can evoke the complications that are difficult to manage (Jeschke et al., 2020). Progressing to sepsis, infection is the main cause of death in the patients with burn injuries (Gomez et al., 2009; Nuutila et al., 2020). Staphylococcus aureus and Pseudomonas aeruginosa of gram-positive and gram-negative bacteria, respectively, are the most available pathogens in such wound beds that can cause infection (Norbury et al., 2016). Therefore, antimicrobial materials are essential in the treatment of infected burn wounds (Kumari et al., 2011). Levofloxacin (LEV) is a broad-spectrum antibiotic from the fluoroquinolone drug class that has been used in the treatment of burn wound infections. It offers a bactericidal effect via inhibition of bacterial DNA synthesis and further damage of DNA strands (Podder and Sadiq, 2022; Razdan et al., 2023). LEV has been shown to provide a high antibacterial activity against S. aureus, P. aeruginosa, L. pneumophila, and salmonellae in vitro (Smith et al., 2000). In addition to infection and inflammation, burn patients are vulnerable to ROS-mediated damages, thus, utilization of antioxidants can provoke the healing process of such wounds. Specifically, ROS plays a crucial role in the burn-induced suppression of immune system. In this regard, antioxidants can increase immune activity, thereby reducing the risk of burn wound infection (Al-Jawad et al., 2008; Sahib et al., 2010). Quercetin (QS) is a polyhydroxy flavonoid that is mainly found in flowers, leaves, and fruits of different plants (Fu et al., 2020). QS’ pharmacological activities include antioxidant, anti-inflammatory, and antimicrobial effects (Moskwik et al., 2023). QS’ antioxidant mechanism of action is based on its impact on Glutathione, enzymatic activity, signal transduction pathways, and the ROS generation driven by environmental and toxicological factors. As a result, QS can maintain the oxidative balance in the body (Xu et al., 2019). Although much research has been conducted on LEV and QS individually, their synergetic effect on chronic, infectious wounds has rarely been investigated. It has been shown that a more potent healing efficiency can be achieved by co-delivery of various therapeutic agents (Rezaei et al., 2020). In this regard, advanced wound dressings capable of reducing both bacterial infection and inflammation are appealing for burn wound treatment (Yin et al., 2022). For instance, Amani et al. fabricated a bilayer electrospun wound dressing containing gentamicin (antibiotic) and diclofenac (non-steroidal anti-inflammatory drug) for burn wound treatment. The nanofiber dressing with dual delivery of gentamicin and diclofenac was shown to offer an enhanced wound healing efficiency in an animal study (Amani et al., 2023a). Similarly, it is postulated that in the current study co-delivery of LEV and QS can lower the bacterial load of burn wounds and reduce inflammation, thereby cooperatively improving the wound healing conditions.
Among the various classes of drug delivery systems, nanofibers have attracted much attention due to their large available surface area, high porosity, and promising drug loading capacity (Cai et al., 2012; Homaeigohar and Boccaccini, 2020; Amani et al., 2023b). Electrospinning is a standard approach for fabrication of micro- and nanofibers (Reddy et al., 2016; Darbasizadeh et al., 2018; Homaeigohar et al., 2021; Selim et al., 2023). The nanofibrous materials show crucial advantages for drug delivery such as controlled, localized release of drugs and promising physicochemical properties, e.g., a high aspect ratio, a small diameter, and an extensive surface area that could be chemically engineered depending on the application (Luraghi et al., 2021). There is a large number of electrospun nanofibrous systems for drug delivery into wound beds. For instance, Ren et al. (Ren et al., 2018) devised an aligned porous fibrous membrane made of poly (l-lactic acid) (PLLA) reinforced with dimethyloxalylglycine (DMOG) loaded mesoporous silica nanoparticles. The co-delivery of DMOG and silicon ions by the PLLA fibers led to improved vascularization in a diabetic wound bed. As an advanced derivative of electrospinning, co-axial electrospinning enables the development of core-shell nanofibers with controlled drug release (Kaviannasab et al., 2019; Darbasizadeh et al., 2021). In the current study, we aim to fabricate a core-shell nanofibrous wound dressing made of chitosan (CS)-polyethylene oxide (PEO) blend as core and poly (lactic-co-glycolic acid) (PLGA) shell that co-delivers LEV and QS to burn wounds. Chitosan (CS) is a biodegradable natural polymer which offers an anti-inflammatory and antimicrobial activity (Vega-Cázarez et al., 2018; Sapkota and Chou, 2020). This biopolymer is largely used in drug delivery, tissue engineering, and wound healing (Yadollahi et al., 2016; Darbasizadeh et al., 2018; Salazar-Brann et al., 2021; Farhadnejad et al., 2022). The CS wound dressings accelerate wound healing and reduce pain and infection in burn wounds (Hu et al., 2023). Nevertheless, due to CS’ polycationic nature and inter/intra-molecular interactions, electrospinning of CS is challenging. To address this shortcoming, CS is blended with PEO to synthesize nanofibrous scaffolds (Yuan et al., 2016; Varnaitė-Žuravliova et al., 2020). PLGA is a biodegradable synthetic polymer widely used as a drug carrier with sustained drug release, optimum mechanical strength, and an appropriate degradation rate (Chereddy et al., 2016). Lactate, as a byproduct of PLGA degradation, can promote wound healing via enhanced angiogenesis, collagen synthesis, and endothelial progenitor cells recruitment (Chereddy et al., 2013; Chereddy et al., 2015). Cooperatively, PEO-CS/PLGA core-shell nanofibers can not only provide a biomimetic nanofibrous structure as seen in native skin tissue with collagen nanofibers, but also release therapeutic compounds such as LEV and QS in a sustained manner into a burn wound bed. As a result, an improved wound healing behavior is assumed to be achieved with such a sophisticated nanobioformulation and nanostructured wound dressing. Figure 1 schematically depicts the concept of our research based on co-electrospinning of PEO-CS-LEV/PLGA-QS core-shell nanofibers that could promote wound healing in vivo.
[image: Diagram illustrating the process of creating PEO-CS/LEV/PLGA-QS core-shell nanofibrous wound dressing. A dual feeding syringe releases solutions into an electrospinning setup, forming nanofibers collected on a surface. A visual of a mouse demonstrates wound healing application. Side images show the wound healing progression on the mouse over time.]FIGURE 1 | Schematic illustration of the preparation process and in vivo wound healing efficiency of PEO-CS-LEV/PLGA-QS core-shell nanofibrous wound dressing.
2 MATERIALS AND METHODS
2.1 Materials
Chitosan (76% deacetylated, and viscosity 122 cps, 1 wt% in 1% acetic acid), poly (ethylene oxide) (PEO, average Mv∼900,000), poly (D,L-lactide-co-glycolide) (PLGA, lactide: glycolide 50:50, Mw∼ 45 kg/mol), QS, and LEV were purchased from Sigma-Aldrich (Germany). N-methyl-2-pyrrolidone (NMP), dimethylformamide (DMF), and tetrahydrofuran (THF) were obtained from Merck (Germany). Bi-distilled water was used to prepare aqueous solutions. All reagents and chemicals were mainly of analytical grade and used as received without any further purification.
2.2 Preparation of core-shell nanofibers
The core PEO-CS-LEV solution was prepared by dissolving 150 mg CS (3% w/v) and 100 mg PEO (2% w/v) in 5 mL acetic acid aqueous solution (90% w/v). Subsequently, a given amount of LEV (10% w/w relative to the PEO-CS mass) was added to the above solution. The as-prepared solution was thoroughly stirred to get homogenized. To prepare the shell PLGA-QS solution, 1 g PLGA (20% w/v) and 50 mg QS (5% w/w relative to PLGA mass) were dissolved in 5 mL DMF/THF (2/1) and vigorously stirred.
To fabricate the PEO-CS-LEV/PLGA-QS core-shell nanofibers, the PEO-CS-LEV and PLGA-QS solutions were poured separately into two 5 mL plastic syringes connected to the coaxial spinneret of a co-axial electrospinning set-up (Fanavaran Nano-meghyas, Iran) and were electrospun under optimized electrospinning conditions including the collecting distance of 15 cm, applied voltage of 15 kV, and feed rate of 0.6 mL/h (core solution) and 1 mL/h (shell solution).
2.3 Physicochemical characterization
The morphology of PEO-CS-LEV/PLGA-QS core-shell nanofibers was imaged by a KYKY-EM3200 digital scanning electron microscope (SEM) after coating them with a thin Au layer under high vacuum at the acceleration voltage of 26 kV. The ImageJ software (version 1.52) was employed to quantify the diameter and diameter distribution of the core-shell nanofibers. Transmission electron microscope (TEM, Zeiss -EM10C) was used to visualize the core-shell structure of the nanofibers. For this purpose, the core-shell nanofibers were collected on a carbon-coated copper grid and TEM images were captured under the acceleration voltage of 80 kV. The physicochemical interactions of the various components of the PEO-CS-LEV/PLGA-QS core-shell nanofibers were investigated by using a FTIR spectrophotometer (BRUKER TENSOR 27) in the spectral range of 500–4,000 cm−1 at the resolution of 4.0 cm−1. Thermal gravimetric analysis (TGA) of the nanofibers was carried out by using a TGA-50H thermogravimetric device. To do this, 10 mg of the nanofibers was placed within the sealed aluminum pans that were heated up to 600°C at the heating rate of 10°C min−1 under a 20 mL min−1 nitrogen gas flow. STOE-STADI powder X-ray diffractometer was used to analyze the crystallinity of the nanofibers in the 2θ range of 5°–50°, under 40 kV and 40 mA, with Cu-Kα (λ = 1.54060 °A) radiation.
The mechanical properties of the core-shell nanofibers were determined through a uniaxial tensile test by using an Instron 5,566 tensile machine at ambient temperature. To do this, the nanofibrous mats were cut into rectangular specimens (0.5 cm × 3 cm) and stretched. From each class of the core-shell nanofibrous mats, 3 samples were tested.
2.4 In vitro drug release analysis
In vitro drug (LEV and QS) release rate of the PEO-CS-LEV/PLGA-QS core-shell nanofibrous mats was quantified at pH 7.4 and 37°C. Due to the overlap of LEV’s and QS’ UV-Vis spectra, simultaneous analysis of their release rate is impractical. Therefore, PEO-CS-LEV/PLGA and PEO-CS/PLGA-QS core-shell nanofibers’ drug release rates were separately characterized. To do this, three sections (3 × 3 cm2) of the core-shell nanofibers containing LEV and QS were precisely weighed and immersed in 10 mL PBS (pH 7.4) at 37°C under shaking (100 rpm) for 168 h. At regular time intervals, 2 mL of the supernatant was removed for UV-vis spectrophotometry at λ = 292 nm and 380 nm corresponding to LEV and QS, respectively, and the solution was replenished.
2.5 Drug release kinetics measurement
To assess the LEV and QS release kinetics, the in vitro release profile of the PEO-CS-LEV/PLGA-QS core-shell nanofibrous mats in PBS (pH 7.4) was fitted into different kinetic models (Fatahi et al., 2021):
[image: It seems there is no image uploaded. Please try uploading the image again and optionally provide a caption for context.]
(Zero order kinetics model)
[image: The displayed equation is: \(\ln(1 - f_t) = kt\), labeled as equation (2).]
(First order kinetics model)
[image: The formula represents a mathematical expression: f sub t equals k sub H times t raised to the power of one half, enclosed by equation number three.]
(Higuchi kinetics model)
[image: The formula shown is: \( f_i = k_s p^n \), with a transformation \( \ln f_i = \ln k_s + n \ln t \), labeled as equation (4).]
(Korsmeyer–Peppas kinetics model)
In Eqs 1–4, ft, t, n and kP represent the fraction of drug released at time t, release time, release exponent, and rate constant, respectively. k0, k1 and kH are the rate constants of the zero order, first order, and Higuchi models, respectively. n identifies the drug release mechanism. For cylindrical compounds, n ≤ 0.45, 0.45 < n < 1, n = 1, and n > 1 are indicative of the Fickian diffusion release, non-Fickian diffusion release, Case-II transport or zero-order kinetics, and supper case-II transport, respectively (Fatahi et al., 2021).
2.6 Cell viability assay
NIH 3T3 fibroblast cell viability of the PEO-CS-LEV/PLGA-QS core-shell nanofibers was investigated through the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay. This cell line is of importance due to its decisive role in the regeneration of connective tissues and in the reconstruction of ECM. The Dulbecco’s Modified Eagle Medium (DMEM) was used as the culture medium which was supplemented with penicillin and streptomycin (1%) as antimicrobial agents and FBS (10%) as nutrient. The cell containing medium was incubated for 72 h under 5% CO2/95% air at 37°C. Afterwards, 100 μL NIH 3T3 fibroblast cells with the density of 1×104 cells/well was incubated in a 96-well plate for 24 h under the same atmospheric condition. The extract of the core-shell nanofibers was UV irradiated for 1 h and then incubated in the culture medium for 24 h at 37°C. Thereafter, NIH 3T3 fibroblast cells were subjected to the extracts for 24, 48, and 72 h. At each time point, 10 μL MTT reagent was incubated with the cell-extract assemblies for 3 h. Subsequently, 100 µL DMSO was added to the medium and the assembly was shaken for 10 min to dissolve the purple-colored formazan crystals. Eventually, the medium was optically analyzed at λ = 570 nm using an Epoch microplate reader (Bio-Rad, model 550).
2.7 In vivo wound healing efficiency measurement
All animal experiments were carried out in full compliance with the guidelines approved by the ethics committee of Tehran University of Medical Sciences (approval No. IR.TUMS.PSRC.REC.1396.4146). Wistar albino rats (male, weight = 200–250 g) were divided in 5 groups of: 1) Control, 2) PEO-CS/PLGA, 3) PEO-CS/PLGA-QS, 4) PEO-CS-LEV/PLGA, and 5) PEO-CS-LEV/PLGA-QS. Each group consisted of 7 rats with access to standard food and water. First, the rats were anesthetized in a ratio of 80 to 20 by intraperitoneal injection of ketamine hydrochloride (50 mg/kg) and xylazine (5 mg/kg). After dorsal hair removal, 20 mm thermal burn wounds were made by direct contact of skin with a hot aluminum rod (110°C) for 5 s. The as-formed wounds were deep enough to resemble the second degree burn wounds. The burn wounds were immediately treated with the nanofibrous wound dressings and a sterile gauze in the control group.
The wound closure rate was determined based on digital images of the wounds captured on days 3, 7, 14, and 21 post-treatment. To measure the wound size (area), the images were analyzed using the ImageJ software and wound closure rates were quantified via equation 5:
[image: Formula for wound closure rate expressed as a percentage: it is calculated by subtracting the wound area on days 3, 7, 14, and 21 from the wound area on day 0, then dividing by the wound area on day 0. The result is multiplied by 100.]
2.8 Histological analysis
To carry out histological analysis, the rats underwent euthanasia through intraperitoneal injection of ketamine (300 mg/kg) and xylazine (20 mg/kg) and wound tissues were completely excised on days 7, 14 and 21 post-treatment. The collected wound tissues were fixed by immersion in a 10% formalin buffer solution for 48 h and further embedded within paraffin wax. Thereafter, the samples were sectioned into 5 µm thick slices and stained through Haematoxylin and eosin (H&E) and Masson’s trichrome (MT) staining assays. Ultimately, an independent pathologist assessed the histological slides using a light microscope (Olympus, Japan) under 40x and 100x magnifications.
2.9 Statistical analysis
The cell test and in vivo (wound closure percentage) data were analyzed statistically through the one-way analysis of variance (ANOVA) technique. It is worth mentioning that all measurements were repeated thrice, and the obtained values were reported as mean ± standard deviation.
3 RESULTS AND DISCUSSION
3.1 Physicochemical characteristics of the PEO-CS-LEV/PLGA-QS core-shell nanofibers
The SEM images of PEO-CS/PLGA and PEO-CS-LEV/PLGA-QS core-shell nanofibrous mats (Figure 2A,B,D,E) show that the nanofibers w and w/o the drugs feature a uniform diameter distribution and are bead-less. The average diameter of PEO-CS/PLGA and PEO-CS-LEV/PLGA-QS core/shell nanofibers (quantified using the ImageJ software) was 190 ± 50 nm and 269 ± 50 nm, respectively. There is a statistically significant difference in the average fiber diameter of these two classes of core/shell nanofibers (p < 0.05). The incorporation of LEV and QS in the core and shell sections of the nanofibers significantly increases their respective diameter (Figure 2C,F), as a result of enhanced polymer solutions’ viscosity. The possible physicochemical bonding between ether and amine groups of PEO and CS, respectively, with LEV’s C-N, C-F, C=O, and OH groups (as will be discussed later) could raise the viscosity of the PEO-CS-LEV solution. On the other hand, ether and carbonyl groups of PLGA could form a hydrogen bond with the hydroxyl groups of QS and similarly increase the viscosity of the PLGA-QS solution.
[image: Images a and d show networks of nanofibers under different magnifications. Images b and e present close-up views of these nanofibers. Graphs c and f display bar charts of diameter distribution for the nanofibers. Image g shows a single nanofiber at high magnification, highlighting its structure.]FIGURE 2 | SEM images and diameter histograms of PEO-CS/PLGA (A–C) and PEO-CS-LEV/PLGA-QS (D–F) core/shell nanofibers. The images indicate a uniform nanofiber diameter distribution with no beads for the core-shell nanofibers w and w/o drugs. (G) TEM image of a PEO-CS-LEV/PLGA-QS core/shell nanofiber which obviously visualizes two distinct phases in the core and shell parts, implying the immiscibility of the PLGA-QS and CS-PEO-LEV solutions during electrospinning.
Figure 2G shows a TEM image the PEO-CS-LEV/PLGA-QS core-shell nanofibers wherein core and shell regions are visually distinct. The light and dark regions represent the PEO-CS-LEV and PLGA-QS phase, respectively, indicating the successful formation of a core/shell structure in the nanofibers derived from immiscibility of the polymer solutions during electrospinning. The presence of CH3 side groups in poly(lactide acid) (PLA) chains endows a superior hydrophobicity to this polymer relative to poly(glycolic acid) (PGA) (Makadia and Siegel, 2011). Therefore, the lactide rich PLGA (i.e., copolymer of PLA and PGA) is almost hydrophobic (Makadia and Siegel, 2011) and poorly soluble in polar solvents such as acetic acid (i.e., the solvent of PEO-CS solution). On the other hand, PEO and CS are inadequately soluble in DMF/THF, thus PEO-CS/acetic acid solution remains immiscible with PLGA solution at the onset of co-axial electrospinning in a very short time frame, particularly at room temperature.
With respect to the formation mechanism of the core-shell nanofibers, it is assumed that the PLGA shell solution assists to the electrospinning of less-electrospinnable CS-PEO core solution. Over the course of the coaxial electrospinning process, the PLGA shell solution drags the CS-PEO core solution to form a stable compound Taylor cone and later a continuous jet. This behavior might be ascribed to the higher conductivity of the shell solution (Pakravan et al., 2012). While CS solution is a polyelectrolyte with optimum electrical conductivity and PEO solution is neutral (Pakravan et al., 2012), blending of CS and PEO solutions leads to loss of the CS solution conductivity. On the other hand, PLGA’s functional group can be ionized in the shell solution during electrospinning and improve the conductivity of the solution. According to Yu et al. (Yu et al., 2004), the higher shell solution conductivity compared to the core solution’s can potentially stabilize the coaxial electrospinning process, most likely due to a higher extent of shear stress that is applied on the core solution and a larger resulting stretching force, leading to formation of a thinner core.
The physicochemical interactions of the components of the core-shell nanofibers were tracked through FTIR spectroscopy. As seen in Figure 3A, FTIR spectra of the core-shell nanofibers w and w/o the drugs feature several characteristic bands of PLGA at 1750 cm−1 (C=O), 1,088 cm−1 (C–O–C), and 827 cm−1 (C=O) (Haider et al., 2016; Tohidi et al., 2016). Upon addition of QS to the core-shell nanofibers, new bands corresponding to QS’ oxygen bearing groups appear at 1,676 cm−1, 1,337 cm−1, and 1,283 cm−1 that represent C=O, C-OH, and ether stretching vibration, respectively. Compared to pristine QS, such bands have shifted from 1,665 cm−1 (C=O), 1,317 cm−1 (C–OH), and 1,261 cm−1 (ether) (Bukhari et al., 2008), most likely due to hydrogen bonding between these functional groups and those of PLGA (e.g., between OH and C=O). Similarly, Anwer et al.(Anwer et al., 2016) have reported a band shift of QS entrapped within PLGA nanoparticles. Supplementary Figure S1A shows the FTIR spectrum of pristine PLGA nanofibers wherein the characteristic bands of PLGA are located at 870 cm−1(C=O), 1,094 cm−1 (ether), and 1778 cm−1 (C=O). The band shift for the nanofibers containing QS compared to the pristine PLGA nanofibers clearly indicates hydrogen bonding between QS and PLGA. On the other hand, compared to the core-shell nanofibers w/o QS (and pristine PLGA nanofibers shown in Supplementary Figure S1A), intensity of the PLGA bands notably declines, implying a significant interaction between PLGA and QS.
[image: Panel A displays an infrared transmittance spectrum with multiple peaks for different polymer compositions, labeled with specific compounds. Panel B shows overlaid infrared spectra for CS, PEO, PLGA, and blended materials, highlighting distinct peaks. Panel C presents thermogravimetric analysis curves, indicating weight loss percentage against temperature for various polymer blends, comparing their thermal stability.]FIGURE 3 | (A) FTIR spectra, (B) XRD spectra, and (C) TGA profile of PEO-CS-LEV/PLGA-QS nanofibers and their core and shell phases. The FTIR spectra clearly imply the physicochemical interaction of PEO and CS with LEV and PLGA with QS through hydrogen bonding, reflected in the band shifts and band intensity loss. The core-shell nanofibers are mainly amorphous with no distinct crystalline peaks. Semi-crystalline PEO is amorphized when blended with CS and LEV. Compared to the core-shell nanofibers w/o drugs, improved thermal stability is seen for the core-shell nanofibers containing the drugs, indicating intermolecular bonding of the polymer chains mediated by the drug molecules.
The FTIR spectrum of CS nanofibers (Supplementary Figure S1B) shows several transmittance bands representing electron donating groups at 3,200–3,450 cm−1 (OH/NH), 1,633 cm−1 (C-O stretching of the acetyl group (amide I)), 1,255 cm−1 (OH), and 1,066 cm−1 (C-O) (Choo et al., 2016). PEO’s FTIR spectrum also features two main transmittance bands of ether groups at 1,151 cm−1 and 1,032 cm−1(Lin et al., 2018). The FTIR spectrum of CS-PEO blend as reflected in that of the core-shell nanofibers w/o drugs (Figure 3A) shows one transmission band at 1,653 cm−1 corresponding to the amine group of CS (Hussein-Al-Ali et al., 2018) and PEO’s C-O band at 1,138 cm−1(Ibrahim et al., 2023). Compared to pristine CS and PEO nanofibers, amine and ether bands have shifted most likely due to hydrogen bonding between the mentioned groups (Hussein-Al-Ali et al., 2018; Ibrahim et al., 2023). With incorporation of LEV, as seen in the FTIR spectrum of the core-shell nanofibers with the drugs (Figure 3A), a new band appears at 1,300 cm−1 that represents C-N group of LEV. The other characteristic bands of LEV such as those at 3,433 cm−1, 1730 cm−1, and 1,080 cm−1 that could represent O–H, C=O, and C-F stretching vibrations of LEV, respectively, are hidden under the transmittance bands of PLGA, CS, and PEO (Bandari et al., 2017; Islan et al., 2017). It turns out that the original transmittance bands of CS and PEO further shift after addition of LEV. For instance, PEO’s ether band at 1,138 cm−1 shifts to 1,130 cm−1 and CS’ amide band at 1,653 cm−1 shifts to 1,639 cm−1. Additionally, the intensity of such bands drastically declines.
Figure 3B shows the XRD spectra for the core-shell nanofibers w and w/o the drugs. While PLGA and CS feature a broad XRD band at the 2θ range of 10°–20°, indicating their amorphous nature (Hashemikia et al., 2021; Huang et al., 2021), the XRD spectrum of PEO possesses two sharp peaks at 2θ of 19.2° and 23.4°, representing the (120) and (112) crystallographic planes, respectively (Malwal and Gopinath, 2015). Regarding the incorporated drugs in pristine form, XRD spectra for QS and LEV (Supplementary Figure S2) show several characteristic peaks at 2θLEV = 6.6°, 9.7°, 13°, 15.7°, 19.4°, 26.3°, 31.5°, and 45.4° (Islan et al., 2017), and 2θQS = 10.7°, 12.3°, 16.0°, 23.6° and 27.1°(Patel et al., 2012). Despite the strong crystallinity of both QS and LEV in pristine form, they are amorphized upon combination with the polymers, most likely due to bonding with polymeric chains which inhibits their crystallization during the electrospinning process. Similarly, Patel et al (Patel et al., 2012) have reported that QS loaded on Zein colloidal particles turns amorphous due to its nanoscale confinement which challenges the crystallization process. Additionally, the formation of an amorphous assembly with proteins within the particle matrix (polymer chains in our study) can play a significant role in amorphization of the incorporated drugs. On the other hand, extensive intermolecular bonding of PEO with LEV and CS could be responsible of amorphization of PEO in the core-shell nanofibers w or w/o drugs. This behavior has been reported for the polysaccharide (dandelions) incorporated PEO nanofibers as well (Lin et al., 2018).
Figure 3C shows the TGA profile of PEO-CS/PLGA core-shell nanofibers w and w/o LEV and QS. Evidently, the core-shell nanofibers with drugs are more thermal resistant, thanks to the intermolecular bonding of the polymers with the incorporated drugs, that might even act as cross-linkers between the polymer chains. The onset of weight loss for the core-shell nanofibers with drugs takes place at 200°C, while this occurs sooner for the core-shell nanofibers w/o drugs at 55°C. The thermal decomposition temperature, i.e., the temperature at which 5% weight loss happens (S.Sh. Homaeigohar et al., 2012), was largely higher for the core-shell nanofibers with drugs (240°C) than those without drugs (203°C). Compared to the pristine polymers, i.e., CS, PLGA, and PEO, the core-shell nanofibers are degraded at lower temperatures. PEO as the most thermally stable polymer among the applied polymers is a semi-crystalline polymer. However, as discussed earlier when blended with CS, it turns amorphous, thus loses its high thermal stability. In the TGA profile of the core-shell nanofibers w and w/o drugs, the onset of PEO degradation is at 340°C, while in the pristine form, it degrades at 350°C. CS shows the lowest thermal stability and as a component of the core-shell nanofibers degrades at 190°C–328°C. As reported by Nam et al. (Nam et al., 2010), crystallinity and deacetylation degree of CS largely affects its thermal degradation temperature. The CS’ thermal degradation as blended with PEO in the core-shell nanofibers takes place at 190°C which is much lower than that reported by Nam et al. (272.8°C) (Nam et al., 2010) and Nista et al. (257°C) (Nista et al., 2015). While the CS’ deacetylation degree in our study is lower than theirs (76% vs. 85% for Nam et al.), a controversially lower thermal degradation temperature is recorded, likely due to the decreased crystallinity of CS after blending with PEO. Pristine PLGA nanofibers undergo a drastic weight loss after 335°C and the highest weight loss is seen at 367°C (Huang et al., 2021). As the shell part of the core-shell nanofibers, PLGA degrades at the temperature range of 339°C–409°C which overlaps with that of PEO. The relatively higher thermal stability of PLGA in the core-shell nanofibers with drugs compared to the pristine PLGA nanofibers could be attributed to the presence of QS and intermolecular bonding of QS and PLGA. Similarly, Guimaraes et al.(Guimarães et al., 2015) have reported a higher thermal stability for the PLGA nanofibers containing daunorubicin. The thermal behavior of LEV and QS are illustrated in Supplementary Figure S3.
The physicochemical interaction of the drugs and polymers was assumed to raise the resilience and mechanical strength of the core-shell nanofibrous mats. Figure 4A shows the stress-strain curves of the PEO-CS/PLGA core-shell nanofibers w and w/o LEV and QS. As clearly seen in this figure, the core-shell nanofibers with drugs are superior to their drug free counterparts in terms of tensile strength (3.4 MPa vs 3 MPa, i.e., 13% increment), elongation (30.4% vs 28.6%, i.e., 6.3% increment), and elastic modulus (0.33 MPa vs 0.25 MPa, i.e., 32% increment). As discussed earlier, such improved mechanical performance originates from intermolecular bonding of the drugs and polymers in the core and shell phases of the nanofibers. A high quality wound dressing is elastic and pliable, yet mechanically robust to protect the wounded tissue against further damage (Homaeigohar et al., 2023). The elastic modulus (mechanical stiffness) of a wound healing material largely affects the cellular activities, because cell-material interplay depends on the shear stresses imposed on the cells and on the mechanical signaling pathways that control the cell migration, proliferation, and differentiation (Stevens and George, 2005; Homaeigohar et al., 2020). Ideally, there should be a mechanical match between a wound dressing material and the skin tissue under treatment to provide comparable biomechanical signals (Homaeigohar et al., 2022). According to the literature (Lanno et al., 2020), elastic modulus of different classes of human skin (different origins) ranges from 8 kPa to 70 MPa. The elastic modulus of PEO-CS-LEV/PLGA-QS core-shell nanofibrous dressing is 0.33 MPa, that properly lies in this range. The mechanical properties of the different classes of the core-shell nanofibers are tabulated in Supplementary Table S1.
[image: Three graphs are presented: A shows stress vs. tensile strain with two curves, PLGA-CS/PEO-CS-LEV and PLGA/PEO-CS. B illustrates cumulative drug release over time for PEO-CS/PLGA, PEO-CS/PLGA-CS-LEV, and a physical blend. C compares cumulative release percentages at 24, 48, and 72 hours for PEO-CS/PLGA and PEO-CS/PLGA-CS-LEV.]FIGURE 4 | (A) Stress-strain graphs of the core-shell nanofibers w and w/o LEV and QS. A superior tensile strength, elongation, and toughness are observed for the drug loaded core-shell nanofibers that originates from intermolecular bonding of the drugs and polymers. It is worthy to note that elastic modulus of the core-shell nanofibers matches that of natural skin, thus providing comparable biomechanical signaling pathways. (B) In vitro drug release profile of PEO-CS-LEV/PLGA (d) and PEO-CS/PLGA-QS (e) core-shell nanofibers. The physical blends include PEO-CS-LEV and PLGA-QS, respectively. The core-shell nanofibers undergo a burst effect within the first 2 h immersion in PBS (likely due to the Coffee ring effect induced accumulation of LEV and QS on the surface), followed by a steady release until the end of the experiment (thanks to intermolecular bonding of the drug molecules and polymers). (C) NIH 3T3 fibroblast cell viability in the proximity of PEO-CS/PLGA and PEO-CS-LEV/PLGA-QS core-shell nanofibers. Both classes of the core-shell nanofibers (w and w/o drugs) support cell viability at a comparable level with the control. Noteworthy, there is no significant impact of the incorporated drugs on the cell viability.
3.2 In vitro drug release behavior of the core-shell nanofibers
The nanofibrous meshes have been shown to perform as delivery carriers of bioactive materials (Mickova et al., 2012). Such a potential is justified by preservation of the bioactivity of the incorporated drugs and biomolecules and their sustained release in accordance with the tissue regeneration time frame (Ji et al., 2011). As seen in Figure 4B, the PEO-CS-LEV/PLGA and PEO-CS/PLGA-QS core-shell nanofibers demonstrate a burst release of ∼25% LEV and 16% QS in PBS within 2 h, followed by a sustained drug release over the next hours (up to 168th h). The burst release might be due to the initial swelling of the nanofibers and/or accumulation of the drug molecules on the nanofiber surface (QS) or at the interface of the core and shell phases (LEV) during electrospinning. Having a higher solubility in the solvents compared to the polymers, the coffee ring effect, which is a spontaneous hydrodynamic process (Chen et al., 2017), drives the drug molecules towards the surface during drying. After the initial burst release, the drugs are released steadily until an almost plateau (70%–80% release) is achieved at 80th h. Such a behavior is mainly attributed to the intermolecular bonding between the drug molecules and polymers, as explained earlier. At this stage, the drugs entrapped inside the core-shell nanofibers are released via a diffusional mechanism plus nanofibers degradation. Islan et al.(Islan et al., 2017) have reported a similar behavior for the LEV and DNase loaded CaCO3/alginate hybrid microparticles where the cargos are released in up to 6 h and then steadily for the rest of measurement (72 h).
To investigate the drug release kinetics, the release rate of LEV and QS from the PEO-CS-LEV/PLGA-QS core-shell nanofibrous mats was investigated according to the Korsmeyer-Peppas kinetic model. As tabulated in Table 1, for LEV and QS delivery, the n values are 0.32 and 0.38, respectively. Therefore, LEV and QS are released from the core/shell nanofibrous mats through the Fickian diffusion mechanism and under a concentration gradient between the nanofibers and external medium (PBS). As a matter of fact, swelling of glassy (amorphous) polymers, e.g., PLGA at the first hours of PBS immersion, involves the polymer chain relaxation at the swelling interface, thereby slowing the drug diffusion rate through the polymer. Such a situation that could lead to a steadier release is known as Stefan or Stefan-Neumann problem (Peppas and Narasimhan, 2014). The drug release data were fitted to the zero-order, first-order, and Higuchi kinetic models (Table 1). According to Table 1, the correlation coefficient ([image: The image shows the mathematical notation "R" subscript "h" squared, indicating "R sub h squared."]) of the Higuchi model is higher than that of other kinetic models ([image: Mathematical expression showing "R" with a superscript "2" and a subscript "0".] and [image: Subscripted notation "R" with subscript "1" and superscript "2".]) for both LEV and QS. This indicates that the kinetics data for the release of LEV and QS from the core-shell nanofibrous mats are in good agreement with the Higuchi kinetic model. According to this model, solvent gradually swells the matrix (PLGA and PEO-CS in our study), and a linear concentration gradient decreases from the saturation concentration at the interface with the core untouched by solvent, to concentration zero at the interface of matrix–dissolution medium (Mircioiu et al., 2019). The release constant of the Higuchi model (kh) for LEV and QS released from the core-shell nanofibrous mats are 8.14 and 7.80, respectively.
TABLE 1 | Kinetic model parameters for LEV and QS released from the PEO-CS-LEV/PLGA-QS core-shell nanofibrous mats; n: kinetic exponent, R2: regression coefficient.
[image: Table comparing two columns labeled LEV and QS, with four rows. The first row lists N with values 0.322 for LEV and 0.379 for QS. The second row shows R squared subscript 0 with values 0.777 for LEV and 0.961 for QS. The third row presents R squared subscript 1 with values 0.866 for LEV and 0.988 for QS. The fourth row lists R squared subscript h with values 0.895 for LEV and 0.993 for QS.]3.3 NIH 3T3 fibroblast cell viability
The viability of NIH 3T3 fibroblast cells in the proximity of the core-shell nanofibers w and w/o drugs is demonstrated in Figure 4C. Both classes of the core-shell nanofibers show a comparable cell viability to the control group, i.e., TCPS, after 24, 48, and 72 h. There is no meaningful impact of the incorporated drugs on cell viability, despite the initial burst release of some part of both LEV and QS in 2 h. The comparable cell viability of the core-shell nanofibers with the control implies the supportive role of the nanofibers towards cell proliferation. Apart from the biomimetic nanofibrous structure of the mats that could encourage the cells for adhesion and proliferation, PLGA could partially degrade within the culture medium, thereby promoting the cell activities. Through PLGA degradation, lactate is released that can potentially provoke the proliferation of endothelial and fibroblast cells (Chereddy et al., 2013; Chereddy et al., 2015). The lactate induced collagen deposition by cultured fibroblasts is an established fact (Green and Goldberg, 1964) and the increased amount of lactate in healing wounds drives collagen synthesis and wound repair (Hunt et al., 1978). Lactate activates collagen prolylhydroxylase, which is an enzyme that governs procollagen hydroxylation and collagen maturation in fibroblasts, thereby enhancing collagen synthesis (Porporato et al., 2012). In contrast to PLGA, PEO with the high average Mv of 900,000 and CS as bonded with LEV and PEO (similar to cross-linked CS) cannot biodegrade (Hong et al., 2007; Lei et al., 2022) within 3 days of cell culture and contribute to cell viability. Therefore, the main material of the core-shell nanofibers that plays a determining role in fibroblast cell viability is PLGA. In general, the cell viability data suggest that the core-shell nanofibers w and w/o LEV and QS are of high potential for wound healing, particularly given their bacteriostatic and antioxidant activity.
3.4 In vivo wound healing efficiency
The core-shell nanofibrous dressings w and w/o LEV and QS were tested in vivo to verify that the sustained release of antibacterial and antioxidant drugs could prevent infection of burn wounds while promoting wound healing. Figure 5A illustrates the images of the burn wounds treated with the core-shell nanofibrous dressings on third, seventh, 14th, and 21st days post-treatment. While in the control (gauze treated) group and the drug free core-shell nanofiber group, wound healing delayed, the burn wound treated with the PEO-CS-LEV/PLGA-QS nanofibrous dressing healed with the fastest rate. Thanks to the co-delivery of QS and LEV, the largest wound closure rate was achieved until day 21. QS is a well-known flavonoid compound with anti-inflammatory and antioxidant properties. QS can provoke wound healing via mediating inflammation, increasing the proliferation rate of fibroblast cells, and lowering the immune cells infiltration (Chittasupho et al., 2021). Additionally, LEV is a third-generation fluoroquinolone antibiotic that can inhibit gram-negative, gram-positive, and anaerobic bacteria. The prolonged local delivery of antimicrobials, e.g., LEV can prevent wound infection while improving wound healing (Hassani et al., 2022). According to Vipin et al. (Vipin et al., 2020), in combination with antibiotics, QS can synergistically offer enhanced therapeutic effects and significantly inhibit biofilm formation, compared to monotherapy. Figure 5B shows the wound closure percentage of the burn wounds treated with different classes of the core-shell nanofibrous dressings. Other than the third and seventh days, there is a significant difference in wound closure percentage of the wounds treated with the drug loaded core-shell nanofibers with those treated with the drug free core-shell nanofibers (p < 0.01 on day 14 and p < 0.001 on day 21) and control (gauze treated wound) (p < 0.001 on day 14 and 21).
[image: A multi-panel scientific image showing various analyses related to wound healing. Panel a displays a series of wound photographs over different days for control and various treatment groups. Panel b is a bar graph comparing wound closure percentages over time for each group, with statistical significance indicated. Panels c, d, and e show histological images at different magnifications (H&E and MT stains) for tissue samples from control and treatment groups, highlighting differences in tissue regeneration and healing.]FIGURE 5 | (A) In vivo wound healing efficiency and (B) wound closure percentage of the PEO-CS-LEV/PLGA-QS core-shell nanofibrous dressing compared to semi-drug (either LEV or QS) loaded and unloaded core-shell nanofibrous dressings over a 3-week treatment period. Evidently, thanks to co-delivery of QS and LEV, the burn wound treated with the drug loaded core-shell nanofibrous dressing shows a larger wound healing efficiency reflected in complete wound closure after 21 days. The wound closure percentage induced by the drug loaded core-shell nanofibrous dressing prevails over that made by the unloaded core-shell nanofibrous dressing and control on the 14th and 21st days of treatment (**: p < 0.01, ***: p < 0.001). Haematoxylin-eosin (H&E) and Masson’s trichrome (MT) stained histopathological images of the burn wound tissues after treatment with the PEO-CS-LEV/PLGA-QS core-shell nanofibers for 7 (C), 14 (D), and 21 (E) days (dark star, dark arrow, and yellow arrow mark crusty scab, inflammation, and re-epithelialization, respectively) (scale bars represent 200 µm).
Similarly, Ajmal et al. (Ajmal et al., 2019) have reported that Ciprofloxacin hydrochloride and QS loaded polycaprolactone electrospun nanofibers can stimulate the wound healing process, thanks to the antimicrobial and antioxidant properties of the incorporated drugs. The inhibition of microbial infection and oxidative damage to fibroblasts by excess reactive oxygen species (ROS) lead to improved wound healing conditions.
3.5 Histopathology of the burn wounds treated with the core-shell nanofibrous dressing
The histopathological images obtained through H&E and Masson’s trichrome staining further confirm the wound healing efficiency of the drug loaded core-shell nanofibrous dressings after 7, 14, and 21 days (Figures 5C–E, respectively). The H&E images (Figure 5E) show that the tissues treated with the semi or full drug-loaded core-shell nanofibers possess an integrated epidermis compared to the other treatment groups. Masson’s trichrome staining was used to assess the deposition and reconstruction of collagen fibers in the regenerated skin. Collagen deposition at the dermis layer of the tissues treated with PEO-CS-LEV/PLGA-QS core-shell nanofibrous dressing revealed densely distributed collagen and a complete healing process compared to the other groups, as shown in Figure 5E. On the other hand, the nanofibrous dressing w/o drug treated group and control group displayed few areas in the dermis layer where collagen was not completely reconstructed.
The wound healing process unites several overlapping phases of homeostasis, inflammation, proliferation/granulation, and remodeling/maturation (Negut et al., 2020). Excessive inflammation and diminished angiogenesis pose significant challenges to the process of wound healing and skin regeneration. Consequently, addressing inflammation emerges as a pivotal factor that must be carefully considered. Our results show that while on day 7, the signs of inflammation and formation of crusty scab were clearly observed in all the wound tissues treated with the different nanofibrous dressings, these signs almost vanished on day 14 in the tissues treated with the semi or full drug-loaded core-shell nanofibers. Comparatively, the control group was still inflamed and largely covered by crusty scab on day 14. Thanks to the anti-inflammatory effect of QS and antibacterial activity of LEV, the wounds treated with PEO-CS-LEV/PLGA-QS nanofibrous dressings exhibited no signs of inflammation on day 14. Lu et al. (Lu et al., 2022) have reported that bacterial colonization and endotoxin production in a wound site can result in prolonged inflammatory phase and thus delay wound healing. In this regard and aligned with our findings, Suhaeri et al. (Suhaeri et al., 2018) have indicated that antimicrobial wound dressings can lower bacterial toxin-induced inflammation and consequently facilitate wound healing. On day 21, re-epithelialization in the wounds treated with the semi and full drug loaded core-shell nanofibrous dressings was evident. Most notably, the PEO-CS-LEV/PLGA-QS nanofibrous dressing could significantly promote re-epithelialization in the wound tissue as reflected in the formation of discernible epidermis layers.
4 CONCLUSION
Chronic wounds are a significant burden on patients and healthcare systems worldwide. These challenging medical crises are multifaceted and require treatments that address several therapeutic needs simultaneously. For instance, chronic wounds are highly inflamed and susceptible to infection. In the present study, we developed novel PEO-CS-LEV/PLGA-QS core-shell nanofibers using co-axial electrospinning technique. These core-shell nanofibers could effectively co-deliver LEV and QS, i.e., two therapeutic compounds with antibacterial and antioxidation activities, to burn wounds. As validated by in vitro and in vivo studies, the drug loaded core-shell nanofibrous dressings could promote wound healing rate, that might be a consequence of lowered bacterial load and oxidative stress within the treated wounds. It is crucial to emphasize that on day 21, there were no indications of blood inflammatory cells—such as neutrophils, lymphocytes, or macrophages—nor were there any signs of abscess or exudates like pus in the tissues treated with either semi or fully drug-loaded core-shell nanofibers. Conclusively, our study could develop PEO-CS/PLGA core-shell nanofibers loaded with QS and LEV as a promising wound healing material and validate its therapeutic potentials in vivo.
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Periodontal defects involve the damage and loss of periodontal tissue, primarily caused by periodontitis. This inflammatory disease, resulting from various factors, can lead to irreversible harm to the tissues supporting the teeth if not treated effectively, potentially resulting in tooth loss or loosening. Such outcomes significantly impact a patient’s facial appearance and their ability to eat and speak. Current clinical treatments for periodontitis, including surgery, root planing, and various types of curettage, as well as local antibiotic injections, aim to mitigate symptoms and halt disease progression. However, these methods fall short of fully restoring the original structure and functionality of the affected tissue, due to the complex and deep structure of periodontal pockets and the intricate nature of the supporting tissue. To overcome these limitations, numerous biomaterials have been explored for periodontal tissue regeneration, with hydrogels being particularly noteworthy. Hydrogels are favored in research for their exceptional absorption capacity, biodegradability, and tunable mechanical properties. They have shown promise as barrier membranes, scaffolds, carriers for cell transplantation and drug delivery systems in periodontal regeneration therapy. The review concludes by discussing the ongoing challenges and future prospects for hydrogel applications in periodontal treatment.
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1 INTRODUCTION
Periodontitis, a chronic condition leading to the inflammatory destruction of periodontal supporting tissues, is a primary cause of tooth loss in adults. With an estimated 1.1 billion people worldwide suffering from severe periodontitis, the disease significantly compromises chewing efficiency and causes eating difficulties. Additionally, the cosmetic effects of periodontitis, such as changes to the jawline and appearance when smiling due to receding gums and loose teeth, can adversely affect social interactions and the patient’s quality of life (Kononen et al., 2019; Wen et al., 2021). Despite current clinical therapies for periodontitis, including surgical interventions, root planing, and various scaling techniques, along with local antibiotic injections, aiming to alleviate symptoms and manage the disease progression (Deas et al., 2016; Slots, 2017; Kwon et al., 2021; Wadia, 2021), a full restoration of periodontal tissue function and structure remains unachieved. Consequently, there is an ongoing search for innovative therapeutic strategies, such as guided tissue regeneration (GTR)/guided bone regeneration (GBR), bone grafts, growth factors, stem cell therapy, and periodontal tissue engineering, to repair the structure and function of damaged periodontal tissues. While there have been advancements, challenges remain in enhancing the success and predictability of these treatments (Sam and Pillai, 2014; Giannobile and McClain, 2015; Hu et al., 2018), highlighting the demand for efficient and safe periodontal regeneration methods.
Strategies for periodontal regeneration are categorized into GTR and periodontal tissue engineering. The concept of GTR was introduced by Nyman et al. in 1982 (Gottlow et al., 1990), emphasizing the use of membranes to prevent gingival epithelium from expanding toward the tooth root, thereby encouraging osteoblasts and periodontal ligament stem cells (PDLSCs) to form new attachments (Gottlow et al., 1990). The selection and application of barrier membranes are crucial for the effectiveness of GTR technology, which offers both absorbable and non-absorbable varieties (Alqahtani, 2023; Zhu et al., 2023). Non-absorbable membranes, such as titanium and polytetrafluoroethylene, are known for their excellent mechanical and biocompatibility properties, suitable for independent usage in clinical settings (Mizraji et al., 2023). However, their non-resorbable nature necessitates a second surgical procedure for removal, increasing the risk of infection and potentially damaging newly formed periodontal tissue. In contrast, absorbable membranes, made from synthetic or natural polymers like polylactic acid, eliminate the need for a second surgery as they are absorbed by the body during the healing process. These membranes are typically cell-affine, facilitating cell attachment and proliferation, and are easy to handle. However, absorbable membranes possess relatively low mechanical strength and a degradation rate that is difficult to control precisely, potentially limiting their effectiveness in periodontal regeneration (Sasaki et al., 2021). The success of GTR technology in periodontal regeneration, despite its widespread application, depends on several factors including the specific tooth anatomy, the precision of the surgical procedure, postoperative care, and proper indication selection (Villar and Cochran, 2010). Therefore, for enhanced effectiveness and therapeutic outcomes of periodontal regeneration, physicians implementing GTR treatments must consider these variables.
Tissue engineering for periodontal regeneration is an interdisciplinary field that merges clinical medicine, biology, and materials science (Liu et al., 2018; Liang et al., 2020), aiming to rebuild damaged periodontal tissues through the use of stem cells, growth factors, and scaffold materials (Han et al., 2014). A typical approach involves isolating and culturing specific cells in vitro, seeding them onto a scaffold that mimics the target tissue’s natural extracellular matrix (ECM), and then implanting the assembly into the patient’s target site. Stem cells are crucial for periodontal tissue engineering due to their self-renewal capability and potential to differentiate into various cell types (Iwasaki et al., 2022). Stem cells for periodontal tissue are often derived from dental pulp, bone marrow mesenchymal stem cells, and PDLSCs (Gao et al., 2024), which can differentiate into specific periodontal cells such as osteoblasts and fibroblasts, aiding in tissue regeneration. Growth factors play a vital role in regulating cell behavior and promoting cell migration, proliferation, differentiation, and neovascularization in periodontal tissue regeneration (Kale et al., 2022). Scaffold materials serve as the foundation for tissue engineering, offering a structure for cell attachment, growth, and differentiation. Current periodontal scaffolds are made from synthetic materials like polycaprolactone (PCL) and polylactic acid-glycolic acid copolymer (PLGA), as well as natural materials like collagen (Daghrery et al., 2023; Ostrovidov et al., 2023). Despite significant progress, periodontal tissue engineering faces challenges, including the need to improve the success rate of tissue engineering repairs, as outcomes are often unpredictable, and ensuring the stability of in vivo applications (Galli et al., 2021). The complexity of periodontal tissue, comprising intricate tissue architectures and diverse types, means current treatments cannot fully restore the tissue’s original structure and function. Thus, periodontal regeneration remains a complex and challenging domain, requiring ongoing scientific research and technological advancements to address existing challenges (de Jong et al., 2017).
Hydrogels have shown considerable promise in clinical periodontal tissue regeneration, offering a biomimetic environment similar to natural biological tissues and the ECM (Sánchez-Cid et al., 2022). These polymeric materials can absorb and retain large amounts of water while maintaining a solid structure, thanks to a three-dimensional network of polymer chains interconnected through physical or chemical cross-links. Their high water content endows hydrogels with softness and biocompatibility, fostering an ideal setting for cell adhesion, proliferation, differentiation, and growth (Radulescu et al., 2022). The physicochemical properties of hydrogels can be customized by adjusting their functional elements, cross-linking methods, and synthetic ingredients, allowing them to meet the specific mechanical and biological requirements of different tissues. Hydrogels have found applications in drug delivery, regenerative medicine (Dimatteo et al., 2018; Mantha et al., 2019; Tavakoli and Klar, 2020) and more, thanks to their ability to be tailored for specific medical uses (Jacob et al., 2021). The primary ingredients of natural hydrogels are polysaccharides and proteins, such as gelatin, hyaluronic acid, and chitosan (CS). These substances are favored for their natural origins. However, their low mechanical strength and limited stability render them less suitable for clinical applications, despite their proven biosafety and biodegradability in both animal and clinical trials (Catoira et al., 2019). By contrast, synthetic hydrogels are formed through physical or chemical crosslinking and include polymers like polyvinyl alcohol. These hydrogels offer superior mechanical properties and consistent mass stability, but the presence of unreacted monomers, initiators, or crosslinkers can cause inflammation or cytotoxicity (Branco et al., 2022). To enhance the qualities of composites, hydrogel can also be used in combination with other materials (Wang Y. et al., 2020; Patel and Koh, 2020).
This study describes the use of hydrogels in periodontal tissue engineering, focusing on their roles as GTR barrier membranes, scaffolds, carriers for cell transplantation and drug delivery systems (Scheme 1). It highlights the research progress of hydrogels in different application directions, and the potential for further development of hydrogel materials to aid in the regeneration of periodontal tissues.
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2 HYDROGELS AS GUIDED TISSUE REGENERATION/GUIDED BONE REGENERATION MATERIALS
In GTR and GBR, the membrane plays a crucial role in the regeneration of periodontal tissue. An ideal barrier membrane should possess several characteristics (Gao et al., 2022; Mirzaeei et al., 2022): First, it must be biocompatible with the surrounding periodontal tissue to minimize immune responses and inflammation. Second, it should have adequate mechanical strength and flexibility to maintain its shape and provide necessary space for new tissue growth during surgery. Furthermore, the membrane should feature moderate porosity to prevent epithelial cell invasion into the bone defect area while allowing the exchange of growth stimuli and nutrients. Biodegradability is another important factor, requiring the membrane to degrade at a rate compatible with periodontal tissue regeneration. Lastly, the material should be easy to handle clinically, including cutting, placing, and securing. Recent research has focused on improving the biomechanical properties of GTR/GBR membranes and introducing new therapeutic functionalities, such as osteoinduction or antibacterial activity (Gao et al., 2022; Mirzaeei et al., 2022). Due to their excellent biosafety and adjustable properties, hydrogels are considered as potential materials for GTR/GBR membranes (Alauddin et al., 2022). For instance, a study by Humber et al. (2010) demonstrated the effectiveness of an in situ formed polyethylene glycol hydrogel membrane as a GBR barrier in supporting bone tissue repair. However, the use of hydrogels as GTR/GBR membranes faces challenges, particularly in mechanical performance, often failing to meet clinical requirements. Therefore, ongoing research aims to enhance the biomechanical properties of hydrogels through formula optimization, cross-linking density adjustment, and the inclusion of functional additives to broaden their therapeutic applications.
Enhancing the biomechanical characteristics of hydrogels can be achieved through the incorporation of inorganic fillers (Bee and Hamid, 2022). Commonly used inorganic materials in periodontal tissue engineering include inorganic phosphate ceramics such as hydroxyapatite (HA) and β-tricalcium phosphate. Akansha Kishen et al. (2023) introduced a novel hydroxyapatite-reinforced polymer hydrogel membrane by combining hydroxyapatite with alginate, a naturally occurring polymer known for its excellent biological compatibility and biodegradable properties, capable of forming a gel structure in the body (Zhang et al., 2021). Given hydroxyapatite’s osteoinductive qualities, it enhanced the hydrogel membrane’s mechanical strength and accelerated periodontal tissue regeneration, suggesting its potential in periodontal regeneration therapy as a GTR membrane. The asymmetric barrier membrane developed by He et al. (2021) consisted of agarose, hydroxyapatite carbonate (CHA), and ε-polylysine. CHA is derived from HA through chemical modification, maintaining HA’s high mechanical strength and biocompatibility while enhancing bone conductivity. This enhancement supports bone tissue development and regeneration (Wang et al., 2024). Increasing the CHA concentration in the hydrogel significantly raised the storage modulus of the barrier membrane. Specifically, a CHA content of 10% resulted in a 30 kPa increase in storage modulus compared to pure agarose gel, indicating that adjusting the CHA content can enhance the membrane’s mechanical properties and its barrier effectiveness. Moreover, membranes with higher CHA concentrations showed increased mineralization capacity and osteogenesis-promoting effects. The incorporation of ε-polylysine provided antimicrobial properties, useful in preventing or reducing periodontitis recurrence. Thus, this barrier membrane offers improved mechanical properties, bone tissue regeneration promotion, and antimicrobial defense, contributing significantly to GTR for periodontal tissue regeneration and rebuilding.
The addition of graphite and its derivatives into hydrogels notably enhances their mechanical properties. Graphene, the primary conductive carbon-based substance, is recognized for its excellent biological activity and bone repair effects (Sattar, 2019). It is one of the strongest materials known, exhibiting remarkable toughness, biocompatibility, stability, thermal conductivity, and a large specific surface area. These features make graphene widely used in biosensing, bioimaging, and tissue regeneration. The structural and mechanical properties of hydrogels, such as toughness, tear strength, and elastic modulus, can be influenced by graphene through mechanisms such as hydrogen bonding, electrostatic interactions, and hydrophobicity (Zare et al., 2024). Lu et al. (2016) described a graphene hydrogel (MGH) membrane consisting of multilayered chemically modified graphene sheets, notable for its strength and flexibility. The membrane’s average tensile modulus was comparable to that of rat skull tissue, ensuring strong adherence to defects in rat skull models and stability post-transplantation. Microcomputed tomography (CT) images verified new bone tissue development beneath the MGH membrane after 8 weeks, indicating its role in physical support and osteoblast growth promotion, thereby facilitating bone tissue regeneration. Consequently, MGH membranes present a novel approach for the clinical management of bone defects as GBR membranes.
Fibers are materials made up of continuous or discontinuous filaments that possess significant stiffness. However, they face challenges in forming three-dimensional (3D) structures. To overcome this, numerous studies have focused on incorporating them into hydrogels to create composite materials that leverage the strengths of both components. Fiber-reinforced hydrogels, for example, are enhanced by the addition of fibers, making their structure more akin to the ECM, thereby promoting better cellular functions (Khorshidi and Karkhaneh, 2018). ε-caprolactone is converted into PCL, a polymer with a low melting point, through ring-opening polymerization (Hernandez et al., 2017). This material is biocompatible and versatile, thanks to 3D printing technologies. Dubey et al. (2020) developed a highly porous PCL network via melt electrowriting, which was then integrated into a gelatin methacryloyl (GelMA) hydrogel supported by amorphous magnesium phosphate. This integration significantly improved the hydrogel’s mechanical properties, enabling it to withstand nearly 70 kPa of stress under 20% deformation. This enhancement not only helped the hydrogel maintain its structure under stress but also acted as an effective barrier against epithelial cell invasion. The fibrous network structure of the hydrogel facilitated a faster rate of mineralization when used as a GBR membrane, supporting bone tissue formation more effectively. This enhancement was attributed to the rigid support of the PCL network, which also slowed down degradation, thereby extending its lifespan in vivo and providing sustained support for bone tissue regeneration. Overall, this bioactive, fiber-reinforced hydrogel membrane presents significant potential for GBR applications.
A double network (DN) hydrogel comprises two interpenetrating polymer networks, characterized by a loose network structure and a polyelectrolyte network structure with a high cross-linking density. This configuration imparts unique structural characteristics to the DN hydrogel (Zhou et al., 2020; Li S. et al., 2021; Hanyková et al., 2023), including a stable support from the cross-linked neutral network, which also absorbs external stress through the polyelectrolyte network structure. Besides maintaining the physical properties of conventional hydrogels, the dual network significantly improves toughness and mechanical properties (Ning et al., 2022), offering a synergistic performance that enhances mechanical strength and inhibits phase separation (Huang et al., 2023). Chichiricco et al. (2018) developed a photochemically cross-linked hydrogel membrane by combining a silylated hydroxypropyl methylcellulose network with a methacrylated carboxymethyl CS network, achieving rapid gelation. The presence of the second polymer reduced gelation time significantly, forming a hydrogel membrane within 2 min of irradiation. This rapid curing process, combined with the membrane’s adaptability to wound shapes, enhances the cell barrier effect, making it easier to use during surgery. Furthermore, the double network structure provided a synergistic increase in mechanical strength, evidenced by a higher Young’s modulus compared to single-network hydrogels. This enhancement in mechanical properties, attributed to the supportive interaction between the two networks, makes the hydrogel membrane particularly valuable for applications requiring robust barrier membranes, such as in periodontal regeneration therapy.
Bacterial infections are a prevalent complication with medical implants. Additionally, microbes cause periodontitis, a serious gum disease. The site of periodontal tissue healing often becomes contaminated, which hampers effective periodontal regeneration. Therefore, ensuring the antibacterial efficacy of GTR/GBR barrier membranes is crucial. Incorporating antibacterial substances into these membranes helps control bacterial colonization and reduces infection risk during the initial healing stages. The most common antibacterial agents used in GTR/GBR are antibiotics, such as minocycline, doxycycline, metronidazole, and vancomycin (Toledano-Osorio et al., 2022). A study introduced the broad-spectrum antibiotic chloramphenicol and the local anesthetic lidocaine into a bioresorbable hydrogel membrane, creating a drug-eluting system with potential for periodontal GTR (Vasconcelos et al., 2022). However, excessive reliance on antibiotics can lead to increased multidrug resistance and reduced treatment effectiveness. To overcome these challenges, alternative strategies are necessary to complement or replace traditional antibiotic approaches. Natural materials have been used since ancient times in the antibacterial field to enhance therapeutic efficacy and reduce bacterial resistance. These can be utilized either alone or alongside conventional antibiotics (Malczak and Gajda, 2023). Hinokitiol, a natural compound from monoterpenoids with antibacterial properties, inhibits bacterial cell respiration, DNA, and protein synthesis (Chang et al., 2019). By using N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride to cross-link gelatin and hyaluronic acid, and incorporating hinokitiol, Chang et al. (2021) developed a hydrogel-regenerated membrane. This membrane, laden with hinokitiol, showed potent antibacterial activity against both Staphylococcus aureus and Escherichia coli. Its antibacterial strength significantly increased with higher hinokitiol concentrations. Additionally, the hydrophobic properties of juniper mercaptan slowed the hydrogel membrane’s degradation, prolonging the antibacterial agent’s release. This sustained release mechanism enables the membrane to maintain an effective antimicrobial effect for at least 2 weeks, offering a promising antimicrobial treatment option. Chitin, known for its biocompatibility, biodegradability, non-toxicity, and antibacterial properties, can be transformed into CS, a polysaccharide widely used in biomedicine (Elizalde-Cárdenas et al., 2024). Carboxymethyl chitosan, a chemically modified version of CS, can be grafted with a photosensitive methacrylic acid group to create a novel polymer. This polymer quickly formed a 3D network architecture when exposed to blue light, making it suitable as a barrier membrane due to its biocompatible, degradable, and antibacterial characteristics (Xing et al., 2022).
Metals and metal oxides serve as broad-spectrum, long-acting antimicrobials, killing bacteria through the dissolution of metal ions (Abo-Zeid and Williams, 2020)and the generation of reactive oxygen species (ROS), which oxidize biological macromolecules (Kannan et al., 2020). Xu et al. (2020) developed a polydopamine-modified titania nanoparticle and cuprous oxide-doped injectable sodium alginate hydrogel (TiO2@PDA), which exhibited peroxidase-like activity under blue light, generating ROS to eliminate bacteria effectively and support early debridement. The ROS generated by TiO2@PDA also transformed Cu+ into Cu2+, enhancing the growth and osteogenic differentiation of bone mesenchymal stem cells (BMSCs). Moreover, polydopamine granted the titania nanoparticles a photothermal effect, producing thermal energy under near-infrared light to further promote bone regeneration. The unique light-sensitive properties of dual-photoresponsive composite hydrogels enableed them to alter their structure or chemistry under varying light conditions, seamlessly transitioning between antimicrobial and osteogenic functions (Figure 1). This adaptability allows the material to meet the specific needs of the treatment phase. For instance, the composite hydrogels can release ROS at targeted light wavelengths for strong antimicrobial action, or adjust light conditions to promote bone tissue growth. Additionally, non-metallic photosensitizers like temoporfin can be incorporated into the barrier membrane, offering a photodynamic antibacterial effect under appropriate light exposure.
[image: Diagram illustrating a multistep medical treatment process: (A) Before suture, blue light activates early clearance, producing reactive oxygen species (ROS) for antibacterial action. Sodium alginate composite facilitates debridement. After suture, near-infrared (NIR) light assists alveolar bone repair using recycled ROS, depicted with osteoblasts and new bone growth. (B, D, E) Bar graphs show antibacterial ratios for E. coli, S. aureus, and S. mutans, highlighting statistical differences. (C) Line graph tracks temperature changes over time. Statistical significance is marked with asterisks.]FIGURE 1 | Dual-light-tunable sodium alginate hydrogel used as a barrier membrane for GTR with antibacterial/osteogenic mode switch properties. (A) Schematic illustration of the material composition, experimental procedure, and therapeutic mechanism of CTP-SA. (B) In vitro antibacterial effects of blue light irradiation on Escherichia coli, Staphylococcus aureus, and Streptococcus mutans. (C) Photothermal curves under NIR irradiation. (D,E) Evaluation of the effect of dual light-modulated hydrogels on osteogenesis in vivo. (D) Quantitative statistics of the distance from the bone crest to CEJ. (E) Relative bone volume. Reprinted with permission from Xu et al. (2020). Copyright (2020) American Chemical Society.
Growth factors play a crucial role in regenerative medicine by enhancing the repair and regeneration of damaged tissues. Incorporating growth factors into GBR/GTR membranes results in their sustained release in the target area, thus more effectively stimulating the differentiation and proliferation of osteoprogenitor cells or similar cells, which speeds up the tissue regeneration process (Mirzaeei et al., 2022). Consequently, hydrogel bio-barrier membranes serve as effective carriers of growth factors, like bone morphogenetic proteins, to boost tissue regeneration efficiency (He et al., 2021). Considering the tendency of implants to displace and the frequent compression of periodontal tissues by external forces leading to suboptimal regeneration, recent research has focused on enhancing the adhesion capabilities of barrier membranes to resist external stimuli. Li et al. (2023) introduced a dual-layer adhesive barrier membrane combining a collagen membrane with a polyacrylamide/polydopamine hydrogel. The dopamine’s catechol group chemically bonded to the bone surface, creating a strong adhesive effect. In tests, this membrane demonstrated high adhesive strength, exceeding 90 kPa, ensuring a robust bond to the bone surface. When used with bone graft material, it effectively retained nearly all the grafts, in contrast to the minimal retention observed with traditional collagen membranes. This indicated its superior fixation and bone repair capabilities, with significant alveolar bone regeneration observed 25 weeks post-transplantation.
Advances in materials science have significantly propelled the regeneration of periodontal and bone tissues. The evolution from early non-absorbable membranes to later absorbable ones, and now to contemporary multifunctional bio-barrier membranes that combine the advantages of both, has markedly advanced regenerative medicine technology. Hydrogel bio-barrier membranes have demonstrated promising clinical application potential in both cell and animal models, promoting cell adhesion and proliferation and providing an ideal microenvironment for tissue regeneration. Nonetheless, further research into the precise biological mechanisms of these hydrogel materials in clinical settings is necessary to fully optimize their efficacy.
3 HYDROGELS FOR PERIODONTAL TISSUE ENGINEERING
3.1 Hydrogels as scaffolds
Scaffolds play a pivotal role in tissue engineering, aiming to replicate the composition of the ECM by providing 3D structural support and guidance for both exogenous and endogenous cells (Yamada et al., 2022). Hydrogels are particularly valued in this field for their unique 3D network structure and high water content, resembling the natural ECM closely (El-Sherbiny and Yacoub, 2013). To enhance tissue regeneration, numerous innovative hydrogel scaffolds have been developed to improve the interaction between target tissue cells and scaffold materials.
When designing hydrogels to serve as scaffolds for periodontal regeneration, it is crucial to consider the material, structure, and functionalization techniques to ensure they meet specific design requirements (Gorriz et al., 2015; Naahidi et al., 2017). These include the following: (a) biocompatibility: It is essential that the hydrogel scaffolds are compatible with the target tissue. After their synthesis, any remaining monomers, initiators, or other components not involved in the reaction could harm the tissue. Therefore, careful selection of materials and synthesis processes, followed by thorough purification, is necessary to minimize any potential adverse effects; (b) biodegradability: Hydrogel scaffolds should degrade and resorb in a controlled manner in vivo; (c) porosity: A key property of hydrogel scaffolds is their porosity (Chen et al., 2018), which allows nutrients and oxygen to reach cells and waste products from metabolism to be expelled. Suitable, interconnected pores will facilitate cell growth into the scaffold, and uniformly distributed cells will aid in tissue regeneration. Pore characteristics, including size, shape, and volume distribution, are crucial factors affecting a scaffold’s porosity. These characteristics influence cell penetration distance within the scaffold. Mechanical strength is essential for the scaffold to integrate into the damaged area and support weight. Additionally, the hydrogel scaffold’s surface properties are vital for influencing cell adhesion and proliferation by interacting with surrounding tissue. Through comprehensive consideration and optimization of these characteristics, hydrogel scaffolds can provide an ideal 3D microenvironment that significantly promotes the repair of periodontal tissue. Pan et al. (2020) developed an injectable hydrogel scaffold containing nano-hydroxyapatite based on polysaccharides. This scaffold showcased excellent microstructure and mechanical properties, along with a porous structure that supports the migration of endogenous stem cells. After implantation in a rat model of alveolar bone defects for 4 weeks, the scaffold completely degraded, leading to substantial alveolar bone regeneration without any significant inflammatory reactions. Additionally, incorporating nano-hydroxyapatite into porous hydrogel scaffolds made from polyvinyl alcohol and alginate (Bahrami et al., 2019) could mitigate the scaffolds’ mechanical weaknesses, increasing their compressive strength to approximately 3.51 MPa. These alginate/polyvinyl alcohol scaffolds with hydroxyapatite nanoparticles also exhibited superior cell attachment and promoted growth and differentiation of PDLSCs into osteoblasts, thus creating an optimal environment for periodontal tissue repair.
In tissue engineering, selecting and using the right scaffold materials is crucial. Scaffolds provide the necessary 3D structure for cell adhesion and growth but often lack the intrinsic activity to stimulate cell proliferation and division. To enhance scaffold functionality, researchers frequently incorporate growth factors or other bioactive molecules. Incorporating growth factors into hydrogel scaffolds enables localized, controlled release of specific active ingredients, delivering vital bioactive signals at crucial tissue regeneration stages, fostering cellular responses, and guiding tissue repair and regeneration. He et al. (2019) developed high-stiffness transglutaminase gels enriched with interleukin-4 and/or stromal cell-derived factor-1α (SDF-1α) as scaffolds, which demonstrated that interleukin-4 could induce macrophages to adopt an anti-inflammatory M2 phenotype, promoting osteogenic development of BMSCs in vitro. Additionally, SDF-1α consistently enhanced the recruitment of BMSCs, resulting in effective bone regeneration. In another study, Momose et al. (2016) achieved alveolar bone reconstruction using a collagen hydrogel scaffold loaded with fibroblast growth factor-2 in a beagle dog model of a class II bifurcation deficit, without any abnormal healing. Similarly, collagen hydrogel scaffolds combined with bone morphogenetic protein-2 (BMP-2) have been shown to induce effective periodontal repair (Kato et al., 2015). Tan et al. (2019) encapsulated bioactive components in supramolecular hydrogels to promote alveolar bone reconstruction, co-assembling the biocompatible hydrogel agent Nap-Phe-Phe-Tyr-OH (NapFFY) with SDF-1 and BMP-2. Their findings indicated that these bioactive substances could be synchronously and continuously released, significantly enhancing BMSC recruitment, osteogenic differentiation, and alveolar bone regeneration. Rats treated with the SDF-1/BMP-2/NapFFY hydrogel for 8 weeks exhibited a significantly higher bone regeneration rate (56.7% bone volume fraction) compared with controls. The results of the study revealed that two bioactive compounds could be synchronously and continuously released from a hydrogel, effectively enhancing the recruitment of BMSCs, osteogenic differentiation, and the regeneration of alveolar bone. Rats with bone defects, treated with the SDF-1/BMP-2/NapFFY hydrogel for 8 weeks, experienced significantly improved bone regeneration, with a bone volume fraction of 56.7%, compared to the control group.
During periodontal regeneration, the hydrogel scaffold acts as carriers for stem cell transplantation. The differentiation of these stem cells can be further promoted by altering the hydrogel scaffold, thereby impacting the regeneration of periodontal tissue. Utilizing a 4-amino-DL-phenylalanine (Phe-NH) dynamic acyl hydrazone crosslinker, Yang et al. (2021) developed an injectable chitin hydrogel system. This method encapsulated rat bone marrow-derived stem cells (rMSCs) within the hydrogel. After 7 days, the rMSCs were evenly distributed throughout the hydrogel, with over 95% cell survival. The hydrogel was observed to boost the differentiation of rMSCs, as indicated by a marked increase in marker expression. For periodontal tissue regeneration, scaffolds, external stem cells, and growth factors can be used in combination. For periodontal tissue regeneration, scaffolds, external stem cells, and growth factors can be used in combination. Isaac et al. (2019) created polyethylene glycol hydrogel microparticles using immersion electrospray, then formed microporous annealed granular hydrogels (TzMAP hydrogels) by linking norbornene-containing polyethylene glycol hydrogel microspheres through tetrazine click chemistry. Integrating PDLSCs during annealing showed that cell viability after 24 h showed that the survival rate of PDLSCs was approximately 87% ± 5%. The incorporation of PDLSCs and platelet-derived growth factor-BB (PDGF-BB) into TzMAP resulted in increased cell proliferation and migration, foundational for periodontal tissue regeneration (Figure 2). Ammar et al. (2018) mixed platelet concentrates into thermosensitive CS/β-glycerophosphate hydrogels, demonstrating that TGF-β1 and PDGF-BB could be continuously released for up to 2 weeks, thereby sustaining the viability of encapsulated PDLSCs for 7 days and promoting periodontal regeneration.
[image: Diagram illustrating the synthesis of PEG norbornene and PEG di-tetrazine constructs used in a biomaterial system. It includes chemical structures, peptide designs for cell adhesion, and a depiction of microspheres interacting with tooth roots and periodontal ligament stem cells (PDLSCs). Below are bar graphs (B and C) showing cell density and PDLSC numbers with and without platelet-derived growth factor (PDGF), indicating increased cell count with PDGF. A line graph (D) shows PDGF's stability over time.]FIGURE 2 | TzMAP hydrogel for periodontal regeneration. (A) Overview of hydrogel materials and use. (B) Average cell volume of PDLSCs at 5 days (C) Number of cells per 5 μL of hydrogel observed at 50 days. (D) Changes in the content of PDGF-BB in the TzMAP hydrogel over time. Reprinted with permission from Isaac et al. (2019). Copyright (2019) American Chemical Society.
Furthermore, functionally graded scaffolds have been developed for the regeneration of multiple tissues, acknowledging that periodontal regeneration involves complex tissues and structures. Sowmya et al. (2017) introduced a three-layer scaffold system for periodontal tissue regeneration that includes a layer for cementum regeneration using CS/poly (lactic-co-glycolic acid)/nanobioactive glass-ceramic/cementum protein 1, a CS/PLGA/fibroblast growth factor-2 layer for PDL regeneration, and a CS/PLGA/nano-sized bioactive glass/PRP layer for bone regeneration. This system achieved simultaneous regeneration of cementum, PDL, and alveolar bone.
Although various hydrogels exhibit promising effects in periodontal restoration and are prepared using advanced methods, commercial options remain limited. This scarcity stems from the complex manufacturing processes of composite hydrogels, which often require specialized formulations and equipment, leading to longer preparation times and significantly higher costs compared to simpler hydrogel products. Additionally, the impact of different structural and physicochemical characteristics on periodontal restoration is not well-understood, compounded by numerous confounding factors. These challenges considerably hinder the clinical application of hydrogels with complex structures.
3.2 Hydrogels as carriers for cell transplantation
Stem cells, known for their self-replication capability and versatility in developing into various functional cell types, present a significant potential in cell repair, regenerative medicine, and pharmacology (Li B. et al., 2021; Bartold and Ivanovski, 2022). This potential is largely due to their underdifferentiated state. Research has extensively examined stem cells’ ability to regenerate periodontal tissue, identifying two main categories: odontogenic and non-odontogenic stem cells. Odontogenic stem cells include dental pulp stem cells, stem cells from human exfoliated deciduous teeth, PDLSCs, apical papilla stem cells, and gingival mesenchymal stem cells (GMSCs). By contrast, non-odontogenic stem cells encompass BMSCs, adipose-derived stromal cells, embryonic stem cells, and induced pluripotent stem cells. A wealth of animal studies and clinical reports supports the effectiveness of stem cell therapy in addressing periodontal tissue defects (Vandana et al., 2017; Kandalam et al., 2021; Fonticoli et al., 2022; Iwasaki et al., 2022; Shaikh et al., 2022). For successful tissue regeneration, stem cells must efficiently reach and function within the lesion, making cell transplantation essential. However, the approach faces challenges such as low survival rates and difficulty in cell engraftment, underscoring the need for better cell delivery mechanisms. Carrier materials for periodontal regenerative stem cells should support cell differentiation and growth (Ding et al., 2021), with specific requirements for optimal performance: appropriate pore size and porosity for physiological functions, biological strength, biocompatibility, tissue adhesion, controlled degradation with non-toxic by-products, and sterilization compatibility. Hydrogels, known for enabling metabolite, oxygen, and nutrient diffusion (Li et al., 2018), have emerged as promising stem cell carriers. They can be tailored to specific needs by adjusting their composition, properties, and fabrication methods, offering a versatile platform for cell delivery.
One advantage of hydrogels is their ability to be directly injected into the lesion area through minimally invasive procedures. A research team, led by Kandalam et al. (2021), successfully encapsulated pre-differentiated GMSCs in a self-assembled hydrogel known as PuraMatrix™. The GMSCs, encapsulated with 0.5% PuraMatrix, exhibited remarkable adhesion and proliferation rates. Earlier discussions in this review highlighted that DN hydrogels possess superior mechanical properties compared to single hydrogels, enhancing their utility in cellular delivery. Choi et al. (2019) developed DN hydrogels by combining gellan gum, a natural polysaccharide, with poloxamer-heparin. These hydrogels, referred to as PoH/GG DNH, were used to culture rabbit BMSCs. The results indicated that PoH/GG DNH not only served as an effective cell culture medium but also significantly improved osteogenic differentiation and cell proliferation in both lab and animal studies. Ding et al. (2021) employed the Knoevenagel condensation process to create a novel hydrogel by gelling dextran, functionalized with benzaldehyde and cyanoacetate groups. This was followed by photocrosslinking 4-arm acrylated polyethylene glycol to form a secondary, enhanced network within the hydrogel. This composite hydrogel demonstrated exceptional injectability, self-healing properties, and the ability to protect cells from mechanical damage during injection. Additionally, the second network exhibited remarkable stability, acting as a scaffold post-transplantation, while the first network rapidly hydrolyzed, facilitating cell proliferation and diffusion.
The lack of a microporous structure in conventional hydrogels often hinders cell spreading and proliferation. While increasing the porosity of the hydrogel by reducing polymer concentration is a possible adjustment, it may compromise the hydrogel’s stability. A viable solution is the development of microporous hydrogels, which enhance both host and encapsulated cell motility. A previous study introduced gelatin and GelMA-based fast-curing microporous hydrogels (Edwards et al., 2022). These hydrogels, which set within 2.5 min of injection through photopolymerization and enzymatic cross-linking, allowed for uniform cell distribution and significant cell spreading and proliferation within a week. Additionally, these hydrogels could transport hMSCs primed with interferon-gamma, boosting the release of anti-inflammatory agents such as prostaglandin E2 and interleukin-6. Hence, these hydrogels present a promising cell delivery mechanism. Hydrogel particles (HMPs) offer another protective means for cell transplantation. Consisting of biopolymer-made, tiny 3D network structures, HMPs protect cells from shear stresses during transplantation, thus preserving cell viability (Blaeser et al., 2016; Chen et al., 2017; Mealy et al., 2018). For instance, a capillary microfluidic device was employed by Zhao et al. (2016) to produce GelMA HMPs encapsulating BMSCs. Over 4 weeks, these BMSC/GelMA cultures showed a significant increase in DNA content, indicating effective cell migration and viability. Further, Teng et al. (2022) demonstrated that GelMA hydrogel microspheres could act as carriers for rat BMSCs without compromising cell survival rate of almost 99%. Following implantation in a rat bone defect model, CT scans revealed significant bone regeneration at the defect site after 8 weeks.
Hydrogels can be precisely engineered for controlled cell distribution and tissue structure formation using self-assembly or 3D printing techniques. A bioprinting approach utilized injectable composite hydrogels composed of GelMA and polyethylene glycol dimethacrylate to encapsulate PDLSCs (Ma et al., 2017). The addition of polyethylene glycol enhanced droplet management. Hydrogels containing PDLSCs showed increased bone growth in rat alveolar bone defects compared to hydrogels without cells, as evidenced by in vivo experiments.
While hydrogels have shown promise as carriers for stem cell transplantation, challenges remain. Issues such as cell death during implantation, low cell retention post-transplantation, difficult long-term cell survival, and inadequate structural support significantly impact the effectiveness of periodontal regeneration therapy. Currently, there is no ideal hydrogel cell carrier that addresses these concerns.
3.3 Hydrogels as drug delivery systems
Over the last decade, studies have shown that various medications and growth factors can promote periodontal tissue regeneration (Liang et al., 2020), as detailed in Table 1. However, the limited application of these bioactive substances is often due to their short half-lives and rapid degradation rates. To address this issue, researchers have developed strategies to mitigate the drug’s adverse effects and extend its duration of action (Onaciu et al., 2019; Pushpamalar et al., 2021). One popular method involves using hydrogels for drug delivery. Due to their unique physical properties, hydrogels are ideal for this purpose, allowing for sustained drug release. Drugs can be encapsulated within hydrogels, integrated into their structures, or adsorbed on their surfaces. Various factors influence drug release from hydrogels, including the hydrogel’s composition, shape, manufacturing method, external conditions, and the interaction between the hydrogel and the bioactive substance (Zięba et al., 2020). By fine-tuning these factors, the rate and duration of drug release can be precisely controlled. The ideal hydrogel drug carrier should exhibit several biophysical and chemical characteristics. It must be biocompatible, not eliciting adverse reactions or immune rejection, and should degrade gradually in the body. The degradation byproducts should be non-toxic and non-inflammatory, with a degradation rate that matches the drug release, ensuring the drug’s efficacy for the required duration. Furthermore, the hydrogel must adhere securely to periodontal tissue to prevent displacement during treatment or daily activities.
TABLE 1 | Summary of bioactive molecules for periodontal regeneration.
[image: A table detailing various bioactive molecules with columns for characteristics, functions, composition of hydrogels, applications, and references. Sections include drugs, growth factors, and plant extracts, each listing specific agents like statins, aspirin, metformin, PDGF, SDF-1, BMP, and berberine. The functions range from reducing inflammation to promoting bone formation. Applications include treating periodontitis and enhancing bone regeneration. References are provided for each entry.]In recent years, there has been growing interest in the development of stimulus-responsive or “smart” hydrogels (Huang et al., 2020). These hydrogels can change shape or phase in response to environmental stimuli, such as temperature changes, facilitating drug release through swelling-shrinking actions or gel-sol transitions. Thermosensitive hydrogels, for example, are in liquid form at low temperatures but gelate at higher temperatures, a property crucial for effective drug delivery. Wang et al. (2023) developed a berberine heat-sensitive hydrogel that gels rapidly at body temperature (37°C) within approximately 3 min, demonstrating efficacy in treating periodontal inflammatory bone conditions by modulating the PI3K/AKT signaling pathway and offering anti-inflammatory and osteogenic benefits. Xu et al. (2019) created an injectable thermosensitive hydrogel that continuously released aspirin and erythropoietin, facilitating the healing of inflammation and alveolar bone repair. Aspirin and erythropoietin released 86.6% and 69.4% of their doses, respectively, within the first 3 days of the drug release trial, with aspirin’s faster release rate aiding in the early stages of periodontitis treatment where controlling inflammation quickly is vital. The thermosensitive hydrogel developed by Liu et al. (2022) useed polyethylene glycol diacrylate as a basal scaffold and imparted excess ROS–scavenging effects to the hydrogel and oxidative stress–reducing effected to cells by adding the reducing sugar alcohol dithiothreitol, thereby protecting periodontal cells from inflammatory damage. The inclusion of SDF-1α increased the hydrogel’s biological activity, promoting cell proliferation and differentiation by activating the Wnt/β-catenin signaling pathway, essential for alveolar bone regeneration. They also introduced a new functional peptide module responsive to arginine protease secreted by Porphyromonas gingivalis, creating a smart gingival protease-reactive hydrogel (Liu et al., 2021). This hydrogel generated short antimicrobial peptides activated by arginine protease, inhibiting the growth of P. gingivalis. Under the action of different concentrations of gingival protease R1 protein, the release rate of SDF-1 in hydrogels increased with the increase of protease concentration, because protease would cut off the functional peptide module in the hydrogel and destroy the structure of the hydrogel, which was conducive to the antibacterial function of antimicrobial peptides and the function of SDF-1 to recruit host stem cells and promote osteogenesis, as illustrated in Figure 3.
[image: Illustration showing the process of using hydrogel solutions with PEG-DA, FPM, SAMPS, and SAMP to target tooth decay. Enzyme RgpA is utilized in different concentrations. Graph B displays cumulative enzyme release over ten days for DMEM, 1 nanomolar, and 10 nanomolar RgpA. Graph C compares various treatment effects on CEF-ABC measurements.]FIGURE 3 | SDF-1-loaded gingival protease-reactive thermothermal hydrogel promotes periodontal regeneration. (A) Schematic representation of the hydrogelmaterial composition and processing. (B) Release curves of SDF-1 from the hydrogel. (C) Distance between CEJ and ABC in vivo model 4 weeks after treatment. Reprinted with permission from Liu et al. (2021). Copyright (2021) American Chemical Society.
Inflammation in periodontal tissues leads to an increase in ROS levels, prompting the development of ROS-reactive materials for periodontal disease treatment. The hydrogel system designed by Zhao et al. (2022) used the presence of ROS to initiate drug release. This system, made from oxidized dextran and phenylboronic acid-functionalized polyethylenimine, enhances the efficiency of doxycycline and metformin delivery through B-N ligands. It achieves localized drug release in response to ROS, boosting the combined therapeutic benefits of doxycycline’s antimicrobial action and metformin’s bone regeneration promotion. Additionally, the alteration of pH within the periodontal pocket during disease progression offers a chance to develop pH-sensitive hydrogels that respond to this change, aiding in periodontal tissue regeneration. pH-sensitive hydrogels, which are protonation polymers containing acidic or basic groups, change their volume in response to pH alterations, either releasing or absorbing protons. Yu et al. (2016) developed a pH-responsive hydrogel containing anti-glycation agents that slowed the progression of periodontitis and promoted recovery. Beyond environmentally sensitive hydrogels, there are also stimulus-responsive hydrogels and multisensitive hydrogels that offer combined advantages for drug delivery mechanisms, showing significant potential for future applications (Lin et al., 2020; Hsia et al., 2024).
In addition to stimuli-responsive hydrogels, the structure of hydrogels formed by a dual dynamic network can be tuned to manage the controlled release of drugs effectively (Bertsch et al., 2022). The innovative injectable and self-healing hydrogel developed by Guo et al. (2021) is aimed at facilitating periodontal regeneration. This hydrogel, synthesized from aldehyde-modified hyaluronic acid (HA-CHO) and ethylene glycol chitosan (GC), formed a dual dynamic network through the dynamic Schiff base bonds between the -CHO group in HA-CHO and the -NH2 group in GC, alongside dynamically oriented bonds between the COO- group and Fe3+ ions in HA-CHO. Owing to its unique structure, the hydrogel exhibited robust self-healing capabilities, enabling it to swiftly regain its mechanical properties even after being subjected to high strain (e.g., 500%) and return to its original state under low strain (e.g., 1%). Moreover, by adjusting the biodynamic bonds, the hydrogel’s drug release rate could be customized to meet specific therapeutic needs. In their study, the researchers demonstrated this capability by loading the hydrogel with ginsenoside Rg1, known for its anti-inflammatory properties, and enamel for its regeneration-promoting effects, under varying concentrations of FeCl3 to control the release duration. The results indicated the potential for precise control over drug release timing through the adjustment of biodynamic linkages in hydrogels. Significant periodontal regeneration in rats with periodontal defects showcased the hydrogel’s potential in promoting tissue regeneration, offering a novel solution for periodontitis management.
While in situ hydrogels offer a degree of local pharmaceutical storage, achieving sustained local delivery of hydrophilic small molecules remains a challenge. Microspheres, however, are recognized for their effective long-acting sustained-release property (Zhang et al., 2018). The introduction of microspheres into hydrogels introduces two physical barriers that the drug must overcome, enabling prolonged therapeutic effects. A research group designed a hydrogel system for the sequential release of basic fibroblast growth factor and transforming growth factor-beta 3 (Yu et al., 2022). In this system, transforming growth factor-beta 3 was encapsulated in CS microspheres before being co-loaded with basic fibroblast growth factor into CS hydrogels, facilitating a staggered release that aligns with different healing phases. Notably, the system demonstrated significant alveolar bone repair 12 weeks after being injected into an alveolar bone defect model. Wang B. et al. (2020) developed an innovative topical drug delivery system for periodontal applications by utilizing electrospraying to encapsulate two medications into PLGA microspheres within a thermoreversible polyisocyanate hydrogel. This method offers key advantages, including biosafety, injectability, and enhanced structural stability over time. By adjusting the load-to-mass ratio of acid-terminated PLGA, the release of the drug could be regulated. An adjustable and injectable topical drug delivery system was developed by incorporating two drugs into PLGA microspheres within a thermoreversible polyisocyanate hydrogel through electrospray. This technology offers biosafety, injectability, and long-term structural stability. Adjusting the load-to-mass ratio of acid-terminated PLGA allows for precise manipulation of drug release.
The precise spatial and temporal control of bioactive signals is essential for their anti-inflammatory and regenerative effects. Proper timing is critical in controlling inflammation, a necessary step for tissue regeneration, as is the timely administration of growth factors for the regeneration of various periodontal tissues. Despite the development of numerous hydrogel drug delivery systems, achieving exact control over the delivery of bioactive molecules for periodontal tissue regeneration remains a challenge.
4 CONCLUSION AND PERSPECTIVES
Hydrogels have significantly advanced periodontal regeneration therapy due to their excellent biocompatibility and structural resemblance to the ECM, allowing for their widespread use in this field. They serve various roles, including as GTR membranes, tissue engineering scaffolds and drug delivery systems, contributing to periodontal regeneration. However, despite promising experimental results, hydrogels have not yet achieved successful clinical outcomes in periodontal regeneration. The challenges in utilizing hydrogels for functional periodontal tissue regeneration are as follows:
Periodontal tissue regeneration is complex, involving multiple cell and tissue types with differing structures, compositions, and functions. This complexity makes it challenging for a single hydrogel to effectively mimic these characteristics. Current strategies often focus on regenerating a single tissue type, such as alveolar bone, without adequately addressing the regeneration of the PDL diverse fiber bundles. The natural regenerative capacity of periodontal tissue is limited, particularly in the presence of infection and inflammation. Enhancing regeneration often requires external interventions, such as cell transplantation or recruiting stem cells from surrounding tissues. For effective periodontitis treatment, the drug delivery system must precisely control the release timing and location of medications, transitioning from anti-inflammatory to tissue-regenerating agents. While hydrogels can provide controlled release in response to stimuli, they fall short in precisely regulating periodontal tissue regeneration. This limitation stems from an incomplete understanding of the regeneration and healing process and the limited efficacy of bioactive molecules in promoting regeneration. The mechanical strength of hydrogels is another limiting factor for their application in periodontal tissue engineering. Achieving a balance between mechanical strength and injectability is challenging, as enhancing mechanical properties often reduces injectability. Moreover, rapid degradation of hydrogels in vivo, influenced by factors such as the inflammatory microenvironment, differs from in vitro results and requires further research. Despite these obstacles, hydrogels remain a promising area of research for periodontal tissue regeneration. Ongoing development of hydrogel systems capable of repairing periodontal tissue offers hope for improved treatment outcomes and innovative solutions for periodontal patients in the future.
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Background: Branched gold and silver nanoparticles coated with polydopamine (Au-Ag-PDA) demonstrate high photothermal conversion efficiency. Utilizing umbilical cord mesenchymal stem cell membranes (MSCM) as an effective drug delivery system, our preliminary studies investigated the suppression of sebum secretion in sebaceous glands using MSCM-coated Au-Ag-PDA nano-particles (Au-Ag-PDA@MSCM) combined with 808 nm laser irradiation, showing potential for dermatological applications in acne treatment.Methods: This study employs proteomic analysis, complemented by subsequent techniques such as Western blotting (WB), small interfering RNA (siRNA), and transmission electron microscopy, to further investigate the differential mechanisms by which Au-Ag-PDA and Au-Ag-PDA@MSCM-mediated photothermal therapy (PTT) suppress sebum secretion.Results: Our proteomic analysis indicated mitochondrial respiratory chain damage in sebaceous gland tissues post-PTT, with further validation revealing ferroptosis in sebaceous cells and tissues. Acyl-CoA Synthetase Long-Chain Family Member 4 (Acsl4) has been identified as a critical target, with Au-Ag-PDA@MSCM demonstrating enhanced ferroptotic effects.Conclusion: These findings significantly advance our understanding of how PTT mediated by Au-Ag-PDA@MSCM nanoparticles reduces sebum secretion and underscore the pivotal role of MSCM in inducing ferroptosis in sebaceous glands, thus providing a robust theoretical foundation for employing PTT via specific molecular pathways in acne treatment.Keywords: proteomics, Au-Ag-PDA@MSCM, photothermal therapy, ferroptosis, acne, Acsl4
1 INTRODUCTION
Acne vulgaris is a chronic inflammatory skin disease affecting the sebaceous glands within hair follicles and is prevalent among adolescents and young adults. Manifesting as acne, papules, and pustules, this condition predominantly appears on the face, chest, and back (Wei et al., 2021). Given its potential to result in lasting facial scarring or hyperpigmentation, acne often exerts a detrimental psychosocial impact (Firlej et al., 2022). The pathogenesis of acne is complex and not entirely understood. The current consensus attributes acne development to multifaceted factors, including excessive sebum production, heightened inflammatory response, hyperkeratosis of the follicular epithelium, and colonization of sebaceous glands by the bacterium Cutibacterium acnes (formerly Propionibacterium acnes) (Moradi Tuchayi et al., 2015; Dreno et al., 2018; Luo et al., 2021). Sebaceous cells, the primary cells involved in acne formation, produce sebum lipids; high sebum levels foster an anaerobic, lipid-rich environment in the follicle. In this environment, C. acnes proliferates, exacerbating acne development (Clayton et al., 2019; Zouboulis et al., 2022). Additionally, the inflammatory microenvironment is modulated by the secretion of inflammatory cytokines (Farfán et al., 2022). As overactive sebaceous glands contribute to the pathological process of acne development, targeted destruction of sebaceous gland cells is an effective acne treatment.
Contemporary approaches to severe acne treatment include topical and oral medications, such as isotretinoin and oral antibiotics, respectively (Habeshian and Cohen, 2020). However, their prolonged use is constrained by systemic adverse effects (including skin, mucosal, and gastrointestinal inflammation). 5-aminolevulinic acid-photodynamic therapy (ALA-PDT) is a prevalent noninvasive treatment for severe acne vulgaris (Shi et al., 2022). However, ALA-PDT is associated with adverse effects, such as pain, erythema, burning of the skin, pruritus, and hyperpigmentation, limiting its clinical utility (Zhang et al., 2021). Furthermore, the hydrophilic nature of ALA limits its efficacy in PDT by restricting its tissue and cell membrane permeability.
Photothermal therapy (PTT) has been extensively employed in treating tumors and inflammatory diseases (Li et al., 2020). The superior photothermal conversion efficiency of nanoparticles in PTT, coupled with their targeted approach to specific lesions, minimizes damage to surrounding tissues. This, along with the advantage of shorter irradiation times, has garnered increasing research interest in nanoparticle-mediated PTT for skin diseases, particularly melanoma (Zeng et al., 2023). Presently, umbilical cord mesenchymal stem cell membranes (MSCM) are extensively investigated within the realm of drug delivery systems, attributed to their minimal immunogenic properties, targeted delivery capabilities, and readily accessible nature (Tanmoy et al., 2014). Recently, gold-NP-mediated PTT has demonstrated promise in preliminary human clinical trials for refractory acne (Suh et al., 2021; Seo et al., 2022). We previously demonstrated that coating Au-Ag-PDA NPs with umbilical cord mesenchymal stem cell membranes (MSCM) to form Au-Ag-PDA@MSCM NPs enhanced cellular uptake, improved NP dispersion and biocompatibility, and optimized PTT efficiency. Additionally, we observed that low-concentration Au-Ag-PDA@MSCM-mediated PTT can effectively reduce sebaceous gland tissues in golden hamsters and diminish sebum secretion without damaging the epidermis (Tianqi et al., 2020), However, the specific mechanisms by which nanoparticle-mediated PTT treats acne remain unexplored. Investigating these mechanisms is crucial for enhancing its clinical efficacy in acne management.
In this study, proteomic analysis revealed preliminary evidence of ferroptosis in the sebaceous gland tissues of golden hamsters treated with Au-Ag-PDA@MSCM-PTT. Furthermore, nanoparticles encapsulated with MSCM demonstrated robust efficacy both in vitro and in vivo. Ferroptosis represents a lipid peroxidation-mediated form of programmed cell death, where factors inducing cellular oxidative stress, such as heat, radiation, and redox dynamics disequilibrium, facilitate lipid oxidation modifications within the lipid bilayer. This process, with lipid peroxidation as a crucial regulator of cellular destiny, involves interconnected events such as the Fenton reaction post-iron ion accumulation, glutathione (GSH) depletion, dysregulation of the cystine/glutamate antiporter system xc-, peroxidation of polyunsaturated fatty acids (PUFAs) leading to compromised cellular membrane integrity, and reactive oxygen species (ROS) accumulation within mitochondria (Jiang et al., 2021). Consequently, in the course of cellular ferroptosis, a spectrum of biochemical changes ensues, characterized by significant glutathione (GSH) depletion, heightened concentration of sub-Fe ions, and a notable increase in malondialdehyde (MDA). Given that the accumulation of lipid reactive oxygen species (ROS) serves as a consequential outcome of lipid peroxidation and represents a hallmark of ferroptosis, such alterations are routinely observed. Furthermore, impairments in the mitochondrial respiratory chain, along with mitochondrial condensation and the disruption of mitochondrial cristae, serve as critical biomarkers for identifying ferroptosis in cellular structures.
In the present investigation, we employed a comprehensive approach incorporating proteomic analysis, alongside a suite of both in vitro and in vivo experimental techniques such as Western Blotting (WB), small interfering RNA (siRNA) interventions, and transmission electron microscopy, to preliminarily elucidate the mechanisms by which nanoparticle-mediated PTT induces ferroptosis to suppress lipid secretion in sebaceous glands. Initial findings underscore the pivotal role of Acyl-CoA synthetase long-chain family member 4 (Acsl4) in this bio-chemical pathway and demonstrate that encapsulation with MSCM markedly augments the effectiveness of PTT-induced ferroptosis in sebaceous gland cells. Given these insights, we contend that our research furnishes novel experimental evidence and a theoretical framework for employing PTT in the clinical treatment of acne.
2 MATERIALS AND METHODS
2.1 Preparation and characterization of mesenchymal stem cell membrane-coated Au-Ag-PDA NPs
The Au-Ag PDA NPs were synthesized following established procedures with minor modifications (Li et al., 2015). One hundred microliters (100 µL) of 100 mM HAuCl4 aqueous solution in 10 mL deionized water incubated with 1 mL of 1 mM Ag seeds for 2 min. Subsequently, 1 mL of 30 mM hydroquinone was added to the growth solution to obtain branched Au-Ag NPs. Further, 10 mL Tris-buffer solution and 400 µL of 30 mM dopamine solution were introduced into the branched Au-Ag NP solution. After 3 h of stirring at 27°C, the Au-Ag-PDA NPs were obtained. Human umbilical cord mesenchymal stem cell (MSC) lines, sourced from the China–Japan Union Hospital Scientific Research Centre, Jilin University (Changchun, China), provided MSC membrane (MSCM) vesicles as previously described (Gao et al., 2016). Briefly, we used a hypotonic solution to lyse the MSCs, followed by a freeze-thaw cycle at −80°C and subsequent differential centrifugation to obtain cell membranes. These MSC membranes were combined with Au-Ag-PDA NPs under sonication for 30 min to uniformly coat the Au-Ag-PDA NPs. Finally, the mixture was centrifuged to obtain Au-Ag-PDA@MSCM (Tianqi et al., 2020). TEM (JEM-1400; JEOL, Tokyo, Japan) was employed for observing NPs. Au-Ag-PDA NP solutions with concentrations of 20, 40, and 80 µg/mL were irradiated using an 808 nm near-infrared (NIR) LASER at a power of 1 W/cm2. Temperature changes in the solutions after 0, 2, 4, 6, 8, and 10 min of irradiation were recorded using an infrared imager (Supplementary Figure S1).
2.2 Cell culture and treatment
SZ95 human sebaceous gland cells (Zouboulis et al., 1999) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) (Gibco, United States) and 100 U/mL each of penicillin and streptomycin (Gibco, United States). The culture was maintained in an incubator set at 37°C in an atmosphere of 95% air and 5% CO2. Six-well plates were seeded with 1 × 106 cells per well, and 40 μg/mL of Au-Ag-PDA@MSCM NPs were prepared in a complete medium before being incubated with SZ95 cells at 37°C for 4 h. Following incubation, the six-well plates were removed from the incubator and exposed to 808 nm LASER irradiation (1 W/cm2, 8 min) once the medium reached room temperature (25°C). Subsequently, cells were harvested 8 h post-irradiation for WB; Fe2+ detection, GSH activity, MDA, lipid ROS assays; and Oil Red O staining. In the experimental setup involving the ferroptosis inhibitor, 15 nmol dosage of Ferrostatin-1 (S7243; Selleck Chemicals, Houston, TX, United States) was added to each well of the 6-well plate and incubated for 2 h prior to exposure to 808 nm wavelength laser irradiation.
Insulin-like growth factor-1 (IGF-1) enhances sebum secretion in SZ95 cells (Gu et al., 2022). Therefore, SZ95 cells were stimulated with 20 ng/mL recombinant human IGF-1 (HZ-1322, Proteintech, United States of America) for 24 h; the lipid accumulation was monitored using Oil Red O staining.
Acsl4 siRNA (50 nM) was transfected using the RFect siRNA transfection reagent (RFect: 11011; Shanghai Integrated Biotech Solutions Co., Ltd.), following the manufacturer’s instructions. The cells were then incubated for 48 h. Subsequently, SZ95 sebocytes were subjected to the aforementioned cellular treatments. The sequences of siRNA were as follows: Acsl4: Sense 5ʹ-GAG​GCU​UCC​UAU​CUG​AUU​ACC-3ʹ; Anti-sense 5ʹ-UAA​UCA​GAU​AGG​AAG​CCU​CAG-3ʹ. Negative control: Sense 5ʹ-UUC​UCC​GAA​CGU​GUC​ACG​UTT-3ʹ; Anti-sense 5ʹ-ACG​UGA​CAC​GUU​CGG​AGA​ATT-3ʹ.
2.3 In vivo PTT
All animal studies were conducted according to the UK Animal Welfare Act 1986 and associated guidelines, the EU Animal Welfare Directive 2010/63/EC, or the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. The study protocol was reviewed and approved by the Ethics Review Committee for Animal Experiments, School of Basic Medical Sciences, Jilin University (No. 2023–229). Forty male golden hamsters (Liaoning Changsheng Biotechnology Co., Ltd., Shenyang, China), weighing 80–120 g, were used in this study.
Liquid chromatography-mass spectrometry (LC-MS) was utilized for proteomics analysis. DEPs were identified as those meeting the criteria of a fold change (FC) > 1.2, with p < 0.05 indicating statistical significance. Based on previous in vivo experiments and grouping methods, optimal parameters for in vivo studies were determined: NP concentration of 20 μg/mL and 808 nm LASER irradiation at 0.5 W/cm2 for 3 min (Tianqi et al., 2020). The experimental procedure is presented in Supplementary Figure S3. Sebaceous gland tissue samples were collected from golden hamster flank organs and divided into four groups: A, blank sebaceous gland tissue group (Control, n = 5); B, sebaceous gland tissue group post-C. acnes inoculation (C. acnes, n = 5); C, sebaceous gland inflammatory acne model group post-application of Au-Ag-PDA@MSCM and 808 nm LASER irradiation (C. acnes + Au-Ag-PDA@MSCM, n = 5); and D, sebaceous gland acne model group post-application of Au-Ag-PDA NPs and 808 nm LASER irradiation (C. acnes + Au-Ag-PDA, n = 5). Our prior findings revealed a substantial decrease in the size of sebaceous gland tissue and a reduction in sebum secretion on day 20 post-PTT (Tianqi et al., 2020). Consequently, this time point was selected for the LC-MS analysis of the golden hamster sebaceous gland tissue. The analysis was replicated thrice across each of the four designated groups, amassing a total of 12 samples per iteration.
To elucidate the direct suppression of sebum production in sebaceous glands mediated by Au-Ag-PDA@MSCM through PTT, C. acnes was omitted from established experimental protocols. Subsequently, 30 μL of a 20 μg/mL Au-Ag-PDA@MSCM NP solution was topically applied to the sebaceous gland tissue of the golden hamster flank organs to discern the specific effects of PTT on sebaceous gland functionality. Subsequently, the area was irradiated with an 808 nm LASER (0.5 W/cm2, 3 min). Following the therapeutic intervention, sebaceous gland tissues were meticulously procured for comprehensive histological evaluation using HE and Oil Red O staining, as well as ultrastructural examination using TEM. These assessments were conducted at the following pivotal junctures: blank control group (n = 5), immediately post-treatment (n = 5), and followed by evaluations on days 3 (n = 5) and 5 (n = 5).
2.4 Protein extraction and enzymatic hydrolysis using trypsin
Tissue samples were scraped from glass slides, transferred to 1.5 mL centrifuge tubes, and disrupted using sonication with four volumes of lysis buffer (1% sodium dodecyl sulfate [SDS], 1% protease inhibitor). The samples were centrifuged at 12,000 × g for 10 min at 4°C to remove debris, and the resulting supernatants were transferred to new centrifuge tubes. A bicinchoninic acid (BCA) protein assay kit was used to determine the protein concentrations. After adding 200 mM triethylammonium bicarbonate at a ratio of 1:50 (w/w) and sonicating the protein mixture, the proteins were digested overnight using trypsin. After a 30-min reduction at 56°C, 5 mM dithiothreitol was added to the mixture. Iodoacetamide was then added to a final concentration of 11 mM, and the mixture was incubated in the dark for 15 min. A C18 solid-phase extraction column was used to desalt the peptides.
2.5 Liquid chromatography-mass spectrometry (LC-MS) analysis
The peptides were resolved using a NanoElute ultra-performance liquid chromatography system after solubilization in LC mobile phase A (0.1% formic acid and 2% acetonitrile in water). Mobile phase B consisted of 0.1% formic acid and 100% acetonitrile. The gradient used was: 0–70 min, 6%–24% B; 70–84 min, 24%–35% B; 84–87 min, 35%–80% B; 87–90 min, 80% B. The flow rate was maintained at 450 nL/min. A capillary ion source was used to ionize the peptides, and timsTOF Pro (Bruker, Billerica, MA, United States) was used for MS analysis. The peptide parent ion and its secondary fragments were detected and analyzed using high-resolution time-of-flight MS, with the ion source voltage set to 2.0 kV. Secondary mass spectra were obtained between 100 and 1,700. The data were acquired using parallel cumulative serial fragmentation (PASEF). A primary mass spectrum was acquired, and 10 acquisitions were obtained in the PASEF mode to obtain a secondary spectrum, with parent ion charges in the range of 0–5. The dynamic exclusion time for the tandem MS scan was set to 30 s to avoid repetitively scanning the parent ion. The results were considered significant when the relative protein expression ratio threshold increased by ≥ 1.2-fold or decreased by ≥ 0.6-fold. The mass spectrometry proteomics data have been deposited into the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the iProX partner repository with the dataset identifier PXD046301.
2.6 Functional and pathway enrichment analysis of proteins
Bioinformatics analyses were performed on each of the four groups outlined in Section 4.2 (Control, C. acnes, C. acnes + Au-Ag-PDA@MSCM, and C. acnes + Au-Ag-PDA), and the results were compared. The DEPs in each group were functionally annotated (BPs, cellular components, and MFs) using the GO annotation database (EMBL-EBI, Hinxton, Cambridgeshire, UK). The KEGG pathway database was employed to identify the signaling pathways involved. Fisher’s exact test was used to calculate the p values (p < 0.05 was considered significant). Data from all categories obtained after enrichment were collected, and categories with a p-value of at least 0.05 in at least one cluster were retained. This filtered p-value matrix was transformed using the function x = −log10 (p-value). Subsequently, the x values were z-transformed for each functional category, and the z-scores were clustered by gene using one-way hierarchical clustering (Euclidean distance and average linkage clustering). Heatmaps were generated using the R package “heatmap” to visualize the cluster membership.
2.7 HE and ORO staining
Sebaceous gland tissues treated with PTT were collected at different time points (days 0, 3, and 5). These tissues were postfixed in formalin and embedded in paraffin for tissue blocks. Subsequently, tissue blocks were sectioned into thin slices.First, the sections were immersed in a staining agent, such as an oxidizing agent for hematoxylin dye (hematoxylin), to stain the nuclei. The sections were then stained with an acidic dye, such as an acidic eluent (eosin), to stain the cytoplasmic structures. Alternatively, the sections were immersed in ORO stain, a lipophilic dye that selectively stains lipids red. Stained tissue sections were dehydrated in different alcohol concentrations and cleaned with the appropriate solvents. Finally, the sections were covered with a clearing agent (benzene or xylene) and placed on a slide.
For ORO staining, the experimental protocol was performed using the Oil Red O Stain Kit for Cultured Cells (G1262; Solarbio, Beijing, China). In accordance with the provided guidelines, cells were fixed in ORO fixative solution for 20–30 min. After fixation, the sections were thoroughly rinsed with physiological saline and immersed in 60% isopropanol for 5 min. After isopropanol removal, ORO stain was applied for an optimal staining period of 10–20 min. Following a double wash with physiological saline, Mayer’s hematoxylin staining solution was added to each well for 1–2 min to counterstain the nuclei. Finally, ORO buffer was systematically applied to each well and incubated for 1 min. Observation and image capture were performed using a microscope.
2.8 Live and dead cell staining
The Viability/Cytotoxicity Assay Kit for Animal Live and Dead Cells (Calcein AM, EthD-I) (PF00008; Proteintech, Rosemont, IL, United States) was used to prepare a staining working solution containing 2 µM Calcein AM and 4 µM EthD-I in accordance with the manufacturer’s instructions. For adherent cells, an ample volume of Calcein AM/EthD-I staining working solution was added, followed by incubation at room temperature in the dark for 15–20 min. The labeled cells were observed under a fluorescence microscope.
2.9 Fe2+ measurements
Fe2+ levels in sebaceous gland tissues were measured using an Iron Assay Kit (K390-100; BioVision, Milpitas, CA, United States). Adherent cells (SZ95 sebocytes) were immediately homogenized in Fe2+ assay buffer and centrifuged. The supernatant was collected, and the assay was performed according to the manufacturer’s instructions.
2.10 Measurement of MDA levels
The MDA levels in SZ95 sebocytes were measured using an MDA assay kit (A003-1-1; Nanjing, China). Fresh sebaceous gland tissue or adherent cells (SZ95 sebocytes) were immediately homogenized in phosphate-buffered saline (PBS). After centrifugation, the supernatants were collected. Various reagents were added depending on the procedure used. The optical density of each well was measured at 532 nm using a microplate reader.
2.11 GSH activity assay
Ferroptosis is triggered by disruption of the cellular redox balance, and GSH plays a significant role in mitigating the accumulation of lipid ROS. Ferroptosis occurs when GSH is depleted in cells (Ursini and Maiorino, 2020). GSH assay kits from the Nanjing Jiancheng Bioengineering Institute (A006-2-1; Nanjing, China) were used to detect the reduced GSH levels. Fresh sebaceous gland tissue or adherent cells (SZ95 sebocytes) were immediately homogenized in PBS. The supernatant was subjected to a colorimetric assay involving a 5-min color development at an optical wavelength of 420 nm, followed by quantification of the absorbance values for each sample.
2.12 Investigation of sebaceous gland tissue using Bio-TEM
Following treatment with Au-Ag-PDA@MSCM NPs (20 µg/mL) and irradiation with an 808 nm LASER (0.5 W/cm2, 3 min), sebaceous gland tissue samples were promptly collected, both immediately and on day 5 post-irradiation. The tissue samples were fixed in 2.5% electron-microscopy-grade glutaraldehyde at 4°C overnight. Subsequently, the sections were stained with 4% osmium tetroxide for 30 min at room temperature. Dehydration was performed at room temperature in an ethanol gradient (30%–100%); the samples were then embedded in epoxy and cured at 60°C for 48 h. Ultrathin tissue sections (50–70 nm) were stained with 5% uranyl acetate and 2% lead citrate before TEM analysis (JEM 2100; JEOL).
2.13 Lipid peroxidation and analysis
Cells were cultured in 15-mm confocal dishes at a density of 1 × 105 cells/well. They were subsequently subjected to Au-Ag-PDA@MSCM-mediated PTT. The dishes were then rinsed with PBS and incubated with 2 mM BODIPY 581/591 C11 (D3861; Invitrogen, Waltham, MA, United States) in PBS for 20 min to assess lipid peroxidation levels. Following this, the samples were visualized using a confocal microscope (Carl Zeiss, Jena, Germany), and fluorescence was quantitatively analyzed using ImageJ software.
2.14 Western blotting analysis
Sebaceous gland tissues and adherent SZ95 sebocytes were homogenized and lysed in radioimmunoprecipitation assay buffer. The concentration of the collected lysate was determined using BCA assay. The expression levels of Acsl4, large tumor suppressor 1 and 2 (p-LATS1/2), yes-associated protein (p-YAP), glutathione peroxidase 4 (GPX4), and solute carrier family 7 member 11 (SLC7A11) in cell lysates (30 µg) were determined using WB. The samples underwent thermal denaturation in Laemmli buffer containing 4% SDS at 100°C for 5 min. Proteins were resolved on a 12% sodium dodecyl sulfate–polyacrylamide electrophoresis (SDS–PAGE) gel (P0012A; Beyotime, Nantong, China) for 60 min at 110 V. Subsequently, proteins were transferred onto polyvinylidene fluoride membranes using the semi-wet transfer method at 220 mA for 120 min. The membranes were blocked with 5% (w/v) bovine serum albumin and 0.1% (v/v) Tween-20 for 1 h at room temperature. Antibodies against Gpx4 (67763-1-Ig; Proteintech, San Diego, CA, United States), SLC7A11 (26864-1-AP, Proteintech), Acsl4 (66617-1-Ig, Proteintech), LATS1/2 (DF7517; Affinity Biosciences, Cincinnati, OH, United States), phospho-LATS1 + LATS2 (Thr1079 + Thr1041; Bioss, Woburn, MA, United States), YAP (Ser127) (AF3328, Affinity Biosciences) were added to the blocking buffer, and the membranes were incubated overnight at 4°C. This was followed by incubation with a secondary antibody (HAF008; 1:2,000 dilution; R&D Systems, Minneapolis, MN, United States) for 1 h at room temperature. Blotted proteins were visualized using an Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, United States).
2.15 Quantitative reverse transcription PCR (qRT-PCR)
RNA was isolated from SZ95 sebocytes using the EZ-press RNA Purification Kit (B0004DP, EZBioscience, Roseville, MN, United States). Gene expression was analyzed using ToloBio kits (Universal, #22204; #22107; Shanghai, China). The primer sequences used were as follows: human Acsl4 F: 5ʹ-CAT​CCC​TGG​AGC​AGA​TAC​TCT-3ʹ; Homo Acsl4 R: 5ʹ-TCA​CTT​AGG​ATT​TCC​CTG​GTC​C-3ʹ. Homo GAPDH F: 5ʹ-CAT​GAG​AAG​TAT​GAC​AAC​AGC​CT-3ʹ; Homo GAPDH R: 5ʹ-AGT​CCT​TCC​ACG​ATA​CCA​AAG​T-3ʹ. After reverse transcription, the q-PCR reaction involves three stages: Stage 1, pre-denaturation at 95°C for 30 s; Stage 2, amplification consisting of 40 cycles of 95°C for 10 s and 60°C for 30 s; and Stage 3, the melt curve analysis, performed according to the instrument’s default program.
3 RESULTS
3.1 Characterization of Au-Ag-PDA@MSCM NPs
The synthesized Au-Ag-PDA NPs had a diameter of 140–160 nm (Figure 1A). High-angle annular dark-field imaging (HAADF)-scanning transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDS) elemental mapping images revealed the presence of Au and Ag in the Au-Ag-PDA NPs (Figures 1B–E). Subsequently, the Au-Ag-PDA NPs were coated with MSCMs (Figure 1F). The zeta potential of Au-Ag-PDA@MSCM was determined to validate the coating, and the results showed zeta potentials of −40.86 eV for Au-Ag-PDA NPs, −11.4 eV for MSCM, and −24.73 eV for Au-Ag-PDA@MSCM (Figure 1G). This suggests successful binding of MSCMs to the surface of Au-Ag-PDA NPs. UV-vis absorbance demonstrated that the MSCM coating maintained a high absorption peak at approximately 808 nm, indicating that Au-Ag-PDA@MCSM retained excellent photothermal conversion properties (Figure 1H). The photothermal properties of Au-Ag-PDA@MSCM at varying concentrations (20, 40, and 80 µg/mL) were evaluated under 808 nm NIR laser irradiation. (Supplementary Figure S1) presents the temperature profiles of the nanoparticle solutions captured by an infrared imager. Figure 1I illustrates the temperature variation curves, indicating that the temperature of the nanoparticle solutions increases with both concentration and irradiation time. This confirms their sustained excellent photothermal conversion ability.
[image: A series of images and charts display nanoparticles and their properties. Images A to F show nanoparticle morphologies and elemental mapping. Graph G presents zeta potential differences for AuAgPd@PDA and AuAgPd@PDA@BCM nanoparticles. Chart H depicts absorption spectra for the two nanoparticle types. Graph I illustrates temperature change over time for varying nanoparticle concentrations, with a positive correlation observed.]FIGURE 1 | Characterization of Au-Ag-PDA@MSCM NPs. Transmission electron microscope images of Au-Ag-PDA NPs (A) and Au-Ag-PDA@MSCM (F). HRTEM image (B) and HAADF-STEM-EDS mapping images of Au element (D), Ag element (E) and overlapping images (C) of Au-Ag-PDA NPs. (G) Zeta potential of Au-Ag-PDA, MSCM and Au-Ag-PDA@MSCM. (H) UV-vis spectra of the Au-Ag-PDA and Au-Ag-PDA@MSCM. (I) Temperature record of the Au-Ag-PDA@MSCM with different concentrations under 808 nm LASER irradiation at 1 W/cm2.
3.2 Protein identification and quantification
Sebaceous gland tissue samples from the four groups (A: Control; B: C. acnes; C: C. acnes + Au-Ag-PDA@MSCM; D: C. acnes + Au-Ag-PDA) were trypsinized and analyzed using LC-MS (Supplementary Figure S2A). The course of the in vivo experiments is presented in Supplementary Figure S3. A total of 3,211 proteins (Figure 2A), meeting the threshold criteria of fold change (FC) > 1.2 and a p-value <0.05, were identified). In Group B, 243 proteins differentially expressed compared with those in Group A (Figures 2B,C). Most of the upregulated proteins, including Atp1b1 (A0A1U7QRD1), LOC110341478 (A0A3Q0CVQ9), Myl2 (A0A1U7QTQ7), Casq2 (A0A1U7QD56), and Tnnc1 (A0A1U7RBF6), were primarily involved in the regulation of endoplasmic reticulum calcium ion homeostasis. C compared with Group B, Group C revealed enrichment of 78 DEPs, with 65 upregulated and 13 downregulated proteins (Figures 2B,D). Notably, Acsl4 (A0A1U8CEC2), a protein involved in mediating cellular ferroptosis, was upregulated, though not statistically significant (Table 1). Downregulated proteins were associated with oxidative phosphorylation and mitochondrial respiration. For example, Ndufv2 (A0A3Q0CXF4) and LOC101843749 (A0A1U7QK94) were downregulated by 0.76-fold and 0.69-fold, respectively (Table 1). In the comparison between Groups D and B, 28 DEPs were identified; among these, 19 DEPs were upregulated, and 9 DEPs were downregulated proteins (Figures 2B,E). Similar to the DEPs between Groups C and B, Acsl4 (A0A1U8CEC2), a protein involved in ferroptosis, was upregulated in Group D. As Groups D and C underwent similar treatments, a smaller number of DEPs were observed between the two groups (Figures 2B,F).
[image: Heatmap and four accompanying bar and scatter plots depicting gene expression data. The heatmap (A) shows varying levels of gene expression with green, orange, and white blocks. Bar plot (B) illustrates differentially expressed gene numbers across conditions, with significant counts for "B vs A". Scatter plots (C, D, E, F) present log fold change vs. negative log p-value comparisons, highlighting up-regulated (green) and down-regulated (orange) genes. Conditions include comparisons between controls and various experimental treatments.]FIGURE 2 | Protein identification and quantification. Distribution of sebaceous gland protein data for the four groups. (A) Differentially expressed (DE) protein heatmap. (B) Histogram of the number of differentially expressed proteins per group. (C–F) Volcano plots of DE proteins. The horizontal axis shows the fold change (log2 transformed) and the vertical axis shows the p-value (log10 transformed). The red dots indicate upregulated proteins and the green dots indicate downregulated proteins.
TABLE 1 | Differentially expressed proteins in the ferroptosis, Hippo, oxidative phosphorylation, and TCA cycle pathways before and after Au-Ag-PDA@MSCM photothermal therapy intervention.
[image: Table listing proteins associated with pathways: ferroptosis, TCA cycle, oxidative phosphorylation, and Hippo signaling. Columns include protein accession number, description, gene name, C/B ratio, and p-value. Notable proteins are Acsl4 and Hsp90aa1 with p-values 0.99 and 0.031 respectively. C/B ratio denotes DE protein ratio between groups C and B.]3.3 Gene ontology (GO) enrichment analysis of DEPs and kyoto encyclopedia of genes and genomes (KEGG) signaling pathways
To further elucidate the molecular mechanisms underlying the ability of Au-Ag-PDA@MSCM-mediated PTT to inhibit sebum secretion, we utilized the GO database to analyze the DEPs in each group. The biological processes (BPs), cellular components (CCs), and molecular functions (MFs) associated with the DEPs were investigated (Figure 3; Supplementary Figures S2C, D). In the comparison between Groups A and B, upregulated proteins were implicated in inflammation-related BPs, including cation homeostasis (GO:0055080), calcium ion homeostasis (GO:0055074), and regulation of blood circulation (GO:1903522). One downregulated protein was associated with protein localization to the endoplasmic reticulum (GO:0070972) BP (Supplementary Figure S2B). In the comparison between Groups C and B, we observed that the primary BP associated with upregulated proteins was cell morphogenesis, linked to cell differentiation (GO:0000904; Figure 3A). Downregulated proteins were mainly associated with cellular respiration (GO:0045333), aerobic respiration (GO:0009060), oxidative phosphorylation (GO:0006119), and tricarboxylic acid metabolic process (GO:0072350; Figure 3B). Subcellular localization analysis revealed that 30.77% of these downregulated proteins were concentrated in the mitochondria (Figure 3D). Au-Ag-PDA@MSCM-mediated PTT diminished the energy production of sebaceous gland cells, leading to cell death. In the comparison between Groups D and B, the downregulated proteins were primarily enriched in the regulation of complement activation (GO:0030449) and regulating inflammatory response (GO:0050727) BPs (Supplementary Figure S2B), but not in BPs associated with the disruption of cellular function.
[image: A composite image presents multiple data visualizations. Panels A, B, and C display bubble charts comparing various biological processes with parameters like log fold change and significance. Panel D is a pie chart depicting cellular compartment distribution percentages, including cytoplasm, mitochondria, nucleus, and plasma membrane. Panel E shows a heat map of KEGG pathways indicating regulation types with varying colors. Each visualization includes detailed labels and scales, emphasizing significant elements in red.]FIGURE 3 | Bubble map based on bioprocess gene ontology enrichment classification and KEGG signaling pathway (Panel C: C. acnes + Au-Ag-PDA@MSCM; Panel B: C. acnes). (A) Biological processes involved in the upregulated proteins in group C compared to group (B). (B) Biological processes involved in the downregulated proteins in group C compared to group (B). Bubble chart of DE proteins enriched in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. (C) KEGG pathways involved in all DE proteins in group C compared to group (B). The bubble size indicates the number of DE proteins in the enriched pathway terms, and the bubble color indicates the p-value. (D) Subcellular locations of the proteins downregulated in group C compared to group (B). (E) Heat map of the cluster analysis based on the Gene Ontology enrichment classifications of KEGG signalling pathway. The horizontal direction indicates the grouping and the vertical direction indicates the described functions. Red indicates a high degree of enrichment.
Next, we analyzed the DEPs in the sebaceous gland tissues of the four groups using the KEGG pathway database (Figure 3E). In the comparison between Groups B and A, we observed that the upregulated proteins were enriched in the calcium (map04020) and cAMP (map04024) signaling pathways, whereas downregulated proteins were mainly involved in the protein export (map03060) and protein processing in the endoplasmic reticulum (map04141) pathways (Figure 3E). When comparing Groups C and B, the DEPs were enriched in the Wnt (map04310) and Hippo (map04390) signaling pathways (Figure 3C). In contrast, downregulated proteins were enriched in the oxidative phosphorylation (map00190), thermogenesis (map04714), and citrate cycle (map00020) pathways (Figure 3E). Finally, the comparison between Groups D and B revealed that the downregulated proteins were enriched in the complement and coagulation cascades (map0461; Figure 3E).
3.4 PTT induces ferroptosis in SZ95 cells and inhibits IGF-1-stimulated sebum secretion
PTT has been investigated for its capacity to induce various forms of cell death, such as apoptosis and necroptosis, in tumor cells (Moros et al., 2020). Our proteomic analysis indicated that Ag-PDA@MSCM-mediated PTT compromised the integrity of the mitochondrial respiratory chain, culminating in the suppression of aerobic respiration (Table 1; Figure 3). Cells undergoing ferroptosis typically exhibit mitochondrial constriction, characterized by reduced cristae, dissipation of mitochondrial membrane potential, and increased mitochondrial membrane permeability, indicative of mitochondrial dysfunction (Dixon Scott et al., 2012). Consequently, we hypothesized that Ag-PDA@MSCM-mediated PTT could directly induce ferroptosis in the sebaceous gland tissues, reducing gland size and suppressing sebum secretion. Cellular heat stress responses commence at proximal temperatures of 41°C during PTT (The heat shock response, 2022).
To substantiate PTT-induced ferroptosis in SZ95 sebaceous gland cells, we employed 40 µg/mL nanoparticle concentrations and 1 W/cm2 laser irradiation over 8 min, thereby elevating the solution’s temperature to 40°C–41°C for PTT. We used Ferrostatin-1 (Fer-1), a ferroptosis inhibitor. Viability assays utilizing calcein acetoxymethyl ester (Calcein AM) and ethidium homodimer-1 (EthD-I) for live/dead cellular staining indicated living cells in green and dead cells in red (Figure 4A). Supplementary Figure S4 presents the statistical analysis of the percentage of live and dead cells in each group using ImageJ. Our findings revealed that both Au-Ag-PDA and Au-Ag-PDA@MSCM-mediated photothermal activity augmented the prevalence of red-stained cells, with a notably higher cell death rate in the Au-Ag-PDA@MSCM group. Notably, Fer-1 significantly mitigated post-PTT cell death.
[image: Panel A displays immunofluorescence images showing levels of c-Met and eth-1.5 across different conditions with control, IR, ERBB2 KD, and inhibitors like EMD1214063 and erlotinib. Panel B presents histological staining images illustrating cellular changes across similar experimental conditions, highlighting variations in nuclear features.]FIGURE 4 | PTT induces ferroptosis in SZ95 cells and inhibits IGF-1-stimulated sebum secretion. In the presence of the ferroptosis inhibitor Fer-1, we evaluated the impact of PTT on the viability and sebum secretion of SZ95 cells. (A) Using fluorescence microscopy, we conducted live-dead cell staining; live cells were identified by green fluorescence, while dead cells were indicated by red fluorescence. (B) Following 24 h stimulation with IGF, Oil Red O staining was performed to visualize sebum secretion in SZ95 cells, denoted by red particles. Additionally, in the Au-Ag PDA and Au-Ag PDA@MSCM-mediated PTT treated groups, black particles signified the clustered nanoparticles. Microscope magnification is × 20, Scale bar: 50 μm.
Our analysis using Oil Red O (ORO) staining indicated a marked increase in lipid accumulated in SZ95 cells 24 h post-IGF-1 stimulation (Figure 4B). After Au-Ag-PDA- and Au-Ag-PDA@MSCM-mediated PTT, reductions in red lipid droplets and aberrations in cell morphology were observed in sebaceous gland cells. Furthermore, introducing the ferroptosis inhibitor Fer-1 substantially ameliorated these changes, indicating improved lipid droplet accumulation and cellular morphology.
3.5 PTT triggers ferroptosis in sebaceous gland cells by modulating Acsl4
Acsl4, a member of the long-chain acyl-CoA synthase (ACSL) family, plays a vital role in fatty acid metabolism and functions as an enzyme in lipid peroxidation, a fundamental reaction in cellular metabolism (Dang et al., 2022). Elevated temperatures stabilize Acsl4 expression, inducing ferroptosis in glioma cells, as well as causing alterations in mitochondrial morphology and membrane potential (Miao et al., 2022).
We determined whether Au-Ag-PDA@MSCM-mediated PTT induces ferroptosis in SZ95 by modulating Acsl4 expression. To validate our findings, we employed siRNAs to knock out Acsl4 in SZ95 cells (Figure 5A). The protein and transcript levels of Acsl4 in SZ95 cells were subsequently assessed using WB and qRT-PCR (Figures 5B,H).
[image: Various panels show experimental results related to Acsl4 mRNA expression and cell behavior. Panel A displays microscope images of cells with varying treatments. Panel B is a bar graph showing Acsl4 mRNA levels, indicating significant changes. Panel C presents fluorescence microscopy images under different conditions. Panels D, E, F, and G feature bar graphs showing cell expression levels and proliferation under different treatments, with statistical significance indicated. Panel H shows a Western blot image for Acsl4 and GAPDH. Panel I presents a bar graph of Acsl4 protein expression with statistical significance.]FIGURE 5 | PTT triggers ferroptosis in SZ95 by modulating Acsl4. (A) Fluorescence microscopy images demonstrate the successful transfection of SZ95 sebocytes with green fluorescent-labeled siRNA (si-fam) at a concentration of 50 nm. The fluorescence microscopy images would show the presence of green fluorescence signal within the cells, indicating the uptake and intracellular localization of the siRNA. (B) Quantitative polymerase chain reaction (qPCR) was employed to detect the expression levels of the Acsl4 gene in SZ95 sebocytes following Acsl4 siRNA-mediated knockout. (C) LASER confocal microscopy was utilized to visualize and assess the levels of lipid reactive oxygen species (ROS) in SZ95 sebocytes following Au-Ag-PDA and Au-Ag-PDA@MSCM-mediated PTT treatments. The PTT conditions included a nanoparticle concentration of 40 μg per milliliter, an irradiation time of 8 min. Additionally, the lipid ROS levels were also evaluated in SZ95 sebocytes after knockdown of Acsl4. Scale bar: 10 μm. (D–F) Consistent with the treatment conditions affecting lipid ROS levels, biochemical indicators of ferroptosis, such as iron (Fe2+), malondialdehyde (MDA), and glutathione (GSH), were detected and measured. (G) The quantitative fluorescence analysis conducted using ImageJ software. (H) The protein expression level of Acsl4 in SZ95 sebocytes was successfully knocked down using siRNA, consistent with the conditions described above. This knockdown was achieved by introducing Acsl4-specific siRNA into the cells, resulting in a reduction in Acsl4 protein expression. Furthermore, the protein expression level of Acsl4 in SZ95 sebocytes after PTT treatment was detected. (I) To analyze the protein expression levels of Acsl4, gray scale analysis was performed using ImageJ software.
We evaluated lipid peroxidation levels using C11 BODIPY 581/591 and quantified fluorescence using ImageJ software. Additionally, the expression levels of GSH, MDA, and Fe2+ in SZ95 cells were investigated (Figures 5D–F). Following Au-Ag-PDA-mediated PTT, SZ95 cells exhibited increased Fe2+ concentrations, elevated MDA levels, and GSH depletion compared with that in normal cells. Additionally, these cells displayed enhanced Lipid Peroxidation fluorescence, as visualized using confocal fluorescence microscopy (Figures 5C,G). In our experiments, both Au-Ag-PDA- and Au-Ag-PDA@MSCM-mediated PTT triggered ferroptosis and upregulation of the Acsl4 protein (Figures 5H,I) in SZ95 cells (p < 0.05). However, the effect was more pronounced for Au-Ag-PDA@MSCM. Moreover, when Acsl4 was knocked down in SZ95 cells, PTT-mediated downregulation of Lipid Peroxidation, MDA, and Fe2+ was observed, along with reduced Acsl4 protein expression (Figures 5C–I), with no significant GSH depletion.
3.6 Ferroptosis occurs during the early stages of Au-Ag-PDA@MSCM-mediated PTT
To validate our findings, we designed animal experiments to negate the confounding effects of the C. acnes control group. This involved the direct application of Au-Ag PDA@MSCM NPs to the sebaceous gland tissues of golden hamster flanks, with tissue samples subsequently collected for WB, HE staining, ORO staining, and Transmission electron microscopy (TEM) immediately after treatment and on days 3 and 5. This setup was crucial for ascertaining the precise timing of ferroptosis and substantiating the direct induction of ferroptosis in sebaceous gland tissues by Au-Ag PDA@MSCM-mediated PTT, along with its role in inhibiting sebum secretion.
On day 5 post-treatment, we observed a significant elevation in the expression of proteins, notably Acsl4 and HSP90, positively correlated with ferroptosis in tissue samples. Conversely, a marked decrease was observed in proteins negatively correlated with ferroptosis, such as solute carrier family 7 member 11 (SLC7A11) and glutathione peroxidase 4 (GPX4) (Figures 6A–E). On day 5 post-PTT, the size of the sebaceous gland tissues and sebum secretion were reduced (Figures 6F,G). TEM of the tissues revealed that immediately after Au-Ag-PDA@MSCM-mediated PTT, the mitochondria were of normal size with intact membranes, although partial vacuolation was observed (Figure 6H). On day 5, the mitochondria exhibited shrinkage or atrophy, increased membrane density, and loss of cristae. These morphological characteristics are indicative of ferroptotic changes (Figure 6H) (Miyake et al., 2020).
[image: Panel A shows a western blot analysis of ACSL4, HSP90, SLC7A11, GPX4, and GAPDH expression levels on different days. Panel B presents a graph with quantitative analysis of the protein expression. Panels C, D, and E display bar graphs representing differences in the expression levels of HSP90, SLC7A11, and GPX4 respectively. Panel F and G feature histological sections stained with hematoxylin and eosin, and Masson's trichrome showing tissue morphology during different time points of treatment. Panel H contains electron microscopy images showing ultrastructural changes with red arrows indicating key features at days 0 and 5.]FIGURE 6 | Impact of Au-Ag-PDA@MSCM-mediated PTT on ferroptosis-related protein expression and sebaceous gland ultrastructure. The expression levels of proteins critical to ferroptosis (Acsl4, HSP90, SLC7A11, and GPX4) were determined by western blotting in the Au-Ag-PDA@MSCM-mediated PTT groups (A–E). HE staining (F) and Oil Red O (G) staining of sebaceous gland cells immediately after 0, 3, and 5 days after photothermal therapy using Au-Ag-PDA@MSCM nanoparticles. Biochemical markers of ferroptosis. Ultrastructural changes of SZ95 sebocytes immediately after and 5 days after PTT with Au-Ag- PDA@MSCM nanoparticles. (H) Immediate group and 5 days group. Red arrows indicate mitochondria.
3.7 Expression levels of proteins related to the Hippo signaling pathway in sebaceous glands
To clarify the impact of Au-Ag-PDA@MSCM-mediated PTT on the Hippo signaling cascade within sebaceous glandular cells and to validate our proteomic findings, we examined the fluctuating dynamics of Hippo signaling levels in sebaceous gland tissue immediately, as well as on days 3 and 5 following the administration of Au-Ag-PDA@MSCM-mediated PTT. We comprehensively analyzed the phosphorylation dynamics of YAP (p-YAP) and its upstream modulators, LATS1/2, which are the main downstream effectors of the Hippo signaling pathway. The levels of p-YAP and p-LATS1/2 did not change significantly immediately after Au-Ag-PDA@MSCM-mediated PTT, whereas they gradually increased from days 3–5 after Au-Ag-PDA@MSCM-mediated PTT compared with their levels in the blank control group. These protein levels changed most significantly on day 5 (Figures 7A–D); however, we observed no significant change in LATS1/2 levels after this time.
[image: Western blot results and bar graphs showing protein expression levels following treatment in a study. Panel A displays bands for LATS1/2, phosphorylated LATS1/2, phosphorylated YAP, and GAPDH across control and three time points: Day 0, Day 3, and Day 5. Panels B, C, and D present quantified protein expression levels for LATS1/2, phosphorylated LATS1/2, and phosphorylated YAP respectively, compared across the same time points, with statistically significant differences indicated.]FIGURE 7 | Modulation of Hippo signaling pathway proteins in sebaceous tissue following photothermal therapy mediated by Au-Ag-PDA@MSCM.Sebaceous tissue samples were collected from groups subjected to photothermal therapy mediated by Au-Ag-PDA@MSCM.The levels of critical proteins involved in the Hippo signaling pathway, including LATS1/2, p-LATS1/2, and p-YAP, were determined by western blotting in the groups treated with photothermal therapy mediated by Au-Ag-PDA@MSCM. (A) shows the expression changes of these proteins immediately after treatment, at 3 days, and at 5 days. (B–D) present the grayscale analysis of the western blotting results using ImageJ.
4 DISCUSSION
The key pathological features in the development of acne vulgaris include excessive sebum production by the sebaceous glands and sebocyte hyperplasia, leading to the blockage of follicular openings and an inflammatory response. Effectively alleviating the skin damage caused by acne and the oversecretion of sebum has become a pressing issue. Previously, we demonstrated that Au-Ag-PDA@MSCM, a novel low-concentration photosensitizer, significantly reduced sebaceous gland size and sebum secretion. Furthermore, previous studies have demonstrated that low concentrations of Au-Ag-PDA@MSCM NPs are non-toxic in both in vivo acne models and in vitro SZ95 cells (Tianqi et al., 2020). Additionally, cell membrane coatings provide a stabilizing effect, aiding the uptake of NPs by cells through endocytosis (Gao et al., 2016). However, the mechanism underlying photothermally mediated sebum inhibition is not well understood. Understanding the mechanisms underlying PTT-induced cell death holds significance for clinical applications of PTT. Therefore, we investigated the molecular mechanisms behind sebaceous gland contraction mediated by Au-Ag-PDA@MSCM following 808 nm laser irradiation using both in vivo and in vitro experiments. Using proteomic approaches, we identified Acsl4 as a key protein that facilitates ferroptosis onset in sebaceous gland cells. Collectively, we present the first detailed elucidation of the precise mechanisms underlying PTT-mediated sebaceous gland cell (SZ95 sebocyte) death and tissue inhibition. These findings provide a theoretical foundation for the application of nanomaterials in the clinical management of acne-like conditions.
While the application of PTT for acne is in its nascent stages, the exact relationship between PTT and sebaceous gland dynamics remains to be elucidated. Owing to the abundance of PUFAs and phospholipids within sebaceous gland tissues, which are key sensitizers for ferroptosis (Zou et al., 2020), these glands exhibit an elevated susceptibility to ferroptosis. In our study, GO enrichment analysis of DEPs revealed that Au-Ag PDA@MSCM-mediated PTT inhibited cellular respiratory processes and oxidative phosphorylation in sebaceous glands. Subcellular localization of these proteins revealed that 30.77% of the downregulated proteins, including cytochrome c oxidase subunit 5A (LOC101843749), which is part of mitochondrial respiratory chain complex IV, were located in the mitochondria (Table 1). Mitochondria are the “powerhouses” of cells that provide ATP through oxidative phosphorylation. They are also crucial in regulated cell death, including apoptosis, pyroptosis, necrosis, and ferroptosis. Gao et al., 2019 demonstrated the critical involvement of mitochondria in cysteine deficiency-induced ferroptosis, demonstrating the vital role of the TCA cycle in cysteine-mediated ferroptosis and highlighting the role of electron transport chain (ETC) in ferroptosis occurrence. Glutamine breakdown and the TCA cycle are important steps in regulating the ferroptosis-associated mitochondrial membrane potential. Consequently, leveraging the insights from the DEP, GO enrichment, and KEGG signaling pathway analyses within our proteomic studies, we postulated that Au-Ag-PDA@MSCM-mediated PTT could induce ferroptosis in sebaceous gland tissues.
To substantiate this hypothesis, we employed SZ95 sebaceous gland cells in our in vitro investigations. Using the Calcein AM, EthD-I assay, we confirmed that both Au-Ag-PDA- and Au-Ag-PDA@MSCM-mediated PTT augmented cell death in SZ95 cells. Conversely, treatment with Fer-1 mitigated this increase in cell death. Substantial evidence indicates that IGF-1 stimulates sebum production in SZ95 sebaceous gland cells, with a concomitant positive correlation between IGF-1 levels and clinical acne severity (Im et al., 2012). Consequently, we administered Au-Ag-PDA- and Au-Ag-PDA@MSCM-mediated PTT following the induction of sebum secretion in SZ95 cells with IGF-1 and observed that PTT effectively diminished sebum secretion in these cells. The results demonstrated that PTT effectively diminished sebum secretion in these cells, and the irregular morphology suggested their imminent demise. Importantly, the application of a ferroptosis inhibitor abrogated these effects.
To definitively confirm the pivotal molecular targets, we validated Acsl4 (Table 1), which was identified as upregulated in our enriched proteomic analysis. Although the upregulation of Acsl4 did not reach statistical significance in our proteomic results, we chose to further validate Acsl4 based on our bioinformatic analysis and the absence of other programmed cell death-related proteins among the 3211 differentially expressed proteins. Kagan et al. reported that Acsl4 plays a crucial role in modulating the lipidomic profile of cells, influencing their susceptibility to ferroptosis, and determining the balance between sensitivity and resistance to this form of cell death (Doll et al., 2017). Miao et al. reported that in the temperature range of 37°C–65°C, overexpression of HSP90 is vital to maintaining the stability of Acsl4 expression within glioma cells (Miao et al., 2022). In this study, siRNA transfection was used to inhibit Acsl4 expression. Our data revealed that subsequent administration of both Au-Ag-PDA- and Au-Ag-PDA@MSCM-mediated PTT heightened lipid peroxidation markers (lipid ROS, MDA), augmented sub-Fe ion levels, and depleted GSH. Notably, silencing Acsl4 in SZ95 cells prior to PTT exposure mitigated ferroptosis. The results obtained from the in vitro experiments further confirmed that Au-Ag-PDA mediated PTT-induced ferroptosis in sebaceous gland cells (SZ95 sebocytes) by upregulating Acsl4. Although the p-values did not achieve statistical significance, nanoparticles encapsulated with MSCM exhibited a substantial enhancement in mediating ferroptosis.It is postulated that the principal mechanism involves thermogenic mediation, with MSCM primarily facilitating the delivery process. Consequently, although the transdermal properties of MSCM were not significantly apparent in vitro, our preliminary in vivo studies demonstrated that MSCM-encapsulated nanoparticles displayed pronounced targeting and enhanced transdermal capabilities within the skin (Tianqi et al., 2020).
The mechanistic foundations of ferroptosis are well-established and include two primary pathways, notably the System Xc-/GpX4 pathway. In this pathway, cysteine is transported into the cell via SLC7A11 and SLC3A2 dimers (System Xc-) embedded in the cellular membrane, where it is subsequently oxidized to cysteine. Cysteine is enzymatically converted into GSH by the concerted action of gamma-glutamylcysteine ligase (GCL) and glutathione synthetase (GSS). GPX4 uses GSH to convert the peroxyl bond (l-OOH) of lipid peroxidation into a less reactive hydroxyl group (l-OH), effectively neutralizing its peroxidative capacity. This biochemical cascade acts as a defense against ferroptosis, and SLC7A11 plays a pivotal role in this process (Chen et al., 2021). The lipid metabolism pathway is an alternative canonical pathway implicated in ferroptosis. PUFAs are conjugated to phosphatidylethanolamine (PE) via the enzymatic action of Acsl4 to yield PUFA phospholipids (PUFA-PE). These PUFA-PE molecules are particularly vulnerable to oxidation via lipoxygenase-mediated free radicals, thereby catalyzing the onset of ferroptosis (Liu et al., 2021). Furthermore, there is a notable upsurge in the proportion of HSP90 within the total cellular proteome in response to cellular stress, escalating from a baseline of 1%–2% to 4%–6%. Concurrently, HSP90 stabilizes Acsl4 expression, thereby facilitating ferroptosis in glioma cells (Taipale et al., 2010; Finka and Goloubinoff, 2013; Miao et al., 2022).
To ascertain the onset of ferroptosis following PTT, Au-Ag-PDA@MSCM was topically administered to the bilateral flank sebaceous glands of hamsters. We procured various tissue samples, including blank controls, immediate post-PTT, and tissues from days 3 and 5 post-treatment. WB was performed to identify crucial ferroptosis-associated proteins. Notably, the findings indicated pronounced upregulation of Acsl4 and Hsp90, along with significant downregulation of Slc7a11 and Gpx4 in the sebaceous gland tissues by day 5 post-PTT. Our assessment of ferroptosis biomarkers, coupled with detailed tissue TEM and both HE and ORO staining, substantiated the induction of ferroptosis in sebaceous gland tissues by Au-Ag PDA@MSCM-mediated PTT and its subsequent inhibition of sebum secretion. This evidence substantiates the initiation of ferroptosis in these tissues on day 5, mediated by Au-Ag-PDA@MSCM. Subsequently, we investigated the signaling pathways potentially implicated in PTT-mediated ferroptosis within sebaceous glands.
The Hippo pathway is a conserved signaling pathway that regulates organ function by regulating cell proliferation and apoptosis (Pan, 2010; Yu et al., 2015). Recent studies have focused on the regulatory role of the Hippo pathway in ferroptosis. Notably, heat stress has emerged as a significant upstream signal capable of activating YAP/TAZ through HSP90, thereby inducing the heat shock transcriptome (Luo et al., 2020). YAP is a key regulator of the Hippo signaling pathway. YAP/TAZ target genes regulate ferroptosis in multiple ways, including by regulating the expression of Acsl4, SLC7A11, and transferrin receptor (TFRC), as well as ROS production (Magesh and Cai, 2022; Zhang et al., 2022). WB analysis indicated that Au-Ag-PDA@MSCM-mediated PTT facilitated the phosphorylation of Lats1/2 and Yap on day 5 post-treatment, signifying a pivotal modulation of cellular signaling pathways. Furthermore, HE and ORO staining revealed a noticeable reduction in the size of sebaceous gland tissues and a decrease in sebum production on day 5 following PTT. TEM of tissue samples from the same day revealed mitochondrial crista attenuation and loss. This in vivo study unequivocally established that Au-Ag-PDA@MSCM-mediated PTT triggered ferroptosis in sebaceous gland tissues, indicating this process initiates on day 5 post-PTT. Moreover, our preliminary findings confirmed that changes in the Hippo signaling pathway occurred on day 5 after PTT.
The clinical application of gold nanoparticle-mediated PTT in acne treatment has been documented, affirming its safety profile (Suh et al., 2021; Seo et al., 2022). However, the mechanisms underlying the use of PTT in acne therapy remain unelucidated. Our initial findings demonstrated the safety and efficacy of Au-Ag-PDA@MSCMs in reducing sebum production (Tianqi et al., 2020). This study utilized proteomic analysis, bolstered by Western Blotting (WB) and small interfering RNA (siRNA) experiments, Preliminary evidence suggests that Au-Ag-PDA@MSCM-mediated PTT unequivocally induces ferroptosis in SZ95 sebaceous gland cells through the upregulation of Acsl4. Furthermore, meticulous in vitro experiments substantiated the occurrence of mitochondrial damage in sebaceous gland tissue precisely on the 5th day post-PTT, providing irrefutable evidence for the initiation of ferroptosis. Of note, preliminary observations suggest that the photothermal therapy (PTT)-induced ferroptotic process may involve the inhibition of the Hippo signaling pathway and the System Xc-/GpX4 system. Additionally, utilizing MSCM as a drug delivery system can more effectively induce ferroptosis in SZ95 cells, thus inhibiting sebum secretion.Consequently, future research should delve into how the Hippo signaling pathway intricately regulates ferroptosis in sebaceous gland tissues under PTT conditions.Furthermore, given MSCM’s ability to enhance transdermal properties, employing it to encapsulate ferroptosis inducers and Au-Ag-PDA may yield a more effective method for suppressing sebum secretion and treating acne.
5 CONCLUSION
In summary, our findings demonstrate that Au-Ag-PDA@MSCM-mediated PTT, by modulating Acsl4, effectively induces ferroptosis, thereby inhibiting sebum secretion in sebaceous gland tissues and cells. MSCM, as a drug delivery system, significantly enhances this mechanism.Preliminary in vitro studies have confirmed the initiation of ferroptosis in sebaceous gland tissues on the fifth day post-PTT, highlighting the temporal dynamics of this phenomenon.Additionally, we have identified a potential regulatory mechanism involving Acsl4 and the Hippo pathway, which suggests a viable route to augmenting PTT-induced ferroptosis mediated by Au-Ag-PDA@MSCM in sebaceous glands.Overall, our findings not only provide robust theoretical support but also pave the way for a paradigm shift in acne treatment by integrating nanomaterials into PTT.
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Multiwalled carbon nanotubes (MWCNTs) are at the forefront of nanotechnology-based advancements in cancer therapy, particularly in the field of targeted drug delivery. The nanotubes are characterized by their concentric graphene layers, which give them outstanding structural strength. They can deliver substantial doses of therapeutic agents, potentially reducing treatment frequency and improving patient compliance. MWCNTs’ diminutive size and modifiable surface enable them to have a high drug loading capacity and penetrate biological barriers. As a result of the extensive research on these nanomaterials, they have been studied extensively as synthetic and chemically functionalized molecules, which can be combined with various ligands (such as folic acid, antibodies, peptides, mannose, galactose, polymers) and linkers, and to deliver anticancer drugs, including but not limited to paclitaxel, docetaxel, cisplatin, doxorubicin, tamoxifen, methotrexate, quercetin and others, to cancer cells. This functionalization facilitates selective targeting of cancer cells, as these ligands bind to specific receptors overexpressed in tumor cells. By sparing non-cancerous cells and delivering the therapeutic payload precisely to cancer cells, this therapeutic payload delivery ability reduces chemotherapy systemic toxicity. There is great potential for MWCNTs to be used as targeted delivery systems for drugs. In this review, we discuss techniques for functionalizing and conjugating MWCNTs to drugs using natural and biomacromolecular linkers, which can bind to the cancer cells’ receptors/biomolecules. Using MWCNTs to administer cancer drugs is a transformative approach to cancer treatment that combines nanotechnology and pharmacotherapy. It is an exciting and rich field of research to explore and optimize MWCNTs for drug delivery purposes, which could result in significant benefits for cancer patients.
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1 INTRODUCTION
Cancer continues to be a major global health concern, with 20 million new cases and 9.7 million deaths in 2022. This situation is not expected to improve, as projected statistics highlight a significant rise in the number of new cancer cases (29.9 million) and mortality (15.3 million) by the year 2040 (Bray et al., 2024).
Chemotherapeutic agents, e.g., Cisplatin, Docetaxel, Doxorubicin, Fluorouracil, Gemcitabine, Methotrexate, and Paclitaxel are the mainstay of therapeutic regimens for several types of cancer (Raza et al., 2016; Thakur et al., 2016). Still, dose-dependent adverse and toxic effects, low aqueous solubility, poor tissue specificity, low stability, short half-lives, and low tissue penetration seriously limit their clinical use (Dy and Adjei, 2013; Tran et al., 2019; Rele et al., 2024). Nanocarrier-based drug delivery systems such as liposomes (e.g., polymeric liposomes and magneto-liposomes), nanoparticles (e.g., magnetic nanoparticles and polymeric nanoparticles), and advanced technology polymers (e.g., dendrimers and carbon nanotubes) can overcome these limitations by entrapping and delivering the drug in the cancer tissue (Mainarden et al., 2004; Yun et al., 2015; Reza et al., 2018).
Among the different classes of nanocarrier-based drug delivery systems, carbon nanotubes (CNTs) represent a novel class of nanocarriers that offers numerous advantages such as a high drug loading capacity, large surface area, sustained drug release, and selective targeting potential (Pate et al., 2019; Thakur et al., 2023).
Currently, CNTs, with unidimensional and graphitic hexagonal structure, containing horizontally arranged benzene rings, are being developed (Kesharwani et al., 2012; Mehra et al., 2015). Clinically, CNTs have been used based on their high aspect ratios, diminutively minuscule sizes, significant voluminous surface areas, facile perforate membrane and their conjugation or encapsulation with numerous therapeutic molecules (Patole et al., 2008; Kesharwani et al., 2012; Rele et al., 2024). Overall, CNTs represent an important biomaterial that can be used for the distribution of biomolecules and drugs, that can be generally classified into the following groups, according to their sizes and construction or arrangement, as single walled, double walled or multiwalled carbon nanotubes (MWCNTs), as shown in Figure 1.
[image: Diagram showing three hexagonal lattice structures labeled A, B, and C. A has a single blue lattice, B combines blue and red lattices, and C includes blue, red, green, and yellow lattices.]FIGURE 1 | Types of Carbon Nanotubes (A) Single - walled, (B) Double - walled, (C) Multi - walled carbon nanotubes. Single-walled carbon nanotubes consist of only one layer of graphene, which forms six-atom carbon rings in a hexagonal shape, whereas the multilayer nanotubes consist of concentric layers of graphene in cylindrical shape.
1.1 Single-walled carbon nanotubes (SWCNTs)
MWCNTs consist of a graphene unilayer sheet that is wrapped into a cylindrical tube. MWCNTs can be further classified as zigzag, armchair and chiral (Cherukuri et al., 2006). Its diameter is approximately 1 nm and the length of tube is long because of the geometric arrangement of the nanotubes (Murakami et al., 2004; Jha et al., 2020).
1.2 Double - walled carbon nanotubes (DWCNTs)
DWCNTs consist of two layers of a cylindrically arranged graphite sheet. The structure and properties of DWCNTs are comparable to MWCNTs; however, the outer wall of the DWCNTs is a coaxial nanostructure that contains a two dimensional graphene sheet rolled into a cylindrical form (Jha et al., 2020). The cylindrical tubes that are less than 1 nm in diameter are not considered to be DWCNTs (Tison et al., 2008).
1.3 Multiwalled - carbon nanotubes (MWCNTs)
Currently, MWCNTs are nanotubes that are being used to develop effective nanomedicines (Srivastava et al., 2011; Garcia et al., 2015; Singh et al., 2016; Martins et al., 2023). MWCNTs offer several advantages over SWCNTs and DWCNTs, including higher drug loading capacity, larger surface area, and multiple sites for ligand, linker, and drug conjugation. MWCNTs provide a sustained release and a greater selective targeting potential that decreases toxicity and increases metabolic stability, with a more rigid and higher aspect ratio 1:1000 diameter/length ratio and a decrease the leakage of loaded drugs due to the presence of multiple layers nanomedicines (Tison et al., 2008; Kayat et al., 2011; Prasek et al., 2011; Mehra et al., 2016). Furthermore, fabricated/modified/conjugated MWCNTs have been used as biomarkers in cancer cells and as imaging and cancer diagnostic compounds nanomedicines (Ji et al., 2010; Wang et al., 2015). Many reviews published in this area predominantly focus on the use of carbon nanotubes for drug-delivery nanomedicines (Ethissi et al., 2012; Kushwaha et al., 2013; Son et al., 2016; Sanginario et al., 2017). In this review, we focus on the functionalization and ligand conjugation strategies of MWCNTs concerning their applications in the delivery of drugs to cancer cells.
1.3.1 The structure of MWCNTs
MWCNTs consist of 3–10 layers of concentric tubes of graphene that interact with one another by van der Waals (vdW) forces (Figure 1), with each layer being separated from one another by approximately 0.34 nm, a distance that is greater than that of the inner layer sheets nanomedicines (Kulkarni et al., 2010; Lehman et al., 2011; Sahebian et al., 2016; Martins et al., 2023). The structures of the MWCNTs have been explained by the Russian doll model (RDM) and parchment model (PM) nanomedicines (Das et al., 2015a). In the RDM, the graphite sheets are arranged in cylinders, whereas in the PM, the graphite sheets are rolled into one sheet in the region, similar to a newspaper (Yang et al., 2007). MWCNTs have been reported to target, release and distribute drugs in various tissues, including cancer cells (Das et al., 2015b). Consequently, MWCNTS are used as nanocarriers for anticancer drug delivery and therapy to a targeted site in a sustained manner (Froy et al., 1999; Raza et al., 2016). The pristine MWCNTs are not appropriate for interaction with biomolecules or bioactive compounds, as they typically form bundles or aggregates that poorly disperse in aqueous solution (Yang et al., 2007; Sahoo et al., 2011). This problem could be circumvented by functionalization, which is one of the methods used to improve the dispersion and solubility of MWCNTs. For example, the modification of the surface of MWCNTs with various chemical groups decreases the likelihood of aggregation, which can decrease toxicity (Froy et al., 1999; Raza et al., 2016; Sheikhpour et al., 2017).
1.3.2 Advances in the functionalization of MWCNTs
Activated MWCNTs are novel nanocarriers that can be modified by different types of surfactants (including but not limited to, phosphoric acid esters, sodium lauryl sulfate, carboxylic acid salts and alkylbenzene sulfonates) and biopolymers (e.g., peptide, chitosan, nucleic acid) (Table 1). The introduction of several functional groups on the surface can be used to disperse the carbon nanocomposite material (Sun et al., 2002; Thakur et al., 2022). These functionalized MWCNTs have good biocompatibility, decreased toxicity and the capacity to cross cell membranes, which is important for targeted drug distribution (Vardharajula et al., 2012; Rele et al., 2024). Chemical methods, such as exohedral functionalization (noncovalent and covalent) and endohedral functionalization, are used to functionalize MWCNTs (Figure 2) (Jeon et al., 2011; Pandurangappa et al., 2011; Thakur et al., 2022). Figure 3 illustrates the common methodologies used to functionalize MWCNTs, which includes the covalent carboxylation method, using oxidizing compounds, such as sulphuric acid and nitric acid (Hirsch et al., 2005). These carboxylic groups allow for further covalent and noncovalent chemical reactions of the ligand and the linker (Menezes et al., 2019).
TABLE 1 | Cell cytotoxicity (IC50) formulations in cancer cells (A549, HeLa, and MCF-7 cells).
[image: A table comparing cell line formulations across three types: A589, HeLa, and MCF-7, measured in micrograms per milliliter. Six formulations are listed: MTX, Dox, PTX, MWCNTs-FA-MTX, MWCNTs-FA-Dox, and MWCNTs-FA-PTX. Corresponding values with standard deviations are provided for each cell line.][image: Flowchart illustrating the functionalization of MWCNTs, divided into exohedral and endohedral functionalization. Exohedral has two subcategories: covalent and noncovalent functionalization.]FIGURE 2 | Chemical methods for the functionalization of MWCNTs.
[image: Chemical diagrams illustrating the modification of multi-walled carbon nanotubes (MWCNTs) in various stages. The steps include introduction of carboxyl, acyl, PEG, and galactose groups, as well as conjugation with DTX and dendrimers. Each stage includes specific chemical reactions with designated reactants and products.]FIGURE 3 | Mechanism for functionalizing pristine MWCNTs. Using this scheme, we show the different ways of covalently functionalizing (a) pristine MWCNTs and (b) describe how pristine MWCNTs are oxidized by strong acidic solvents and how carboxyl functionalized MWCNTs have been further covalently modified, whether through conversion to acylated form (c) or direct conjugation with polymers, such as PEG (e). A variety of methods have been used to conjugate acylated MWCNTs, including conjugation with linkers (f) or ligands (g), followed by drug loading, as shown in figure (h), or for the direct conjugation of docetaxel with acylated MWCNTs. (d) A second method is shown in this (i) that explains the cycloaddition reaction using glycine and this also directly modifies pristine MWCNTs without carboxylation or acylation.
1.3.2.1 Exohedral functionalization
This process involves the grafting of molecules on the outer surface of the nanotubes with surfactants, using direct functionalization, covalent functionalization and non-covalent functionalization (Pandurangappa et al., 2011; Menezes et al., 2019). Exohedral functionalization can be classified according to the nature of interactions between the surface of MWCNTs and the functional groups or polymer chain, as shown in Figure 4. These interactions occur due to the formation of covalent or non-covalent bonds (Melchionna et al., 2013).
[image: Diagram illustrating three types of functionalization for multi-walled carbon nanotubes (MWCNTs): A. Covalent functionalization with chemical groups attached, B. Non-covalent functionalization with molecules attached to the surface, and C. Endohedral functionalization with elements encapsulated within the nanotube. Each method is visually represented with distinct coloring and structural components.]FIGURE 4 | Schematic representation of exohedral [covalent (A) and non-covalent (B)] and endohedral (C) functionalization.
.1.3.2.1.1 Covalent functionalization
This method involves covalent interactions between the functional groups and the carbon skeleton of the nanotubes. The functional groups are formed by the incorporation of various chemical moieties or organic particles at different tips or in the sidewall of the MWCNTs. Covalent functionalization has been categorized as direct or indirect functionalization (Meng et al., 2009; Jeon et al., 2011). Direct sidewall covalent functionalization occurs by sp2 to sp3 hybridization and synchronization by removing the conjugated ligand (Sahoo et al., 2010). In contrast, indirect or direct covalent functionalization involves the chemical transformation of the open ends and sidewalls of holes, such as carboxylic groups, pentagon and hexagon graphene scaffolds, among others (Jeon et al., 2011).
.1.3.2.1.2 Noncovalent functionalization
Noncovalent modifications occur via supramolecular complexation formed by numerous noncovalent interactions, such as hydrogen bonds, π-π stacking interactions, vdW interactions and electrostatic interactions. Generally, surfactants, polymers and biopolymers are used for the dispersion of nanotubes, using self-assembling methods to produce hydrophobicity (Meng et al., 2009; Raza et al., 2016). The advantage of noncovalent functionalization is that it does not destroy the conjugated system of the MWCNTs sidewalls and thus, the structural properties of the final molecules are not significantly affected (Karousis et al., 2010). Furthermore, noncovalent functionalization is an alternative method for modulating the interfacial properties of the nanotubes (Meng et al., 2009).
1.3.2.2 Endohedral functionalization
Nanotubes can be modified by bioactive molecules and nanoparticles that increase the hydrophilicity of the nanotubes, thus increasing their solubility in hydrophilic solvents. This process is illustrated in Figure 4 by the encapsulation of fullerene molecules and bioactive molecules inside MWCNTs (Delgado et al., 2008; Marega et al., 2014; Iglesias et al., 2019).
1.3.3 The application of MWCNTs
At the beginning of the 21st century, MWCNTs have been used by academic and industrial scientists to develop targeted drug delivery systems (Bianco et al., 2005; Bakry et al., 2007). Currently, the majority of MWCNTs - based research involves the formulation of drug delivery systems for various drugs and for gene therapy, diagnostic detection and drug vectors, among others (Hirlekar et al., 2009; Thakur et al., 2022). As a results of their significant chemical stability, large surface area and a high level of electronic aromatic structure, MWCNTs can be readily conjugated and interact with various ligands, enzymes, proteins, RNA and DNA, to delivery these molecules to the targeted sites (Lamberti et al., 2014).
2 MWCNTS AS A CONJUGATED LIGAND-BASED DRUG DELIVERY SYSTEM
A receptor is a biomacromolecule that recognizes and binds to signaling molecules and drugs (i.e., ligands) to produce a response that alters cellular physiology. For the targeted delivery of drugs, the drug-receptor interaction plays a critical role in mediating the efficacy of a drug. Consequently, there are numerous drugs that can be delivered to cells in a tissue and interact with a specific receptor to produce a specific response (Allen, 2002; Mehra et al., 2013).
Target - based drug delivery system conjugate drugs and ligands with MWCNTs to deliver the drugs to the target. The internalization of the MWCNTs nanocarrier by the cells can occur by endocytosis, a process that involves the engulfment of the material by the cell membrane where it forms an endosome (Yaron et al., 2011; Maruyama et al., 2015) (see Figure 5). Once internalized, the conjugated MWCNT undergo biodegradation and release the drugs (Lamberti et al., 2014). This drug delivery method was first used to conjugate antibiotic and anticancer compounds with MWCNTs nanocarriers to treat certain types of microbial infections and cancers. Indeed, previous studies have reported that anticancer drugs, such as paclitaxel, docetaxel, cisplatin, doxorubicin, epirubicin, tamoxifen, methotrexate and quercetin, could be conjugated or loaded with the modified MWCNTs and their efficacy was validated by in vitro and in vivo experiments (Mehra et al., 2014; Raza et al., 2016). In order to deliver the drugs efficiently, various types of ligands, including but not limited to, folic acid, mannose, galactose and polymers, have been conjugated with MWCNTs (Figure 6) (Singh et al., 2016; Thakur et al., 2022).
[image: Diagram illustrating the process of targeted drug delivery using multi-walled carbon nanotubes (MWCNTs). The steps include: A) Ligand conjugation of MWCNTs with anticancer drugs; B) Ligand binding to cell surface receptors; C) Ligand-receptor interaction; D) MWCNTs entering the cell through endocytosis; E) Drug release in physiological fluids. A labeled cell membrane structure is shown with receptors and MWCNTs interactions.]FIGURE 5 | A diagrammatic representation of ligand conjugated MWCNT endocytosis mechanisms shows how drug-loaded ligand modified MWCNTs interact with receptors and enter the cells, and under which conditions the drug is released.
[image: Illustration of multiwalled carbon nanotubes surrounded by chemical structures and names of various compounds. Compounds include folic acid, riboflavin, chitosan, galactose, hyaluronic acid, lactose, vitamin E, thiamine, glycyrrhizin, dexamethasone, fructose, lactobionic acid, and mannose, each pointing to sections of the nanotube.]FIGURE 6 | Multiwalled carbon nanotubes conjugated with various ligands. A variety of ligands can be covalently or noncovalently conjugated with MWCNTs to increase their recognition and binding to cellular receptors. The figure here includes all types of ligands that have been conjugated with MWCNTs for use in the treatment of cancer.
2.1 Vitamins conjugated with MWCNTs
A variety of vitamins can be delivered to a specific target by conjugation with MWCNTs (Gao et al., 2018). In this section, we will discuss the targeted delivery of different vitamins-MWCNTs.
2.1.1 Folic Acid
Numerous studies have reported that folic acid receptors are overexpressed in lung tumors, ovarian carcinomas, breast carcinomas, meningiomas, ependymal encephalon tumors, osteosarcomas, non-Hodgkin’s lymphomas, colon tumors, renal carcinomas and uterine sarcomas (Veetil et al., 2009; Fraczyk et al., 2017). Consequently, this led to the development of MWCNTs conjugated with folate that also contained anticancer drugs, thereby increasing the selectivity of drug delivery to the types of cancer.
Recently, Fraczyk et al. (Fraczyk et al., 2017) formulated oxidized MWCNTs, using ethylenediamine in the presence of 4-(4,6-dimethoxy-1,3,5 triazin-2-yl)-4-methyl morpholinium tetrafluoroborate (DMTMM), to link a hydrophilic peptide linker (6-aminohexanoic acid and derivative of β-alanine) that was subsequently conjugated with folic acid (using a folate targeted ligand conjugation mechanism, as shown in Figure 7A. These nanomolecules had proteolytic efficacy in HT-29 colon cancer cells for at least 7 days. Furthermore, the conjugated MWCNTs did not significantly alter the viability of normal colonocyte cells, CCD 841 CoN. The metabolic stability of the nano-molecules was determined under physiological condition (37°C, pH.7.4, in PBS) in human heparinized plasma 7 days later. The results indicated that functionalized MWCNTs were stable and resistant to proteolytic degradation. Furthermore, the cellular uptake of folic acid functionalized MWCNTs was determined in Saos-2 cells (human osteosarcoma cell line), by measuring the fluorescence of fluorescein isothiocyanate (FITC), using a fluorescence microscope. The results indicated a high level of the functionalized folic acid inside the Saos-2 cells However, MWCNTs that were not functionalized with folic acid did not significantly increase the fluorescence intensity in the Saos-2 cells, compared to cells incubated with the folic acids functionalized MWCNTs. Zhang et al. (Zhang et al., 2018) reported the synthesis of multi-functionalized magneto-fluorescent - based carbon nanotubes (Figure 7A, B). In these molecules, amide bonds were formed between the free amino group of polyethyleneimine and the free carboxylic group of folic acid, yielding a folate-carbon nanotubes carrier for the delivery of doxorubicin cancer cells. Furthermore, the MWCNTs had the properties of magnetic resonance imaging/double modular fluorescence that could be used as a chemo-photothermal synergistic therapy that could decrease the growth of certain tumors. Wang et al. (Wang et al., 2017) reported the surface modification of MWCNTs, using poly (N-vinyl pyrrole) and conjugation with functionalized folic acid, using a thiolenated polyethylene glycol (Figure 7A, C), which increased the time in the circulation and the drug loading capacity. The loading ratio of doxorubicin was 453% and 365% of the drug loading ratio in MWCNTs coated with poly (N-vinyl pyrrole)-folic acid and poly (N-vinyl pyrrole), respectively. Moreover, in an in vitro drug release study in 10 mM of phosphate buffer at pH 5.5 and 7.4, the MWCNTs coated with poly (N-vinyl pyrrole)-folic acid released a significantly greater amount of doxorubicin at pH 5.5, compared to pH 7.4, indicating a pH responsive drug release that allows for the targeting of the acidic tumor microenvironment. The in vitro incubation of Hela cells with Dox - loaded MWCNTs formulation and pure MWCNTs formulation produced as 40% and 80% cell viability, respectively, results indicated pure MWCNTs formulations are nontoxic and better carrier for delivery of Dox. Yang et al. (Yang et al., 2017) reported the potential use of CNTs as a dual drug delivery system (DDDS), by incorporating cisplatin and doxorubicin (DOX) in MWCNTs, using a wet-chemical approach with folic acid and polyethylene glycol. DOX was attached to the external surface by non-covalent interactions, whereas cisplatin was encapsulated inside the nanotube. The antitumor efficacy of DDDS in MCF7 breast cancer cells was determined at pH 6.4 and 7.4. Based on the percent viable MCF7 cells, DOX produced significant antitumor efficacy at pH 6.5, compared to pH 7.4, after 72h of incubation. It has been reported that cisplatin can be encapsulated inside nano-vector MWCNTs, with external surface attachment of doxorubicin (Figure 7A, D). In addition, folic acid and polyethylene glycol were used to increase the drug loading capacity. The % DOX loading efficiency was increased in the folic acid modified MWCNTs, compared to non-modified MWCNTs was 192.67% and 174.07% of DOX loaded folic acid modified MWCNTs and DOX - loaded pristine MWCNTs, respectively. Furthermore, cisplatin was shown to be loaded in the pristine MWCNTs (92.80%) as compared to folic acid modified MWCNTs (84.56%). The cumulative release of the DOX-loaded folic acid MWCNTs and cisplatin - loaded folic acid MWCNTs was determined using a UV spectroscopy method at pH 7.4 and pH 6.5. At pH 6.5, the release of DOX and cisplatin was 22% and 26% respectively, which was significantly greater than that obtained at pH 7.4 (8% DOX release and 13% cisplatin release) after 72 h of incubation. The cytotoxicity experiments indicated that in MCF-7 cancer cells, the antitumor efficacy of DDDS was significantly greater at pH 6.5, compared to pH 7.4, as the acidic pH increases the release of DOX and cisplatin from the folic acid conjugated MWCNTs (Fraczyk et al., 2017).
[image: Diagrams illustrate various chemical structures and modifications involving nanoparticles. Section A shows a range of chemical interactions and formations, while Section B details specific nanoparticle formulations with ligands and targeting agents. Complex molecular structures are depicted through interconnected shapes and symbols, representing different chemical components and their possible interactions.]FIGURE 7 | (A, B) The synthesis of MWCNTs conjugated with folic acid.
5-Flurouracil (5-FU) was functionalized on the surface of MWCNTs, using folic acid and PEG for targeted delivery by Kaur et al. (Kaur et al., 2017). The sequestration of 5-FU in functionalized MWCNTs (using the carboxylic group of folates that were conjugated with the amino group of PEGylation bis - amine) (Figure 7A, E) was synthesized to target MCF-7 breast cancer cells. In vitro, 5-FU - loaded FA-PEG modified MWCNTs (20% cell viability) more inhibited the MCF-7 cells as compared to pure 5-FU (60% cell viability) at concentration 10 μg/mL. Following the i. v administration (3 mg/kg) of free 5-FU and 5-FU functionalized MWCNTs, in Wistar rats, the elimination half-lives (t1/2) were 5.62 and 16.48 h, respectively, These clearly indicated that the 5-FU loaded FA-PEG modified MWCNTs was more efficacious than free 5-FU in decreasing the proliferation of MCF7 cells. Mehra and Jain (Mehra et al., 2013) developed a novel, site effective delivery system by loading doxorubicin (DOX) PEGylated MWCNTs conjugated with folic acid (Figure 7A, F). The IC50 of DOX functionalized MWCNTs was 15 μg/mL, which was significantly lower than that for free DOX (50 μg/mL), due to its targeted interaction with the folic acid receptors on the cancer cells. The bio-distribution profile in mice indicated the accumulation of DOX in the liver, tumors and kidneys, after the i. v. administration of 5 mg/kg of the DOX functionalized MWCNTs. The elimination half-lives for the DOX functionalized MWCNTs and free DOX formulations were 14.96 h and 1.89 h, respectively. Thus, compare to free Dox, the levels of the DOX functionalized MWNCTs were greater in the tumors and its clearance time was greater than that for free DOX. The novel ethylenedioxy)-bis-ethyl ammonium (EDBE) modified MWCNTs (Figure 7A, G) were synthesized, using theranostic prodrug conjugation with methotrexate, folic acid (the target ligand), a radiotracer (Technitium-99m) and a fluorochrome (Alexa-fluor, AF488/647) (Das et al., 2013a). The in vitro stability indicated that the non-modified MWCNTs compounds had a stability of 91%–94% after 24 h of incubation in PBS at pH 7.4. The folic acid conjugated MWCNTs accumulated in MCF-7 and A549 cancer cells, as these cancer cells overexpress folic acid receptors (Kaittanis et al., 2009; Santra et al., 2009). In contrast, in Neuro 2A cells, which do not express folic acid receptors, there was no accumulation of the folic acid conjugated MWCNTs. In vitro, methotrexate and FA-modified MWCNTs-methotrexate inhibited the proliferation of MCF-7 cells (IC50 values of 7.36 and 1.95 µM, respectively) and A549 cell (7.26 and 2.13 µM, respectively). Thus, in vitro, the modified MWCNTs were more efficacious than free methotrexate in inhibiting the proliferation of MCF7 and A549 cancer cells. Das et al. (2013a) reported that 24 h after the i. v. administration of 5 mg/kg of free methotrexate and MWCNTs-conjugated methotrexate in 7, 12- dimethylbenzα anthracene (DMBA) carcinogen induced female Sprague-Dawley rats, the tumor growth inhibition of free methotrexate and MWCNTs-conjugated methotrexate was 25.37% and 38.37% after 24 h respectively. The inhibition of tumor growth, 1 week after 2 i. v. treatments with free methotrexate and MWCNTs-conjugated methotrexate was 80% and 50%. Thus, the MWCNTs-conjugated methotrexate formulation was significantly more efficacious than free methotrexate. Twenty-four hours after the i. v. administration of free methotrexate high levels was present in the stomach, intestine and heart. In contrast, the amount of methotrexate loaded MWNCTs in the stomach, intestine and heart was 0.04 ± 0.01, 0.07 ± 0.01, 0.05% ± 0.01% injected dose (ID)/g, respectively. According to these finding MWCNTs-conjugated methotrexate formulation are more effective in tumor and less accumulated in organs as compared to free methotrexate (Das et al., 2013a; Das et al., 2013b).
Das et al. (2013b) designed a bioactive functionalized MWCNTs (see Figure 7A, H) linked to estradiol (EA), folic acid (FA), hyaluronic acid (HA), a modified polymer (polyethyleneglycol), fluorophores (AF-647), and the anticancer drugs, methotrexate (MTX), doxorubicin (Dox) and paclitaxel (PTX). These multifunctionalized MWCNTs formulations were individually loaded with MTX, Dox or PTX. The % drug loading efficacy of PTX (91.4% ± 2.6%) was less than that for MWCNTs-FA-MTX (97.8% ± 2.1%) and MWCNTs-FA-Dox (97.8% ± 2.4%). The IC50 value of compounds in A549 cells, HeLa cells and MCF-7 cells is shown in Table 1, Based on the IC50 values, the MWCNTs-FA loaded with anticancer drugs were more efficacious than the pure anticancer drug alone.
The conjugation of folic acid to MWCNTs containing gemcitabine (Figure 7B, I), was developed to target human breast cancer cells (MCF-7) (Singh et al., 2013). The % drug loading efficiency of gemcitabine was greater in the modified MWCNTs (79.60 ± 0.45), compared to the non-modified MWCNTs (71.60 ± 0.25). In vitro, the incubation of MCF-7 cells with 80 μg/mL of MWNCTs loaded with gemcitabine produced a 40% decrease in cell viability, compared to 20% for free gemcitabine. Bio-distribution experiments in Sprague-Dawley rats indicated that 1 h after the i. v. administration of 1 mg/kg of gemcitabine formulated MWCNTs, the levels of gemcitabine were significantly lower in the liver, speen, stomach, kidney, compared to 1 mg/kg i. v. of pure gemcitabine. In vivo pharmacokinetic data indicated that the bioavailability and plasma levels of the MWCNTs formulated with gemcitabine was significantly greater than that of pure gemcitabine. Finally, the incubation of human red blood cells with conc. 500 μL of effect of MWCNTs formulated with gemcitabine or pure gemcitabine produced a level of hemolysis of 8.23% ± 0.65% and 17.34% ± 0.56%, respectively, indicating the gemcitabine formulated MWNCTs were less toxic than pure gemcitabine.
Lu et al. (Lu et al., 2012) designed MWCNTs noncovalently grafted with poly (acrylic acid), iron-oxide magnetic nanovectors and a folate ligand (Figure 7A, J), and the nanotubes were loaded with doxorubicin for targeted drug delivery. The drug loading capacity of the formulation was increased, as was the cytotoxic efficacy. The loading capacity of the MWCNTs for Dox was 96% when the Dox concentration was 0.5 mg, whereas the loading capacity for Dox was 92%, when the Dox concentration was 1 mg. The percentage cumulative release of Dox at pH 5.3 and 7.4, after 192 h of incubation, was 71% and 14%, respectively. The proliferation of U87 glioblastoma cells was inhibited by pure Dox (IC50 = 50 μg/mL) and Dox-loaded MWCNTs (IC50 = 15 μg/mL). The conjugation of glycine to MWCNTs/C60 fullerene, using the 1,3-dipolar cycloaddition method, was used to increase the targeted delivery of methotrexate (MTX) (Joshi et al., 2017). The MTX loading efficiency was greater in the C60 fullerene (79.98% ± 3.21%) formulation, as compared to the MWCNT formulation (75.47% ± 1.79%). The in vitro incubation of MDA-MB-231 breast cancer cells with the C60 fullerene-MTX compound produced a 2.6-folds greater decrease in cell viability, compared to pure MTX. The i. v administration of 2.5 mg/kg of MTX equivalent (either as pure MTX, C60 fullerene and MWCNTs formulation) to Wistar rats indicated that the C60 fullerene and MWCNTs formulations significantly increased the half-life (6.84 and 8.85 h, respectively) of MTX, compared to the pure MTX formulation (2.49 h). Furthermore, the clearance of MTX was significantly lower for the C60 fullerene and MWCNTs formulations (0.0047 mL/min and 0.0034 mL/min, respectively), compared to pure MTX (0.019 mL/min). The AUC for the C60 fullerene and MWCNTs formulations was greater (129.08 μg/mL/h and 179.92 μg/mL/h, respectively), compared to pure MTX (30.96 μg/mL/h).
Li et al. (Li et al., 2011) reported the synthesis of MWCNTs conjugated with folate and iron nanoparticles for the dual-targeted delivery of doxorubicin to HeLa cells. Initially, the folic acid and FITC were individually conjugated with hexamethylene diamine, then bonded with the carboxylic acid group of MWCNTs and encapsulated with iron nanoparticles or Dox (Figure 7B, K). The loading efficiency of Dox in the Dox - loaded MWCNTs nanocarrier and Dox loaded iron nanocarrier was 32 μg/mg and 24 μg/mg, respectively. The % cell viability of pure Dox and the Dox-loaded MWNCTs was 80% and 20% at 40 μg/mL concentration, results finding indicated Dox loaded MWCNTs are more effective in Hela cell as compared to pure Dox. MWCNTs-folic acid modified dendrimers (PAMAM) were synthesized to target KB-HFAR and KB-LFAR human mouth epidermal cancer cells (Shi et al., 2009). The aminated dendrimers (De) were noncovalently bonded to folic acid (FA) and FITC and subsequently linked with carboxylated MWCNTs (Figure 7B, L). The FA/FI/De modified MWCNTs compound produced a concentration-dependent inhibition of the proliferation of KB-HFAR cells due to the presence of the folic acid ligand that interacts with folic acid receptors. However, the FI/De modified MWCNTs nanocarriers did not interact with KB-HFAR cells as this formulation lacked a folic acid ligand. KB-LFAR cells did not interact significantly with either FA/FI/De or FI/De modified MWCNTs nanocarriers due to absence of folic acid receptor on KB-LFAR cancer cells. The proliferation the KB-HFAR and KB-LFAR cells was not significantly altered by incubation with FA/FI/De or FI/De modified MWCNTs nanocarriers (1–100 μg/mL). Overall, these data suggest that the MWCNTs formulation in this study were biocompatible and safe for targeted drug delivery. Wang et al. (Wang et al., 2019) designed a novel MWCNTs-folic acid-protohemin modified/encapsulated compound that was covalently conjugated with oridonin (Figure 7B, M), an anticancer drug, to target its delivery to human HepG2 cancer cells. In vitro, 12 μg/mL of oridonin loaded liposome or the folic acid modified oridonin MWCNTs formulation inhibited the proliferation of HepG2 cells by 42.3% ± 2.9% and 95.4% ± 5.9%, respectively. The folic acid modified MWCNTs had the highest uptake into HepG2 cells due to the presence of folic acid receptors on their surface. In BALB/c male mice bearing HepG2 cells, the i. v. administration of 0.01 g/kg/day of either oridonin loaded liposome or folic acid modified oridonin MWCNTs for 10 days decreased tumor growth by 32.5% and 90.0%, respectively.
A multifunctional drug delivery nanocarrier of doxorubicin - loaded MWCNTs, with covalently adhered polyethyleneimine, FITC, polyethylene glycol and folic acid (Figure 7B, N), was synthesized to target Hela cancer cells. In vitro, the proliferation of HeLa cells was inhibited by pure Dox (IC50 = 3.45 mg/L) and Dox - loaded folate conjugated MWCNTs (3.53 mg/L). In HeLa-HFAR (high folic acid receptors) and HeLa-LFAR (low folic acid receptor) cells, incubation with the Dox - loaded folate conjugated MWCNTs inhibited their proliferation by 84.5% and 54.2%, respectively. These results indicate that a low level of folic acid receptors decreases the efficacy of the MWCNTs conjugated with folic acid. An intravenous injection of 5 mg/kg equivalent of Dox, Dox + folate conjugated MWNCTs or MWNCTs alone produced a 42.5, 73.3% and 9.1% increase, respectively in the apoptosis of tumors cells in male BALB/c nude mice xenografted with Hela tumors. Twelve hours after the i. v. administration of 5 mg/kg of Dox-loaded folate conjugated MWCNTs in male BALB/c nude mice, Dox was present in the heart, kidney, liver and spleen, at 5.99, 1.50, 20.15% and 7.49%, respectively, of the injected dose per Gram of tissue (% ID/g) (Yan et al., 2018).
Docetaxel or coumarin-6 encapsulated with chitosan-folic acid modified MWCNTs, was reported to increase the delivery of docetaxel and coumarin-6 to A549 cancer cells, which overexpress folic acid receptor, thereby increasing the drug loading capacity. Chitosan links folic acid and MWCNTs via covalent bonds between the carboxylic group of the folates and the amino group of chitosan (forming an amide bond formation), whereas the hydroxy group of chitosan interacts with the carboxylic groups of MWCNTs, forming an ester bond (Figure 7B, O). The drug loading capacity of docetaxel and coumarin-6 were increased in functionalized MWCNTs (79.29% ± 1.3% and 83.62% ± 1.2%, respectively), compared to non-functionalized MWCNTs (59.72% ± 2.3% and 63.08% ± 3.2%, respectively). The proliferation of A549 cells was inhibited by docetaxel formulated in MWNCTs (IC50 = 0.56 μg/mL) and docetaxel (IC50 = 50.19 ± 2.5 μg/mL). The intracellular levels of docetaxel formulated in MWNCTs was increased in the A549 cells, due to the presence of chitosan and folic acid in the formulation (Singh et al., 2017).
Wang et al. (Wang et al., 2017) synthesized a compound where folic acid was noncovalently adhered to gold nanoparticles with polypyrrole that was grafted layer by layer with MWCNTs that contained doxorubicin bound by π-π stretching interactions, for cancer therapy (Figure 7B, P). In vitro, the release of docetaxel at pH 5.5 and 7.4 was 25% and 5%, respectively, after 72 h of incubation. This is important as the pH of cancer cells is typically acidic (Logozzi et al., 2018; Lyra et al., 2021) and thus, more drugs should be released at the tumor site. The in vitro cytotoxicity studies indicated that the docetaxel - loaded functionalized MWCNTs, at 50 μg/mL highest conc. used, inhibited the proliferation of Hela cells and H9C2 cardiomyoblast cells, by 70% and 65%, respectively. In contrast, the functionalized MWCNTs (maximal conc. 5 μg/mL–100 μg/mL) without docetaxel, decreased HeLa and H9C2 cardiomyoblast cell proliferation by 30% and 26%, respectively.
Ozgen et al. (Ozgen et al., 2020), synthesized a novel glycol-block copolymer conjugated MWCNTs for dual targeting delivery in breast cancer. For the preparation of glycol-block copolymer using poly (1-O-methacryloyl-b-D- fructo-pyranose-b-(2-methacryloxyethoxy)) benzaldehyde in which Dox was attached then these copolymer noncovalently coupled with MWCNTs further conjugated with folic acid for dual targeting of folate receptor as well as glucose transporter protein in MDAMB231 and MCF7 breast carcinoma cells. Developed copolymer and folic acid conjugated MWCNTs formulation showed higher dispersibility in aqueous medium as compared to pristine MWCNTs. Cell viability and Apoptosis studies were performed in MDAMB231 and MCF7 breast carcinoma cells and results were found as copolymer and folic acid conjugated MWCNTs formulation showed higher cell viability or apoptosis (96.58% in MDAMB231 or 87.46% in MCF7) as compared to pure Dox (72.80% in MDAMB231 or 42.68% in MCF7) & without folic acid conjugated copolymer MWCNTs formulation (81.24% in MDAMB231 or 85.00% in MCF7) after 24 h s of incubations, these finding data demonstrated developed formulations enhanced the dispersibility, apoptosis and provided dual targeted effect in breast cancer cells.
Zhou and coworker (Zhou et al., 2022), developed a novel nanocarrier functionalized carboxylated MWCNTs with polyethylene glycol, hyperbranched poly-L-lysine cross linked with adipic acid and finally conjugated with folic acid ligand, this functionalized MWCNTs nanocarrier loaded with Dox for targeted delivery of cancer cells like HepG2 (human liver cancer) and HEK293 (human embryonic kidney). Cell viability and Apoptosis studies were performed in HepG2 and HEK293 cancer cell and results was found as MWCNTs nanocarrier loaded with Dox showed higher cell viability (>20%) as compared to pure Dox (>40%) and pure MWCNTs nanocarrier showed less cytotoxicity in both the cell line (>90%). Prepared formulations are biocompatible and safe for delivery of anticancer drug.
2.1.2 Riboflavin and thiamine
Singh et al. (Singh et al., 2016 (a)) synthesized novel forms of the ligands, riboflavin (Figure 8B) and thiamine (Figure 8C), for the targeted delivery of paclitaxel to the breast cancer cell line, MCF-7. Paclitaxel - loaded MWCNTs were conjugated with the receptor targeted ligands, thiamine or riboflavin, and their levels were determined in the MCF-7 cells. In this formulation, the pristine MWCNTs were chemically modified by carboxylation, acylation and amination, and the ligand was ultimately conjugated with amine groups in the MWCNTs to form an amide bond, using an ethylenediamine linker. The in vitro incubation of MCF-7 cells with conc. (10–80 μg/mL) of pure paclitaxel or the MWNCTs-paclitaxel formulation decreased their viability by 40% or 20%, respectively. The MWNCTs-paclitaxel formulation was more efficacious than pure paclitaxel due to their nanosize, which increased their penetration across the tumor cell membranes, increasing the magnitude of tumor cell apoptosis. Following the i. v. administration of 10 mg/kg of pure paclitaxel to Sprague Dawley rats, the plasma conc. of paclitaxel was less than 5 μg/mL after 12 h, result indicated pure paclitaxel showed rapid clearance from blood plasma. In contrast, following the i. v. administration of 10 mg/kg i. v. of the paclitaxel loaded MWCNTs formulations, the plasma conc. of paclitaxel was 5 μg/mL at 36 h, showed the presence in blood for long duration as compared to pure paclitaxel. The % of human RBC hemolyzed after incubation of human RBC with conc. 0.5 mL of PTX functionalized in MWCNTs containing thiamine or 0.5 mL conc. of riboflavin, was 14.6 ± 0.84 and 11.17 ± 0.77, respectively, which was lower than that for 0.5 mL conc. of pure paclitaxel (20.49 ± 0.97) and 0.5 mL conc. of PTX functionalized in MWCNTs (37.39% ± 0.78%).
[image: Chemical structure diagram featuring eight compounds connected to a central multi-walled carbon nanotube with ethylenediamine (MWCNTs-EDA). Compounds include folic acid, riboflavin, thiamine, galactose, glycyrrhizin, fucose, hydrocortisone, and dexamethasone, each linked to MWCNTs-EDA, shown with distinct colored circles and chemical structures.]FIGURE 8 | Ligands conjugated with an ethylenediamine linker containing MWCNTs.
2.1.3 D-α-tocopheryl polyethylene glycol 1000 succinate
Vitamin E (also known as D-α-tocopherol) conjugated with polyethylene glycol 1000 produced the compound, D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) (Pawar et al., 2016). It was a water-soluble non-ionic compound that increased the solubility, absorption, bioavailability and efficacy of camptothecin, taxanes, docetaxel, coumarin-6, paclitaxel, emodin, gambogic acid, doxorubicin, cisplatin, quercetin and toptecan. Furthermore, TPGS loaded with plumbagin/gambogic acid circumvents multidrug resistance by inhibiting P-glycoprotein in MCF-7 breast cancer cells (Dou et al., 2014; Singh et al., 2016).
The covalent conjugation of TPGS on the noncovalent surface of the MWCNTs (Figure 9) was synthesized and loaded with docetaxel/coumarin 6 to increase the therapeutic efficacy of these drugs for A549 lung cancer cells (Singh et al., 2016 (b)). Cellular uptake assays indicated a higher concentration of the docetaxel-loaded TPGS-MWCNT compounds, compared to pure docetaxel, in the A549 cells. The loading efficiency of docetaxel in the TPGS coated MWCNTs and the non TPGS coated MWCNTs was 71.44% ± 1.8% and 76.53% ± 1.3%, respectively, whereas the loading efficiency of coumarin-6 in noncoated TPGS-MWCNTs was 62.61% ± 2.2% and 60.04% ± 2.8%, respectively. In vitro, A549 cells incubated with 5 μg/mL concentration of coumarin 6 loaded with TPGS coated MWCNTs, noncoated TPGS-MWCNTs and free coumarin 6. The results clearly indicated that a significantly greater amount of the MWCNTs loaded with coumarin 6 accumulated in the cytoplasm of the A549 cancer cells, compared to free coumarin 6. In vitro, pure docetaxel, docetaxel loaded TPGS coated MWCNTs and noncoated TPGS-MWCNTs inhibited the proliferation of A549 cells (IC50 values of 45.98 ± 1.7, 0.57 ± 0.02 and 1.49 ± 0.21 μg/mL, respectively). These results indicated that docetaxel - loaded TPGS coated MWCNTs were more efficacious than free docetaxel and noncoated TPGS-MWCNTs in inhibiting the proliferation of A549 cells.
[image: Schematic illustration showing the synthesis and functionalization of multi-walled carbon nanotubes (MWCNTs) with docetaxel (DTX) and TPGS. The process involves encapsulation, noncovalent and covalent conjugation. Pristine MWCNTs are first carboxylated using sulfuric and nitric acid, followed by reaction with oxalyl chloride to form acylated MWCNTs. TPGS is then attached either noncovalently or covalently to form MWCNTs-TPGS-DTX and MWCNTs-TPGS, respectively.]FIGURE 9 | A schematic representation of MWCNTs covalently and noncovalently conjugated with the ligand, D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS).
Singhai et al. (2020) developed effective novel functionalized MWCNTs using α-tocopheryl succinate and chondroitin sulphate for improving therapeutic effect of Dox. Functionalized MWCNTs showed high cellular uptake in MDA-MB-231 breast cells as compared to pure Dox and which showed high apoptosis rate (53.40% ± 3.32%) compared to pure Dox (17.20% ± 1.22%) respectively. This functionalized MWCNTs has also enhanced the Dox loading capacity and provided pH dependent release, that is beneficial for cancer therapy.
2.2 Gonadotrophin releasing hormone (GnRH)
Studies have shown that the receptor for the protein, GnRH, is overexpressed in many types of cancers, particularly in the plasma membrane (Chen et al., 2002). Based on this, Moretti et al. covalently bonded GnRH to oxidized MWCNTs to target DU145 prostate cancer cells as they have been reported to overexpress GnRH receptors (Moretti et al., 2014). The GnRH - modified MWCNTs had a high magnitude of interaction with the cytoplasm of DU145 cells, compared to non-modified pristine MWCNTs. These results indicate that GnRH - modified MWCNTs can bind to the GnRH receptor and induce DU145 cell death. In addition, the GnRH - modified MWCNTs interacted with HeLa cells but not L929 cells, as these cells express low levels of GnRH. In vitro, the GnRH modified MWCNTs (0.010–0.050 mg/mL) decreased the proliferation of DU145 and HeLa cells by 85% and 35%, respectively, but it did not significantly alter the proliferation of L929 cells. The pristine MWCNTs (0.010–0.050 mg/mL) decreased the proliferation of HeLa, DU145 and L929 cells and GnRH (0.010–0.050 mg/mL) also decreased the proliferation of HeLa, DU145 and L929 cells, by above 80% cell viability in all cells respectively. The results of this study indicate that GnRH - modified MWCNTs have a high selectivity for detecting cancer cells expressing GnRH receptors.
2.3 Polymers
Hyaluronic acid is a glycosaminoglycan polysaccharide that consists of glucuronic acid and N-acetylglucosamine (Smith et al., 2016). Hyaluronic acid can be used as a ligand to target the hyaluronic receptor in cancer cells and to increase the selectivity and therapeutic efficacy of the anticancer drug, doxorubicin (Dox) (Datir et al., 2012; Lokeshwar et al., 2014), because hyaluronic acid delivers drugs to targeted sites (Chadar et al., 2021). Datir et al. (Datir et al., 2012) covalently modified MWCNTs, using ethylenedioxy-bis-ethylammonium and then incorporated doxorubicin conjugated with hyaluronic acid, (Figure 10B), to target hyaluronan receptors in A549 lung cancer cells. In the lung cancer cells, the optimized MWCNT nanoformulation was 3.2-fold more efficacious in inhibiting the proliferation and 5-fold more efficacious in inducing apoptosis, compared to a solution of only doxorubicin.
[image: Schematic diagram depicting the chemical structures and synthesis steps for MWCNT (multi-walled carbon nanotube) conjugates. The top section shows MWCNTs linked with EDC, PEI, and PEITC, labeled MWCNTs-EDBE, MWCNTs-PEI, and MWCNTs-PEITC. The bottom section illustrates further modifications with hyaluronic acid, forming MWCNTs-EDBE-HA and MWCNTs-PEITC-HA. The central part displays the encapsulation of Doxorubicin, resulting in MWCNTs-EDBE-HA-DOX and MWCNTs-PEITC-HA-DOX. The diagram highlights functional groups and reactions involved in the synthesis process.]FIGURE 10 | A schematic illustration of the synthesis of hyaluronic acid conjugated with MWCNTs.
Cao et al. (2015) developed an innovative nanocarrier for specific targeted drug delivery by conjugating hyaluronic acid and fluorescein isothiocyanate with modified MWCNTs using polyethyleneimine (10A). In this formulation, Dox was incorporated for targeted delivery to L929 (a mouse fibroblast cell) and HeLa cells which express CD44 receptors (Wang et al., 2016; Liu et al., 2018). The Dox loading capacity, using a UV spectroscopy method, was 72.0% in multifunctionalized MWCNTs. Dox release experiments indicated that a greater % of Dox was released at pH 5.8 (54.6%), compared to pH 7.4 (40.8%). This is important as the pH of the tumor microenvironment is typically acidic and thus, more Dox will be available to interact with the tumor cells. The cytotoxicity experiments indicated that the Dox - loaded multifunctionalized MWCNT and pure Dox decreased HeLa cell proliferation by 40% and 60%, respectively. The non-Dox multifunctionalized MWCNTs did not significantly alter the proliferation of the HeLa cells, suggesting that multifunctionalized MWCNTs should be safe and biocompatible. Using flow cytometry, it was shown that L929 cells expressed a low level of CD44, whereas HeLa cells expressed a high level of CD44. These results explain why multifunctionalized MWCNTs uptake in HeLa cell was seven times greater than that of L929 cells. Thus, the formulation reported in this study selectively targets cancer cells that overexpress CD44.
Singhai et al. (2020) synthesized MWCNTs using α-Tocopheryl succinate and hyaluronic acid, then loaded with Dox to develop a novel and effective nanocarrier for targeting the CD44 receptor which is overexpressed in MDA-MB-231 breast cancer. The cytotoxicity results indicated that functionalized MWCNTs showed high growth inhibition as compared to pure Dox with GI50 values of 0.810 ± 0.017 and 2.621 ± 0.153 μg/mL respectively. This finding revealed that hyaluronic acid is used to target the CD44 receptor for breast cancer therapy.
Dong et al. (2017) formulated doxorubicin encapsulated with a chitosan modified MWCNTs (Figure 11A), where the acidic groups of the carboxylated MWCNTs were covalently conjugated with the free amino group of chitosan to form an amide bridge, and doxorubicin was encapsulated inside these modified nanotubes. In vitro, the percent loading capacity for MWCNTs: Dox, at ratios of 1:1, 2:1 and 1:3 were 24%, 33%, and 50%, respectively. The release of Dox from the MWCNT chitosan formulation was significantly greater at pH 5.8 (more than 75% Dox release) compared to pH 7.4 (less than 20% Dox release) after 72h of incubation. The uptake of pure Dox was higher than that of Dox - loaded chitosan MWCNTs, after 4 h of incubation with BEL-7402 cancer cells. However, the uptake of the Dox - loaded chitosan MWCNTs by BEL-7402 cells was greater than that of pure Dox, most likely due to the prolonged release of Dox from the nanocarrier system. Pure Dox, chitosan modified MWCNT and Dox - loaded chitosan MWCNTs produced a 10%, 75% and 9% decrease, respectively, in the proliferation of BEL-7402 cancer cells. PEG containing MWCNTs were synthesized by Lay et al., (2010) for the targeted delivery of paclitaxel to MCF-7 and HeLa cancer cells, using monomethyl polyethylene glycol (PEG) grafted MWCNTs (Figure 11B) formed by an endohedral process. The percentage of paclitaxel loaded by the PEG modified MWCNTs was 45% and the release of paclitaxel from this formulation at pH 5.0, 7.0 was 42% and 38%, respectively, compared to only 11% for paclitaxel as free paclitaxel had a lower aqueous solubility compared to paclitaxel loaded in the MWCNTs and the slower rate of release free paclitaxel. However, the PEG - modified MWCNTs provided a sustained release of paclitaxel over a period of 40 days at pH 5 and 7. Pure paclitaxel inhibited the proliferation of MCF7 and HeLa cells (IC50 values of 0.10 μg/mL and 0.021 μg/mL respectively), as did the paclitaxel loaded MWCNTs in MCF7 (IC50 value of 0.080 μg/mL) and HeLa cells (IC50 value of 0.010 μg/mL).
[image: Diagram illustrating the biochemical pathways of glycosphingolipid metabolism. It depicts the complex interactions between various enzymes, substrates, and reactions leading to the synthesis and breakdown of glycosphingolipids, including GM1, GD1, GM2, and asialo-GM1 among others. Each molecule is represented with color-coded hexagonal nodes, and arrows indicate the direction of chemical reactions. Enzyme names are labeled adjacent to the reaction lines.]FIGURE 11 | Chemically conjugation of carboxylated MWCNTs with different polymers.
A multifunctionalized magnetically modified nanocarrier for targeted drug delivery to cancer cells was reported by Rezaei et al., (2018) Pristine side - walled MWCNTs were modified with cis-Pt (1,7-phenanthroline), ferric oxide, PEG, and poly (citric acid), followed by encapsulation of cisplatin (Figure 11C). The cisplatin loading capacity of the multifunctionalized MWCNTs was 86% and 76.6% of the cisplatin was released at pH 5.6, compared to 16.5% at pH 7.4, for up to 50 h. In vitro, the multifunctionalized MWCNTs loaded with cis-platin (concentration - 25, 50, 100 μg mL−1), inhibited the proliferation of MDA-MB-231 and HeLa cancer cells (less than 20% viability for these cell lines). In contrast, non-drug loaded multifunctionalized MWCNTs decreased the viability of MDA-MB-231 and HeLa cells 4% and 2%, respectively Thus, in vitro, the carrier alone was nontoxic, suggesting that it would be safe carrier for drug delivery.
The compound, curcumin (which has anticancer efficacy; (Allegra et al., 2017; Hindumathi et al., 2018; Rodrigue et al., 2019)) was incorporated into a biocompatible polyethylene glycol functionalized MWCNTs (Figure 11D) nanocarrier to target C6 cancer brain cells (Hindumathi et al., 2018). This formulation, compared to curcumin alone: 1) increased the drug loading of curcumin by 30%; 2) increased the uptake in the C6 brain cancer cells and 3) increased the solubility of curcumin in the aqueous medium. However, curcumin alone was not present in the C6 brain cancer cells as it did not cross cell membrane. The curcumin loaded MWNCTs, at 50 μg/mL, produced as 95% inhibition of the proliferation of C6 brain cancer.
The covalent conjugation of a poly (acrylic acid)-PEG copolymer with MWCNTs was synthesized to increase the delivery and efficacy of cyclophosphamide (Figure 11E) and methotrexate (Figure 11F) (Azghandi et al., 2017). The acylated MWCNTs reacted with the carboxylic acid moieties of PEG to form an ester link grafted with polymer polyacrylic acid to form a novel polymeric nanocarrier. The drugs, cyclophosphamide and methotrexate were loaded on to the MWCNTs and their % release in the buffer media at pH 4, was >80% for cyclophosphamide and >80% for methotrexate, after 1 h of incubation and at pH 7.4, 80% of both drugs (cyclophosphamide and methotrexate) was released after 3 h of incubation in PBS. Both drugs were released in a sustained pattern at pH 4 and their release was faster at pH 7.4.
Raza et al. (2016) designed a carboxylated MWCNTs containing piperine and covalent side walls modified with docetaxel (Figure 11G) for the targeted delivery of docetaxel in MCF-7 and MDA-MB-231 triple-negative breast cancer cells. In vitro experiments indicated that pure docetaxel, piperine and modified MWCNTs inhibited the proliferation of MCF-7 (IC50 values of 25, 121 and 8 μg/mL, respectively) and MDA-MB-231 (IC50 values of 15, 72.6 and 6 μg/mL, respectively) cells. The incubation of rat red blood cells with 2% (w/v) of the docetaxel conjugated piperine - modified MWCNTs for 1 h at 37°C, lysed <5% of the cells. In vivo pharmacokinetic experiments in male Wistar rats indicated that following the i. v. administration of 5 mg/kg equivalent of docetaxel (pure docetaxel and the Dox MWCNT formulation), there was a 50% decrease in the clearance and a 6.4-fold greater AUC for the Dox MWCNT formulation, compared to pure docetaxel.
Polymeric nanocarriers, built on chitosan covalently attached to MWCNTs, were loaded with the anticancer drug, 5-fluorouracil (Figure 11H) (Nivethaa et al., 2016). The 5-fluorouracil loading efficiency was 97% for the chitosan modified MWCNTs. At pH 5.0, 71.2% of the loaded 5-fluorouracil was released after 72 h in the release medium. The proliferation of MCF7 cells was decreased by 50%, after incubation with 100 μg/mL) of the 5-fluorouracil - loaded formulation.
Pistone et al. (2016) developed a drug delivery carrier, where doxorubicin was encapsulated with PEG and polylactic acid (PLA) modified MWCNTs (Figure 11I), for the targeted release of doxorubicin to HepG2, SH-SY5Y and HT-29 cancer cells. The loading capacity of the Dox - loaded functionalized MWCNTs was 25.4 wt%. The incubation of HepG2, SH-SY5Y and HT-29 cancer cells with 1–10 μg/mL of the Dox - loaded MWCNTs or Dox alone, decreased cell proliferation by <20%. The modified MWCNTs without Dox did not significantly alter the proliferation of HepG2, SH-SY5Y and HT-29 cancer cells, compared to Dox - loaded MWCNTs and Dox alone. The results indicated that pure MWCNTs modified formulation are nontoxic and a safe carrier for the delivery of Dox.
Selim et al., (2023) was formulated biotinylated chitosan noncovalently functionalized with MWCNTs for breast carcinoma treatment with using neratinib as a model drug which is having capacity to inhibit the tyrosine kinase. Firstly, MWCNTs was modified to carboxylated MWCNTs then noncovalently attached with biotinylated chitosan and finally loaded neratinib. Then prepared formulation was characterized by different spectroscopy technology and determine drug loading efficiency was 95.6%. Invitro release results of developed formulations shown in acidic condition showed high release upto 90% drug release at 72 h s but in physiological condition drug release below 40% at 72 h s, this results clearly showed developed formulation provided pH depended on release or it is essential for cancer treatments. SkBr3 cell line (human breast cancer cell line) was used to perform the cell cytotoxicity of free neratinib and neratinib loaded formulations, finding results was observed that free neratinib (IC50 value - 548.43 mg/mL) showed low cytotoxicity as compared to neratinib loaded formulations (IC50 value - 319.55 mg/mL & 257.75 mg/mL) respectively. Biotinylated chitosan noncovalently functionalized with MWCNTs formulations showed higher cell cytotoxicity as compared to without biotinylated chitosan functionalized MWCNTs formulations. Finding results clearly indicated biotinylated chitosan functionalized MWCNTs formulations enhanced the cytotoxicity as well as provided pH depended on releases.
Lyra et al., (2021) were formulated novel and effective guanidinylated dendritic conjugated MWCNTs for cancer targeting and Dox was loaded into modified formulations. Guanidinylated dendritic conjugated MWCNTs formulations showed higher drug loading efficiency as 99.5% as compared to unmodified MWCNTs as 78.7% respectively. Guanidinylated dendritic conjugated MWCNTs formulations enhanced the dispersibility in aqueous medium compared to pure MWCNTs, it is also enhanced the apoptosis and cell viability compared than pristine MWCNTs, Guanidinylated dendritic conjugated MWCNTs formulations showed higher cell viability in PC3 and DU145 human prostate carcinoma cells upto 40% and in normal cells HEK293 showed negligible cytotoxicity more than 90%. Finding results clearly shown prepared formulation enhanced the cell cytotoxicity, dispersibility as well as loading capacity.
2.4 Carbohydrate
The carbohydrates, galactose, lactose, mannose and fucose, among others, can be conjugated or modified to MWCNTs to form glyconanotubes, to increase the cellular uptake and efficacy of certain anticancer drugs (Chen et al., 2013).
2.4.1 Galactose
Qi et al. Qi et al. (2015) designed doxorubicin-loaded MWCNTs conjugated with galactosylated chitosan to target the liver cancer cell line (HepG2). Initially, the pristine MWCNTs undergo oxidation in the presence of sulphuric and nitric acid. Subsequently, they are non-covalently conjugated with galactosylated chitosan and finally, doxorubicin is loaded into this nanoformulation, as shown in Figure 12. The loading ratio of the Dox-loaded galactosylated MWCNTs was 25% ± 2%. The cumulative percentage release of Dox from the loaded galactosylated MWCNTs, at pH 7.4, 6.5 and 5.5 was 30%, 35% and 55%, respectively, after 24 h of incubation in a phosphate buffer saline media. % decrease in cell viability in HepG2 cells after incubation with Dox-loaded galactosylated MWCNTs (0.04–40.00 μg/mL), pure Dox (0.04–40.00 μg/mL) and pure galactosylated MWCNTs (0.04–40.00 μg/mL) was 9%, 10% and 80% respectively. These results indicate that pure galactosylated MWCNTs are nontoxic and effective carrier for delivery of anticancer drugs.
[image: Schematic diagram showing the synthesis process of a multi-walled carbon nanotube (MWCNT) composite. Starting with pristine MWCNTs, the steps include carboxylation, followed by decoration with galactosylated chitosan through amide bond formation using lactobionic acid.]FIGURE 12 | An illustration of MWCNTs decorated with galactosylated chitosan.
Jain et al. (2009), synthesized covalently modified MWCNTs galactose to increase the dispersibility of MWCNTs in aqueous medium. The carboxylated MWCNTs were converted to acylated MWCNTs by chemical modification, which formed covalent bonds with the amino group of ethylenediamine and the free amino group was conjugated with the aldehyde group of galactoses. Galactosylated MWCNTs (Figure 8D). The dispersion of pristine, acylated and carboxylated MWCNTs was determined using the visualization technique, The pristine MWCNTs and acylated MWCNTs were poorly dispersed in solutions at pH 4, 7 and 9. The carboxylated MWCNTs had a high degree of dispersion at pH 9 due to the greater ionization of the carboxylic acid residues. The aminated MWCNTs dispersion was greater at pH 4, compared to pH 7 and 9, because of the greater extent of protonation and ionization of the aminated groups at pH 4, compared to pH 7 and 9. The dispersion of the galactosylated MWCNTs was highest at pH 9, compared to pH 4 and 7, as the pKa value of galactose is approximately 12.35, which is similar to pH 9.
Thakur et al. (2022) was reported Carboxylated MWCNTs functionalized with lysine further conjugated with three different carbohydrate ligands such as galactose, mannose, lactose, and Dox used as model drug for targeting the MDAMB231 & MCF7 breast cancer cell lines. These functionalized MWCNTs were characterized with different spectroscopy techniques. Galactose, Mannose, Lactose functionalized MWCNTs showed higher drug loading capacity as compared to lysine functionalized MWCNTs as well as carboxylated MWCNTs as 96.78%, 97.29%, 95.56%, 93.30% and 90.83% respectively and these prepared formulations also provided pH depended on release. Dox loaded ligand (galactose & mannose) conjugated MWCNTs showed higher percentage of cell viability in both breast cancer cell line (MDAMB231 & MCF7) compared to pure Dox at higher concentration more than 12.5 μg/mL but lactose functionalized MWCNTs showed minimal cytotoxicity with pure Dox and without Dox loaded MWCNTs formulations showed very less cytotoxicity more than 90% in both breast cancer cells, It means pure formulations does not causes any cytotoxicity with cancer cells is safe, biocompatible and provided effective targeted delivery of drug to the targeted sites.
2.4.2 Lactose
Multifunctional MWCNTs, combined with iron oxide - based superparamagnetic nanoparticles and lactose-glycine (Figure 13), coated with poly-diallyl-dimethyl-ammonium-chloride (PDDA), were developed by Liu et al. (2014). The % cell viability of HEK293 and Huh7 cells following incubation with 150 ug/mL of multifunctionalized MWCNTs was >25% and <90%, respectively. There was a significantly greater accumulation of the multifunctionalized MWCNTs in liver tumors in Harlan BALBc mice, compared to normal liver tissue (2.77-fold), after the i. v. administration of 10 mg/kg of multifunctionalized MWCNTs.
[image: Diagram showing the synthesis of a nanocomposite. Starting with pristine multi-walled carbon nanotubes (MWCNTs), poly(diallyldimethylammonium chloride) (PDDA) is added. This forms MWCNTs-PDDA. Then, lactose-glycine-iron nanoparticles (LGIN) are added. The final product combines lactose, glycine, and iron oxide nanoparticles. An inset shows lactose and glycine molecules with chemical structures.]FIGURE 13 | Conjugation sequences for the modification of MWCNTS-PDDA and lactose-glycine functionalized iron nanoparticles.
2.4.3 Fucose
Gupta et al. (2014) synthesized a MWCNT with a fucose sugar moiety that incorporated sulfasalazine (Figure 8F), for targeted delivery to J774 liver cancer cells. The loading capacity of sulfasalazine into the fucosylated MWCNTs was 87.77% ± 0.11%. In vitro, 100 µM of fucosylated MWCNTs loaded with sulfasalazine produced a 25% decrease in the viability of J774 cells (a macrophage cell line isolated from humans). However, unloaded fucosylated MWCNTs and pure sulfasalazine, at 100 μM, only decreased J774 cell viability by 95% and 40%, respectively, indicating that the pure formulation is non-toxic and fucosylated MWCNTs loaded with sulfasalazine are more effective in J774 cells than pure sulfasalazine. The in vivo pharmacokinetic experiments indicated that after the i. v. administration of either 20 mg/kg of pure sulfasalazine, MWCNTs loaded sulfasalazine or fucosylated MWCNTs - loaded sulfasalazine, in male Sprague-Dawley rats, the 1) rates of clearance were 168.01 ± 0.93, 155.62 ± 0.61 and 124.80 ± 0.74 μg/mL, respectively; 2) half-lives were 5.06, 6.33, 9.92 h, respectively and 3) AUCs were 1004.55, 1262.47, 1646.99 μg h/mL, respectively. Overall, these data clearly indicated that the fucosylated MWCNTs - loaded sulfasalazine had a longer half-life, a greater AUC, and a lower clearance, compared to the other formulations.
2.5 Dexamethasone
Dexamethasone is a synthetic corticosteroid that is used in the treatment of numerous diseases, including certain types of solid and non-solid cancers (Ruy et al., 2003; Park et al., 2006). It was reported that dexamethasone can be conjugated on the surface of MWCNTs using an ethylenediamine linker, to form aminated MWCNTs, in the presence of 2-iminothiolane (Figure 8E). Doxorubicin (Dox) was incorporated into the functionalized MWCNTs using a nano extraction method, where doxorubicin was dissolved in acetone and triethylamine and added to functionalized MWCNTs and stirred for 24h at room temperature (Lodhi et al., 2013). In vitro, the incubation of A549 cells with 1–10 μg/mL of formulated Dox and pure Dox decreased their viability by 40% and 45%, respectively. The % hemolysis of human red blood cells by Dox alone (17.1% ± 0.2%) was significantly greater than that of the Dox - loaded dexamethasone-MWCNTs (9.5% ± 0.6%).
2.6 Glycyrrhizin
Glycyrrhizin is a compound present in the plant, glycyrrhiza glabra, and studies suggest that it has in vitro and in vivo anticancer efficacy (Wang et al., 2019; Thirugnanam et al., 2008; Cai et al., 2017). Chopdey et al. (2015) developed MWCNTs conjugated with glycyrrhizin and encapsulated with doxorubicin, for targeted delivery to HepG2 cancer cells. Glycyrrhizinated MWCNTs (Figure 8G) were developed by modifying the pristine MWCNTs to carboxylated MWCNTs, which were aminated with ethylenediamine and the N-terminal of the aminated MWCNTs was conjugated with carboxylic group of the glycyrrhizins to form amide bonds. The Dox loading efficacy was greater for Dox-Glycyrrhizinated MWCNTs (87.26 ± 0.57%), compared to Dox-MWCNTs (77.08 ± 0.62%). 1 mg/ml of Dox-Glycyrrhizinated MWCNTs (9.82 ± 0.67) produced a lower % hemolysis of human red blood cells than Dox-MWCNTs (18.36 ± 0.33%). Dox alone, Dox-MWCNTs and Dox-Glycyrrhizinated MWCNTs significantly decreased the proliferation of HepG2 cells (IC50 values of 4.19 ± 0.08, 4.15 ± 0.01 2.7 ± 0.03 µM, respectively).
3 BIOLOGICAL DISPOSITION AND TOXICITY OF MWCNTS IN CANCER DRUG DELIVERY
MWCNTs have several benefits for use in cancer drug delivery (Panigrahi et al., 2020). These have been shown to have good biocompatibility and slow biodegradability and can undergo enzymatic fragmentation in the body over time, which can reduce the risk of long-term toxicity and make them a safer option for drug delivery use (Cao et al., 2019; Aoki et al., 2020). MWCNTs have the versatility of easy detection by a different imaging technique, which makes them useful for tracking their movement in the tumor tissue. Moreover, the excellent electrical, and thermal characteristics enable MWCNTs serve as cargos for cancer drugs and deliver them directly to tumor cells, and they can be used to heat up tumors during thermotherapy to kill cancer cells (Masoudi et al., 2023).
The use of MWCNTs as biomaterials has seen a significant rise due to their demonstrated efficacy as drug delivery systems and their biological safety. While it cannot be conclusively claimed that MWCNTs are completely safe biological systems, extensive studies have shown no evidence of biological risk, leading most researchers to deem them safe for use as long as the appropriate delivery method and site are used (Ciofani et al., 2010; Saito et al., 2014). Studies have shown that the toxicity of CNTs is related to their physicochemical properties, such as dimensions and functionalization, as well as their method of entry and site of injection (Shvedova et al., 2005; Liu et al., 2008; Chall et al., 2021). Studies have shown that the toxicity of MWCNTs is largely dependent on their length, diameter, and surface chemistry. For instance, longer MWCNTs have been found to be more toxic than shorter ones, while smaller diameter MWCNTs are more toxic than larger ones. When longer MWCNTs (20 μm) are injected, it causes more serious toxicity like aggregation because phages are not able to engulf the micro size fibers. 825 nm longer MWCNTs causes inflammation because microphages could not envelop more than 220 nm, while 50 nm diameter of MWCNTs showed cytotoxicity or inflammogenic due to high crystallin nature, but 150 nm–220 nm of MWCNTs showed less cytotoxicity and inflammogenic (Liu et al., 2013; Kobayashi et al., 2017; Ali, 2023). Moreover, the surface chemistry of MWCNTs can influence their toxicity as it affects their interactions with biological systems. Managing these properties can be a useful approach in minimizing the toxicity of MWCNTs (Yan et al., 2011; Bussy et al., 2012; Louro, 2018; Ali, 2023). Extensive biological studies and regulatory standards must be established to validate the safety of MWCNTs. Extreme caution is necessary when taking the risky step towards clinical application involving the entry of CNTs into the circulation to ensure safe use (Van et al., 2011).
The presence of metallic impurities together with hydrophobic accumulation contributes significantly to the toxicity of MWCNTs, which can be reduced by the functionalization. Several studies or being conducted to develop safe and effective CNT nanocarriers by purifying metallic impurities (Mehra et al., 2015; Francis et al., 2017). Functionalized CNTs are considered as promising nanocarrier for biomedical applications. Modifying the surface of MWCNTs with targeting ligands, biodegradable and biocompatible polymers can improve biocompatibility and reduce toxicity. In addition, the utilization of specific sizes and shapes of MWCNTs has been shown to improve biodistribution and decrease toxicity (Liu et al., 2013; Francis et al., 2017).
4 DISTRIBUTION AND ELIMINATION OF MWCNTS
The subcutaneously injected MWCNTs into mice showed that MWCNTs did not accumulate in organs except for lymph nodes, and there was no observed injury. The study demonstrates that subcutaneous injection of MWCNTs induces short-term immunological reactions that can be eliminated over time and SC route of administration was believed to be safer than systemic administration (Meng et al., 2011). In a recent study, the biodistribution of chitosan-MWCNT, and chitosan crosslinked MWCNT loaded with anti-gastritis drug, HEP (hericium erinaceus polysaccharide) was studied in mice following intraperitoneal injection. Real-time fluorescence imaging results indicated that CS-MWCNT-HEP had higher accumulation in liver and spleen. Authors claimed that the accumulation could enhance the body’s immunity and metabolism, but it is not clear how the emptied MWCNT will be cleared from the body (Ren et al., 2020).
Systemic administration via intravenous injection and distribution in the bloodstream has the potential to accumulate in various organs and tissues. The exact distribution pattern may depend on factors such as the size (length and diameter), shape, surface properties, and functionalization of the MWCNTs, as well as the dose and injection site (Jacobsen et al., 2017). Studies have shown that after injection, MWCNTs can accumulate in organs such as the liver, spleen, lungs, kidneys, and brain (Cherukuri et al., 2006; Deng et al., 2007; Liu et al., 2007; Georgin et al., 2009; Krug et al., 2011). For example, smaller MWCNTs have been found to distribute more widely throughout the body compared to larger ones (Shvedova et al., 2012). It has been reported that the intravenous administration of MWCNTs was safe with very low toxicity. Yang et al. investigated the long-term effects of intravenously administered MWCNTs in mice and found that the nanotubes accumulated in the lungs, liver, and spleen, with minimal inflammatory cell infiltration in the lungs (Yang et al., 2008). Similarly, Schipper et al. conducted a pilot study in mice and reported no observable toxicity when MWCNTs were administered intravenously. These findings suggest that intravenous administration of MWCNTs is relatively safe and may be a promising method for drug delivery and other applications (Schipper et al., 2008).
The biodistribution of MWCNTs in mice was determined by using the skeleton 13C-enriched SWNTs and isotope ratio mass spectroscopy. The study found that there were no acute toxic effects observed in animals exposed to high doses of 13C-SWNTs, and no animals died during the 4-week test period. However, the clearance rate of the nanotubes from most organs was slow, with significant accumulations in the liver, lungs, and spleen (Yang et al., 2007). In another study, the long-term toxicity of MWCNTs in mice after intravenous exposure was investigated. It was found that the MWCNTs accumulated in various organs, including the liver, spleen, and lungs, for up to 3 months post-exposure (Deng et al., 2008). Similarly, the biodistribution of radio labelled MWCNTs in mice using in vivo positron emission tomography was investigated. The study found that MWCNTs functionalized with phospholipids bearing PEG were stable in vivo, and PEG chain length affected their biodistribution and circulation. MWCNTs coated with PEG chains linked to RGD peptide efficiently targeted integrin-positive tumors in mice, exhibiting high tumor accumulation due to the multivalent effect of the MWCNTs. The MWCNTs were largely localized in the liver and lesser localized in spleen and kidney. The PEG caused a slower blood clearance and lower concentration in the liver (Liu et al., 2007).
The distribution of 14C-taurine-MWCNT after intravenous injection was investigated in mice. Results showed that 75% of the dose accumulated in the liver after 1 month but decreased to 20% after 90 days. MWCNT were observed in Kupffer cells via TEM imaging, with <5% found in the spleen and lungs which are almost eliminated in 90 days (Deng et al., 2007). The same group of researchers tested biodistribution of two types of functionalized MWCNTs, 125I-Taurine-MWCNTs, and 125I-Tween-80-MWCNTs by intravenous administration into mice. About 75% of 125I-tau-MWCNT was in the liver up to 6 h, very small amount was seen in other organs such as spleen lungs. 125I-Tween-MWCNT was found to be distributed in many organs, liver, spleen and lung, stomach, kidney, large and small intestine, probably due to amphiphilic properties of Tween 80 (Deng et al., 2008). The biodistribution of 14C-MWCNT suspension (in rat serum) after intravenous administration was followed in rats. The MWCNTs were cleared from the bloodstream and were predominantly distributed to the liver. The lungs, spleen, and kidneys also had lower amounts, whereas no radioactivity was found in the brain, heart, bones, stomach, and muscles. Dark clusters were observed in the lungs and liver via optical microscopy, which coincided with radioactive hotspots. Throughout the study, radioactivity in all organs decreased (Deng et al., 2008; Mortensen et al., 2022). The impact of MWCNTs of two different diameters on the biodistribution was followed. The MWCNTs were functionalized and conjugated with radionuclide chelating moieties and IgG antibodies and a radioactive tracer. The results showed that the modification did not affect the distribution but the narrow MWCNTs (9 nm) had less tissue affinity than wider MWCNTs (40 nm) suggesting their suitability of biological application (Singh et al., 2006).
In a recent study, the influence of the diameter and length MWCNTs on biodistribution was investigated. Three different sized carboxylated MWCNTs were administered as a single intravenous dose of 1 mg/kg MWCNTs. Biodistribution was evaluated in liver, lung, spleen, and lymph nodes using microscopy and hyperspectral imaging. The results showed that the observed tissue location of MWCNTs is size dependent. Overlaps in the perturbation of endogenous metabolite profiles were found regardless of their size. The tissue distribution and persistence of MWCNTs in liver, spleen, lymph node, and lung are influenced by their size. The metabolomics findings suggest that the liver is impacted by the MWCNTs observed in the tissue. Water-soluble MWCNTs functionalized with DTPA and labeled with indium were used for urine excretion studies in rats. Imaging showed that within a minute, the CNT began to accumulate in the kidneys and bladder. At 30 min, most of the detected activity was in the kidneys/bladder. At 6 h, almost all CNT eliminated via renal excretion route. Urinary excretion of the vast majority of radiolabeling (nanotubes) was confirmed at 24 h, where it was shown that 11.5% of the dose/g tissue was in the urine, whereas the liver, spleen, bladder, and kidneys all had content below 1% (Singh et al., 2006; Deng et al., 2008; Mortensen et al., 2022). While the biodistribution of CNTs and qualitative assessments of CNT deposition in tissues have been well reported in the literature, the quantification of CNTs at this point is technically demanding.
Factors affecting the distribution and elimination of MWCNTs:
MWCNTs are distributed throughout the body and eliminated. Various factors, including size, shape, and surface functionalization have been shown influence the absorption, distribution, metabolism, and excretion of MWCNTs, potentially impacting their pharmacokinetics and toxicity (Liu et al., 2013; Mehra et al., 2015; Mortensen et al., 2022).
	• MWCNTs that are smaller in size have the potential to penetrate tissue more deeply and may be eliminated more effectively by renal filtration. Larger MWCNTs on the other hand accumulate in the spleen and liver, among other organs.
	• Variations in the shapes of MWCNTs, such as straight, curved, or tangled forms, can affect cellular uptake and their interaction with biological membranes.
	• Surface functionalization of MWCNTs influences circulation time, biodistribution, and clearance routes by altering their interaction with bio molecules and cells.
	• The surface charge of MWCNTs influences how they interact with proteins, cells, and tissues, which in turn impacts their biodistribution and clearance from the body.

5 CONCLUSION
Ligand-functionalized MWCNTs have emerged as effective nanocarriers for anticancer drug delivery, owing to their biocompatibility and low toxicity to healthy cells and tissues. A variety of ligand molecules (Table 2) that bind to specific receptors found on cancer cells can be attached to MWCNTs via chemical/biochemical linker moieties, affording significant opportunities for the targeted delivery of anticancer therapeutics in different cancers. Ligand-functionalized MWCNTs have demonstrated increased aqueous dispersibility, cellular uptake, bioavailability, and drug loading capacity, making them useful for tumor-targeted delivery of anticancer drugs with poor pharmacokinetic properties, and poor cell permeability. Furthermore, ligand-functionalized MWCNTs display relatively less toxicity and greater penetrability through biological membranes making them ideal for biological applications. Overall, we conclude that functionalized MWCNTS are unique, multifunctional nanocarriers that hold considerable promise for cancer-targeted drug delivery. The rapid advancement in MWCNT functionalization strategies together with the availability of a wider array of cancer cell targeting ligands would pave the way for the translational development of these novel nanoplatforms for the diagnosis and treatment of cancer.
TABLE 2 | A summary of the in vitro and in vivo effect of bioactive targeting ligands conjugated with MWCNTs on cancer cells and tumors.
[image: A detailed table compares various modifications in linkers and nanomolecules associated with carbon nanotubes (CNTs), focusing on types of ligands, receptors, anticancer drugs, cell lines, key findings, and references. The table examines how these factors influence drug loading, cellular uptake, cancer cell targeting, and overall therapeutic efficacy. It includes specific examples and cites relevant studies for each entry, highlighting the impact of different ligands and modifications on the treatment outcomes in various cancer cell lines.]AUTHOR CONTRIBUTIONS
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In the quest to tackle stress urinary incontinence (SUI), the synthesis of cutting-edge biomaterials and regenerative materials has emerged as a promising frontier. Briefly, animal models like vaginal distension and bilateral ovariectomy serve as crucial platforms for unraveling the intricacies of SUI, facilitating the evaluation of innovative treatments. The spotlight, however, shines on the development and application of novel biomaterials—ranging from urethral bulking agents to nano-gel composites—which aim to bolster urethral support and foster tissue regeneration. Furthermore, the exploration of stem cell therapies, particularly those derived from adipose tissues and urine, heralds a new era of regenerative medicine, offering potential for significant improvements in urinary function. This review encapsulates the progress in biomaterials and regenerative strategies, highlighting their pivotal role in advancing the treatment of SUI, thereby opening new avenues for effective and minimally invasive solutions.
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1 INTRODUCTION
It is remarkable that SUI, a disorder impacting approximately one in three women and inducing distress on multiple fronts—physical, psychological, and social—does not garner more attention (Sims et al., 2022; Hu and Pierre, 2019). SUI significantly impacts normal lives, causing persistent anxiety and embarrassment, and imposes a significant economic burden on society (Hampel et al., 2004; Ford et al., 2017; Zhu et al., 2024). The incidence of urinary incontinence varies by age, as shown in Figure 1 (Gasquet et al., 2006). The occurrence of SUI is strongly associated with the bladder. Normally, urination is a voluntary process. When the bladder is full of urine, the pressure receptors on the bladder wall send signals to the brain, causing the sensation of the urge to urinate. The process of normal urination is depicted in Figure 2 (D'Ancona et al., 2019; Denisenko et al., 2021). SUI easily occurs when the anatomy of the pelvic nerves, urethra, and surrounding urethra area changes (Yang et al., 2022a; Ostrzenski, 2020). Research has confirmed that overweight and obesity are risk factors for SUI (Shang et al., 2023; Alsannan et al., 2024; Pang et al., 2023; Wang et al., 2023). The ideal treatment for SUI is not yet available. To enhance our understanding and treatment of urinary incontinence, this review aims to highlight the current advancements in the application of Urethral Bulking Agents (UBAs) and Tissue-engineered Repair Materials (TERMs) within the framework of disease models for SUI, underscoring the pivotal role of exploring biomaterials for therapeutic innovation.
[image: Chart depicting the prevalence of stress urinary incontinence (SUI) by age range. A line graph indicates a rise from 7.2% in the 18-24 age range to a peak of 32.2% at 50-54, then decreasing to 22.4% at 60-70. An illustration of a female silhouette with a highlighted pelvic area is on the left.]FIGURE 1 | Distribution of SUI incidence rates according to age.
[image: Diagram illustrating the human urinary system with labeled parts: kidneys, ureters, urethral sphincter, detrusor muscle, and pelvic floor muscle. Three stages of bladder activity are shown: Stage 1 - bladder fills, Stage 2 - urine feedback, and Stage 3 - bladder contracts.]FIGURE 2 | Urine excretion process in normal humans.
2 ANIMAL MODELS IN SUI
Animal models are essential in developing biomaterial therapies for SUI, enabling an understanding of the disease’s mechanisms and assessing therapies’ safety and effectiveness. These models replicate human SUI conditions, allowing researchers to test how biomaterials, such as UBAs and engineered scaffolds, repair urinary functions. They help optimize these materials for biocompatibility, degradation, and mechanical properties, ensuring suitability for human application. Additionally, animal studies are pivotal in devising minimally invasive techniques and guiding clinical trials, bridging the gap from laboratory research to clinical practice in SUI treatment. Disease models currently used for SUI are shown in Table 1.
TABLE 1 | Representative SUI animal models.
[image: Table comparing induced and spontaneous models for scientific studies, listing model names, advantages, shortages, and applications. Induced models feature advantages like simple operation and high stability but face issues like poor durability and infection risk. Applications include SUI studies and aging research. Spontaneous models offer high stability and low post-molding needs but are costly, used in transgenic research and aging studies.]Animal models often involving small animals such as rats, rabbits, and mice, are divided into two primary types: Induction and Spontaneity. Each type mirrors particular facets of SUI and exhibits distinct characteristics. These modeling techniques are primarily employed in small animals like rats, rabbits, and mice. In addition, large animals including goats (Burdzinska et al., 2018), sheep (Khalifa et al., 2022), pigs (Burdzinska et al., 2018; Burdzińska et al., 2012; Kelp et al., 2017; Boissier et al., 2016), dogs (Kato et al., 1999; Ali-El-Dein and Ghoneim, 2001; Eberli et al., 2009), and cynomolgus monkeys (Badra et al., 2013a; Williams et al., 2016a; Badra et al., 2013b) can also serve as SUI models. The evaluation of animal models is crucial to the successful establishment of the model. Pathological sections serve as the standard for determining the successful establishment of an SUI model, but other methods can also be utilized to ascertain the success of animal sampling, such as Sneeze Testing, Manual LPP Testing, Vertical Tilt Table LPP Testing, and Electrical Stimulation (ES) LPP Testing (Jiang and Damaser, 2011). The animal models commonly used in current research for SUI are shown in Figure 3.
[image: Diagram showing various animal models for studying stress urinary incontinence (SUI). Central circle features a rat labeled "SUI Animal Models." Surrounding images depict nerve injury, bilateral ovariectomy, destruction of parenchymal tissue, aged mouse, C57 rat, ERβ mouse, and vaginal distension. Each model highlights different experimental procedures or conditions.]FIGURE 3 | Animal models commonly used in research on SUI.
2.1 Induced animal model
2.1.1 Vaginal distension
Vaginal distension (VD), or simulated birth trauma, is a method used to study the pathophysiology of SUI from childbirth and develop animal models. The procedure involves inserting a Foley catheter into the rat’s vagina, sealing the vaginal opening, and inflating the balloon with water or air. Within 4 h, edema is noticeable in the external urethral sphincter (EUS) and urethral/vaginal septum, with muscle disruption and fragmentation of the EUS occurring after 6 h. Inflammatory damage, indicated by polymorphonuclear leukocytes, peaks in the EUS after 4 h. Longer VD durations result in increased tissue edema, muscle damage, and changes in the urethra and vagina. After 2 weeks, the VD rats’ leak point pressure (LPP) significantly drops, with notable pathological differences persisting at 4 weeks in the urethra, pelvic ganglia, and levator muscle (Lin et al., 1998; Phull et al., 2011; Woo et al., 2009). Enhancing the model, a weight may be added to simulate traction injury (Wu et al., 2019). The specificity of EUS innervation and neurodegeneration suggests pudendal nerve vulnerability during VD (Damaser et al., 2003). While some believe model success may relate to the estrus cycle, studies indicate that the induction of reversible SUI in mice is not cycle-dependent (Huang et al., 2014).
2.1.2 Bilateral ovariectomy (OVX)
Under isoflurane anesthesia, rats underwent a bilateral ovariectomy (OVX) through dorsolateral incisions, 2 cm below the last rib, followed by sutured wound closure. Six weeks later, OVX rats showed a marked decrease in continence, especially during sneezing, increased body weight, and reduced uterine weight, indicating successful estrogen depletion (Kadekawa et al., 2020). Previous studies have linked estrogen levels with body and uterine weights (Yoshida et al., 2007). Aging, compared to OVX-induced estrogen deficiency, more significantly affects baseline urethral function over reflex activity of striated muscles, with estrogen deficiency further impairing continence reflexes. Thus, aging and estrogen deficiency synergistically impact urethral function and continence mechanisms, contributing to SUI development (Kitta et al., 2016).
2.1.3 Nerve injury
The pudendal nerve, located in the ischiorectal fossa, was thoroughly crushed twice, for a duration of 30 s on each side, near the obturator nerve’s branch point using a Castroviejo needle holder. The immediate visualization of the nerve injury was facilitated by the transparency of the nerve sheet at the crush location. This technique is termed pudendal nerve crush (PNC). Following LPP testing, it was observed that the control group’s LPP value was significantly higher than that of the pudendal nerve compression group (Damaser et al., 2003). Bilateral pudendal nerve resection at the level of the lumbosacral trunk anastomosis in rats constitutes the procedure known as pudendal nerve transection (PNT). HE and IHC staining revealed irreversible loss of striated muscle mass in the sphincter region and an increase in collagen deposition indicative of muscle atrophy. Significant decreases in LPP measurements were also observed following bilateral PNT (Khorramirouz et al., 2016). The underlying principle of pudendal nerve ligation (PNL) mirrors that of pudendal neurotomy. After nerve blockade, sensory loss in the innervated area and muscle loss of contractility occurs, leading to SUI (Furuta et al., 2008). Bilateral pelvic nerve injury (PNI) (Pinar et al., 2022; Lee et al., 2004), sciatic nerve transection (Lee et al., 2003), and impairment of the dorsal nerve of the clitoris (Cruz et al., 2016) can also induce SUI in rats.
2.1.4 Destruction of periurethral tissue
The content of smooth muscle in the cauterized group was significantly reduced, making vascular expression almost imperceptible due to the destruction of the tissue around the urethra through electrocautery (Hong et al., 2013). This model serves as a viable animal model for studying angiogenesis, neurogenic, and myogenic injuries. After the transection of the pubo-urethral ligament, the LPP value showed a significant decrease, mirroring the effects observed in the modeling method of nerve transection (Kefer et al., 2009).
2.1.5 Other methods
The nerve anesthetic botulinum-A toxin, a neuromuscular blocking agent, paralyzes muscle nerves and blocks the transmission of information between motor nerves and muscles. Following the administration of botulinum-A toxin around the urethra in rats, an increase in urinary output and muscle tissue atrophy were observed (Bandyopadhyay et al., 2014). Spinal cord injury (SCI) frequently results in neurogenic detrusor overactivity (NDO) as a result of the sprouting of sensory afferents on the lumbosacral spinal cord. NDO is characterized by a high frequency of voiding contractions and an increased intravesical pressure, potentially leading to SUI. Interestingly, injections of botulinum-toxin A into the bladder wall constitute an effective option to manage NDO (Coelho et al., 2016). To produce the retroflexed bladder, the bladder was surgically attached posteriorly to the psoas muscle. In rats with a retroflexed bladder, a marked reduction in both the urethral pressure reaction and sneeze-induced LPP was observed (Kawamorita et al., 2010). Inducing urinary bladder overactivity and urinary incontinence in mice through the diuretic Furosemide is another method (Saporito et al., 2016). SUI is prevalent in individuals with Parkinson’s disease (PD). Based on these clinical observations, a comorbid disease model of PD and SUI was developed. A rat model was induced through the injection of 6-hydroxydopamine. Depletion of dopamine significantly impairs the active urethral closure mechanism (Ouchi et al., 2019). To ensure the stability and suitability of the experimental animal model, combining multiple modeling methods is often advantageous. Examples include combining VD with OVX (Li et al., 2022; Li et al., 2016), PNT (Ni et al., 2018), and PNC (Balog et al., 2023).
2.2 Spontaneous animal models
The main reason for the popularity of spontaneous animal models lies in their ability to minimize artificial modeling factors, thereby more closely resembling naturally occurring human diseases. Among experimental animals exhibiting genetic obesity, Zucker fatty (ZF) rats represent the most widely utilized models. This condition is attributed to the recessive gene fa, resulting from a mutation in the Fa gene. The model includes two sublines: lean and obese types. Obese ZF rats exhibit characteristics remarkably similar to human obesity and the early stages of type II diabetes, including insulin resistance, an abnormal glucose tolerance test, and a normal fasting glucose. Furthermore, it presents a series of obesity-related complications, including high blood lipids and reduced reproductive capacity. Obesity impairs urethral sphincter function through IMCL deposition, leading to atrophy and distortion of urethral striated muscle. Therefore, ZF rats could serve as a consistent and reliable animal model for studying obesity-associated SUI (Wang et al., 2017). Interestingly, ZF rats exposed to single pulse electric field stimulation (EFS) during organ bathing experiments may exhibit SUI and compromised urethral sphincter contractility (Lee et al., 2017).
The double mutant GLI family zinc finger Gli2; Gli3+/−Δ699/+ murine model of SUI has recently been developed as a reliable model. Histological changes in the bladder neck and urethra can directly lead to SUI, with prostate hypoplasia being a possible additional factor. This may be related to premature termination of the spinal cord (Yadav et al., 2023).
Estrogen exerts its effects through two distinct nuclear receptors: estrogen receptor alpha (ERα) and estrogen receptor beta (ERβ). ERβ is believed to be associated with the onset of SUI. The primary site of ERβ expression is in the granulosa cells of the ovary. A significant decrease in LPP and maximum urethral closure pressure (MUCP) values in the ERβ−/− group, compared to the ERβ+ group, indicates that ERβ gene knockout plays a critical role in the development of SUI (Hamilton et al., 2017; Chen et al., 2014). The pathological mechanism of this approach is akin to that of OVX in rats, which influences estrogen levels.
In clinical practice, the risk of SUI escalates with age (Pearlman and Kreder, 2020). These clinical characteristics constitute the primary rationale for employing elderly rats in the SUI model. Compared to young (3 months) and middle-aged (12 months) rats, aged rats (24 months) exhibited a significant decrease in LPP value, an increase in the area of connective tissue in the EUS layer, a significant decrease in the number of EUS fibers, and an increase in the cross-sectional area of EUS fibers (Yanai-Inamura et al., 2019).
3 THE CURRENT THERAPIES
SUI is widely recognized as a global public health issue, with effective management significantly enhancing patients’ quality of life. Currently, a variety of therapeutic options are available. Clinicians with relevant experience should determine the appropriate intervention—conservative or surgical—based on the severity of the patient’s symptoms.
Non-surgical measures are generally recommended as the initial approach for managing SUI. Pharmacological treatments, including anti-muscarinic agents, antidepressants, estrogen, botulinum toxin, and α-adrenergic agonists, can increase urethral sphincter pressure or decrease bladder activity. However, when conservative measures fail to provide the desired therapeutic outcomes, surgical intervention becomes necessary.
In recent years, there have been significant advancements in surgical techniques for SUI. Options now include bladder neck injections, midurethral slings, vaginal suspensions, and autologous fascia slings (Nightingale, 2020). Table 2 summarizes the current methods used to treat SUI.
TABLE 2 | Comparison of conservative and surgical treatment.
[image: Comparison chart showing conservative versus surgical management for stress urinary incontinence (SUI). Conservative methods include acupuncture, pelvic floor training, and medications, emphasizing lower risks, non-invasiveness, and lower costs. Surgical methods involve procedures like midurethral slings, highlighting higher success rates, invasiveness, and greater costs. Conservative management is suitable for mild cases, while surgical options are favored for severe cases or when other treatments fail. Long-term outcomes are favorable in both, but cost is higher in surgical options.]3.1 Conservative management
Although surgery can reduce leakage to some extent, it cannot fully resolve SUI (Nygaard and Norton, 2022). Other essential interventions include acupuncture, moxibustion, pelvic floor muscle training (PFMT), yoga, and lifestyle modifications.
Acupuncture and moxibustion, rooted in ancient Eastern traditions, treat diseases by stimulating acupoints and require consideration of individual differences for syndrome differentiation. While these methods have shown improvements in urine leakage (Liu et al., 2017), meta-analyses indicate that they are not superior to drug treatments (Wang et al., 2013). Improvements in research methodologies, including randomization, blinding, treatment interpretation, and acupuncturist certification, are needed (Yang et al., 2022b). Current statistical analysis methods in randomized controlled trials are also often inadequate (Liu et al., 2022).
PFMT for female SUI has received an A-level evidence rating based on numerous RCT meta-analyses (Dumoulin et al., 2011). Long-term follow-up can maintain the benefits of PFMT without additional training incentives. Significant differences exist in the quality of interventions between short-term and long-term PFMT studies, yet short-term results can be preserved during long-term follow-up (Bø and Hilde, 2013). The mechanisms include enhancing pelvic floor muscle strength, improving timing awareness, and strengthening core muscles (Sheng et al., 2022).
Yoga, a psychosomatic therapy, has been effective in improving urinary incontinence and can be combined with PFMT (Tenfelde and Janusek, 2014; Kim et al., 2015). Lifestyle modifications, such as weight reduction, can also alleviate urinary incontinence symptoms associated with obesity (Kerdraon and Denys, 2009). Massage treatment has shown significant reductions in urine leakage, with complete symptom alleviation after 1 month of discontinuing therapy in some cases (Kassolik et al., 2013).
Medical management is a crucial aspect of SUI treatment. Anti-muscarinic drugs, the first-line treatment for overactive bladder, include oxybutynin, propiverine, tolterodine, solifenacin, darifenacin, trospium, imidafenacin, and fesoterodine (Swinburn et al., 2011; Yamada et al., 2018). These drugs can cause side effects like dry mouth, blurred vision, and constipation, depending on their specificity for bladder muscarinic receptors. When anti-muscarinic drugs are unsuitable, β-adrenergic receptor agonists like mirabegron and solabegron are effective alternatives (Mostafaei et al., 2022; Ellsworth, 2012). Meta-analyses have shown their effectiveness comparable to anti-muscarinic drugs (Kelleher et al., 2018; Ohlstein et al., 2012).
Pharmacological research suggests lower urinary tract activity is centrally regulated by 5-HT and NE receptor agonists and antagonists. Duloxetine, a 5-hydroxytryptamine/norepinephrine reuptake inhibitor, treats SUI by inhibiting serotonin and norepinephrine reuptake at the presynaptic neuron in Onuf’s nucleus of the sacral spinal cord (Bitter et al., 2011; Jost and Marsalek, 2004). Research supports duloxetine as a viable treatment option for female SUI (Deepak et al., 2011; Mariappan et al., 2007; Basu and Duckett, 2009).
Hormone therapy is commonly used for lower urinary tract symptoms. Estrogen can increase urethral pressure, significantly improving or curing SUI in many cases (Elia and Bergman, 1993). However, evidence for estrogen supplementation’s effectiveness in improving urinary incontinence remains insufficient (Quinn and Domoney, 2009). In patients with bladder muscle overactivity and urinary incontinence due to nervous system disease, botulinum toxin injections have improved symptoms and bladder function without side effects (Kennelly et al., 2022).
3.2 Surgical management
When general management proves ineffective, surgical intervention becomes necessary. The advent of minimally invasive, retropubic, synthetic midurethral sling operations has revolutionized SUI surgery, surpassing traditional procedures like colposuspension and autologous fascial slings (Giarenis and Cardozo, 2014). The success of these surgeries depends on the surgeon’s experience, but risks include bladder, intestinal, or vascular damage via the obturator approach.
Surgical options for SUI include open abdominal retrovaginal suspension, anterior vaginal repair, suburethral suspension, bladder neck pin suspension, periurethral or transurethral injection of fillers, artificial urethral sphincters, and laparoscopic vaginal suspension (Kirchin et al., 2017). Among these, retrovaginal suspension, slings, and urethral dilation injections are the most commonly employed techniques. Urethral mid-suspension is a preferred minimally invasive procedure due to its low complication rate and favorable prognosis, while urethral dilation injections are safer for high-risk patients (Umoh and Arya, 2012).
The Uratape procedure, which involves tension-free tape insertion beneath the urethra, and transvaginal tape slings are commonly used techniques. Despite their effectiveness, complications such as bladder, intestinal, and vascular injuries can occur (Delorme et al., 2004; Reisenauer et al., 2006). The development of the midurethral sling (MUS) has been crucial, with various slings available that are inserted at the midurethral level either retropubically or transobturatorily (Rapp et al., 2009; Kane and Nager, 2008). MUS procedures typically involve minimal incisions, quick recovery, and high cure rates with minimal complications. Long-term outcomes are generally positive, with patients resuming normal activities shortly after surgery (Ford et al., 2017). Traditional slings are as effective as minimally invasive slings but have a higher incidence of adverse reactions. They exhibit a similar cure rate to open posterior pubic vaginal suspension, though long-term adverse events remain unclear (Rehman et al., 2017).
Urethral injections (periurethral/intraurethral) are a well-established minimally invasive treatment for uncomplicated SUI, particularly in patients unresponsive to conservative management or those contraindicated for drug treatment (Chapple et al., 2005). Various agents, such as autologous fat, carbon beads, calcium hydroxyapatite (CaHA), ethylene vinyl alcohol copolymer (EVOH), glutaraldehyde cross-linked bovine collagen, porcine dermal implants, polytetrafluoroethylene, and silicone particles, can be used as fillers. Despite insufficient evidence to fully guide clinical practice, urethral fillers may offer a cost-effective alternative to other surgical options (Kirchin et al., 2017).
4 THE IDEAL MATERIAL
The ideal biomaterial would be readily available, cost-effective, chemically and physically inert, sterile, non-carcinogenic, mechanically robust, resistant to alteration by bodily tissues, and carry a low risk of infection and rejection. After healing from incontinence surgery, the graft should restore the pelvis to its natural structure and function, mirroring the durability of autologous tissue. Furthermore, the material must remain in place long enough to be integrated by the host tissue. To minimize impact on the surrounding area during surgery, the biomaterial should be supple, able to withstand mechanical stress and shrinking, and flexible (Sangster and Morley, 2010).
Synthetic biomaterials have potential applications in treating urinary incontinence. Synthetic materials often address urinary incontinence problems through implants, injections, films, or tablets. They increase the ability of the urethra to close by strengthening the urethral sphincter or supporting the urethral tissue, thereby reducing urine leakage.
5 URETHRAL BULKING AGENTS (UBAS)
The primary mechanism by which UBAs work involves the injection of these materials around the urethra, leading to an increase in urethral volume. This augmentation helps to coapt the urethral lumen, enhancing the closure pressure at rest and improving the functional length of the urethra, which is crucial for maintaining continence.
5.1 Plasmid DNA-loaded injectable agent
The researcher prepared pDNA (encoding for bFGF) complex-loaded poly (dl-lactic-co-glycolic acid) (PLGA)/Pluronic F127 mixture solution dispersed with polycaprolactone (PCL) microspheres as an injectable bioactive bulking agent (Choi et al., 2013). The mixture solution was designed to solidify at the injured site upon contact with water or body fluid, thus enabling stable deposition of PCL microspheres in the solidified PLGA matrix to maintain its initial volume without migration. The researcher anticipated that the prepared bulking agent could provide a passive bulking effect (by PCL microspheres) and allow prolonged stimulation of the defect tissues around the urethra (through long-term production of bFGF from the cells transfected by continuously released pDNA) for the effective treatment of SUI.
5.2 Macro/nano-gel composite
Nanogels present several advantages for drug delivery, including high biocompatibility from their natural or synthetic polymer composition, which reduces immune reactions and toxicity. They enable controlled drug release, with their network structure allowing for modulated release rates, which improves efficacy and reduces side effects. Additionally, encapsulated drugs in nanogels are protected, increasing their stability. Surface modifications of nanogels enhance targeting to specific cells, making them an effective drug delivery system.
Researchers have discovered a specific macro/nanogel type useable as an injectable, bioactive bulking agent for treating incontinence. It comprises in situ generated gelatin-based macrogels and self-assembling heparin-based nanogels. These hybrid hydrogels are produced via an enzymatic process involving hydrogen peroxide and horseradish peroxidase. To create a hybrid gel matrix capable of continuously releasing growth factor (GF) for up to 28 days, a gelatin gel matrix was mixed with a GF-loaded heparin nanogel. Furthermore, these hydrogel composites promote the regeneration of urethral muscle tissue around the urethral wall, aiding in the restoration of biological function upon in vivo injection (Park et al., 2014). The method for the regeneration and creation of composites combining macro and nanogel is illustrated in Figure 4.
[image: Illustration showing a process for regenerating urethral muscle. (a) Steps include injection of hybrid hydrogel into the urethral wall and subsequent muscle regeneration. (b) Detailed process involves bFGF-loaded nanogels, dispersion in GPT polymer solution, and in situ hybrid gel formation. Components include gelatin, heparin, PEG, Pluronic F127, TA, and bFGF. Chemical structures are depicted.]FIGURE 4 | Regeneration approach and construction of hybrid macro/nanogel composites. (A) Diagram illustrating urethral muscle regeneration utilizing an injectable, bioactive bulking hydrogel. (B) Formation of bFGF-loaded HP nanogels via hydrophobic interactions. Reprinted with permission from ref. (Park et al., 2014). Copyright 2014, ACS.
5.3 Liquid crystal elastomer based dynamic device for urethral support
This is a novel device of liquid crystal elastomers (LCE) inspired by static slings that non-invasively adjust their tension by changing shape in response to temperature increases induced by transcutaneous infrared light, thereby reducing urethral resistance and improving urination, studies have shown that the LCE-CB device can treat SUI by increasing the urethral resistance to leakage under the application of abdominal pressure (Tasmim et al., 2023).
5.4 CAD/CAM collagen scaffolds for tissue engineering
The present research has established a method utilizing CAD/CAM technology for the creation of a scaffold composed entirely of collagen, characterized by its high porosity and patterned structure. The dense packing and alignment of the collagen molecules have endowed the scaffold with significant mechanical strength. It has been indicated that adjustments to the structure’s number of layers and its shape could allow for the tuning of its mechanical characteristics to suit various applications in tissue engineering, including SUI (Islam et al., 2015). The scaffold is shown in Figure 5.
[image: Process diagram illustrating the creation of a patterned collagen lattice. Plastic is glued to a cathode, CNC machining creates a lattice pattern, and collagen is loaded. Post-treatment involves positioning the anode for compaction, resulting in the finished collagen lattice layer.]FIGURE 5 | Process of fabricating individual patterned layer. Reprinted with permission from ref. (Islam et al., 2015). Copyright 2015, IOP Publishing.
5.5 Other commercial UBAs
5.5.1 Ethylene vinyl alcohol (Tegress™)
Ethylene vinyl alcohol (EVA) copolymer serves as a permanent filler. It exhibits good biocompatibility and a low propensity for allergic reactions (Kuhn et al., 2008). However, a follow-up study involving 20 patients revealed that a significant proportion experienced serious complications. These complications included surgical-related issues and urinary tract erosion (Hurtado et al., 2007). A subsequent study also reported similar complications (Hurtado et al., 2008). Due to these studies and growing reports of complications associated with Tegress™, the manufacturer voluntarily removed the bulking agent from the market in December 2007 (Mukkamala et al., 2013).
5.5.2 Dextranomer/hyaluronic acid copolymer (Deflux™, Zuidex™)
Dextranomer, a highly hydrophilic dextran polymer solubilized in a base of non-animal stabilized hyaluronic acid, has received approval as an injectable agent for childhood vesicoureteric reflux (Deflux™) and, in Europe, for women with SUI (Zuidex™) (Lightner et al., 2010). A study comparing Deflux™ and Teflon™ as bladder neck injections in children found that neither the number of injections nor the type of filling agent impacted the outcome: short-term improvements were observed, but long-term effects were lacking]. Researchers have concluded that bladder neck injections of filling agents are generally ineffective for treating incontinence (Dyer et al., 2007). Another dextranomer/hyaluronic acid copolymer, Zuidex™, used as a urinary filler, has shown through clinical evidence to significantly improve patients’ subjective quality of life and objective incontinence measurements post-treatment (van Kerrebroeck et al., 2004). However, reports of side effects have emerged, including the formation of uretrovaginal fibrosis associated with “sterile abscission” post-treatment (Hilton, 2009).
5.5.3 Glutaraldehyde rross-linked collagen (Contigen™)
Glutaraldehyde cross-linked (GAX) collagen, a sterile injection gel, is composed of highly purified bovine dermal collagen, cross-linked with 0.0075% glutaraldehyde, and suspended in physiological saline solution with 0.3% lidocaine. After receiving FDA approval in 1985, it has been primarily used as an intradermal therapy for correcting soft tissue contouring abnormalities. Subsequently, its applications expanded to include use as a urethral filler for urinary incontinence. While its efficacy is supported by clinical evidence (Stricker and Haylen, 1993; Shortliffe et al., 1989), some studies question its long-term effectiveness (Sundaram et al., 1997). Currently, reported adverse reactions include local injection calcification (Knudson et al., 2006), hematuria, urinary retention, urethral mucosal prolapse, among others (Stothers et al., 1998; Harris et al., 1998). In 2012, GAX was officially withdrawn from the European market (Lüttmann et al., 2019).
5.5.4 Calcium hydroxylapatite (Coaptite™)
Hydroxyapatite calcium (CaHA, Coapatite™) consists of spherical CaHA particles with diameters ranging from 75 to 125 microns and was approved by the US FDA in 2005 (Csuka et al., 2023). Evidence suggests that hydroxyapatite particles may serve as effective fillers for treating stress incontinence (Mayer et al., 2001; Griffin et al., 2016). A 12-month clinical study comparing CaHA (Coapatite) with Contigen™ found that both CaHA and collagen were well tolerated, with no systemic adverse events observed for either product (Mayer et al., 2007).
5.5.5 Carbon coated beads (Durasphere™)
Durasphere™, an injectable bulking agent featuring carbon-coated beads, has FDA approval for treating SUI. Its confirmed and potential benefits include non-immunogenicity, tissue non-responsiveness, efficacy with minimal injection volume, and durability (Pannek et al., 2001; Madjar et al., 2003). Unfortunately, similar to Contigen™, concerns exist regarding Durasphere’s long-term efficacy (Chrouser et al., 2004). Carbon-coated beads are not superior to current alternative filler biomaterials due to consistent particle migration and limited success (Pannek et al., 2001).
5.5.6 Polytetrafluoroethylene (Teflon™)
Polytetrafluoroethylene (PTFE) is a type of plastic fluoropolymer material (Becmeur et al., 1990). Previously, Teflon™ was utilized as a urethral filler for treating urinary incontinence (Kaufman et al., 1984). This method involves injecting granules into the tissues surrounding the urethra to increase closing pressure and alleviate urinary incontinence symptoms. However, research has identified potential problems and complications associated with this treatment method. One of the primary concerns involves potential organizational reactions and side effects. Long-term use of this filler material can result in complications, including tissue inflammation, infection, foreign body reactions, and urethral stricture. Additionally, the filler material may shift or disperse within the surrounding urethral tissues, resulting in unstable treatment outcomes (McKinney et al., 1995; Kiilholma et al., 1993; Martínez-Piñeiro et al., 1989; Kiilholma and Mäkinen, 1991).
5.5.7 Polydimethylsiloxane (Urolastic™) and cross-linked polydimethylsiloxane (Macroplastique™)
Polydimethylsiloxane (Urolastic™), an organic polymer containing silicon, is widely used in medical and biological fields. It has been approved by the Food and Drug Administration in 2006 as a treatment option for urinary incontinence (Serati et al., 2023). Injecting polydimethylsiloxane into the tissue surrounding the urethra increases its support and function. The treatment aims to enhance urethral sphincter function and reduce urinary incontinence symptoms. Three-year cohort research suggests Macroplastique™ as a viable SUI treatment alternative, offering long-lasting results and a low incidence of side effects (Serati et al., 2019). A multicenter, randomized, controlled, single-blind study shows cross-linked polydimethylsiloxane to be more effective than Contigen™ (Ghoniem et al., 2009).
5.5.8 Pig collagen protein (Permacol™)
A bioactive, injectable bulking agent comprising Permacol™ and recombinant insulin-like growth factor-1 conjugated to fibrin micro-beads (fib_rIGF-1), known for its bulk stability and ability to induce muscle regeneration. Research has confirmed its ability to promote angiogenesis at the injection site and to foster smooth muscle tissue formation (Vardar et al., 2019). A prospective randomized trial revealed Permacol’s superiority over Macroplastique™ in treatment efficacy (Bano et al., 2005). Additionally, it significantly enhances function and quality of life in cases of constipation, fecal incontinence, and prolapse, and also ameliorates the ecological symptoms of the urinary system (McLean et al., 2018).
5.5.9 Biomimetic synthetic materials (Regensling™)
The aim of Regensling™, a synthetic sling device featuring biomimetic construction, is to provide long-term mechanical support while minimizing the risk of complications. Regensling™ exhibited a milder inflammatory response compared to the control material and was enveloped in a thin layer of fibrous tissue, showing good compliance. Throughout the testing, Regensling™ demonstrated consistent strength, with a notable upward trend (Lai et al., 2017).
5.5.10 Polyacrylamide hydrogel (Bulkamid®, Aquamid™)
Polyacrylamide hydrogel (PAHG) includes Bulkamid® and Aquamid™. Research has confirmed that Bulkamid® is at least as effective as Contigen™. Bulkamid® has shown positive, long-lasting effects on stress incontinence with minimal risk of significant side effects. With Contigen™ no longer on the market, Bulkamid® emerges as a promising treatment option for women with stress incontinence due to its straightforward bulking method (Sokol et al., 2014; Brosche et al., 2021). Overall, 21% of women did not respond adequately to PAHG (Bulkamid®) injection therapy. The therapy had few moderate short-term adverse effects and no significant long-term adverse events (Hoe et al., 2022). For PAHG (Aquamid™), treatment outcomes are similar, albeit with some adverse events like urinary retention and urinary tract infections. Similar results were observed with PAHG (Aquamid™) therapy, though side effects such as bladder retention and urinary tract infections were reported (Lose et al., 2006). Commercial UBAs are shown in Table 3.
TABLE 3 | Commercial UBAs for SUI.
[image: Table listing various biomaterials, their object of use, year, and key points. Biomaterials include Ethylene Vinyl Alcohol, Dextranomer/hyaluronic acid copolymer, and others, used in humans and rabbits. Key points mention effects like poor long-term effect, no adverse reaction, and benefits like good compliance, stability, and minor complications.]6 TISSUE-ENGINEERED REPAIR MATERIALS (TERMS)
The application of stem cells in tissue engineering and repair materials constitutes a significant advancement in the field of regenerative medicine, largely thanks to the unique properties of stem cells, such as their ability for self-renewal and potential to differentiate into various cell types. The primary sources of stem cells include embryos, fetuses, and adult tissues, as well as somatic cells that have been reprogrammed through genetic modification to differentiate. These are known as induced pluripotent stem cells (iPSCs) (Bacakova et al., 2018). In tissue engineering, stem cells can enhance tissue recovery by either directly integrating with and replacing damaged tissues (through differentiation) or by secreting factors that regulate the host’s response (via paracrine signaling) (Hakim et al., 2015). Table 4 summarizes the regenerative materials used to treat SUI.
TABLE 4 | Regenerative materials for SUI.
[image: Table comparing different materials for urethra tissue engineering, categorized under "Stem Cell Therapy," "Extracellular Components," and "Other Materials." Each material lists advantages and disadvantages. Advantages include regenerative potential, tissue repair, and muscle formation. Disadvantages mention technical complexity, variability in patient response, and potential for immune response. Specific materials include various stem cells, platelet-rich plasma, exosomes, and hydrogels, with specific studies cited for each.]6.1 Stem cell therapy
6.1.1 Urine-derived stem cells
Cells from voided urine of women were reprogrammed into iPSCs. These iPSCs line U1 and hESC line H9 were differentiated into fibroblasts expressing specific markers. Myogenic differentiation was induced by CHIR99021 and confirmed by the expression of myogenic factors. Human iPSC-derived fibroblasts and myocytes were engrafted into the periurethral region of RNU rats, with successful tracking using ferric nanoparticles. This method allows scalable derivation, culture, and in vivo tracing of patient-specific cells to regenerate urethral damage and restore continence in rat SUI models. The research schematic is in Figure 6.
[image: Diagram illustrating four processes:   A) iPSC reprogramming involves cell collection, electroporation, reprogramming, isolation, culture, and expansion over several days.  B) Fibroblast differentiation shows aggregation, suspension culture, dissociation, and expansion to obtain patient-specific fibroblasts.  C) Skeletal myocyte differentiation details induction, cellular sorting (FACS), and expansion over extended periods.  D) Cell engrafting includes labeling, engrafting into subjects, incubation, and histological analysis.]FIGURE 6 | Schematic diagram of urine-derived stem cell therapy for SUI. (A) Reprogramming iPSCs from urine samples. (B) Fibroblast differentiation. (C) Skeletal myocyte differentiation. (D) Engraftment of cells into rat tissues followed by histological evaluation. Reprinted with permission from ref. (Kibschull et al., 2023). Copyright 2023, Springer Nature.
6.1.2 Adipose-derived stem cells
The great potential of murine ADSC for the regeneration of urinary sphincter function has been reported. Significant and complete recovery of urethral sphincter function was observed after injection of ADSC, triggering stronger CD45+ leukocyte infiltration compared with the control group (Knoll et al., 2024).
6.1.3 Bone marrow derived stem cells
This result has also been confirmed in human MSDC cells. Human mesenchymal stem cells can alter tissue response to acute injury and improve tissue function (Sadeghi et al., 2020). To achieve directed differentiation and sustained release of stem cells, the researchers transduced elastin into bone marrow mesenchymal stem cells (BMSCs) and used bFGF to differentiate the elastin-expressing BMSCs into fibroblasts, which produce collagen and elastin. Achieving sustained release of bFGF by formulating it in polylactic-glycolic acid (PLGA) nanoparticles resulted in significant improvements in urodynamics in disease models following treatment (Jin et al., 2016a).
6.1.4 Dental pulp-derived stem cells
Human dental pulp stem cells (DPSCs) exhibit promising therapeutic effects for treating SUI. These cells have shown the ability to differentiate into muscle-related cells in laboratory conditions. After being injected, within 4 weeks, DPSCs were effectively integrated into the external urethral sphincter, almost completely restoring its thickness. This differentiation towards muscle cells persisted in the body, promoting blood vessel formation and substantially aiding in the restoration of urinary control. Additionally, the detection of hDPSCs within nerve tissues indicates their potential role in the healing of cut nerves (Zordani et al., 2019).
6.1.5 Stem cell delivery system
The long-term efficacy of using stem cells directly to participate in the repair of urinary incontinence tissue is unsatisfactory, mainly due to the retention time and quantity of stem cells after injection. Thus, researchers have developed a new cell delivery system for injection therapy using superparamagnetic iron oxide (SPIO). Simply put, by constructing magnetized cells targeted and anchored at the target site, dispersed cells can be prevented from leaking into surrounding tissues after injection, thereby improving cell retention and enhancing treatment efficacy (Wang et al., 2020a).
6.2 Extracellular components
6.2.1 Extracellular matrix fragments
The researchers injected extracellular matrix fragments of adipose stem cell sheets (ADSC ECM) into the rat urethra, where they fully integrated with surrounding tissue within 1 week. Four weeks after transplantation, host cells regenerated within the ADSC ECM fragment-injected area. Furthermore, positive staining for myosin confirmed that new smooth muscle tissue had formed around ADSC ECM fragments. These results suggest that injection of ECM fragments may be a promising minimally invasive approach to treat SUI (Wang et al., 2020b).
6.2.2 Exosomes
Exosomes are nanosized membrane vesicles secreted by cells. They are a component of the intercellular communication system, carrying diverse payloads and mediating both pathogenetic and therapeutic actions, depending on the environment and cell sources (Floriano et al., 2020). Researchers extracted urine-derived stem cells exosomes (USCs-Exo) from urine and locally injected them into the pubococcygeus muscle and surrounding areas in a rat model of urinary incontinence, leading to significant improvements in urodynamic parameters. Molecular experiments revealed that USCs Exo promotes ERK phosphorylation in vitro and the activation, proliferation, and myotube differentiation of rat skeletal muscle SCs (Wu et al., 2019). Adipose-derived mesenchymal stem cell-secreted extracellular vesicles have been found to regulate type I collagen metabolism in fibroblasts, treating urinary incontinence (Liu et al., 2018). Human platelet-derived extracellular vesicles have shown to enhance myoblast proliferation and restore urethral sphincter function after sustained in vivo release. However, their very short half-life often limits significant benefits in clinical applications. A highly stable exocrine platform enables continuous release in the bioenhanced hydrogel. In a pig model of SUI, delivering PEP bioenhanced collagen one induced functional recovery of the EUS (Rolland et al., 2022). M2 macrophage-derived exosomes (M2-EXO) have been shown to reduce inflammatory cell infiltration in the SUI model and offer therapeutic effects on damaged pubococcygeal muscles (Zhou et al., 2021). ES enhances the expression of neurotrophic factors by Schwann cells, encouraging nerve cell regeneration. Meanwhile, Schwann cell-derived extracellular vesicles can stimulate neural activity, playing a role in providing therapeutic benefits for urinary incontinence (Hu et al., 2019; Zhou et al., 2018).
6.3 Other tissue-engineered repair materials
Platelet-rich plasma (PRP) is a multifunctional preparation widely used in regenerative medicine (Sánchez et al., 2017). It is rich in platelets as well as a large number of cytokines, chemokines and growth factors (Mussano et al., 2016). Researchers have demonstrated that injecting PRP into the urinary sphincter to repair damaged tissue and rejuvenate aged cells (Lee et al., 2022).
Intra-arterial injection of rat mesoangioblasts (MABs) and stable Vascular Endothelial Growth Factor (VEGF)-expressing MABs, improve recovery of urethral and vaginal function following simulated vaginal delivery (SVD) (Mori da Cunha et al., 2023). An important soluble GF secreted primarily from MABs is VEGF, which has myogenic and neuroprotective effects and induces nerve regeneration (Shimizu-Motohashi and Asakura, 2014; Borselli et al., 2010; Sun et al., 2003; Park et al., 2016).
Subcutaneous fat is a viable source of stromal vascular fraction (SVF) and is considered a source of autologous progenitor cells for tissue engineering and regenerative medicine applications. In a preclinical study using a large animal (pig) model of urethral injury, it was found that SVF obtained from autologous fat aids in the anatomical and functional recovery of the damaged urethra (Boissier et al., 2016). Similar results were also verified in a rat urinary incontinence model (Inoue et al., 2018).
The intraurethral administration of finely chopped autologous muscle tissue presents a straightforward surgical method that safe and fairly effective for women experiencing uncomplicated SUI. This technique is favorably comparable to a more complex regenerative approach that employs muscle-derived cells expanded in vitro (Gräs et al., 2014).
Inhibiting MicroRNA-29a-3p led to an increase in both the expression and secretion of elastin in BMSCs cultured in vitro. Furthermore, when BMSCs with MicroRNA-29a-3p inhibition were co-injected with PLGA encapsulating bFGF nanoparticles into rats with pelvic floor dysfunction (PFD) in vivo, there was a notable enhancement in the outcomes of urodynamic tests (Jin et al., 2016b).
Autologous skeletal muscle precursor cells (skMPC) therapy has been reported to treat urinary incontinence in a monkey disease model. Interestingly, researchers found that the effectiveness of skMPC therapy diminished in older monkeys, those with higher body weights, and monkeys experiencing psychosocial stress, which is linked to decreased production of endogenous estrogen (Williams et al., 2017; Williams et al., 2016b).
Inducing stem cell homing effect is also a good choice for the treatment of SUI. Researchers have developed a new injectable hydrogel based on beta-chitin (Yang et al., 2023). The rapid gel-forming properties of hydrogels with a 3% concentration can quickly stabilize SDF-1 and bFGF inside the hydrogel and delay their release in vivo. In the early stage, the hydrogel’s stiffness provides urethral support, similar to the TVT-O slings. In the later stage, released factors induce BMSCs to home and differentiate into fibroblasts, and the three-dimensional structure of hydrogels can stabilize BMSCs and form a cell microenvironment, which promotes fibroblast replenishment and collagen production, thereby repairing the support structure under the urethra and alleviating SUI symptoms. The system preparation and mechanism process are shown in Figure 7.
[image: Diagram illustrating a process for treating stress urinary incontinence using bFGF/SDF-1 hydrogel. It shows the synthesis of the hydrogel via crosslinking, its injection into mice, and the resultant mechanical support. Mesenchymal stem cells differentiate into fibroblasts, enhancing the tissue microenvironment, stimulating fibroblast proliferation and collagen secretion. This increases urethral support tissue strength, ultimately improving stress urinary incontinence. The dynamic dual bond and cytokine secretion processes are also depicted.]FIGURE 7 | Schematic diagram of induced stem cell homing treatment for SUI. Reprinted with permission from ref. (Yang et al., 2023). Copyright 2023, Elsevier.
7 CONCLUSION AND PERSPECTIVES
This study highlights the role of both induced and spontaneous animal models in investigating SUI’s pathophysiology and the impact of innovative treatments. It delves into the potential of various biomaterials and therapeutic strategies, emphasizing the synergy between cutting-edge materials, cell therapy, and tissue engineering in addressing urinary incontinence. The findings indicate that biomaterials, such as UBAs and TERMs, along with stem cells from adipose tissue and urine, are pivotal in enhancing urethral support and regenerating sphincter function. Innovations like CAD/CAM collagen scaffolds and injectable hydrogels are making strides towards customizable, minimally invasive solutions tailored to patient needs. However, treatment variability and potential complications highlight the need for further research and therapeutic refinement. Future efforts will focus on precision in cell delivery, durability of biomaterials, and minimizing adverse effects, aiming to develop more effective and less invasive treatments for urinary incontinence, thereby enhancing patient quality of life. This outlook encourages a multidisciplinary strategy to advance urinary incontinence therapies, leveraging advancements in biomaterials, stem cell science, and tissue engineering.
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With outstanding therapeutic potential in the tissue regeneration and anti-inflammation, mesenchymal stem cell-derived exosomes (MSC-EXOs) have emerged as a prominent therapeutic in recent. However, poor production yield and reproducibility have remained as significant challenges of their practical applications. To surmount these challenges, various alternative materials with stem cell-like functions, have been recently investigated, however, there has been no comprehensive analysis in these alternatives so far. Here, we discuss the recent progress of alternatives of MSC-EXOs, including exosomes and exosome-like nanovesicles from various biological sources such as plants, milk, microbes, and body fluids. Moreover, we extensively compare each alternative by summarizing their unique functions and mode of actions to suggest the expected therapeutic target and future directions for developing alternatives for MSC-EXOs.
Keywords: extracellular vesicles, exosomes, nanovesicles, membrane vesicles, regenerative medicine

1 INTRODUCTION
Exosomes are a group of extracellular vesicles (EVs) that sized to 40–200 nm in diameter that are produced by double invagination of lipid membranes. Notably, it abundantly contains constituents of origin cells (e.g., protein, lipid, mRNA, microRNA (miRNA), surface ligands) since exosomes are derived from invaginated plasma membranes and enriched cargos in endoplasmic reticulum (ER) (Skotland et al., 2017; Kalluri and LeBleu, 2020). Therefore, exosomes can efficiently modulate the cellular function of recipient cells and they play a major role in cell-to-cell communication in various physiological processes including development, and pathogenesis. Furthermore, exosomes feature the genetic pool of the origin cells, they crucially contribute to maintaining tissue homeostasis by toning neighboring cells to be resemble with others. With this regard, there have been numerous efforts to exploit exosomes as cell-free therapeutic nanomedicines for the treatment and diagnosis of various diseases (Samir et al., 2013).
In particular, exosomes from stem cells have emerged as a potential candidate of living stem cell therapy, due to their advantages as non-living materials offer low immunogenicity, high stability, and long-term storage (Choi J. S. et al., 2019; Nagelkerke et al., 2021; Kim H. Y. et al., 2022; You et al., 2022). Among, mesenchymal stem cell-derived exosomes (MSC-EXOs) have been most frequently applied as therapeutics for treating various diseases, such as rheumatoid arthritis (RA) (You et al., 2021a), atherosclerosis (Jayaseelan and Arumugam, 2019), and liver fibrosis (You et al., 2021b). Recently, MSC-EXOs have been applied as anti-aging therapeutics by promoting the migration and proliferation of fibroblasts and stimulating collagen synthesis in the dermis (You et al., 2022).
Nonetheless of their excellent therapeutic potential, clinical application of MSC-EXOs has been limited so far. Particularly, the poor production yield of MSC-EXOs is a significant challenge in the limited production yield of exosomes, due to a finite number of cell division and low exosome biogenesis rate of stem cells. Though there have been many trials in improving exosome production yields, it has remained as a puzzle since adjusting stem cells or their culture conditions can unexpectedly influence the exosomal constituents and functions (Zhu et al., 2017; Cho et al., 2018). Meanwhile, functional variance and low reproducibility of exosomes have also remained as significant hurdles to their practical applications. Since stem cell functions are highly dependent on the physiological environment, exosomal functions vary depending on the donor and its health status, such as age, sex, morbidity of diseases including diabetes, and high blood pressure (Kretlow et al., 2008; Kim et al., 2021). Even, Kretlow et al. (2008) demonstrated that cell passage of stem cells can affect the differentiating potential of exosomes. They reported that as the passage of stem cells increases, the biogenesis of exosomes and their proliferative potential decreases. Additionally, insufficient biological half-life (<6 h) is often indicated as a weakness dragging the therapeutic potential of exosomes. Due to their intrinsic properties, exosomes can be efficiently internalized into cells, and after systemic administration, exosomes tend to accumulate in the liver, spleen, and kidneys rather than reaching their target sites (Lai et al., 2014; Wiklander et al., 2015; You et al., 2021a). To surmount the poor biodistribution of exosomes, several strategies have recently been reported, such as manipulating exosomal surface or adding targeting moiety (Smyth et al., 2014; Tian et al., 2014). However, leakage or denaturation of exosomal cargos disturb the practical application of these approaches so far (Richardson and Ejima, 2019). With this regard, there has been unmet needs for a novel alternative to MSC-EXOs that have excellent therapeutic potential and high production yield and reproducibility, intractable in stem cells.
Recently, extracellular vesicles or exosome-like nanovesicles from various biological sources have been suggested as an alternative to MSC-EXOs addressing drawbacks. We illustrated the representative examples of alternatives of MSC-EXOs and their potential therapeutic targets in Figure 1. For example, several researchers have focused on exploiting exosome-like nanovesicles from edible plants (e.g., ginger, lemon, ginseng, and fruit) as novel candidates having potential therapeutic potentials such as anti-inflammatory, antioxidant, anti-cancer, and anti-aging (Raimondo et al., 2015; Teng et al., 2018; Kim and Rhee, 2021; Choi et al., 2024). Otherwise, milk-derived exosomes have recently emerged as potential therapeutics to alleviate arthritis, colitis, and intestinal damage, owing to their excellent anti-inflammatory effects (Arntz et al., 2015; Miyake et al., 2020; Tong et al., 2021a). Meanwhile, membrane vesicles from probiotic bacteria are actively investigated as exosome-like therapeutics to modulate microbiome and relevant diseases (Rodovalho et al., 2020). However, the literature for systematic evaluation and comparison of their functions and characteristics between exosomes or exosome-like vesicles from various sources is lacked, though these studies achieved significant advances in overcoming drawbacks of MSC-EXOs (Ahn et al., 2022; Karamanidou and Tsouknidas, 2022).
[image: Illustration of bioactive extracellular vesicles categorized into plants, milks, and microbes. Plants: Derived from juices, rich in phytochemicals for anti-inflammatory and antioxidative functions. Milks: Provide oral delivery, effective in gut microbiota modulation. Microbes: From bacterial membranes, modulate immune system and microbiota, genetically modifiable. Right side lists potential applications: acute colitis, wound healing, glioma, ulcerative colitis, necrotizing enterocolitis, alcoholic-associated liver disease, and skin inflammation, with related pathways.]FIGURE 1 | Representative examples of alternative exosomes or exosome-like nanovesicles and their potential therapeutic targets (Illustrated by S. Y. Jung by using Microsoft PowerPoint).
Here, we extensively review recent progress in exosomes and exosome-like vesicles as alternatives of MSC-EXOs by summarizing and comparing their advantages and disadvantages as their biological sources, respectively. Thereafter, we briefly suggest appropriate applications of each candidate for the development of therapeutics-based on exosomes or exosome-like vesicles according to their therapeutic implications by reviewing recent studies shown in Table 1.
TABLE 1 | Alternative of MSC-EXOs and their expected therapeutic outcomes.
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Plants are the most familiar nutrient sources for human beings, and various plant species have been safely consumed as edibles for a long time. With their high accessibility, plants have been broadly utilized as a source of biologically active compounds, and there have been numerous trials conducted to assess their potential as therapeutic agents. Particularly, phytochemicals, a unique type of compounds present in plants, have been identified as essential molecules through which plants exert their therapeutic effects. Various phytochemicals have been discovered to possess anti-inflammatory, antioxidant, antibacterial, and antimycotic efficacy, highlighting the therapeutic potential of plants so far (Rodriguez-Yoldi, 2021; Wasihun et al., 2023; Adil et al., 2024). Besides, plants have an exceptional advantage in the production yield because they can be cultivated and do not require expensive additives, such as growth factors. Therefore, they frequently used as cost-effective sources of therapeutics to date.
On the other hand, in 2009, Regente et al. (2009) reported the presence of exosome-like nanoparticles in sunflower seeds, suggesting the possibility of plant-derived exosomes as a new therapeutic material that combines the properties of exosomes with the benefits of plant. Commonly, plant-derived exosomes can be isolated from the culture medium of callus, a non-differentiated totipotent cell, which can re-differentiate into the original plants. In similar to MSC-EXOs, the multipotent property of callus provides a variety of bioactive components of plant-derived exosomes, and unique phytochemicals in each plant offer indispensable strengths as anti-inflammatory and anti-oxidative therapeutics (Efferth, 2019; Gupta et al., 2023). In addition, the bioactive ingredients of plant-derived exosomes can be adjusted by controlling culture conditions, such as the application of cellular stresses or secondary metabolites. In this sense, plant-derived exosomes have considered as noteworthy by exosome researchers in the early stage (Kim W. S. et al., 2022).
However, several obstacles have remained in the culturing plant cells to produce plant-derived exosomes. Primarily, the culture of plant cells is time-consuming, because most of plant cells are slowly proliferative and susceptible to fungal infections (Xu et al., 2011; Krasteva et al., 2021). Additionally, they often require de-differentiation toward callus to produce certain phytochemicals (Raks et al., 2018; Bansal et al., 2023; Le et al., 2023). Furthermore, some plant cells can be only cultivated in specific conditions, involved in seasonal or regional factors in their habitat, that is difficult to mimic in vitro (Mu et al., 2023). Therefore, recent studies have focused on utilizing nanovesicles in grinded juices from plant sources rather than using exosomes from callus cultured medium.
In similar to plant-derived exosomes, plant-derived exosome-like nanovesicles (PELNs) are known to contain natural bioactive components such as lipids, nucleic acids, proteins, and small secondary metabolites from their distinct plants, which present anti-inflammatory, antioxidant, and anticancer activities (Kim J. et al., 2022). Moreover, PELNs have similar size and morphology to mammalian extracellular vesicles (MEVs) and can be internalized into mammalian cells, which makes PELNs able to deliver their cargo and regulate cellular response (Woith et al., 2019). As PELNs are expected to be internalized into human cells and adjust abnormal cell activities by their anti-inflammatory, antioxidant, and anticancer properties, studies about PELNs have been actively made. Recent efforts have suggested the efficient purification and separation of PELN to evaluate their properties, cargo, and efficacy. PELNs are generally extracted from plant juice or homogenized plants and separated by ultracentrifugation, polymer precipitation, immunoaffinity capture, size-based, and microfluidics-based techniques (Mu et al., 2023). Since plants grown on a large scale in a variety of environments are used in this extraction, and because it does not require expensive culture media, growth factors or strict environmental controls, PENLs can be mass produced and are more cost-efficient (Logozzi et al., 2022; Jang et al., 2023). Therefore, there have been substantial efforts in developing PELNs as potential therapeutics.
Nonetheless, research on PELNs is still in its infancy, and the biological function of PELNs and their uptake at the cellular and molecular level are not fully understood. For instance, the bioactive components in PELNs may cause unknown side effects. Therefore, investigation of pharmacokinetics, pharmacodynamics, safety, stability, and efficacy are required to understand their clinical applications. Additionally, most in vivo experiments involving PELNs have focused on oral administration. Therefore, intravenous injection is rarely selected and studies on other administration routes are insufficient. According to the research of Cao et al., distribution and degradation tendencies in mouse models depend on the administration route of PELNs (Cao et al., 2019). However, Chen et al. expressed concern that intravenous injection of PELNs may stimulate immune system activation, and cause hepatorenal toxicity and hematologic changes (Chen et al., 2022). With this regard, a more in-depth study of the biological interaction of PELNs through various routes of administration is recommended to carefully evaluate their therapeutic applications and biological safety.
2.1 Ginger-derived exosome-like nanovesicles
Ginger-derived exosome-like nanovesicles (GELNs) are one of the most well-known PELNs as a potential immunomodulator, since the excellent anti-inflammatory effect of ginger, featured to 6-gingerol and 6-shogaol (Zhang et al., 2016; Mehrotra et al., 2024). In this respect, Zhuang et al. investigated the lipid profile of GELNs and discovered that most of the shogaol in ginger extract is imbibed in GELNs. Furthermore, exosome-like characteristics of GELNs offer enhanced cellular internalization of 6-shogaol and thereby effective nuclear translation of nuclear factor erythroid2-related factor 2 (Nrf2) through the TLR4/TRIF pathway, resulting in protection against inflammatory disorders by inhibiting oxidative stress at the targeted site (Semwal et al., 2015; Zhuang et al., 2015). Therefore, GELNs have extensively studies as potent candidates exerting anti-inflammatory, antioxidant, antimicrobial, and anticancer effects to date.
For example, GELNs exhibit the excellent therapeutic potential in alleviating inflammatory bowel diseases (IBDs) by suppressing intestinal inflammation and reprogramming gut microbiota. In the DSS-colitis mouse model, GELNs show reduction of acute colitis and promotion intestinal repair through the reduction of pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β) and increase of anti-inflammatory cytokines (IL-10 and IL-22) (Mehrotra et al., 2024). Zhang et al. (2016) claimed that the facilitated internalization into IECs and macrophages may contribute to the potent anti-inflammatory effect of GELNs. Additionally, Zhuang et al. found that GELNs are preferentially taken up by Lactobacillus rhamnosus (LGG) and the miRNAs of GELNs, such as mdo-miR7267-3p, induce LGG to metabolize tryptophan to indole-3-carboxaldehyde (I3A). I3A produced by LGG works as a ligand for aryl hydrocarbon receptor (AHR) and promotes the expression of IL-22, which is critical for the maintenance of intestinal epithelial cells (IECs) (Teng et al., 2018).
2.2 Ginseng-derived exosome-like nanovesicles
Along with GELNs, ginseng-derived exosome like nanovesicles (GDNPs) have been considered as one of the most prominent PELNs, providing excellent anti-oxidative and anti-inflammatory capabilities. Ginseng contains a variety of bioactive ingredients, such as polyphenols, and acidic polysaccharides that possess anti-inflammatory potential of ginseng. In particular, ginsenosides, a unique group of phytochemicals of ginseng, have been highlighted as potential therapeutic candidates, due to their antioxidant, anti-cancer, and anti-aging potency. Therefore, GDNPs have been applied in treating inflammatory diseases from the early stages of PELN research. For example, ginsenosides exhibit anti-inflammatory potential in treating inflammatory bowel disease (IBD) by suppressing the Mitogen-activated protein kinase (MAPK)/Nuclear factor kappa-B (NF-κB) pathway (Ahn et al., 2016). Similarly, Yang et al. investigated the anti-inflammatory effect of GDNPs in treating IBD by upregulating Nrf2 signaling pathway, which promotes antioxidant activity when they internalized into intestinal cells. Additionally, GDNPs downregulated the inflammation-related TLR4/MAPK signaling pathway and protecting macrophages from LPS induced oxidative damage, like ginsenosides (Yang et al., 2024). Further, Kim et al. insisted that GDNPs promote an anti-inflammatory response not only by suppressing the NF-kB pathway and pro-inflammatory cytokines, but by enriching beneficial bacteria, such as bacteroidota, altering the gut microbiota and reinforcing gut homeostasis (Kim et al., 2023a).
At the meantime, the immune regulating effects of GDNPs have been also highlighted in cancer immunotherapy field. In the tumor microenvironment (TME), tumor-associated macrophages (TAMs) are mostly polarized to the M2-phenotype that adjusts TME toward pro-tumorigenic by facilitating the tumor growth, angiogenesis, invasion, and metastasis (Xiao and Yu, 2021). Interestingly, recent studies have revealed that GDNPs have a potential in reprogramming tumor microenvironment (TME) toward anti-tumorigenic by altering tumor-associated macrophages (TAMs) from M2 phenotype to M1 phenotype. For instance, Cao et al. demonstrated that GDNPs significantly suppress M2-like polarization and induce M1-like polarization of macrophages through TLR4 and MyD88 signaling pathway. And the polarization of M1-like macrophages promotes secretion of proinflammatory cytokines and oxidative compounds, inducing apoptosis of melanoma cells both in vivo and in vitro (Cao et al., 2019). In addition, therapeutic approaches using GDNPs for treating glioma have recently been proposed. Glioma is one of the most fatal and challenging type of cancers, derived from glial cells in the brain, and it is mostly intractable since the existence of blood-brain barrier (BBB), blocking the delivery of therapeutics into the brain. However, Kim et al. (2023b) confirmed that GDNPs can efficiently cross the BBB and recruit M1 macrophages into the TME, regulating TAMs and inhibiting glioma progression (Lin et al., 2021).
Increasing attention to the functions and properties of GDNPs has led to additional research. For example, Cho et al. confirmed that GDNPs downregulate melanogenesis-related factors (tyrosinase, tyrosinase-related protein 2, and Ras-related protein 27) and upregulate high mobility group box 1 (HMGB1). As a result, GDNPs significantly alleviated UVB stress and apoptosis of melanocytes, and thus represented the anti-senescence and anti-pigmentation effects (Cho et al., 2021). Additionally, Yang et al. investigated the wound healing effect of GDNPs in both in vivo and in vitro models. The study has showed that GDNPs enhance wound healing by activating the extracellular signal-regulated kinase (ERK) and AKT/mechanistic target of rapamycin (mTOR) pathways, which plays a critical role in cell proliferation and growth (Yang et al., 2023).
2.3 Citrus fruits-derived exosome-like nanovesicles
Citrus fruits are common source of antioxidants, including vitamins. Due to their abundant micronutrients, such as folic acid, carotenoids, flavonoids, and limonoids, vitamin C, they frequently pointed as a potential source of phytochemical, possessing antioxidant, anti-inflammatory, and anti-cancer properties (Silalahi, 2002; Zou et al., 2016). Furthermore, the intrinsic property of exosome and exosome-like nanovesicles allow the stable transfer of the contents into human cells, citrus fruits-derived exosome-like nanovesicles have been extensively studied as a potential anti-oxidative medicine. For example, citrus limon-derived exosome-like nanovesicles (LDEVs) harbor various citrus originated bioactive micronutrients and they can intracellularly deliver their cargos efficiently. According to the study, reported by Baldini et al. (2018), LDEVs contain detectable amounts of citric acid and vitamin C, and exert an antioxidant response in human cells by delivering their antioxidants. Moreover, Urzi et al. demonstrated that LDEVs exhibit the protective effects against cellular oxidative stresses by translocating the AhR into the nucleus, activating Nrf2, and upregulating the transcription of antioxidant enzymes (Urzi et al., 2023).
In the meantime, LDEVs have been investigated as a potential candidate for treating inflammatory diseases. For instance, Raimondo et al. (2022) revealed that LDEVs can alleviate LPS-induced inflammation by inhibiting the extracellular signal-regulated kinase 1/2 (ERK1/2) and NF-κB signaling pathway. With the discovery in the biological implications, LDEVs have been intensively encouraged as further studies in treating IBDs. As an example, the therapeutic potential of LDEVs in IBD was examined by Bruno et al. They found that LDEVs can alleviate epithelial barrier inflammation and normalize intestinal permeability in inflammatory cytokine-stimulated colonic epithelial cells. Additionally, they estimated that is up to the upregulation of inflammatory-related genes such as ICAM1 or HMOX-1 and restored tight junction proteins such as claudins and occludin (Bruno et al., 2021). Meanwhile, the gut microbiome is highly associated to the maturation of host immune system and the regulation of intestinal inflammation (Zhao et al., 2023). With this regard, Lei et al. (2021) evaluated the influence of LDEVs on reprograming the gut microbiome. Bile acid is one of the major metabolites that modulate gut microbial composition, and interestingly, LDEVs appears to enhance the bile resistance of Lactobacillus rhamnosus GG (LGG). Additionally, they confirmed that LDEVs increase the resistance against bile acids of LGG by downregulating protein expression of Msp1 and Msp3. The results suggest that LDEVs can contribute to alleviate IBDs by increasing the proportion of probiotics strains.
Mounting studies suggests that the therapeutic effects of LDEVs might be attributed to abundant flavonoids in citrus fruits (e.g., eriocitrin, quercetin, naringin, and limonin) (Carullo et al., 2017; He et al., 2020; Song et al., 2021). Thus, several studies have focused on exploiting the function of anti-cancer and antiproliferative effects of citrus flavonoids such as nobiletin, quercetin, taxifolin (Benavente-Garcia and Castillo, 2008). Especially, the anti-proliferative effect of flavonoids compounds in TNF-related apoptosis-inducing ligand (TRAIL) receptor-low expressing or p53-mutated cells make LDEVs attractive anticancer drugs. For example, Raimondo et al. reported the anti-proliferative effect of LDEVs in lung, colon, leukemia cancer cells. Furthermore, they suggested the mode of action of LDEVs to inhibit cancer cells, and it is dependent to upregulation of pro-apoptotic mRNAs, TRAIL-receptor expression, and downregulation of cell survival-associated proteins. With this regard, they confirmed that LDEVs can suppress the tumor growth and it was mediated by the reduction of pro-angiogenic cytokines VEGF-A, IL6 and IL8, in addition to TRAIL-mediated apoptosis (Raimondo et al., 2015). Similarly, Takakura et al. (2022) also reported that the contribution of LDEVs in tumor growth inhibition on colorectal cancer (CRC). They suggested the inactivation of p53 plays a key role in suppressing tumor growth by promoting the micropinocytosis and thereby internalization of LDEVs.
2.4 Other PELNs
In early 2010s, Ju et al. spotlighted the therapeutic potential of grape exosome-like nanoparticles (gELNs) in alleviating intestinal tissue regeneration. They found that gELNs exhibit the targeting ability to intestinal stem cells and restore intestinal structures by promoting dramatic proliferation of intestinal stem cells and robustly accelerating mucosal epithelial regeneration (Perut et al., 2021). From the discovery of gELNs, various PELNs with unique therapeutic effects have been discovered, such as antioxidant, anti-cancer, anti-aging effects.
As an interesting example of antioxidative PELNs, Perut et al. reported that PELNs derived from strawberry juice, and these PELNs featured to high anthocyanin, folate, flavonol, vitamin C content, and high antioxidant capacity. With abundant natural antioxidants content, strawberry juice-derived PELNs show preventive effects against oxidative stress in MSC cells (Ju et al., 2013). Likewise, Kim et al. demonstrated that carrot-derived EVs (Carex) significantly inhibited ROS production and cell death in myocardial infarction and Parkinson’s disease mimicking in vitro model. They also suggested that Carex can reduce the expression of antioxidant molecules, including Nrf-2, HO-1, and NQO-1 (Kim and Rhee, 2021).
Additionally, Trentini et al. (2022) investigated the anti-inflammatory effect of apple-derived nanovesicles (ADNVs) and demonstrated that ADNVs negatively affect the activity of TLR4 and downregulate the NF-κB inflammatory pathway. ADNVs thus can prevent extracellular matrix degradation by increasing collagen synthesis (COL3A1, COL1A2, COL8A1, and COL6A1) and downregulating metal proteinase production (MMP1, MMP8, and MMP9). With this regard, they suggest ADNVs as novel candidate of anti-aging therapeutics and skin aesthetic ingredients (Trentini et al., 2022). Interestingly, Fujita et al. applied ADNVs in modulating intestinal permeability. They discovered that several PELNs can exert modulating effects on intestinal functions, and in particular, ADNVs can permeabilize large particles in the intestinal barrier by upregulating the expression of organic anion-transporting polypeptide in epithelial cells.
Meanwhile, EVs derived from callus cultured edelweiss (EDEVs) have been recently reported as a potential skin regenerative medicine. Edelweiss is a plant that has been used in traditional medicine for a long time, since they contain various antioxidant and anti-inflammatory polyphenolic secondary metabolites (Daniela et al., 2012; Marlot et al., 2017). With this nature, Daniela et al. (2012) evaluated therapeutic effects of EDEVs and exhibited EDEVs inhibiting production of ROS and melanin in human skin cells. They suggested the containment of filaggrin (FLG), aquaporin 3 (AQP3), and collagen I (COL1) in EDEVs confer skin strengthening effects. On the other hand, several research groups have focused on anticancer potential of PELNs. For example, Chen et al. reported that nanovesicles from tea flowers (TFENs) exhibit anticancer activity by stimulating ROS generation. They discovered that TFENs can induce ROS-mediated mitochondrial damage and thereby cell cycle arrest, and the subsequent cell apoptosis.
2.5 Limitations of PELNs
As mentioned above, mounting studies points to PELNs as a novel and attractive treatment for skin diseases, IBD, and cancer. And since PELNs have various advantages, including high biocompatibility and low biotoxicity, cost-effectiveness, in addition to diverse intrinsic therapeutic activity, PELNs are emerging as a promising therapeutic agent to replace MSC-EXOs.
Nonetheless, research on PELNs is still in its infancy, and the biological function of PELNs and their uptake at the cellular and molecular level are not fully understood. For instance, the bioactive components in PELNs may cause unknown side effects. Therefore, investigation of pharmacokinetics, pharmacodynamics, safety, stability, and efficacy are required to understand their clinical applications. Additionally, most in vivo experiments involving PELNs have focused on oral administration. Therefore, intravenous injection is rarely selected and studies on other administration routes are insufficient. According to the research of Cao et al., distribution and degradation tendencies in mouse models depend on the administration route of PELNs (Cao et al., 2019). However, Chen et al. (2022) expressed concern that intravenous injection of PELNs may stimulate immune system activation, and cause hepatorenal toxicity and hematologic changes. With this regard, a more in-depth study of the biological interaction of PELNs through various routes of administration is recommended to carefully evaluate their therapeutic applications and biological safety.
On the other hand, reproducibility is cited as the biggest obstacle in studying PELNs. Typically, the degree of variation between plants is much greater than that between animals and there are significant differences in particle size, structure, yield, purity, and dispersibility of extracellular vesicles produced from different plant species (Mu et al., 2023). Moreover, to date, there are no standardized protocols or guidelines for the isolation and purification of PELNs. Various methods can be used to purify PELNs. Among them, differential centrifugation and ultracentrifugation are the most commonly used, and various methods such as tangential flow filtration, ultrafiltration, and size exclusion chromatography are also used. Hence, depending on the purification method and the number of iterations, the size, content, and purity of PELNs may differ, resulting in heterogeneity and affecting experimental results (Ly et al., 2023). Overall, insufficient research is the main cause of these limitations. Therefore, advanced studies of PELNs will open up the possibility of future materials that can replace MSC-EXOs.
3 MILK-DERIVED EXOSOMES
Breast milk is a natural nourishing liquid containing milk fat globules, immunocytes, and a variety of soluble proteins such as immunoglobulins, cytokines, and antimicrobial peptides, developing the infant immune system and playing a crucial role in infant growth (Armogida et al., 2004). In particular, recent studies reported that the breast milk abundantly contains exosomes and they play roles in the modulation of infant immunity (Admyre et al., 2007), the prevention of necrotizing enterocolitis (NEC) in infants (He et al., 2021), and the composition of the gut microbiota (Jost et al., 2014). Furthermore, breast milk-derived exosomes exhibit an exceptional resistance against harsh conditions to transfer genetic materials to the infant, therefore, it has emerged as an attractive material to deliver miRNA and mRNAs in oral or transdermal delivery (Zhou et al., 2012).
3.1 Bovine milk-derived exosomes
Among them, bovine milk is the most frequently and familiarly used source of milk-derived exosomes. In particular, recent studies have highlighted the therapeutic effects of bovine milk-derived exosomes (BMDEs) in inflammatory bowel disease (IBD) by alleviating inflammation, restoring intestinal barrier, and modulating gut microbiota. For example, Tong et al. (2021a) reported that BMDEs alleviated the inflammatory response in dextran sulfate sodium (DSS)-induced ulcerative colitis (UC) mice model. BMDEs restored intestinal cytokine homeostasis and immune cell balance between IL10+Foxp3+ Treg cells and Th17 cells by inhibiting the TLR4-NF-κB signaling pathway and NLRP3 inflammasome, thereby alleviating mouse UC (Tong et al., 2021a). Additionally, several studies demonstrated the potential of BMDEs in restoring intestinal barrier functions. For instance, Li et al. (2019) presented the new insights of the development of NEC, associated with a reduction in goblet cells and glucose-regulated protein 94 (GRP94) + cells, the potential of BMDEs, preventing NEC by enhancing the expression of goblet cells and GRP94 was suggested. In recent study, to evaluate as prebiotics for human infants, Tong et al. observed that BMDEs alter the composition of intestinal microorganisms, regulate short-chain fatty acids (SCFAs), and increase the expression of genes (e.g., Muc2, RegIIIγ, Myd88, and GATA4) important to mucus layer integrity (Tong et al., 2020). Furthermore, BMDEs restored disturbed gut microbiota by enriching beneficial microbiota such as Akkermansia (Tong et al., 2021a). Interestingly, Reif et al. comparatively evaluated the therapeutic effects of BMDEs and HBM-derived exosomes and the results suggested that BMDEs have a similar anti-inflammatory effects to HBM-derived exosomes in DSS-induced colitis mice (Reif et al., 2020). Meanwhile, milk exosomes have been exploited to treat skin pigmentation or osteoporosis. For example, Bae and Kim (2021) proved that miR-2478 of BMDEs inhibits the expression of Rap1a and reduces melanin production through the Akt-GSK3β signal pathway (Bae and Kim, 2021). Furthermore, Oliveira et al. (2020) show bone modulation potential of BMDE, through bone loss models such as diet-induced obesities and ovariectomy (OVX) mice.
Meanwhile, BMDEs have been highlighted as potential drug delivery carriers for oral delivery. Typically, most biological macromolecules exhibit poor bioavailability in an oral delivery route, due to the enzymatic degradation, denaturation in the gastrointestinal juice, and the intestinal epithelial barrier. Furthermore, absorbed molecules are mostly removed in the liver by the first-pass effect. Therefore, the administration route has been limited to intravenous so far (Thanki et al., 2013; Betker et al., 2019; Han et al., 2024). Interestingly, recent studies revealed that BMDEs have a unique capable for passing through the intestinal epithelial barriers effectively. Therefore, they have been actively applied to deliver protein or gene-based drugs by oral administration (Betker et al., 2019; Han et al., 2022). Specifically, bovine IgG in BMDEs allows the evasion of lysosomal degradation by binding to Fc receptor (FcRn) (Ward et al., 2003; Samuel et al., 2017). As the binding of IgG to FcRn has a high affinity in the acidic environment of the GI tract, this interaction plays a key role in the intestinal absorption capacity of BMDEs (Martins et al., 2016; Betker et al., 2019). With this regard, BMDEs have emerged as promising platform that enables the oral administration of various therapeutic agents in the pharmacological field (Benmoussa et al., 2016; Agrawal et al., 2017; Zempleni et al., 2017; Han et al., 2022).
3.2 Other milk-derived exosomes
In the meantime, milk-derived exosomes from other mammalian, such as pigs, or sheep milk-derived exosomes were evaluated as potential candidates. For example, Xie et al. (2019) found that miR-4334 and miR-219 of porcine milk exosome reduced LPS-induced inflammation and cell death through the NF-kB pathway and miR-338 through the p53 pathway. In addition, comparison between exosomes derived from bovine milk and sheep milk was made by Quan et al. (2020), demonstrating that miR-26a, miR-191, let-7f, let-7b, and miR-10b have significant effects on neonatal growth and development.
On the other hand, the assessment in human breast milk-derived exosomes (HBM-EXOs) relatively remained in the early stage, since their uses are limited by issues in ethics and reproducibility. However, mounting evidence suggests that HBM-EXOs play a crucial role in developing innate immunity of infants by strengthening gastrointestinal barrier functions and modulating gut microbiota. For example, Chen et al. (2021) have been demonstrated that HBM-EXOs contribute to protect infants against NEC, a leading cause of neonatal mortality, by mitigating the lipopolysaccharide (LPS)-induced intestinal epithelial cell dysfunction and ERK/MAPK signaling pathway. In addition, Luo et al. (2023) reported that HBM-EXOs are highly involved in the glucose metabolism of infants by reshaping gut microbiota toward favorable to the growth of bifidobacteria.
3.3 Limitations of milk-derived exosomes
Nonetheless of eminent potential in therapeutic and cosmetic field, the separation of exosomes from milk has remained as a hurdle in applying milk-derived exosomes so far. As milk contains multiple bioactive components, such as milk fat globules, casein micelles, and lipids, the separation of exosomes is essential to precisely elucidate the properties and function of milk-derived exosomes (Jukkola and Rojas, 2017). However, it is often considered as a significant challenge since milk fat globules, and casein micelles are unable to be separated to exosomes since their size are overlapped with exosomes (Blans et al., 2017; Hu Y. et al., 2021). On the other hand, contamination is other important consideration to preparation since raw milk mostly contains microorganisms, requiring a sterilization. However, sterilization at high temperature can results in quantitative and qualitative loss of exosomes. Furthermore, a recent study pointed that pasteurization, treating low temperatures, has also affected the quality of exosomes, such as membrane integrity and cargo of exosomes, while it barely influenced quantitatively (Kleinjan et al., 2021). Therefore, a novel strategy to separate exosomes from milk is required for their practical applications.
4 MICROBIAL MEMBRANE VESICLES
Microorganisms are in symbiosis with the host, and their metabolites are substantially associated to host health by affecting host homeostasis and regulating immune function. Thus, the influence of microorganisms and their extracellular vesicles have been intensively studied in medicinal fields. Particularly, probiotics may have health benefits when consumed or applied to the body. And they are widely believed to have excellent efficacy on treating gastrointestinal dysbiosis, systemic metabolic diseases, and from genetic disorders to complex neurodegenerative diseases so far (Aponte et al., 2020). Recently, Lactobacillus and Bifidobacterium species have been frequently used as probiotics (Williams, 2010). Theoretically, prokaryotes do not have an endoplasmic reticulum, thus, they cannot produce exosomes. However, they express exosome-like vesicles, having a membrane structure, and these play a key role in paracrine signaling between microorganisms. In recent years, mounting evidence revealed the existence of these nanovesicles and termed these to membrane vesicles. Interestingly, according to the recent studies, the membrane vesicles, released from microbes, are reported to play a critical role in physiology and immunology of the host (Deatherage and Cookson, 2012; Kaparakis-Liaskos and Ferrero, 2015; Vargoorani et al., 2020). Furthermore, the host-bacteria interaction is found to be mediated by various biomolecules that reflect the cellular origin of the bacterial derived membrane vesicles (BMVs) (Jahromi and Fuhrmann, 2021). Typically, BMVs are classified to two categories; outer membrane vesicles (OMVs) and inner membrane vesicles (IMVs), and these two groups have distinct features since their membrane composition are quite different. BMVs contain various biologically active molecules in similar exosomes and each components have a distinct physiological function. For example, their proteins are involved in stimulating the host immune system, but lipids affect membrane dynamics and interactions with host cells. On the other hand, nucleic acids, including DNA, mRNA, and non-coding RNA, can regulate gene expression in recipient cells (Hosseini-Giv et al., 2022). Additionally, BMVs are stable under physiological conditions, and their surfaces can be engineered with the genetic manipulation. Due to these favorable properties, BMVs have been spotlighted as promising candidates for the treatment of diseases, including anti-inflammation, tumors, anti-aging, and resistant infections (Jahromi and Fuhrmann, 2021).
4.1 Lactobacillus-derived membrane vesicles
Lactobacilli are typical probiotic Gram-positive bacteria that produce spherical EVs in the culture medium, ranging in size from 20 to 200 nm (Kurata et al., 2022). Interestingly, Lactobacillus-derived EVs (LEVs), which carry metabolic intermediates, proteins, and RNAs as cargo, have been reported to function as modulators of immunity and antibacterial agents. In particular, the immunoregulatory properties of LEVs have been actively studied in the fields of intestinal and skin inflammation and liver disease. Among Lactobacillus species, L. plantarum has been used for decades to enhance human intestinal mucosal immunity and improve skin barrier integrity, due to their due to their immunostimulatory and antioxidant effects (Shin et al., 2016; Kim et al., 2018). In this context, studies on the therapeutic effects of Lactobacillus plantarum-derived EVs (LpEVs) on intestinal and skin barriers have been reported. Kurata et al. (2022) investigated the immunostimulatory effects of LpEVs isolated from the intestinal tract of mice. In this study, they suggested that LpEVs induce immunostimulatory effects, including innate and acquired immune cell responses, through TLR2-mediated NF-κB activation. In the meantime, Kim et al. (2020) investigated the effect of LpEVs on skin immunity, especially macrophage polarization. They confirmed that LpEVs induce secretion of the anti-inflammatory cytokine IL-10 and the immunomodulatory cytokines IL-1β and GM-CSF in human skin organ culture. Based on these results, they claimed that LpEVs can improve the phenotype of highly inflammatory skin conditions and inflammatory skin diseases by correcting the macrophage imbalance (Kim et al., 2020). Meanwhile, Jo et al. (2022) noted the skin anti-aging effect of LpEVs. They demonstrated that LpEVs increase cell proliferation in skin fibroblasts and regulate mRNA expression of ECM-associated genes. In addition, they exhibited inhibition of wrinkle formation and pigmentation in clinical trials. With this regard, they suggest that LpEVs can be applied as effective anti-aging agents and effective anti-pigmentation agents to improve skin aging (Jo et al., 2022).
On the other hand, Lactobacillus paracasei-derived EVs (LcEVs) have been intensively investigated as an anti-inflammatory therapeutic (Pan et al., 2014; D’Auria et al., 2021). According to the report of Choi et al., oral administration of LcEVs protects against DSS-induced colitis, reducing weight loss, maintaining colon length, and reducing disease activity index (DAI). They also demonstrated that LcEVs alleviate LPS-induced inflammation in the intestine by activating ER stress (Choi et al., 2020). The results of this study led to the investigation of further therapeutic effects of LcEVs. Lee et al. investigated the TNF-α induced skin inflammation phenotypic improvement potential of LcEVs. As a result, they confirmed that LcEVs can be efficiently absorbed into human skin cells and significantly improve TNF-a-induced skin disorders and reduced collagen synthesis. Similarly, the anti-inflammatory effect of Lactobacillus rhamnosus GG-derived EVs (LGEVs) has also been investigated. For instance, Tong et al. (2021b) showed that LGEVs improve intestinal inflammation by inhibiting TLR4-NF-κB-NLRP3 axis activation and altering metabolic pathways in the gut microbial community. Moreover, Gu et al. (2021) reported the barrier-enhancing function of LGEVs. They demonstrated that LDNPs protect the intestinal barrier by increasing tight junction protein expression in epithelial cells and protecting against LPS-induced inflammatory responses in macrophages. They also argued that enhancing the barrier function of LGEVs inhibited bacterial translocation and endotoxin release in alcohol-associated liver disease (ALD) mice (Gu et al., 2021). In conclusion, mounting studies on the anti-inflammatory effect of LEVs suggest that EVs derived from various lactobacillus species have the potential for attractive therapeutic agents to improve inflammatory bowel, skin, and liver diseases.
4.2 Bifidobacterium-derived membrane vesicles
Bifidobacterium strains are symbiotic microorganisms commonly found in the human gut and are known to interact with immune cells (O'Mahony et al., 2010). In early 2010s, Lopez et al. (2011) reported that exposure of dendritic cells (DCs) to Bifidobacterium bifidum in vitro induces the polarization of naive T cells into functional Treg cells. And through further study, they demonstrated that the ability of DC to strongly promote the differentiation ability of Treg cells could also be induced by B. bifidum membrane vesicles (Lopez et al., 2012). Based on these results, studies on the therapeutic functions of Bifidobacterium-derived EVs (BEVs) have gained attention, especially in immunomodulatory properties. For example, Kim et al. (2016) investigated the food allergy-alleviating effects of Bifidobacterium longum EVs (BlEVs). They reported that BlEVs specifically induce apoptosis of mast cells without affecting the T-cell immune response, thus alleviating food allergy symptoms (Kim et al., 2016). Furthermore, Mandelbaum et al. (2023) characterized the size, protein content, and immunomodulatory effects of BlEVs. They observed that BlEVs, which are 150 nm in size, are rich in ABC transporters and quorum sensing proteins that contribute to the regulatory effect on the host immune system. In conclusion, they suggested that the anti-inflammatory effect of BlEVs, inducing IL-10 secretion in immune cell coculture, was due to the internal protein of BlEVs (Mandelbaum et al., 2023). Various probiotic-derived BEVs contribute to a clearer understanding of the mechanisms involved in probiotic properties, while also opening opportunities for the development of novel immunomodulatory treatments.
4.3 Saccharomyces-derived exosomes
Saccharomyces cerevisiae (S. cerevisiae), also known as bread yeast, has been reported to regulate the host immune response, such as enhancing the innate immune response and maturation immune cells (Chou et al., 2017; Bazan et al., 2018). Given that EVs reflect the properties of donor cells, the characteristics and functions of EVs isolated from Saccharomyces (SEVs) have recently been investigated. Higuchi et al. (2023) defined the physical properties and biological functions of S. cerevisiae EVs (ScEVs). In their research, they found that ScEVs contain β-D-glucans, a bioactive component with anti-cancer, anti-inflammatory, and immunomodulatory properties. Furthermore, they reported that ScEVs are taken up by immune cells via endocytosis and that the interaction between TLR2 and the cargo of ScEVs activates the immune response of macrophages and dendritic cells (Thomas et al., 2022; Higuchi et al., 2023). Meanwhile, Mierzejewska et al. (2023) focused the characteristics that SEVs can be internalized into cells via endocytosis. In their study, they loaded the SEVs with the anticancer drug doxorubicin, added it to the cell culture, and evaluated its cytotoxicity. As a result, they confirmed the activity of doxorubicin, suggesting its availability as a drug carrier. In addition, they expected that genetic modification of yeast would allow modification of the surface protein composition of SEVs. Taking all of the above into account, they suggested SEVs as promising drug delivery candidates (Mierzejewska et al., 2023).
4.4 Limitations of microbial membrane vesicles
Although they have demonstrated clear therapeutic potential at the preclinical level, BMVs and SEVs have not yet been fully adopted into clinical practice. Due to their microbially derived nature, BMVs and SEVs pose a number of challenges. For example, the metabolic turnover of microorganisms during culture affects the structural features of BMVs and SEVs and the composition of their internal contents. In addition, impurities in the culture must be purified, as various substances derived from microorganisms can cause sepsis and other inflammatory diseases. Furthermore, since no standards have been developed to evaluate the properties of vesicles, comparative evaluation of vesicles produced under different conditions or holistic analysis through metastudies is needed.
5 DISCUSSIONS AND FUTURE PROSPECTS
Due to their therapeutic potential at low production costs, various alternatives of MSC-EXOs have recently attracted attention. With considerable effort, they have been actively commercialized as active ingredients in cosmetics or food supplements. However, their therapeutic applications have been limited, since the precise isolation of exosomes or exosome-like nanovesicles has remained a significant challenge so far. Unlike cells cultured in vitro, raw plant-derived nanovesicles contain a variety of components and fragmented tissues, which make accurate separation difficult using conventional size-based purification methods. In addition, the high fat content of milk, together with the presence of various proteins such as immunoglobulins and caseins and their aggregates, make accurate separation of exosomes difficult. Similarly, in the case of membrane structures derived from microbes, the various components are a potential risk factor for potentially lethal side effects. As most of these alternatives have not been studied for biomarkers as much as mammalian cell-derived exosomes, there are currently no clear purification methods or methods for the evaluation of purified exosomes and exosome-like nanovesicles, and this uncertainty greatly limits their use as therapeutics. In addition, comparisons with other types of exosomes or exosome-like nanovesicles remain unclear and unbalanced because the active ingredient in each vesicle is different and most comparisons are based on case-by-case risk-benefit assessments. On the other hand, consideration should be given to formulation or engineering modifications to improve the stability of exosomes or exosome-like nanovesicles and to ensure that they retain active ingredients (Nguyen et al., 2022). Therefore, further research on the biogenesis, biomarkers, and bioactive ingredients of each exosome or exosome-like nanovesicles is needed to develop accurate isolation and characterization methods.
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Drug infusion therapy after surgery for urothelial carcinoma is an effective measure to reduce cancer recurrence rate. Hydrogels are drug carriers with good biocompatibility and high drug loading capacity, which can optimize the pharmacokinetics of drugs in the urinary system to improve the therapeutic effect. Compared with the traditional free drug in situ perfusion, the hydrogel drug loading system can still maintain effective drug concentration in the face of continuous urinary flushing due to its good mucosal adhesion effect. The significantly prolonged drug retention time can not only improve the therapeutic effect of drugs, but also reduce the discomfort and risk of urinary tract infections caused by frequent drug infusion, and improve patient compliance. In addition, the combination of hydrogel with nanoparticles and magnetic materials can also improve the mucosal permeability and targeting effect of the hydrogel drug loading system, so as to overcome the mucus layer of urinary epithelium and the physiological barrier of tumor and minimize the impact on normal tissue and cell functions. At present, the research of hydrogels for urothelial cancer treatment involves chemotherapy, immunotherapy, gene therapy, inhibition of metabolism and multi strategy synergistic therapy. This review summarizes the research progress of hydrogels for the treatment of urothelial carcinoma, hoping to provide a reference for the future research of safe, reliable, effective, and advanced hydrogels with little side effects.
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1 INTRODUCTION
Urothelial carcinoma is one of the top ten malignant tumors, among which bladder cancer is the most common (Sung et al., 2021). With the progress of treatment technology, the mortality rate of urothelial carcinoma has greatly decreased, but the high recurrence rate of urothelial carcinoma after surgery has always been a problem that troubles clinicians (Rouprêt et al., 2023; Compérat et al., 2022). At present, the most common treatment for urothelial carcinoma in clinical practice is still radical surgical resection or resection of part of the lesion (Pfail et al., 2021; Leow et al., 2019; Gschwend et al., 2019; Lerner and Svatek, 2019; Peyronnet et al., 2019), which can be supplemented with postoperative chemotherapy to reduce the postoperative recurrence rate (Messing et al., 2018; Sylvester et al., 2016; Babjuk et al., 2022; Koch et al., 2021). For some patients with localized lesions and low malignancy or who are not suitable for surgery for various reasons, ureteroscopic endoscopic ablation (Villa et al., 2016), thermosensitive hydrogel chemical ablation (Matin et al., 2022), chemotherapy (Leow et al., 2021; Freifeld et al., 2020; Birtle et al., 2020), immunotherapy (Necchi et al., 2022; Bajorin et al., 2021; Balar et al., 2021; Catto et al., 2021) or radiotherapy (Iwata et al., 2019; Song et al., 2021) can be used. In situ drug infusion therapy has become a popular method of postoperative treatment because of its small scope of action, almost no effect on the organs of the whole body, simple operation and other advantages (Lopez-Beltran et al., 2024; Yoon et al., 2020). However, in order to prolong the action time of the drug as much as possible, the bladder needs to be filled for a period of time after in situ drug instillation, and the continuous flow of urine into the bladder makes the pressure on the bladder wall much higher than usual, and the discomfort of the patients is more obvious (de Lima et al., 2022). And the inevitable periodic micturition behavior makes the in situ infusion of drugs excreted with the urine, the drug concentration decreases sharply, and the effective drug concentration is difficult to maintain (Kolawole et al., 2017). Because of the tight arrangement of urothelial cells and the mucus barrier of urothelial cancer, the permeation ability of drugs is weak, and the therapeutic effect is greatly reduced (Dalghi et al., 2020; Zhang et al., 2023). At present, in order to solve the problem of short action time of effective drug concentration in clinic, regular drug perfusion is often used to achieve a certain therapeutic effect. The enhancement of drug permeability and the realization of drug selectivity have not been fully considered in the clinical regimen. Therefore, an accurate and efficient drug delivery strategy with good sustained release effect, strong permeation ability and targeting tumor is the research focus of in situ perfusion therapy for urothelial cancer. Because of its good biocompatibility and high drug encapsulation efficiency, machinable modified hydrogel is a good drug delivery carrier for in situ drug infusion after urothelial cancer operation. It is a promising way to solve the obstacle of in situ drug delivery in urothelial cancer (Wu et al., 2024; Nadler et al., 2021). This article reviewed the research progress of drug carrying strategies of hydrogel in chemotherapy, immunotherapy, gene therapy, interference metabolism therapy and multiple strategies for urothelial cancer in recent years, and summarized the solutions to the problems of continuous release, blockage, penetration and targeting of drug perfusion in the urinary system(Scheme 1). It is expected to provide a reference for the design of hydrogels with higher safety and better therapeutic effect, or have some enlightenment significance for the development and optimization of in situ treatment of urothelial carcinoma.
[image: Illustration of a circular diagram divided into sections showing various cancer therapies. The center contains a cancer cell and surrounding immune cells. Sections include chemotherapy, photodynamic therapy, immunotherapy, gene therapy, inhibiting metabolism, and combinations of these. Each section depicts interactions between drugs, engineered genetic material, and immune cells, using symbols for photosensitizers, iron-containing nanoparticles, and cell states. The diagram emphasizes a hydrogel drug loading platform and tumor microenvironment (TME) affecting treatment.]SCHEME 1 | Treatment strategy of hydrogel-based formulations for urothelial carcinoma.
2 SINGLE THERAPEUTIC STRATEGY
2.1 Chemotherapy
Hydrogel encapsulated chemotherapeutic drugs is one of the most extensive therapeutic strategies for in situ drug perfusion of urinary system, including mitomycin, doxorubicin, epirubicin, gemcitabine, cisplatin, paclitaxel and so on. Intelligent hydrogels can achieve effective mucosal adhesion through physical or chemical cross-linking, which can not only significantly prolong the action time of the drug, but also maintain the local effective drug concentration (Qiu et al., 2020). Liu et al. delivered paclitaxel using chitosan nano-gel. The positively charged properties of chitosan make it easy to adhere to the bladder mucosa through electrostatic adsorption, and the slow release of paclitaxel has a residence time of more than 10 days (Liu et al., 2018). Radical nephrectomy is often used to treat most upper urinary tract urothelial carcinoma, which makes the patients with low-grade upper urinary tract urothelial carcinoma have to remove the diseased side of the kidney. The operation causes great damage to the body and is easy to cause renal insufficiency and many other complications. The hydrogel drug delivery system with good sustained release effect solves this problem, enables in situ drug infusion of upper urinary tract urothelial cancer to be realized, and gets rid of the problem that it is difficult to carry out frequent in situ drug infusion in upper urinary tract because of the long and narrow passageway. and greatly reduce the risk of urinary tract infection. K et al. conducted a phase 3 clinical trial in which UGN-101, a thermosensitive hydrogel containing mitomycin C, was infused into the renal pelvis in situ to treat low-grade urothelial carcinoma of the upper urinary tract. After 6 weeks of regular drug infusion, nearly half of the patients achieved complete remission, while other patients achieved complete remission to varying degrees (Kleinmann et al., 2020). R et al. carried out antegrade renal pelvis in situ drug perfusion therapy by means of nephrostomy, which reduced the occurrence of ureteral stricture and improved the comfort of patients. Reducing the effect of percutaneous nephrostomy on kidney is a problem to be solved in this approach (Rosen et al., 2022). Indeed, the use of hydrogels significantly prolonged the duration and concentration of the drug. However, this alone is not enough. How to further improve the efficacy and reduce complications is the direction of its development.
When drug-loaded hydrogel is injected into the urinary system, it may enter the relatively narrow part of the urinary tract and cause urinary tract obstruction due to changes in body position and cyclic urination, thus causing a series of problems. In order to improve the problem of gel blocking the urinary tract, researchers have proposed a drug delivery strategy that makes hydrogel float on the liquid surface, reducing its own density by generating microbubbles in the hydrogel. When the density is lower than that of urine, Realize the floating of drug-loaded hydrogel, thereby greatly reducing the probability of urinary tract obstruction. Most of the current hydrogel floating strategies are to mix sodium bicarbonate (NaHCO3), ammonium bicarbonate (NH4HCO3), perfluoropentane (PFP), etc., which can produce tiny bubbles under certain conditions, into the hydrogel. When conditions such as urine pH or temperature change, microbubbles will be generated inside the hydrogel. The difference in density allows the hydrogel drug-loaded system to float (Qiu et al., 2020). As shown in Figure 1A, G et al. added NaHCO3 as a floating agent to thermosensitive hydrogel Poloxamer407 (PLX) for intravesical drug delivery. With the decomposition of NaHCO3, the carbon dioxide microbubbles produced make the hydrogel produce a certain buoyancy, which can float on the urine in the bladder, and it is not easy to be excreted into the urethra with the urine in the periodic micturition process, thus reducing the risk of hydrogel blocking the urethra. As shown in Figure 1B, the in vitro simulation experiment shows that the floatable hydrogel drug loading platform can float within 3 minutes after bladder instillation, and the effective buoyancy can make the hydrogel drug loading system float for more than 2 h. It not only achieves efficient drug delivery but also effectively solves the problem of urinary tract obstruction, but how to further improve the floating time of hydrogel is the goal of further development (Goo et al., 2021). The problem of urinary tract obstruction commonly existed in hydrogel preparations has been solved, but whether the trace gas produced by hydrogel preparations has a certain impact on the normal function of the urinary system still needs to be explored.
[image: Diagram A shows the design of a floating poloxamer hydrogel for drug release, illustrating its composition and mechanism of action in a bladder. Diagram B consists of sequential images depicting the hydrogel's instillation, floating phase lasting more than three minutes, and erosion phase exceeding two hours, highlighting its gradual drug release process.]FIGURE 1 | Poloxamer407-NaHCO3 floating hydrogel drug delivery system for bladder drug delivery. (A) Schematic diagram of NaHCO3 as a floating agent and hyaluronic acid as a gel strength regulator of Poloxamer407 thermosensitive hydrogel that can float on urine in the bladder for the delivery of Gemcitabine. (B) In vitro simulation of the floating performance of thermosensitive hydrogel, using Rhodamine B as a dye to visually display the drug release effect.
The penetration ability of drugs is an important issue affecting the effect of in situ drug infusion treatment of urothelial cancer. The mucus layer and tumor physiological barrier of urothelial cancer form a natural protective umbrella for urothelial cancer to resist the effects of local drugs, which greatly weakens the Drug penetration has a significant impact on its therapeutic effect. Overcoming the mucus barrier and tumor physiological barrier is an effective solution to improve the drug delivery efficiency of hydrogel drug-loaded systems (Zhang et al., 2023). As shown in Figure 2A. Guo et al. used oligosarginine-polyethylene glycol-poly (L-phenylalanine-co-L- cystine) nano-gel loaded with 10-hydroxycamptothecin (HCPT) for in situ bladder instillation. PEG improved the water dispersion of the drug and enhanced the mucosal adhesion of the nano-gel through non-specificity. The interaction between positively charged oligo-arginine and negatively charged bladder mucosa can effectively improve the permeation effect of drugs. As shown in Figure 2B, thanks to the non-specific interaction between nano-gel and bladder mucosa, in vivo experiments showed that free HCPT could not be detected in bladder mucosa 6 h after intravesical instillation, while the drug concentration of nano-gel loading system was 4.8 times higher than that of free drug group at 6 h, and a certain concentration of drug could be detected at 24 h, which greatly prolonged the effective time of drug action. Because the positive charge of R9 gives the nano-gel a strong permeation effect, as shown in Figure 2C, the nano-gel group can basically permeate the whole bladder layer with high drug concentration over time, while the free drug group has limited permeability and the drug concentration decreases significantly with time. The experimental results show that the nano-gel has excellent adhesion effect and permeability (Guo et al., 2020). Liposomes are widely used in the field of drug delivery because of their good mucosal adhesion. S et al. have studied a nano-gel liposome composite drug delivery system for paclitaxel delivery. The composite system simulates the lipid membrane and mucous layer that make up the urothelial barrier and enhances the adhesion and penetration (GuhaSarkar et al., 2017). C et al. added papain to mucosal adhesive hydrogel to deliver gemcitabine and used papain to destroy the mucus barrier of tumor (de Lima et al., 2023). With the help of papain, the penetration time of gemcitabine in the bladder mucosa is reduced and its penetration ability is significantly enhanced. The enhanced tissue penetration ability enhances the therapeutic effect of drugs, but the common killing effect also affects normal tissues. Further improving the targeting ability of hydrogels is a good way to solve the problem.
[image: Diagram illustrating a drug delivery system. Part A shows molecular structures, encapsulation process, and synergetic effects on mucosal adhesion and penetration, represented by illustrations of a cross-section, a mouse, and an organism. Part B displays a bar graph comparing the normalized optical density of free HCPT and Rg/NG/HCPT over time. Part C includes line graphs showing intensity versus distance at various time points for free HCPT and Rg/NG/HCPT, emphasizing comparative release profiles.]FIGURE 2 | Nanogel drug delivery system for enhanced bladder mucosal penetration. (A) Schematic diagram of nanogel of oligoarginine-poly(ethylene glycol)–poly(L-phenylalanine-co-L-cystine) (R9-PEG–P(LP-co-LC)) prolonging drug retention time in the bladder and enhancing drug penetration into the bladder mucosa. (B) Quantitative results of fluorescence intensity on the mucosal surface measured by CLSM at different times when free HCPT and R9NG/HCPT adhere to the bladder mucosa. (C) Quantitative results of fluorescence intensity on the longitudinal section of the mucosa measured by CLSM at different times when free HCPT and R9NG/HCPT adhere to the bladder mucosa.
Currently, most drugs used for in situ infusion after urothelial cancer surgery are not selective. Therefore, normal tissue cells will also be attacked by the delivered drugs, and the normal functions of tissues and organs will also be affected to a certain extent. Enabling drugs to accurately target tumor sites or tumor cells to avoid or stay away from non-target sites as much as possible to reduce the impact on the normal metabolic activities of normal tissue cells is the ideal goal of current drug delivery. The hydrogel drug delivery system relies on its excellent loading capacity for a variety of substances and processability at the molecular level to provide attachment and binding sites for targeted substances, thereby enabling the hydrogel to have targeted release and target areas. Targeting the function of specific tissue cells, this allows high-concentration drugs to be localized to specific disease sites or cells, and the involvement of healthy areas is greatly reduced. Sun et al. incorporated magnetic Fe3O4 into chitosan hydrogel for the delivery of pirarubicin (THP). Under the action of an in vitro magnetic field, the hydrogel was guided to the target tumor site to achieve targeted release characteristics, which was effective The drug concentration is relatively limited to the lesion site, and the drug concentration in non-target sites is greatly reduced, preserving the normal metabolic activities of healthy tissue cells as much as possible (Sun et al., 2022). As shown in Figure 3A, H et al. used folic acid modified nano-gel liposome composite system to deliver rapamycin (Rap). After the composite drug delivery system is injected into the bladder, the liposomes gradually release from the hydrogel and are successfully taken up and internalized by bladder cancer cells under the mediation of surface folic acid, releasing the loaded Rap and achieving a tumor killing effect. The quantitative results of liposome cell uptake evaluated by flow cytometry are shown in Figure 3B. The liposome group shifted significantly to the right, especially in the folic acid modified liposome group, indicating that folic acid-mediated liposome drug loading system can significantly improve the uptake of bladder cancer cells. In order to further prove the effect of folic acid on the endocytosis of bladder cancer cells in liposome-loaded system, as shown in Figure 3C, the competitive assay of FL internalization was carried out under the condition of folic acid untreated or pretreated with folic acid. The results showed that the FR-mediated internalization was significantly inhibited by the competition between free folic acid and folic acid conjugates in the folic acid pretreatment group, and the fluorescence intensity was significantly lower than that in the untreated group. The ability of folic acid to target bladder cancer cells in drug loading system was further determined. Studies have shown that under the guidance of folic acid receptor, tumor cells significantly enhance drug endocytosis, while normal tissue cells have no corresponding targets on the surface, which can greatly reduce the impact on their normal life activities (Yoon et al., 2019). After endowing hydrogel with the ability to target tumors, the adjacent normal tissues are also protected when the target is attacked.
[image: Diagram illustrating a study on bladder cancer treatment in a mouse model using a rapamycin-folate liposome (R-FL) system. Panel A shows the administration process, gelation at 37°C, and controlled release at the tumor site, leading to endocytosis, endosomal escape, and apoptosis via mTOR and AMPK pathways. Panel B presents flow cytometry histograms indicating cellular uptake of liposomes in different cell lines (5637, MBT2, HT1376). Panel C displays a bar graph comparing mean fluorescence intensity (MFI) in cells with folic acid-pretreated and untreated conditions, showing statistically significant differences.]FIGURE 3 | Folic acid-targeted nanogel liposome complex drug delivery system. (A) Schematic diagram of the action process of the targeted folate-modified nanogel liposome complex system for delivering Rap. (B) Quantitative analysis of the uptake of folate-modified and folate-unmodified liposomes in different bladder cancer cell lines evaluated by flow cytometry. (C) Competitive analysis of the internalization of folate-modified liposomes in different bladder cancer cell lines under folate-untreated and folate-pretreated conditions.
2.2 Other treatments
The application of hydrogel drug delivery systems can also be extended to immunotherapy, gene therapy, influencing tumor cell metabolism and other therapeutic strategies. Table 1 summarizes the research progress of hydrogel in the treatment of urothelial carcinoma. In order to achieve more efficient drug delivery effects, hydrogel drug delivery systems are often endowed with multiple functions at the same time. On the basis of achieving good drug encapsulation efficiency, the sustained release effect is more durable, the drug penetration ability is stronger and the target effect is more accurate.
TABLE 1 | Summary of hydrogel-based formulations for urothelial carcinoma.
[image: Table comparing various therapeutic strategies based on category, treatment strategy, characteristics, materials, payload, advantage, limitation, percentage of tumor reduction, and references. Single therapeutic strategies include chemotherapy, immunotherapy, gene therapy, and metabolic therapy. Multiple synergy strategies combine therapies. Advantages and limitations vary, with tumor reduction percentages ranging from 71% to 96%. References are provided for each entry.]Immunotherapy plays a crucial role in the treatment of tumors. Therefore, the research of hydrogels is also related to immunotherapy. Zhang et al. used magnetic thermosensitive hydrogel for intravesical delivery of Bacillus Calmette-Guérin (BCG). Compared with traditional BCG infusion therapy, this strategy significantly extended the effective drug concentration at the tumor site and was limited to high concentrations at the tumor site as much as possible. Concentrated BCG induced a more potent Th1 immune response near the target site, significantly enhancing the anti-tumor effect (Zhang et al., 2013).
With the gradual maturity of genetic technology, human control over genes is sufficient to influence or even alter certain life activities of living organisms. Therefore, introducing genetic fragments that can inhibit oncogenes into tumor cells is a manifestation of the application of gene technology in medicine. Liang et al. covalently linked engineered small interfering RNA (SiRNA) that interferes with the Bcl2 oncogene in bladder cancer cells to chitosan-hyaluronic acid dialdehyde nanoparticles (CS-HADNPs), which can target the bladder. CD44 is overexpressed on cancer cells, and SiRNA is successfully introduced into bladder cancer cells through the interaction between ligand and receptor, and effectively inhibits the expression of its oncogene Bcl2, achieving inhibition of bladder cancer from a genetic level (Liang et al., 2021).
Interfering with the high level of metabolism of tumor cells is a hot research direction at present, by reducing the efficiency of the key metabolic pathway that provides a comfortable environment for the rapid proliferation of tumor cells, so as to achieve tumor inhibition or induce apoptosis. As shown in Figure 4A, Jing et al. designed a liposome hydrogel drug delivery system for targeted co-delivery of urease and engineering siRNA that interferes with carbamyl phosphate synthase 1 (CPS1). After the hydrogel drug loading system adheres to the bladder mucosa, under the mediation of bladder cancer cell specific targeting peptide BLD-1, the liposome nano-transporter decomposes in the cytoplasm of bladder cancer cells, releasing urease and siCPS1, increasing the production of intracellular ammonia and inhibiting its normal ammonia metabolism pathway, the continuous accumulation of ammonia in bladder cancer cells, and finally high concentration of ammonia induced tumor cell apoptosis. Successfully inhibit bladder cancer cells by regulating the metabolic cascade of intracellular ammonia. In order to further verify that the drug loading system did increase the ammonia accumulation of bladder cancer cells and cause their apoptosis, as shown in Figure 4B, some tumor-bearing mice were fed a high-protein diet, and the concentration of urea in urine was significantly higher than that in the normal diet group. The tumor-bearing mice were treated with liposome nano-transporter hydrogel in situ under the above diet conditions, and the anti-tumor effect was shown in Figure 4C The tumor weight of tumor-bearing mice in the high-protein diet group was significantly lower than that in the normal diet group. This is because the concentration of urea in urine of tumor-bearing mice in high-protein diet group is higher, and a large amount of urea is delivered to tumor cells through urea transporter-B. The pathway of ammonia metabolism is inhibited by hydrogel drug loading system, so the ammonia accumulation in bladder cancer cells is serious and a large number of cells apoptosis (Jing et al., 2023). Ferroptosis and copper death in tumor cells have received increasing attention from researchers in recent years. Recurrent bladder cancer is somewhat resistant to in situ chemotherapy of the bladder, but this state is susceptible to ferroptosis. Taking advantage of this feature, Q et al. in situ delivered hyaluronic acid-coated iron oxide nanoparticles (IONP-HA) via a mucoadhesive hydrogel platform to increase the labile iron pool (LIP) of bladder cancer cells, benefiting from The hydrogel drug-loaded system increased the iron content in bladder cancer cells by 50 times compared with systemic administration, effectively inducing ferroptosis of bladder cancer cells (Qi et al., 2021).
[image: Diagram illustrating a siRNA nanoparticle delivery system targeting bladder cancer cells. It shows how nanoparticles access cells, leading to CPS1 mRNA degradation, mitochondrial disruption, apoptosis, and urinary excretion. Graph B compares urea levels in control versus high protein diets, while graph C compares tumor weights in normal versus high protein diets, with each showing statistical significance.]FIGURE 4 | Liposomal nanotransporter hydrogel drug delivery system that can affect intracellular ammonia metabolism. (A) Schematic diagram of the liposomal nanotransporter hydrogel drug delivery system for targeted co-delivery of urease and siRNA that interferes with carbamoyl phosphate synthetase 1, inhibiting cellular metabolism of ammonia and increasing intracellular ammonia accumulation. (B) Determination of urea concentration in the urine of tumor-bearing mice under different dietary conditions. (C) Statistical graph of tumor weight after treatment of tumor-bearing mice under different dietary conditions.
The research of single therapeutic strategy hydrogel has been endowed with rich functions. But how to design a more safe and stable hydrogel with multiple characteristics still needs further research.
3 MULTIPLE SYNERGIA THERAPEUTIC STRATEGY
An inevitable problem faced by drug treatment is the decrease in sensitivity of tissue cells to drugs. The phenomenon of drug resistance is more prominent under single drug treatment. Similarly, in the treatment of tumors, there are also problems such as poor response to single-strategy tumor drug treatment. Thanks to the ability of hydrogels to co-load drugs, multi-strategy synergistic drug therapy can be better realized. Multi-strategy drug combination therapy can also complement each other to achieve synergistic treatment effects on the basis of exerting tumor suppressive functions through different pathways. The problem of reduced drug sensitivity is greatly reduced, and the tumor suppressive effect is more prominent.
Photodynamic therapy has received widespread attention as a safe, controllable, and effective treatment method. Thus, its combination with chemotherapy has a good synergistic effect on tumor killing. Z et al. used a hydrogel drug-loading platform to jointly load doxorubicin (DOX) and zinc phthalocyanine (ZnPC) in the bladder in situ. The synergistic treatment of chemotherapy and photodynamic therapy (PDT) showed better efficacy than single-strategy treatment. Strong tumor suppressive effect (Huang et al., 2018).
Chemotherapy and immunotherapy are the most common treatment strategies for cancer. In some cases, single strategy medication can lead to drug tolerance in tumor cells. So, considering the simultaneous application of chemotherapy and immunotherapy is a strong and effective synergistic approach. Liu et al. used thermo-sensitive hydrogel to deliver gemcitabine (GEM) in situ into the bladder to directly kill tumors, and also used the sustained-release ability of thermo-sensitive hydrogel to deliver unmethylated Toll-like receptor agonist-9 (TLR9) in the bilateral inguinal area. Cytosine-phosphate-guanine oligonucleotide (CpG-ODN) is used as an immune adjuvant to induce anti-tumor immunity. Tumor cells are well suppressed in the environment of direct killing chemotherapy combined with immune response (Liu et al., 2024).
Multi strategy collaborative therapy seems to have more advantages than single strategy therapy. Multi directional treatment can effectively avoid the decrease in drug sensitivity of tumors and improve treatment effectiveness. In addition, this can also reduce excessive intake of a single drug and lower the toxic side effects of the drug on the body. Using hydrogel platform to achieve synergistic and powerful hydrogel preparations may be an effective solution for urothelial cancer.
4 CONCLUSION AND PROSPECTS
With its excellent drug delivery ability, hydrogels have been extensively studied in situ drug delivery for the treatment of urothelial cancer, ranging from a single treatment strategy to a combination of multiple strategies. The advantage of the hydrogel drug delivery system that it can be processed and modified can correspondingly improve the current difficulties in situ drug delivery in the urinary system, thereby achieving functions that cannot be achieved by ordinary drug delivery systems. It is a promising treatment strategy. In view of the increasingly prominent problem of reduced tumor sensitivity to drugs, multi-strategy collaborative therapy seems to have greater advantages. However, currently there are very few hydrogel drug-loading systems that can be used clinically. Hydrogel drug-loading systems that combine high encapsulation efficiency, long sustained release time, strong penetration ability, and good targeting effect are the focus of current research and development. However, its safety and stability in clinical translation are issues that need to be solved urgently.
AUTHOR CONTRIBUTIONS
MC: Conceptualization, Visualization, Writing–original draft, Writing–review and editing. CC: Writing–original draft, Writing–review and editing. ZZ: Writing–original draft, Writing–review and editing. MZ: Writing–original draft, Writing–review and editing. JL: Writing–original draft, Writing–review and editing. XW: Funding acquisition, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was financially supported by the Department of Science and Technology of Jilin Province (Grant Nos. 20240404039ZP).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

REFERENCES
	 Babjuk, M., Burger, M., Capoun, O., Cohen, D., Compérat, E. M., Dominguez Escrig, J. L., et al. (2022). European association of urology guidelines on non-muscle-invasive bladder cancer (Ta, T1, and carcinoma in situ). Eur. Urol. 81 (1), 75–94. doi:10.1016/j.eururo.2021.08.010
	 Bajorin, D. F., Witjes, J. A., Gschwend, J. E., Schenker, M., Valderrama, B. P., Tomita, Y., et al. (2021). Adjuvant nivolumab versus placebo in muscle-invasive urothelial carcinoma. N. Engl. J. Med. 384 (22), 2102–2114. doi:10.1056/NEJMoa2034442
	 Balar, A. V., Kamat, A. M., Kulkarni, G. S., Uchio, E. M., Boormans, J. L., Roumiguié, M., et al. (2021). Pembrolizumab monotherapy for the treatment of high-risk non-muscle-invasive bladder cancer unresponsive to BCG (KEYNOTE-057): an open-label, single-arm, multicentre, phase 2 study. Lancet Oncol. 22 (7), 919–930. doi:10.1016/S1470-2045(21)00147-9
	 Birtle, A., Johnson, M., Chester, J., Jones, R., Dolling, D., Bryan, R. T., et al. (2020). Adjuvant chemotherapy in upper tract urothelial carcinoma (the POUT trial): a phase 3, open-label, randomised controlled trial. Lancet 395 (10232), 1268–1277. doi:10.1016/S0140-6736(20)30415-3
	 Catto, J. W. F., Gordon, K., Collinson, M., Poad, H., Twiddy, M., Johnson, M., et al. (2021). Radical cystectomy against intravesical BCG for high-risk high-grade nonmuscle invasive bladder cancer: results from the randomized controlled BRAVO-feasibility study. J. Clin. Oncol. 39 (3), 202–214. doi:10.1200/JCO.20.01665
	 Compérat, E., Amin, M. B., Cathomas, R., Choudhury, A., De Santis, M., Kamat, A., et al. (2022). Current best practice for bladder cancer: a narrative review of diagnostics and treatments. Lancet 400 (10364), 1712–1721. doi:10.1016/S0140-6736(22)01188-6
	 Dalghi, M. G., Montalbetti, N., Carattino, M. D., and Apodaca, G. (2020). The urothelium: life in a liquid environment. Physiol. Rev. 100 (4), 1621–1705. doi:10.1152/physrev.00041.2019
	 de Lima, C. S. A., Rial-Hermida, M. I., de Freitas, L. F., Pereira-da-Mota, A. F., Vivero-Lopez, M., Ferreira, A. H., et al. (2023). Mucoadhesive gellan gum-based and carboxymethyl cellulose -based hydrogels containing gemcitabine and papain for bladder cancer treatment. Int. J. Biol. Macromol. 242 (Pt 3), 124957. doi:10.1016/j.ijbiomac.2023.124957
	 de Lima, C. S. A., Varca, J. P. R. O., Alves, V. M., Nogueira, K. M., Cruz, C. P. C., Rial-Hermida, M. I., et al. (2022). Mucoadhesive polymers and their applications in drug delivery systems for the treatment of bladder cancer. Gels 8 (9), 587. doi:10.3390/gels8090587
	 Freifeld, Y., Ghandour, R., Singla, N., Woldu, S., Bagrodia, A., Lotan, Y., et al. (2020). Intraoperative prophylactic intravesical chemotherapy to reduce bladder recurrence following radical nephroureterectomy. Urol. Oncol. 38 (9), 737.e11–737. doi:10.1016/j.urolonc.2020.05.002
	 Goo, Y. T., Yang, H. M., Kim, C. H., Kim, M. S., Kim, H. K., Chang, I. H., et al. (2021). Optimization of a floating poloxamer 407-based hydrogel using the Box-Behnken design: in vitro characterization and in vivo buoyancy evaluation for intravesical instillation. Eur. J. Pharm. Sci. 163, 105885. doi:10.1016/j.ejps.2021.105885
	 Gschwend, J. E., Heck, M. M., Lehmann, J., Rübben, H., Albers, P., Wolff, J. M., et al. (2019). Extended versus limited lymph node dissection in bladder cancer patients undergoing radical cystectomy: survival results from a prospective, randomized trial. Eur. Urol. 75 (4), 604–611. doi:10.1016/j.eururo.2018.09.047
	 GuhaSarkar, S., More, P., and Banerjee, R. (2017). Urothelium-adherent, ion-triggered liposome-in-gel system as a platform for intravesical drug delivery. J. Control Release 245, 147–156. doi:10.1016/j.jconrel.2016.11.031
	 Guo, H., Faping, L., Heping, Q., Weiguo, X., Pengqiang, L., Yuchuan, H., Jianxun, D., et al. (2020). Synergistically enhanced mucoadhesive and penetrable polypeptide nanogel for efficient drug delivery to orthotopic bladder cancer. American Association for the Advancement of Science (AAAS).8970135.
	 Huang, Z., Xiao, H., Lu, X., Yan, W., and Ji, Z. (2018). Enhanced photo/chemo combination efficiency against bladder tumor by encapsulation of DOX and ZnPC into in situ-formed thermosensitive polymer hydrogel. Int. J. Nanomedicine 13, 7623–7631. doi:10.2147/IJN.S179226
	 Iwata, T., Kimura, S., Abufaraj, M., Janisch, F., Karakiewicz, P. I., Seebacher, V., et al. (2019). The role of adjuvant radiotherapy after surgery for upper and lower urinary tract urothelial carcinoma: a systematic review. Urol. Oncol. 37 (10), 659–671. doi:10.1016/j.urolonc.2019.05.021
	 Jing, W., Chen, C., Wang, G., Han, M., Chen, S., Jiang, X., et al. (2023). Metabolic modulation of intracellular ammonia via intravesical instillation of nanoporter-encased hydrogel eradicates bladder carcinoma. Adv. Sci. (Weinh) 10 (12), e2206893. doi:10.1002/advs.202206893
	 Kleinmann, N., Matin, S. F., Pierorazio, P. M., Gore, J. L., Shabsigh, A., Hu, B., et al. (2020). Primary chemoablation of low-grade upper tract urothelial carcinoma using UGN-101, a mitomycin-containing reverse thermal gel (OLYMPUS): an open-label, single-arm, phase 3 trial. Lancet Oncol. 21 (6), 776–785. doi:10.1016/S1470-2045(20)30147-9
	 Koch, G. E., Smelser, W. W., and Chang, S. S. (2021). Side effects of intravesical BCG and chemotherapy for bladder cancer: what they are and how to manage them. Urology 149, 11–20. doi:10.1016/j.urology.2020.10.039
	 Kolawole, O. M., Lau, W. M., Mostafid, H., and Khutoryanskiy, V. V. (2017). Advances in intravesical drug delivery systems to treat bladder cancer. Int. J. Pharm. 532 (1), 105–117. doi:10.1016/j.ijpharm.2017.08.120
	 Leow, J. J., Bedke, J., Chamie, K., Collins, J. W., Daneshmand, S., Grivas, P., et al. (2019). SIU-ICUD consultation on bladder cancer: treatment of muscle-invasive bladder cancer. World J. Urol. 37 (1), 61–83. doi:10.1007/s00345-018-2606-y
	 Leow, J. J., Chong, Y. L., Chang, S. L., Valderrama, B. P., Powles, T., and Bellmunt, J. (2021). Neoadjuvant and adjuvant chemotherapy for upper tract urothelial carcinoma: a 2020 systematic review and meta-analysis, and future perspectives on systemic therapy. Eur. Urol. 79 (5), 635–654. doi:10.1016/j.eururo.2020.07.003
	 Lerner, S. P., and Svatek, R. S. (2019). What is the standard of care for pelvic lymphadenectomy performed at the time of radical cystectomy?Eur. Urol. 75 (4), 612–614. doi:10.1016/j.eururo.2018.12.028
	 Liang, Y., Wang, Y., Wang, L., Liang, Z., Dan, L., Xu, X., et al. (2021). Self-crosslinkable chitosan-hyaluronic acid dialdehyde nanoparticles for CD44-targeted siRNA delivery to treat bladder cancer. Bioact. Mater 6 (2), 433–446. doi:10.1016/j.bioactmat.2020.08.019
	 Liu, J., Yang, T. Y., Dai, L. Q., Shi, K., Hao, Y., Chu, B. Y., et al. (2024). Intravesical chemotherapy synergize with an immune adjuvant by a thermo-sensitive hydrogel system for bladder cancer. Bioact. Mater 31, 315–332. doi:10.1016/j.bioactmat.2023.08.013
	 Liu, Y., Wang, R., Hou, J., Sun, B., Zhu, B., Qiao, Z., et al. (2018). Paclitaxel/chitosan nanosupensions provide enhanced intravesical bladder cancer therapy with sustained and prolonged delivery of paclitaxel. ACS Appl. Bio Mater 1 (6), 1992–2001. doi:10.1021/acsabm.8b00501
	 Lopez-Beltran, A., Cookson, M. S., Guercio, B. J., and Cheng, L. (2024). Advances in diagnosis and treatment of bladder cancer. Bmj 384, e076743. doi:10.1136/bmj-2023-076743
	 Matin, S. F., Pierorazio, P. M., Kleinmann, N., Gore, J. L., Shabsigh, A., Hu, B., et al. (2022). Durability of response to primary chemoablation of low-grade upper tract urothelial carcinoma using UGN-101, a mitomycin-containing reverse thermal gel: OLYMPUS trial final report. J. Urol. 207 (4), 779–788. doi:10.1097/JU.0000000000002350
	 Messing, E. M., Tangen, C. M., Lerner, S. P., Sahasrabudhe, D. M., Koppie, T. M., Wood, D. P., et al. (2018). Effect of intravesical instillation of gemcitabine vs saline immediately following resection of suspected low-grade non-muscle-invasive bladder cancer on tumor recurrence: SWOG S0337 randomized clinical trial. Jama 319 (18), 1880–1888. doi:10.1001/jama.2018.4657
	 Nadler, N., Oedorf, K., Jensen, J. B., and Azawi, N. (2021). Intraoperative mitomycin C bladder instillation during radical nephroureterectomy is feasible and safe. Eur. Urol. Open Sci. 34, 41–46. doi:10.1016/j.euros.2021.09.013
	 Necchi, A., Martini, A., Raggi, D., Cucchiara, V., Colecchia, M., Lucianò, R., et al. (2022). A feasibility study of preoperative pembrolizumab before radical nephroureterectomy in patients with high-risk, upper tract urothelial carcinoma: PURE-02. Urol. Oncol. 40 (1), 10.e1–10.e6. doi:10.1016/j.urolonc.2021.05.014
	 Peyronnet, B., Seisen, T., Dominguez-Escrig, J. L., Bruins, H. M., Yuan, C. Y., Lam, T., et al. (2019). Oncological outcomes of laparoscopic nephroureterectomy versus open radical nephroureterectomy for upper tract urothelial carcinoma: an European association of urology guidelines systematic review. Eur. Urol. Focus 5 (2), 205–223. doi:10.1016/j.euf.2017.10.003
	 Pfail, J. L., Katims, A. B., Alerasool, P., and Sfakianos, J. P. (2021). Immunotherapy in non-muscle-invasive bladder cancer: current status and future directions. World J. Urol. 39 (5), 1319–1329. doi:10.1007/s00345-020-03474-8
	 Qi, A., Wang, C., Ni, S., Meng, Y., Wang, T., Yue, Z., et al. (2021). Intravesical mucoadhesive hydrogel induces chemoresistant bladder cancer ferroptosis through delivering iron oxide nanoparticles in a three-tier strategy. ACS Appl. Mater Interfaces 13, 52374–52384. doi:10.1021/acsami.1c14944
	 Qiu, H., Guo, H., Li, D., Hou, Y., Kuang, T., and Ding, J. (2020). Intravesical hydrogels as drug reservoirs. Trends Biotechnol. 38 (6), 579–583. doi:10.1016/j.tibtech.2019.12.012
	 Rosen, G. H., Nallani, A., Muzzey, C., and Murray, K. S. (2022). Antegrade instillation of UGN-101 (mitomycin for pyelocalyceal solution) for low-grade upper tract urothelial carcinoma: initial clinical experience. J. Urol. 207 (6), 1302–1311. doi:10.1097/JU.0000000000002454
	 Rouprêt, M., Seisen, T., Birtle, A. J., Capoun, O., Compérat, E. M., Dominguez-Escrig, J. L., et al. (2023). European association of urology guidelines on upper urinary tract urothelial carcinoma: 2023 update. Eur. Urol. 84 (1), 49–64. doi:10.1016/j.eururo.2023.03.013
	 Song, Y. P., Mistry, H., Irlam, J., Valentine, H., Yang, L., Lane, B., et al. (2021). Long-term outcomes of radical radiation therapy with hypoxia modification with biomarker discovery for stratification: 10-year update of the BCON (bladder carbogen nicotinamide) phase 3 randomized trial (ISRCTN45938399). Int. J. Radiat. Oncol. Biol. Phys. 110 (5), 1407–1415. doi:10.1016/j.ijrobp.2021.03.001
	 Sun, X., Song, X., Guo, P., Zhang, D., Zuo, S., Leng, K., et al. (2022). Improvement of the bladder perfusion curative effect through tight junction protein degradation induced by magnetic temperature-sensitive hydrogels. Front. Bioeng. Biotechnol. 10, 958072. doi:10.3389/fbioe.2022.958072
	 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71 (3), 209–249. doi:10.3322/caac.21660
	 Sylvester, R. J., Oosterlinck, W., Holmang, S., Sydes, M. R., Birtle, A., Gudjonsson, S., et al. (2016). Systematic review and individual patient data meta-analysis of randomized trials comparing a single immediate instillation of chemotherapy after transurethral resection with transurethral resection alone in patients with stage pTa-pT1 urothelial carcinoma of the bladder: which patients benefit from the instillation?Eur. Urol. 69 (2), 231–244. doi:10.1016/j.eururo.2015.05.050
	 Villa, L., Cloutier, J., Letendre, J., Ploumidis, A., Salonia, A., Cornu, J. N., et al. (2016). Early repeated ureteroscopy within 6-8 weeks after a primary endoscopic treatment in patients with upper tract urothelial cell carcinoma: preliminary findings. World J. Urol. 34 (9), 1201–1206. doi:10.1007/s00345-015-1753-7
	 Wu, Y., Gu, X., Chen, X., Cui, Y., Jiang, W., and Liu, B. (2024). Hydrogel: a new material for intravesical drug delivery after bladder cancer surgery. J. Mater Chem. B 12 (12), 2938–2949. doi:10.1039/d3tb02837b
	 Yoon, H. Y., Chang, I. H., Goo, Y. T., Kim, C. H., Kang, T. H., Kim, S. Y., et al. (2019). Intravesical delivery of rapamycin via folate-modified liposomes dispersed in thermo-reversible hydrogel. Int. J. Nanomedicine 14, 6249–6268. doi:10.2147/IJN.S216432
	 Yoon, H. Y., Yang, H. M., Kim, C. H., Goo, Y. T., Kang, M. J., Lee, S., et al. (2020). Current status of the development of intravesical drug delivery systems for the treatment of bladder cancer. Expert Opin. Drug Deliv. 17 (11), 1555–1572. doi:10.1080/17425247.2020.1810016
	 Zhang, D., Sun, P., Li, P., Xue, A., Zhang, X., Zhang, H., et al. (2013). A magnetic chitosan hydrogel for sustained and prolonged delivery of Bacillus Calmette-Guérin in the treatment of bladder cancer. Biomaterials 34 (38), 10258–10266. doi:10.1016/j.biomaterials.2013.09.027
	 Zhang, P., Wu, G., Zhang, D., and Lai, W. F. (2023). Mechanisms and strategies to enhance penetration during intravesical drug therapy for bladder cancer. J. Control. Release 354, 69–79. doi:10.1016/j.jconrel.2023.01.001

Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Chang, Chi, Zheng, Zhang, Lv and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		MINI REVIEW
published: 01 October 2024
doi: 10.3389/fbioe.2024.1456694


[image: image2]
Research progress on blood compatibility of hemoperfusion adsorbent materials
Liangqing Zhang1†, Guohao Liu2†, Qingping Xia3 and Li Deng4*
1Department of Anesthesiology, The Second Affiliated Hospital of Guangdong Medical University, Zhanjiang, Guangdong, China
2Department of Medical Imaging, Affiliated Hospital of Jilin Medical University, Jilin, China
3Department of Science and Education, Gaozhou People’s Hospital, Gaozhou, Guangdong, China
4Department of Cardiovascular Surgery, Gaozhou People’s Hospital, Gaozhou, Guangdong, China
Edited by:
Jianxun Ding, Chinese Academy of Sciences (CAS), China
Reviewed by:
Qiang Wei, Sichuan University, China
Meng Tian, Sichuan University, China
* Correspondence: Li Deng, dengli_198118@163.com
†These authors have contributed equally to this work
Received: 29 June 2024
Accepted: 19 September 2024
Published: 01 October 2024
Citation: Zhang L, Liu G, Xia Q and Deng L (2024) Research progress on blood compatibility of hemoperfusion adsorbent materials. Front. Bioeng. Biotechnol. 12:1456694. doi: 10.3389/fbioe.2024.1456694

This comprehensive review examines the latest developments in improving the blood compatibility of hemoperfusion adsorbents. By leveraging advanced coating and modification techniques, including albumin-collodion, cellulose, hydrogel, and heparin coatings, notable enhancements in blood compatibility have been achieved across diverse adsorbent types, such as carbon-based, resin-based, and polysaccharide-based materials. Despite promising laboratory results, the intricate manufacturing processes and elevated costs present significant challenges for broad clinical application. Therefore, future endeavors should focus on cost-benefit analysis, large-scale production strategies, in-depth exploration of blood-material interactions, and innovative technologies to propel the development of safer and more effective blood purification therapies.
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INTRODUCTION
Hemoperfusion technology is an efficient blood purification strategy that eliminates harmful substances from the bloodstream using specialized extracorporeal adsorbent materials. This approach mimics the body’s natural detoxification processes and plays a crucial role in enhancing patient safety (Ricci et al., 2022; Ronco and Bellomo, 2022). With advancements in science and technology, the variety of adsorbent materials has significantly expanded, improving their performance and facilitating the development of hemoperfusion methods.
The selection of adsorbent materials is critical; ideal candidates must possess safety, non-toxicity, mechanical strength, stable chemical properties, low allergic reactions, and excellent blood compatibility. Significant differences in biocompatibility exist among materials like activated carbon, silica gel, resins, and carbon nanotubes (Li et al., 2019).
Blood compatibility is vital for the clinical efficacy of hemoperfusion adsorbents, as it minimizes adverse reactions with blood components and enhances the longevity of the materials (Wang et al., 2021; Gao et al., 2022; Damianaki et al., 2023).
The chemical properties and physical structure of adsorbents are foundational to achieving optimal biocompatibility (Nakane, 2004; Weber et al., 2018). Specifically, surface chemistry, hydrophilicity, and biodegradability directly influence interactions with blood components, thereby affecting overall biocompatibility (Maitz et al., 2019; Li et al., 2023). Recent studies highlight the importance of refining surface chemistry to improve both toxin adsorption and blood compatibility. Furthermore, physical attributes such as porosity and particle size significantly impact blood flow and interactions with blood cells (Wu et al., 2023; Bhattacharjee et al., 2024). Understanding the interactions between adsorbent materials and blood components remains a key research area. These interactions affect clinical safety by influencing platelets, coagulation factors, and immune cells (Zhang et al., 2023). Researchers can utilize surface modification techniques to reduce adverse effects on blood components and enhance biocompatibility, employing various experimental methodologies such as in vitro cultures and clinical trials (Zhou et al., 2023). As research progresses, novel adsorbents, such as protein-polysaccharide complexes and metal-organic frameworks (MOFs), are emerging. MOFs, with their high surface area and tunable pore structures, represent a promising frontier in hemoperfusion (Gan et al., 2021).
In recent years, review studies on hemoperfusion adsorbent materials have primarily focused on aspects such as material types, modification techniques, and biocompatibility evaluations. However, these reviews tend to emphasize the performance and applications of the materials, while lacking in-depth exploration of how modification techniques specifically influence the mechanisms of blood compatibility. This article aims to bridge this gap by systematically reviewing the latest research progress on various modification techniques (such as surface coating and chemical modification) for enhancing the blood compatibility of adsorbent materials. It will provide an in-depth analysis of their mechanisms of action and offer new insights and directions for future research.
Understanding blood compatibility and coagulation mechanisms for hemoperfusion adsorbents
Blood compatibility is a critical factor for assessing biomedical materials, defined as a material’s ability to avoid adverse reactions upon contact with blood (Bowry et al., 2021). Materials with poor blood compatibility can trigger harmful physiological responses, such as thrombosis, hemolysis, and immune reactions, undermining the functionality of medical devices and posing significant health risks to patients (Sharma, 2001). Thus, developing materials with excellent blood compatibility is essential in biomedical engineering (Brash et al., 2019).
The coagulation pathway, which leads to clot formation after injury or foreign material exposure, involves two main routes: the intrinsic and extrinsic pathways. The intrinsic pathway initiates from interactions between specific blood factors and foreign materials, involving factors XII, XI, IX, and VIII. Conversely, the extrinsic pathway begins with tissue factor (TF) binding to factor VII, engaging factors VIIa and Xa (Camire, 2021). Both pathways ultimately activate factor X, converting it to thrombin, which triggers fibrin clot formation (He et al., 2021). Materials with inadequate blood compatibility may activate either pathway, promoting harmful coagulation reactions and thrombus formation. Understanding and effectively modulating these activation mechanisms is essential for developing superior blood-compatible materials. The mechanism of coagulation cascade induced by blood adsorption materials is illustrated in Figure 1.
[image: Diagram illustrating the coagulation cascade and complement activation on a non-endothelialized surface. Key components like fibrinogen, thrombin, and prothrombin are shown, with interactions leading to clot formation and complement system activation. Arrows indicate the sequence of reactions, including cross-linked fibrin and membrane attack complex (MAC) formation.]FIGURE 1 | Blood adsorption material-induced coagulation cascade reaction mechanism diagram. The contact surface is responsible for generating activation factor XII, which initiates the intrinsic coagulation pathway, leading to the generation of thrombin and the conversion of fibrinogen into cross-linked fibrin. Thrombin also acts as a platelet agonist, causing platelet activation and aggregation. The complement pathway is activated on the surface of the biomaterial, enhancing the common coagulation pathway. The adhesion and activation of platelets on the foreign surface release platelet agonists, which, along with C3a and C5a from the complement pathway, directly activate receptors on the surface of inflammatory cells, triggering the release of cytokines. This stimulates the extrinsic coagulation pathway, enhancing the formation of thrombin and clot formation. Red blood cells undergo shear-induced fragmentation, releasing adenosine diphosphate. (ADP), which activates platelets.
During hemoperfusion, adsorbent materials directly interface with blood, which can activate the coagulation system due to their non-physiological properties, potentially leading to thrombosis or hemolysis (Kuchinka et al., 2021). To ensure safety and efficacy, high-performance adsorbents must adhere to stringent requirements (Erturk et al., 1987; Chandy and Sharma, 1993):
	1) Non-toxicity to Humans: The material must not provoke allergic reactions, immune responses, or any harmful effects upon contact with blood.
	2) Excellent Biocompatibility: It should not induce hemolysis, coagulation, or other adverse reactions.
	3) Stable Chemical Properties and Mechanical Strength: The material must maintain chemical stability, resist fragmentation, and avoid damaging blood cells throughout the hemoperfusion process.
	4) Superior Adsorption Performance: The material should have a rapid adsorption rate and high capacity.

Enhanced blood compatibility of hemoperfusion adsorbents through advanced coating technologies
Coating technology plays a crucial role in improving the blood compatibility of materials used in blood perfusion adsorption (Pagel and Beck-Sickinger, 2017). This technology utilizes methods such as physical adsorption, chemical bonding, and surface modification to create protective coatings. These coatings prevent the adhesion of blood proteins and cells, reducing coagulation and immune responses, thereby enhancing biocompatibility (Wei and Haag, 2015).
The selection of coating technology is guided by the substrate characteristics and intended application. Carbon-based materials, like graphene and carbon nanotubes, are favored for their high conductivity and chemical stability, often coated using chemical vapor deposition (CVD) and physical vapor deposition (PVD) (Rokosz et al., 2020). Resin-based materials, such as polyurethane and polyethylene, are commonly found in medical devices and are typically coated via spraying or dip coating (Chen et al., 2021). Polysaccharide-based materials, including chitosan and hyaluronic acid, are popular in drug delivery and tissue engineering, often utilizing microencapsulation and layer-by-layer assembly (Redolfi Riva et al., 2022).
Effective coating technology must ensure good blood compatibility and adsorption efficiency. Therefore, choosing the right coating involves evaluating both substrate properties and application requirements. Advancements in coating technologies have demonstrated the potential to enhance not just biocompatibility but also add properties like antibacterial and anti-inflammatory effects (Wen et al., 2024).
Key considerations in implementing coating strategies include (Ursino et al., 2022; Xiong et al., 2024):
Material Selection: The choice of coating materials is vital; for instance, electroporation technology can apply coatings that enhance anti-inflammatory and antibacterial properties.
Process Control: Conditions such as temperature, pH, and reaction time must be controlled to ensure uniform coatings and stability. High-molecular-weight polymers can promote even particle deposition, avoiding issues like the coffee-ring effect.
Performance Metrics: Biocompatibility and anti-biofouling capabilities are critical measures of coating effectiveness. Antifouling peptide coatings, for example, have shown substantial stability and efficacy in biological fluids.
Microencapsulation technology is effective for sustained, targeted drug delivery, particularly for porous polysaccharide-based materials (Bale et al., 2016). While it has advantages like preventing leakage and controlling adsorption rates, its complexity and cost pose challenges (Ma, 2014).
Surface modification alters substrate properties to improve biocompatibility and functionality, mainly suited for smooth resin-based materials (Ren et al., 2015). However, its effectiveness may be limited by the material’s chemical nature (Sun et al., 2020).
Composite preparation combines different materials to enhance mechanical properties and durability, though the complexity of preparation and compatibility issues must be considered (Xing et al., 2023).
Research by Qiang Wei et al. emphasizes the significance of coating-substrate interactions, crosslinking, and functional design in improving stability (Wei and Haag, 2015). Innovations in universal coatings and bioinspired technologies have expanded applications and enhanced blood compatibility and adsorption efficiency.
Large specific surface area substrates, such as porous spheres and nanofibers, are prevalent in adsorption materials due to their unique structural properties (Dong et al., 2024). Porous spheres possess a high specific surface area and favorable pore structure, enhancing adsorption efficiency and capacity (Zhao et al., 2023). Nanofibers, prepared via electrospinning technology, exhibit high specific surface areas and excellent mechanical properties, making them versatile for filtration and adsorption applications. The incorporation of these large specific surface area substrates into adsorption materials can significantly improve their performance.
Applying coating technology to large specific surface area substrates can further enhance their adsorption performance and stability. For example, coating the surface of porous spheres with functional polymers can improve their adsorption capacity for organic pollutants (Zhao et al., 2023). Simultaneously, coating nanofibers with antibacterial layers can significantly enhance their antibacterial performance and biocompatibility (Jo et al., 2014). Such application examples illustrate that careful selection and optimization of coating technologies can substantially improve the adsorption performance and efficacy of large specific surface area substrates.
Heparin-mimetic coatings - a form of biomimetic coating technology - enhance the blood compatibility and anticoagulation properties of adsorption materials by applying substances akin to heparin onto their surfaces (Riesenfeld et al., 1995; Biran and Pond, 2017). This technology has wide applications in blood purification and medical devices, significantly minimizing thrombosis and inflammatory responses while enhancing material safety and biocompatibility. The use of heparin-mimetic coatings introduces novel strategies for utilizing adsorption materials in the biomedical field (Patel, 2021).
Novel hydrogel microsphere blood adsorbents are characterized by their high specific surface area and excellent biocompatibility (Song et al., 2021). Coating the surfaces of these hydrogel microspheres with specialized functional coatings can greatly enhance both their adsorption performance and stability (Wu et al., 2020). With favorable mechanical properties and biocompatibility, these materials find extensive application in blood purification and medical devices. Recent studies indicate that the application of functional coatings on hydrogel microspheres can significantly augment their adsorption capacity for toxins and pathogens (Buhrman et al., 2013).
While numerous adsorption materials are available, activated charcoal, resins, and polysaccharides are prevalent in blood perfusion applications. An in-depth understanding of their biocompatibility is essential for optimal coating material selection, as discussed in the following sections.
Characteristics and improvement of blood compatibility of inorganic adsorbents
Carbon-based materials
Carbon-based materials, obtained through the carbonization of organic precursor materials, are porous and have received considerable attention in the field of blood perfusion due to their unique properties. These materials primarily include activated carbon, mesoporous/multi-level porous carbon-based materials, carbon nanotubes, and graphene-based materials. Known for their high specific surface area and excellent adsorption performance, they effectively remove a variety of toxin molecules (Gupta et al., 2019). Activated carbon, the earliest carbon-based material used in blood perfusion, is currently widely used in clinical practice (Lie et al., 1976; Cheah et al., 2017). However, it exhibits poor blood compatibility and mechanical strength, which can lead to adverse reactions such as hemolysis, coagulation, and microthrombosis. To enhance its blood compatibility, surface coating technology is often employed. The choice of embedding materials is crucial as it affects the adsorption rate, necessitating the selection of appropriate coating materials (Davenport, 2017). Given the diversity of activated carbon coating technologies, this article discusses several representative ones.
Albumin-collodion coating technology in carbon-based materials
Espinosa-Meléndez utilized the principle of artificial cells to create an ultra-thin film of albumin-collodion coated activated carbon directly on the surface of individual particles, thereby microencapsulating the carbon. This method seals the particles with a membrane that prevents any free powder from entering the bloodstream while retaining platelets. Activated carbon coated with a collodion (nitrocellulose) membrane exhibits sufficient blood compatibility, making it suitable for treating uremia and acute poisoning. In vivo experiments have shown that, even in cases of platelet sensitivity (such as liver failure), adsorbing albumin onto collodion achieves high blood compatibility with a low platelet destruction rate. Therefore, the research team believes that albumin-collodion coated activated carbon is an ideal coating membrane material (Chang, 1984). This coating technology has demonstrated promising results in enhancing the blood compatibility of activated carbon.
Cellulose nitrate and cellulose acetate coating technologies in carbon-based materials
Cellulose nitrate and cellulose acetate are commonly used coating materials. To determine which coating is more effective, the Denti E team conducted a series of experiments using Norit RBXS 1 activated carbon with different coating treatments (Denti et al., 1975). The trials were divided into three groups: cellulose acetate, cellulose acetate + formamide, and cellulose acetate + KOH. Despite having the same thickness, these cellulose acetate coatings had varying structures due to different treatment methods.
To evaluate the performance of these coating materials, the researchers used a closed recirculation system. They tested coated and uncoated charcoal particles (20 g) in this system using an aqueous solution containing creatinine (initial concentration of 100 mg/L), uric acid (initial concentration of 500 mg/L), and vitamin B-12 (initial concentration of 20 mg/L). The charcoal particles were placed in a cylindrical column. Simultaneously, to assess the impact on blood, they used bovine blood in the same artificial circuit to test platelet loss. The experiment was conducted at a constant system temperature of 37°C with a flow rate of 200 mL/min.
The in vitro experimental results showed that the hematocrit remained constant during the experiment, except for the uncoated carbon. No platelet loss was observed in the empty column. However, in the uncoated charcoal-filled column, platelet loss was as high as 70%–80%. In contrast, cellulose acetate treated with KOH caused the greatest platelet loss, which was consistent with previous discussions on membrane structure. Considering the simplicity of the coating process and the high toxin removal rate, cellulose nitrate coating appears to be the preferred choice (Denti et al., 1975; Pişkin et al., 1981).
Hydrogel as a coating material in carbon-based materials
Research progress on hydrogels as a coating technology for activated carbon has not been smooth. Back in 1971, Andrade et al. suggested that hydrogels, as a coating material applied to activated carbon, could enhance its mechanical strength, improve adsorption performance, facilitate processing and handling, provide waterproof protection, adapt to various substrates, and improve regeneration performance. These advantages make hydrogel coatings have broad prospects and potential in the application of activated carbon (Andrade et al., 1971). However, research and development progress seemed slow until 2017 when Cai et al. (2017). developed activated carbon with a zwitterionic polycarboxybetaine (PCB) hydrogel coating, marking a breakthrough in this technology. Zwitterionic hydrogels are water-rich polymer networks composed of zwitterionic materials, which exhibit excellent anti-biofouling properties, bio/blood compatibility, high water content, and large mesh sizes. They provide mechanical strength similar to biological tissues and high permeability to molecules, making them an ideal coating material for activated carbon. This research also confirmed that the PCB hydrogel coating significantly improved the blood compatibility of activated carbon, greatly stimulating interest in the research and development of hydrogels. In 2018, Zhang L used polycarboxybetaine methacrylate hydrogel (pCBMA) to modify activated carbon (AC) to improve its biocompatibility and adsorption capacity in biological environments. A self-made device was used to prepare hydrogel beads and hydrogel-coated activated carbon (pCBMA-AC) with controllable sizes, and the preparation conditions were optimized. The physical and biological properties of pCBMA-AC with different diameters were then studied. The research confirmed that 2 mm pCBMA-AC exhibited good stability, with a leakage rate of only 0.16% after 72 h of oscillation incubation. It also showed significant biocompatibility, with a hemolysis rate and cell death rate of only 0.13% and 3.41%, respectively, compared to 14.72% and 70.11% for bare AC. According to ISO 10993 standards, this coated adsorbent material has low hemolysis and cytotoxicity (Zhang et al., 2018).
Heparin as a coating material for carbon-based adsorbents
Although Chang successfully developed a method using collodion and albumin to encapsulate charcoal for blood perfusion (Chang, 1975; Chang, 1976), and P. Lesche replicated this technique, Lesche’s attempt to integrate heparin into the encapsulation layer of charcoal particles to avoid localized heparinization was unsuccessful (Lesche et al., 1976). The reasons for the failure may be that the anticoagulant effect of heparin was weakened or inactivated after binding with collodion and albumin. Additionally, the binding stability of heparin with these materials could also be a problem, especially considering that heparin has a metabolic cycle of only 3–4 h in the human body, and this instability may exacerbate the reduction of anticoagulant effect. Although heparin anticoagulant coatings are widely used in medical materials (Biran and Pond, 2017), their application in blood adsorption materials remains limited due to unsolved key technical challenges. However, in recent years, there seems to have been some breakthroughs in this issue. In 2015, the Wei H team developed a heparin-modified chitosan/graphene oxide hybrid hydrogel (hep-CS/GH) using a freeze-drying, neutralization, and modification strategy for bilirubin adsorption. The prepared hybrid hydrogel exhibited a unique foam-like porous structure and excellent mechanical flexibility. After modifying the hydrogel with heparin, protein adsorption, platelet adhesion, and hemolysis were reduced, and the plasma coagulation time was extended from 4.1 min to 23.6 min, indicating that hep-CS/GH had good blood compatibility. Therefore, this study can lay a foundation for improving the performance of adsorbents in removing blood toxins (Wei et al., 2015). Ye Yang reported on the construction of Kevlar nanofiber/graphene oxide composite beads as safe, self-anticoagulant, and highly efficient hemoperfusion adsorbents. They first prepared Kevlar nanofiber-graphene oxide (K-GO) beads through liquid-liquid phase separation. Then, sodium p-styrenesulfonate (SS) was adsorbed onto the K-GO interface through π-π interactions and initiated to obtain composite gel (K-GO/PSS) beads with an interfacial cross-linked structure. These composite gel beads had excellent mechanical strength and self-anticoagulant ability due to their double network structure and heparin-like gel structure (Yang et al., 2020). In 2019, Qi Dang successfully fixed heparin as a molecular spacer onto microspheres, thereby significantly improving blood compatibility during blood perfusion (Dang et al., 2019). The research team deeply recognized the structural function of heparin as a macromolecular spacer to be crucial. Based on this, they used heparin as a spacer, covalently fixed it onto chloromethylated polystyrene microspheres (Ps), and further connected it with L-phenylalanine to construct a Ps-Hep-Phe structure, which performed well in the adsorption of endotoxins. When the initial concentration of the heparin solution was 5 mg/mL, the grafting density of heparin reached an optimum. The research results showed that the adsorbent with heparin as a spacer not only prolonged the coagulation time but also reduced protein adsorption and hemolysis rate, which fully proved that the heparin-modified adsorbent had excellent blood compatibility. In dynamic adsorption experiments, Ps-Hep-Phe had an adsorption capacity for endotoxins as high as 25.15 EU/g, which was significantly higher than that of Ps. In summary, this study strongly indicates that heparin has great potential as a modified material for adsorbents in blood perfusion.
In summary, carbon-based materials are still the most commonly used adsorption materials.
Silica-based materials
Silica-based materials, often in the form of nanoparticles, exhibit high specific surface area and large pore volume. These characteristics, coupled with their good mechanical stability, make them highly suitable for use in dialysate or plasma perfusion (Asano et al., 2008). However, early reports indicated that amino/methyl-modified silica exhibited a hemolysis rate exceeding 80% (Tang et al., 2011). In recent years, research on the biocompatibility of silica-based blood perfusion adsorbents has been insufficient. While modified silica particles have been used for bilirubin adsorption, their overall biocompatibility still requires further improvement.
Characteristics and improvement of blood compatibility of organic adsorbents
Resin adsorbents
Resin adsorbents are widely used in blood purification due to their excellent chemical stability and adjustable pore structure (Rosenbaum et al., 1971; Raja, 1986). In the field of blood purification today, the use of adsorption materials derived from resins has become one of the most dominant methods (Asgharpour et al., 2020; Borazjani et al., 2023). These materials exhibit good plasticity and adjustability, allowing for the design of specific adsorption sites for particular toxins. However, a major challenge lies in nonspecific protein adsorption, which may reduce the material’s biocompatibility and therapeutic efficiency. Therefore, the research and development focus on resin materials primarily centers on modifying the resins to reduce nonspecific protein adsorption while enhancing their blood compatibility.
Human serum albumin (HSA) coating technology in resin adsorbents
In the early 1970 s, researchers conceived the idea of using albumin-coated resin materials to reduce blood damage. They employed a specialized extracorporeal circulation circuit to evaluate the blood compatibility of HSA-coated Amberlite XAD-7 resin. Within 2 hours after perfusion with uncoated resin, the average platelet loss (44 ± 5.6) % was greater than that after perfusion with HSA-coated resin (17 ± 2.2) % (p < 0.01). The average white blood cell loss was similar for both resins (55%). No increase in Swank filter pressure, which is used to detect the presence of cell aggregates in blood, was observed. Therefore, coating XAD-7 resin with HSA improved its blood compatibility in terms of platelet loss (Hughes et al., 1978). Subsequently, the team conducted in vivo experiments using HSA-coated XAD-7 resin for a single blood perfusion in four patients with acute liver failure. At the end of the 4-h blood perfusion, the average platelet count was (116 ± 16.3) % of the initial arterial value, and the average white blood cell count was (96 ± 6.5) % of the initial value. These results indicated that HSA-coated Amberlite XAD-7 resin was blood-compatible and capable of removing protein-bound substances and medium-sized molecules from the bodies of patients with acute liver failure (Hughes et al., 1979). However, due to the high cost of albumin as a coating material and the strict limitations on the production of human blood-derived albumin, it cannot be widely used clinically as a low-cost method. Therefore, there is a preference for finding adsorption materials with better blood compatibility, scalability, and cost-effectiveness.
While HSA coating showed promise, researchers continued to explore other coating technologies to improve blood compatibility and cost-effectiveness. One such technology is zwitterionic polymer (carboxybetaine) (PCB) hydrogel coating.
Zwitterionic polymer (carboxybetaine) (PCB) hydrogel coating in resin adsorbents
In Li et al. (2019) developed a blood adsorbent that is highly blood-compatible and effective, referred to as PCB-H103. This material was prepared by encapsulating polystyrene resin (H103) microparticles within a zwitterionic poly (carboxybetaine) (PCB) hydrogel matrix, which exhibits antifouling properties. To validate its performance, the research team not only tested the mechanical stability of PCB-H103 but also conducted thorough investigations into its adsorption efficiency in phosphate-buffered saline, bovine serum albumin solution, and 100% fetal bovine serum (FBS). Additionally, the team evaluated the blood compatibility of this novel adsorbent, PCB-H103. Benefiting from the antifouling capabilities of the PCB hydrogel, PCB-H103 exhibited excellent blood compatibility with a hemolysis rate of only approximately 0.64%. This result is significantly better than many existing blood adsorbent materials, indicating that PCB-H103 offers high safety and reliability in blood-contacting applications (Li et al., 2019).
Polymer-based materials (MIP)
Molecularly imprinted polymer-based materials (MIP) are special porous materials that contain recognition sites specific to certain toxin molecules, enabling highly selective adsorption of these molecules. Currently, MIP materials targeted at specific toxins have been successfully prepared and have shown a certain level of blood compatibility and adsorption efficacy. In Wu et al. (2017) combined electrospinning technology with molecular imprinting technology to prepare bilirubin-imprinted polydopamine on the surface of polyethersulfone (PES) sheets obtained through electrospinning, resulting in a bilirubin-imprinted polydopamine/PES composite material. This material induced minimal hemolysis, exhibited slight intrinsic anticoagulant activity, and had the ability to selectively adsorb bilirubin from cholesterol/bilirubin or testosterone/bilirubin biphasic solutions (Wu et al., 2017). In Osman et al. (2019) prepared uric acid-imprinted P(HEMA-MAC)-Fe3+ nanoparticles and subsequently polymerized these nanoparticles with acrylamide, methyl methacrylate, and methylene bisacrylamide at −18°C to obtain a cryogel. This cryogel did not induce significant coagulation and had a uric acid adsorption capacity of 148.6 mg·g−1 in serum (Osman et al., 2019), also demonstrating excellent blood compatibility. Research on MIP materials remains limited due to restricted clinical application scenarios, resulting in a paucity of related studies in this area.
Mixed matrix membrane (MMM) materials
Mixed matrix membrane (MMM) materials are membrane materials that contain embedded adsorbent particles, primarily achieving the adsorption process through these particles. In clinical practice, blood perfusion is often used in conjunction with hemodialysis; however, achieving a “smooth” transition between the two processes remains challenging. MMMs combine the “adsorption” process and the “diffusion” process, making it possible to integrate blood perfusion and hemodialysis into a single process. In Tijink et al. (2013) prepared hollow fiber MMMs using a dry-wet spinning technique based on immersion precipitation. These MMMs did not induce significant hemolysis and exhibited a certain level of cell compatibility and good mechanical stability. However, currently, research in this area is still in the exploratory stage.
Composite adsorbent materials
Composite adsorbent materials, which combine inorganic and organic materials, possess the advantages of both and have been widely used in blood perfusion technology in recent years. These composite materials not only exhibit efficient adsorption performance but also significantly enhance blood compatibility. Zhou W et al. designed and synthesized collagen (Col) and collagen-polyethyleneimine (Col-PEI) microspheres for bilirubin adsorption in patients (Zhou et al., 2023). Initially, pure collagen microspheres were synthesized through suspension polymerization using water-soluble carbodiimide (WSC) as a crosslinking agent. Subsequently, to improve the performance of Col microspheres, PEI was immobilized on their surface, forming collagen-PEI (Col-PEI) microspheres. The blood compatibility of the microspheres was assessed through routine blood tests, hemolysis tests, coagulation tests, and plasma recalcification time (PRT) tests. The results demonstrated that the hemolysis rate of the microspheres was less than 3%, which is lower than the standard set by ASTM (5%). Notably, the hemolysis rate of Col microspheres was only 0.61%, indicating excellent blood compatibility. Routine blood tests also showed no significant difference in the impact on blood cells compared to the control group. Compared to the control group, there was no significant decrease in APTT, PT, or TT levels for Col microspheres. However, the APTT of Col-PEI microspheres was significantly prolonged, indicating good anticoagulant capacity. Fibrinogen (FIB) is converted into insoluble fibrin under the action of enzymes, and fibrin is the main component of coagulation activation. The study found that the amount of FIB in Col-PEI microspheres was reduced compared to Col microspheres, which may be attributed to the enhanced anticoagulant capacity of Col-PEI microspheres due to PEI grafting. The PRT test assessed the anticoagulant capacity of the microspheres, and the results showed that the PRT of Col microspheres and Col-PEI microspheres was 2.30 min and 3.1 min, respectively, which was consistent with that of Col microspheres. Based on the results of biocompatibility and blood compatibility, the researchers believed that microspheres designed based on collagen are suitable for blood perfusion applications.
In Yang et al. (2021) prepared novel polymyxin B (PMB) engineered polystyrene-divinylbenzene microspheres. PMB is a cyclic and highly cationic decapeptide extracted from Bacillus polymyxa, and the endotoxin-PMB complex is very stable with an association constant (Ka) ranging from 1.8 × 10−6 to 2.3 × 10−6 M−1. The research team successfully grafted 11-mercaptoundecanoic acid (MA) onto the microspheres using thiol-ene click chemistry as a linker and then immobilized PMB on the surface of the microspheres through EDC/NHS coupling reaction.
To verify the biosafety of these engineered microspheres, the research team successfully grafted MA onto the microspheres using thiol-ene click chemistry as a linker. Subsequently, they immobilized PMB on the surface of the microspheres through an EDC/NHS coupling reaction. To verify the biosafety of these engineered microspheres, the research team conducted a series of biocompatibility and blood compatibility tests. The Cell Counting Kit-8 assay (CCK-8) revealed that the cytotoxicity of P-PMB microsphere extracts towards L929 and HUVEC cells was negligible compared to the culture medium, similar to PS-DVB and P-MA microspheres, demonstrating their excellent biocompatibility.
In blood compatibility tests, the team initially performed a hemolysis test. The results indicated no visible hemolysis in the P-PMB microsphere extracts. Quantitative analysis further confirmed a hemolysis rate of only 2.20% for P-PMB microspheres, indicating good blood compatibility according to the ISO 10993-5:1992 standard (hemolysis rate less than 5%). Anticoagulation tests further substantiated the blood compatibility of the microspheres. The in vitro coagulation time tests showed that the APTT of the P-PMB microsphere group was slightly lower than that of the PS-DVB group, though the difference was not statistically significant. Similarly, there were no significant differences in PT and TT between the original PS-DVB and engineered P-PMB microspheres, suggesting that the engineered microspheres did not adversely affect endogenous coagulation. Furthermore, they also found that both the original microspheres (PS-DVB) and the engineered microspheres (P-MA and P-PMB) had no effect on the adsorption of fibrinogen (FIB). These results collectively demonstrated the biosafety of PMB engineered microspheres during application and showed their great potential as blood-contacting materials in blood perfusion.
Additionally, materials such as MXenes and metal-organic frameworks (MOFs), as novel composite adsorbents, have received widespread attention in blood perfusion technology in recent years due to their highly tunable pore structures and excellent adsorption performance (Naguib et al., 2011). MXenes stand out as typical representatives of novel adsorbents with their unique two-dimensional nanostructure and good biocompatibility (Meng et al., 2018). They exhibit excellent biological and blood compatibility and can effectively adsorb and remove urea from aqueous solutions and dialysis fluids. MOFs, on the other hand, demonstrate remarkable adsorption performance due to their high specific surface area, tunable pore size, and functional diversity, particularly in adsorbing toxins such as p-cresyl sulfate, indoxyl sulfate, and hippuric acid (Zhao et al., 2020; Yao et al., 2023). Hemolysis tests, coagulation time tests, and cytotoxicity tests have confirmed that bilirubin adsorbents based on UiO-66 and UiO-66-NH2 exhibit good blood compatibility and biocompatibility (Liu et al., 2023). Since MXenes and MOFs are emerging materials in recent years, research on their blood compatibility is still limited due to immature technology.
Polysaccharide-based adsorbent materials
Polysaccharide-based adsorbents primarily include agarose, chitosan, and cellulose (Wu et al., 2019; Li et al., 2023). These materials exhibit excellent biocompatibility and adsorption properties, effectively removing harmful substances from the blood. Due to their high modifiability, chemical modifications of these polysaccharide-based adsorbents can further enhance their adsorption selectivity for specific substances, thereby improving the effectiveness of blood perfusion. Wang Y et al. developed an advanced technology for carboxymethyl chitosan-based heparin-mimetic cross-linked bead adsorbents (Wang et al., 2018). The team initially used safe and efficient carboxymethyl chitosan as the raw material and then utilized hydrogen bonding interactions for in-situ crosslinking with 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) to prepare a polymer molecular adsorbent using heparin as the raw material for low-density lipoprotein-cholesterol (LDL-C) removal during blood purification. They employed various methods such as Fourier transform infrared spectroscopy, two-dimensional correlation infrared spectroscopy, thermogravimetric analysis, and energy-dispersive X-ray spectroscopy (EDS) to confirm the feasibility of this technology. Due to their good hydrophilicity, these beads exhibit excellent blood compatibility when in contact with blood. The research results demonstrate that the hemolysis rate of all beads is less than 5%, and the platelet aggregation time for ccm/PAMPS beads exceeds 600 s, effectively inhibiting contact activation and supplementary activation. Furthermore, these microbeads do not exhibit significant cytotoxicity towards endothelial cells, making them a safe adsorbent for blood purification. Song et al. (2018) also designed “Design of Carrageenan-Based Heparin-Mimetic Gel Beads as Self-Anticoagulant Hemoperfusion Adsorbents”. Based on natural polysaccharides, this process uses carrageenan phase inversion technology combined with post-crosslinking treatment with polyacrylic acid (PAA) to construct a stable cross-linked network between carrageenan and polyacrylic acid. Experimental data show that this material has a high adsorption capacity for exogenous toxins such as heavy metal ions, reaching up to 560.34 mg/g, and also exhibits significant adsorption effects on endogenous toxins such as creatinine, bilirubin, and low-density lipoprotein, achieving adsorption capacities of 14.83 mg/g, 228.16 mg/g, and 18.15 mg/g, respectively. Additionally, its low protein adsorption capacity, low hemolysis rate, and low cytotoxicity further demonstrate its advantages in biocompatibility. It is particularly worth mentioning that this novel adsorbent exhibits exceptional performance in coagulation. Experimental results indicate that the activated partial thromboplastin time, prothrombin time, and thrombin time of the gel beads are significantly higher than those of the control group, with respective extensions of 13 times, 18 times, and four times. This finding suggests that the material has excellent self-anticoagulant properties, which can significantly reduce the risk of coagulation during blood perfusion, thereby enhancing the safety and efficiency of treatment. This characteristic makes the material highly promising for applications in the field of blood purification. To clearly understand the coating methods used for hemoperfusion adsorbent materials and their advantages and disadvantages, the author has created a simple table to more clearly express the differences and advantages of different coating technologies (see Table 1).
TABLE 1 | A summary of adsorbent materials and coating technologies for enhanced blood compatibility in hemoperfusion applications.
[image: Table comparing different substrate types, coating technologies, principles, advantages, limitations, representative materials, and applications of universal strategies. Substrates include carbon-based, silicon-based, resin-based, polymer-based, mixed matrix membranes, novel composite adsorbents, and polysaccharide adsorbents. Coating technologies vary, with corresponding principles and notable benefits such as improving compatibility and adsorption capacity. Limitations include high costs and complex processes. Applications suggest ways to enhance performance and biocompatibility.]CONCLUSION
Recent advancements in blood purification adsorbents have significantly improved their blood compatibility. A variety of materials—including carbon-based, silica-based, resin, molecularly imprinted polymers, mixed matrix membranes, novel composites, and polysaccharide adsorbents—have been extensively researched and optimized through advanced coating techniques. These innovations have enhanced the safety and efficacy of blood purification in clinical applications, reducing adverse reactions.
However, challenges remain. Complex fabrication processes and high production costs hinder the widespread clinical adoption of several innovative materials. Additionally, while laboratory studies show promising results, the long-term stability and safety of these materials in real-world clinical settings require further validation.
Looking ahead, the field of blood purification adsorbents presents significant opportunities for growth and innovation. Key research directions include.
	1) Cost-Effectiveness and Scalability: Developing affordable and scalable manufacturing processes is essential for broader clinical use, especially in resource-limited settings.
	2) Understanding Blood-Material Interactions: A deeper understanding of the mechanisms governing these interactions will aid in designing materials with superior blood compatibility.
	3) Interdisciplinary Collaboration: Encouraging collaboration among materials scientists, biomedical engineers, and clinicians can accelerate the translation of laboratory findings into clinical applications.
	4) Emerging Technologies: Investigating the potential of emerging technologies, such as metal-organic frameworks (MOFs) and biomimetic coatings, offers promising avenues for enhancing performance and compatibility.

In conclusion, achieving optimal blood compatibility in purification adsorbents requires ongoing interdisciplinary collaboration. By addressing current challenges and leveraging emerging technologies, we anticipate that future advancements will lead to safer and more effective blood purification therapies for patients worldwide.
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In recent years, the treatment of chronic osteomyelitis mediated by biodegradable polymer platforms has received increasing attention. This paper reports an advanced drug delivery system, vancomycin (VA) and DGEA loaded microspheres embedded in injectable thermosensitive polypeptide hydrogels (i.e., hydrogel-microsphere (Gel-MP) construct), for continuous release of drugs with different mechanisms and more comprehensive treatment of chronic osteomyelitis. The Gel-MP construct exhibits continuous biodegradability and excellent biocompatibility. Microspheres (MP) are wrapped inside Gel. With the degradation of Gel, VA and MP are released from them, VA released with faster degradation speed, achieving a potent antibacterial effect and effectively controlling infection. Due to the slower degradation rate of MP compared to Gel, subsequently, DGEA is released from MP to induce bone formation and produce the effect of filling bone defects. Compared with other formulations, the in vivo combinational treatment of Gel/VA-MP/DGEA can simultaneously balance antibacterial and osteogenic effects. More importantly, local sustained-release drug delivery systems can significantly mitigate the systemic toxicity of drugs. Therefore, the injection local sequential drug delivery system has broad prospects in the clinical application of treating chronic osteomyelitis.
Keywords: thermo-sensitive hydrogel, microsphere, sequential drug release, osteomyelitis, drug delivery

1 INTRODUCTION
Chronic osteomyelitis is an inflammatory disease caused by pathogen infection, primarily impacting that affects the periosteum and bone cortex, accompanied by bone destruction, often leading to dead bone and the formation of localized bone intima (Bury et al., 2021). Chronic osteomyelitis has always been an urgent clinical challenge due to its long course, high recurrence rate, and antibiotic resistance. The treatment of chronic osteomyelitis in clinical practice primarily encompasses targeted antibacterial therapy, surgical debridement, and addressing internal complications (Urish and Cassat, 2020). Due to the uncertainty of the time threshold for acute osteomyelitis to develop into chronic osteomyelitis, recurring episodes often result in failed clinical interventions. This has profound implications for patient quality of life and imposes a substantial burden on healthcare systems’ costs (Fantoni et al., 2019). Chronic osteomyelitis is often accompanied by necrotic tissue without blood circulation and bacterial biofilms that hinder antibiotic penetration. Generally, monotherapy with antibiotics is difficult to achieve cure. The treatment of chronic traumatic osteomyelitis usually involves thorough debridement combined with the use of antibiotics. Non intestinal antibiotic treatment for 4–6 weeks has become the standard treatment protocol for chronic osteomyelitis. Long term systemic high-dose infusion of antibiotics frequently leads to nephrotoxicity, ototoxicity, and severe gastrointestinal reactions (Patangia et al., 2022), which encourages researchers to develop effective strategies to mitigate these issues.
In recent years, many studies have focused on in situ drug delivery systems. Effective local antibiotic treatment after surgical debridement has the characteristics of targeted slow-release to the lesion site, replacing systemic antibiotics, reducing drug toxicity and side effects, and increasing local drug concentration. Both domestically and internationally, PMMA beads are utilized in the treatment of chronic osteomyelitis, but the bead chain needs to be removed in a second surgery, which brings inconvenience to patients and has no osteogenic effect, making it impossible to repair bone defects (Liu et al., 2022). Calcium phosphate bone cement (CPC) is a synthetic bone substitute material made from self-curing non ceramic hydroxyapatite (HAP) and has recently received considerable attention in clinical practice. Drug loaded CPC has received numerous clinical trials due to its ability to extend the duration of drug efficacy, possess good antibacterial effects, biocompatibility, and bone induction ability (Lang et al., 2021). However, bone cement has problems such as high brittleness, poor anti erosion performance, limited drug loading, impact on antibiotic release after solidification, and a brief duration of antibiotic release (Wong et al., 2021). This not only prolongs the treatment time of patients, but also increases their economic burden. Therefore, finding a local drug delivery system that can effectively release antibiotics for a long time and degrade them has always been a research goal for clinical workers.
Hydrogel is a kind of macromolecular polymer with three-dimensional network structure that can be swelled in water and maintain a certain amount of water, while it is insoluble (Cao et al., 2021). Injectable thermosensitive hydrogel can encapsulate therapeutic drugs or cells by simple mixing, act as drug release repository or growth scaffold in vivo, and can be self-degraded and cleared after release (Shi et al., 2021). Vancomycin (VA) is the most commonly used and effective antibiotic in the treatment of chronic osteomyelitis, demonstrating substantial antibacterial effects against osteomyelitis caused by a wide range of bacteria (Aggarwal et al., 2022; Cai et al., 2021). Compared with systemic administration, the local continuous release of drugs from the Gel at the osteomyelitis site can effectively enhance treatment efficacy (Zhao et al., 2019), and its physical properties such as porosity can be designed according to the drug demand. While providing a large drug load, it provides high surface volume ratio, high water retention performance, biocompatibility, and reduces the systemic toxicity of drugs, Therefore, it is a feasible way to choose hydrogel to carry macromolecular drugs to achieve controllable release (Pandey et al., 2016).
Microspheres (MPs) are widely used in drug controlled delivery (García-González et al., 2015). Currently, various polymers have been used to prepare MPs. Among them, the biodegradable synthetic polymer poly (lactic acid glycolic acid) (PLGA) has received widespread attention (Kontakis et al., 2007; Yoo and Won, 2020; Zhang P. et al., 2023). Previous studies have shown that MPs made from PLGA can encapsulate many small molecule drugs for the treatment of chronic osteomyelitis, such as vancomycin (VA), hydroxyapatite, levofloxacin, bone morphogenetic protein-2 (BMP-2) (Wang et al., 2023; Kuang et al., 2021; Zhan et al., 2024; Guo et al., 2020), etc., With the gradual degradation of PLGA skeleton, microspheres loaded with small molecule drugs can stably encapsulate and release drugs, achieving long-term sustained drug delivery. DGEA is a newly discovered peptide derived from type I collagen, which is the main component of organic bone matrix. Type I collagen binding and activation α2β1 Integrated protein (Leung, 2004), while α2β1 is a receptor that can induce osteogenic differentiation of bone progenitor cells. Therefore, DGEA has a good osteogenic induction effect and promotes osteogenesis (Bi et al., 2018; Mehta et al., 2015). With the rapid development of transportation and the aggravation of hospital infections (orthopedic fixation equipment and total joint implants) in recent years, there are more and more patients with bone fractures and osteomyelitis. These patients often have large irregular bone defects, slow bone repair, and are not easy to grow. They even produce open sinusoids, exacerbating soft tissue defects and bone defects (Wiese and Pape, 2010; Lima et al., 2014). The formation of bone defects in chronic osteomyelitis is a difficult treatment point. Applying DGEA to bone defects caused by chronic osteomyelitis would be a feasible supplement to the treatment system for chronic osteomyelitis.
In addressing the aforementioned challenges in this study, a gradient release DGEA and vancomycin (VA) microspheres/hydrogel system was prepared for the treatment of osteomyelitis in bone defects. However, Literature regarding its application in the treatment of osteomyelitis and bone defects is relatively scarce, and there is a lack of in-depth bacterial and animal in vivo experiments. As shown in the Scheme 1, the composite microspheres are encapsulated within the Gel. First, the Gel degrades, and VA encapsulated in the hydrogel is released preferentially to play an antibacterial role in the treatment of osteomyelitis. Subsequently, the microspheres gradually degrade, and the sustained release of DGEA induces bone formation in the following 4 months, repairing bone defects caused by chronic osteomyelitis. Our work shows that hydrogel-microspheres (Gel-MP) have good application prospects in the construction of chronic osteomyelitis.
[image: Diagram showing a multi-step process of treating bone defects in a femur. Step 1: DGEA, VA, and MP are mixed to form a gel, which is cooled and injected into a femoral defect of a mouse to kill *S. aureus* bacteria. Step 2: The gel releases DGEA to promote bone repair by encouraging osteoblast activity. Key shows VA, DGEA, MP, MP/DGEA, *S. aureus*, and osteoblasts.]SCHEME 1 | The sequential administration of Gel-MP structure demonstrates the preparation of Gel/VA-MP/DGEA for the treatment of chronic osteomyelitis. The MP were loaded with DGEA, and the Gel were loaded with VA. It can be injected into the defect area of osteomyelitis. Gel/VA is released first to control infection, and then MP/DGEA is released to promote the healing of osteomyelitis.
2 MATERIALS AND METHODS
2.1 Materials
All materials used in this work have been explained in the Supplementary Material.
2.2 Fabrication and characterizations of Gel-MP construct
2.2.1 Preparations and characterizations of Gel and MP
The composition of Gel is the copolymer of poly (L-alanine-co-L-phenylalanine)-block-poly (ethyleneglycol)-co-poly (L-alanine-co-L-phenylalanine) (PLAF-b-PEG-b-PLAF). As depicted in Supplementary Scheme S1, the copolymer of PLAF-b-PEG-b-PLAF was synthesized through the ring-opening polymerization (ROP) of L-alanine N-carboxyanhydride (L-Ala NCA) and L-phenylalanine N-carboxyanhydride (L-Phe NCA) using amino-terminated poly-(ethylene glycol) (NH2-PEG-NH2) as a macroinitiator. The blank and DGEA-loaded MPs were prepared by oil in water (W1/O/W2) dual lotion technology. Detailed procedures for the preparation and characterization of Gel-MP are described in the Supplementary Material.
2.2.2 Preparation of drug-loaded Gel-MP
The main components of MP is Poly (lactide-co-glycolide) (PLGA). The concentration of DGEA embedded in MP is determined based on its drug loading capacity (DLC) (9.88 wt%) and the required dose of 15.0 mg per kg body weight for osteogenesis (mg (kg BW)−1. The concentration of VA is determined based on the dosage of 25.0 mg (kg BW)−1 VA. For the preparation of Gel/VA-MP/DGEA, 8.0 wt% PLAF-b-PEG-b-PLAF with 3.9 wt% MP/DGEA and 0.5 wt% VA was dissolved together in phosphate-buffered saline (PBS). Stir the mixed system at 4°C for 3 days to obtain a uniform solution. Gel/VA-MP and Gel-MP/DGEA were prepared by dispersing different components in the same proportion.
2.2.3 In vitro degradation and release experiment of Gel-MP
0.5 mL of Gel/VA-MP/DGEA was put into a vial with an inner diameter of 11 mm and placed in a 37°C incubator. After 30 min, the Gel was formed. The quality of Gel/VA-MP/DGEA was weighed with an electronic scale and recorded. Then PBS solution containing or without 2.0 mg mL−1 elastase was added into the vial. This is to simulate the degradation microenvironment in vivo. When PBS was added with a pipette gun, the liquid should be gently injected along the bottle wall to the upper layer of Gel. Then place it in a 37°C constant temperature chamber and oscillate at 70 rpm min−1. Every other day, suck out the upper buffer solution and put it into a 2 mL centrifuge tube to measure the drug release amount of the sample, dry the residual PBS on the bottle wall with filter paper strips, and weigh the Gel. Then add new buffer solution again until the Gel is completely degraded. Collect the quality change of Gel/VA-MP/DGEA to show the degradation process of Gel. Use high-performance liquid chromatography to measure the concentration of drugs in the reserved degradation solution. After exploration, acetonitrile: water (60:40, v/v) is used as the mobile phase, the flow rate is 1.0 mL min−1, the absorption peak is set at 230 nm, the absorption peak of DGEA appears at 6 min, and the absorption peak of VA is 6.5 min.
2.2.4 In vivo degradation and biocompatibility test of Gel-MP
Sprague Dawley (SD) rats were used in the experiment of hydrogel degradation in vivo and biocompatibility. Dissolve the poly (amino acid) polymer in PBS buffer solution and prepare an 8 wt% polymer solution containing 5.0 wt% MP. Stir and dissolve at a constant temperature for 3 days in a refrigerator at 4°C. Inject 500 µL of polyamino acid polymer solution subcutaneously into the back of SD rats using a syringe. The rats were killed at different set times (30 min, 14 days, 28 days, 42 days), the skin of the Gel was cut off, and the degradation of the Gel in vivo was observed. At the same time, the skin of the Gel attachment was cut with scissors, stored in 4.0% paraformaldehyde solution, embedded in paraffin, made into 5 μm sections, stained with H&E, and studied the histological changes of the skin under the optical microscope.
2.3 In vitro antibacterial properties of Gel/VA-MP/DGEA
2.3.1 Bacterial coating experiment
To evaluate the inhibitory effects of Gel/VA-MP/DGEA on S. aureus and E. coli, 1 g/100 mL of Tryptone, 0.5 g/100 mL of yeast extract, 1 g/100 mL of sodium chloride, and 1.5 g/100 mL of agar powder were taken. The pH of the culture medium was adjusted to 7.4 using NaOH, and the plate was inverted after steam sterilization under high pressure. Take 1 mL of the bacterial solution from S. aureus and E. coli, add it to a shaking tube containing 4 mL of LB liquid culture medium, and shake well overnight in the shaking bed. Take a solid culture medium plate for coating, with a bacterial liquid volume of 100 μL. Three groups of composite materials were processed into regular circular discs with a diameter of 6 mm and a weight of 2 mg using a 6 mm punch. Two discs were used in each group for the S. aureus and E. coli coating experiments. Place three group material discs in clockwise order in each culture dish. Take photos separately at 24 h, 3 and 7 days.
2.3.2 Bacterial shaking experiment
Take 100 mL of shaking tubes containing S. aureus and E. coli respectively, and place them into a Tecan enzyme-linked immunosorbent assay (ELISA)reader to measure absorbance. Calculate the OD value at 625 nm and the dilution factor to approximately 0.05 OD. Take 5 mL of EP tube and calculate the total amount of bacterial solution and LB liquid culture medium according to the dilution ratio, totaling 4 mL. Add each group of materials to the EP tube. Place the bacteria in a 37°C constant temperature shaking bed for 100 r/min, and measure the absorbance using a UV absorbance meter Tecan after 2, 4, 8, 12, and 24 h. Perform statistical analysis after comparing with the blank group.
2.4 Femoral osteomyelitis mouse model
2.4.1 Animal procedures
Male SD rats, 6 in each group, totaling 48, weighing 250–350 g, provided by the School of Basic Medicine of Jilin University. All animal experiments are conducted in accordance with animal testing standards and approved by the Animal Experiment Ethics Committee of the First Hospital of Jilin University. Rats inhale isoflurane for anesthesia, and the surgical area is disinfected with iodine. Insert a 0.5 mm sterile surgical drill bit into the bone marrow cavity in the upper third of the rat femur, and rinse the bone marrow cavity with physiological saline. Micro syringe injection 102 CFU (colony forming unit) S. aureus (Staphylococcus aureus) bacterial solution (Supplementary Figure S1). Suture the skin and muscles of the rats one by one and disinfect them with iodine. Throughout the entire experiment, no antibiotics were injected into the animals.
2.4.2 In vivo treatment efficacy
After successful animal modeling, a cotton swab was dipped into the bone marrow cavity blood at the modeling site to conduct a bacterial plate coating experiment. Microbial growth was observed, indicating successful modeling in each group (Supplementary Figure S2). One week after modeling chronic osteomyelitis of the femur in rats, the skin and muscle layers were cut open to expose the femur. Open a rectangular window (5 mm × 1.5 mm) at the flat part of the upper third of the femur, perform debridement according to the normal surgical procedure, and inject different groups of materials into the bone marrow cavity according to the grouping method at the bone defect site 100.0 μL, and fill the bone defect area with the material, the injection method is shown in Supplementary Figure S3. The formulations were abbreviated as follows:
	• Group 1: PBS as control group (control);
	• Group 2: blank MP-loaded Gel group (Gel-MP);
	• Group 3: group of 5.0 mg mL−1 free VA in PBS (VA);
	• Group 4: group of 3.0 mg mL−1 free DGEA in PBS (DGEA);
	• Group 5: group of free VA and free DGEA at a concentration of 5.0 and 3.0 mg mL−1 in PBS, respectively (VA + DGEA);
	• Group 6: VA and blank MP-loaded Gel group (Gel/VA-MP);
	• Group 7: group of Gel with DGEA-loaded MP (Gel-MP/DGEA);
	• Group 8: VA and MP/DGEA coloaded Gel (Gel/VA-MP/DGEA).

Suture the skin and muscles of the rats one by one to complete the surgery. Afterwards, the rats were raised normally, and their repair status was observed during the feeding period. After being euthanized for 4 months, gross anatomical photos were taken for relevant experiments to evaluate the effectiveness of composite materials in treating chronic osteomyelitis.
2.5 In vivo therapeutic effects
2.5.1 External phase of femur and Micro-CT analysis
This study used the external appearance of the femur and Micro-CT to detect the target area of the specimen and analyzing the healing status of osteomyelitis after treatment. Observe the external appearance of the femur after dissecting rats 4 months later, fix the sample and place it in the Micro-CT instrument; Then slice and perform spiral scanning with a resolution of 10 μm. Obtain X-ray images by using Imalytics preclinical 2.1 software, subsequently synthesizing and reconstructing the three-dimensional morphology of the tissue. Finally, analyze the bone volume fraction (BV/TV).
2.5.2 Histological and immunohistochemical analysis
After dissecting the complete femur, specific infected bone tissue from the upper third of the femur was taken for HE and Masson staining. The collected femur was fixed overnight in 4% (W/V) PBS, buffered with paraformaldehyde, and then embedded in paraffin. Antigen repair was performed on the paraffin embedded tissue first. HE and Masson staining of paraffin embedded femoral sections for ∼5 μm, slice ∼3 μm for immunohistochemical analysis. Immunohistochemical staining was performed according to the previously reported immunocytochemical method (Zheng et al., 2017). Histological and immunohistochemical changes were detected using a microscope (Nikon, Model Eclipse Ti. Optical Instruments, Admore, Pennsylvania), and then analyzed using ImageJ software (National Institutes of Health, Bethesda, Maryland).
2.5.3 Real-time quantitative polymerase chain reaction (RT-qPCR)
Eight groups of rats were euthanized for 4 months and their expression of bone differentiation genes (OPN, BSP, COL1A1, BMP2, GAPDH) was detected by using RT-qPCR. Cells were lysed with TRIZOL reagent to extract RNA precipitates. The complementary DNA (cDNA) was synthesized using the PrimeScript™ RT Master Mix (Perfect Real Time) reverse transcription kit (Takara, Japan), and gene expression was determined after amplification. The primer sequences used are listed in Table 1. After dissecting the complete femur, the bone defect tissue was taken for RT-PCR to detect the expression of bone differentiation genes (OPN, BSP, COL1A1, BMP2, GAPDH).
TABLE 1 | Primers sequences used in RT-qPCR.
[image: Table listing genes with their forward and reverse primers. For OPN: forward is "CCAGCCAAGGACCACACTACA" and reverse is "AGTGTTTGCTGTAATGCGCC". For BSP: forward is "CCCGCCAGCGTACTTTCTT" and reverse is "TGGACTGGAAACCGTTTCAGA". For COL1A1: forward is "TGACTGGAAGAGCGGAGAGT" and reverse is "GAATCCATCGGTATGCTCT". For BMP2: forward is "TAGTGACTTTTGGCCAGCAG" and reverse is "GCTTCCGCTGTTGTGTTTG". For GAPDH: forward is "AGACAGCCGCATCTTCTTGT" and reverse is "CTTGCCGTGGGTAGAGTCAT" and "TACAACCTCCTTGACGGTCC".]2.5.4 Western blot (WB) analysis
Eight groups of rats were euthanized for 4 months and Western blot was used to detect the expression of bone differentiation related proteins (OPN, BSP, COL1A1, BMP2, GAPDH) in each component. The total protein was extracted from cells of each group using radio immunoprecipitation assay, and the protein content was determined. The total protein was transferred to a polyvinylidene fluoride membrane. After sealing, incubating antibodies, and developing them, the grey value was measured using ImageJ software, and the protein expression was quantitatively analyzed.
3 RESULTS AND DISCUSSION
3.1 Preparation and characterization of Injectable Gel-MP construct
As shown in Supplementary Scheme S1, PLAF-b-PEG-b-PLAF was synthesized through the ROP of L-Ala NCA and L-Phe NCA in the presence of NH2-PEG-NH2, and its chemical structure was characterized by proton nuclear magnetic resonance (1H NMR) spectroscopy (Supplementary Figure S4). The degree of polymerization (DPs) of L-Ala and L-Phe units were analyzed by integrating the peaks at 4.67 and 4.41 ppm relative to the peak at 3.67 ppm, with values of 30 and 4, respectively. The number average molecular weight (Mn) and molecular weight distribution (PDI) of 6,720 g mol−1 and 1.47 were determined by 1H NMR and Gel permeation chromatography (GPC), respectively. PLGA MP was prepared by W1/O/W2 double emulsion technique. Scanning electron microscopy (SEM) images show that MP exhibits excellent spheroidization and smooth surface (Figure 1A), with an average size of ∼4.53 μm (Figure 1B). DGEA can be efficiently encapsulated within the MP, achieving a DLC of 9.88 wt% and a drug loading efficiency (DLE) of 98.8 wt%. Therefore, PLGA MP is deemed a promising carrier for the encapsulation and delivery of DGEA.
[image: Four-panel image showing microstructures and a histogram. Panel A: Microstructure labeled "MP" with a scale of 100 micrometers. Panel B: Histogram labeled "MP" with frequency distribution of sizes between three and six micrometers. Panel C: Microstructure labeled "Gel" with a scale of 100 micrometers. Panel D: Microstructure labeled "Gel+MP" with a scale of 50 micrometers.]FIGURE 1 | Morphologies and scales of MP, Gel, and Gel-MP: (A) SEM micro-image of MP, (B) average size of MP, (C) SEM micro-images of Gel, and (D) Gel-MP.
The phase diagram determines the gel formation temperature of various gel concentrations based on the tilt of the vial, as shown in Figures 2A, B. When the vial is tilted, if the liquid level flows, the solution is in the Sol-Gel state; if the liquid level does not flow, the solution is in the gel state. With the increase of the temperature, the PLAF-b-PEG-b-PLAF solution experiences a Sol-to-Gel transition, and the transition temperature being dependent on the polypeptide solution’s concentration. As shown in Figure 2A, the Sol-Gel transition temperature decreases with the increase of peptide concentration. The polypeptide solution with a concentration of 8 wt% exists in the form of low viscosity fluid, and has undergone a rapid Sol-Gel transition at about 29°C, which is more suitable for in vivo use. These two characteristics reflect the great potential as injection materials. The phase diagram trend of Gel-MP (Figure 2B) is basically consistent with that of Gel in Figure 2A, adding MP to polypeptide solution reduces the Gelation temperature of Gel, which may be related to the enhanced interaction between Gel and MP (Figure 2B). In addition to the Sol-Gel precipitation transition temperature, we also evaluated the rheological changes of the peptide solution without/with MP (Figures 2C, D). The storage moduli (G′) and loss moduli (G″) both exhibited an increase as the temperature rose. In addition, the Sol-Gel phase transition temperature obtained from the intersection of the storage moduli (G′) and the loss moduli (G″) is consistent with the Gel temperature obtained by the vial inversion method. This further demonstrates the temperature-sensitive and injectable nature of the Gel.
[image: Graphs display data on gels. Panels A and B show the relationship between concentration (weight percentage) and temperature in two types: Gel and Gel-MP, with images of samples. Panels C and D illustrate the temperature-dependent changes in storage modulus (G') and loss modulus (G'') for Gel and Gel-MP, respectively, with G' as solid lines and G'' as dashed lines.]FIGURE 2 | Phase diagrams and rheological properties. (A) Gel phase diagram with broad photographs before and after gel formation. (B) Gel-MP phase diagram with broad photographs before and after gel formation. (C) G′ (Storage modulus) and G″ (Loss modulus) of Gel. (D) G′ and G″ of Gel-MP.
SEM was employed to further investigate the microstructure of the obtained Gel and Gel-MP constructs. As shown in Figure 1C, there were interconnected pore structures in the polypeptide Gel, which allows the infiltration of interstitial fluid to accelerate the degradation of polypeptide skeleton, and is also conducive to the adhesion of MP. As shown in Figure 1D, it is observed that MP is uniformly dispersed on the surface and inside of Gel after being combined with Gel (Figure 1D). The size and shape of MP and Gel did not change after mixing. Stirring at 4°C for 3 days did not damage the three-dimensional (3D) structure of MP, which is beneficial for the hydrophobicity and stability of the PLGA matrix. The above results indicate that Gel-MP constructs are suitable as injection platforms for in vivo applications.
3.2 Degradation of Gel-MP construct and sequential drug delivery
In order to observe the in vitro degradation of Gel-MP constructs, we conducted in vitro explanatory experiments on them in different culture media, namely, PBS and PBS containing 2.0 mg mL−1 elastase (Figure 3A). Compared to 60 days in the PBS group, the degradation rate of Gel-MP constructs increased in the presence of elastase and remained resistant for 50 days. At the same time, we also performed in vivo degradation assessments using rat models. As shown in Figure 3B, MP mixed Gel can be observed 30 min after subcutaneous injection, and gradually degraded within 42 days. The degradation rate in vivo is faster than in vitro, which may be due to various enzymes accelerating the degradation of Gel-MP constructs under the skin. In addition, the slightly acidic microenvironment caused by PLGA degradation is also due to accelerated degradation (Rocha et al., 2022; Yoo and Won, 2020; Su et al., 2021). Meanwhile, the biocompatibility of Gel-MP constructs was studied through H&E staining. As shown in Figure 3B, after 30 min of injection, although redness can be observed on the skin, minimal inflammation can be observed from H&E staining. After 7 days, based on the increase of inflammatory cells, the inflammation became severe. As the implant degrades, this phenomenon gradually alleviates. After 42 days, no inflammatory cells were observed in the tissue sections, indicating that the use of Gel-MP constructs as subcutaneous implants presents no safety concerns.
[image: Three-part figure showing graphs and histological images. (A) Line graph depicting mass remaining over time in days, comparing PBS (black) and PBS with elastase (red). Mass decreases more rapidly with elastase. (C) Line graph showing accumulative release over time in days for VA with elastase, VA, DGEA with elastase, and DGEA, showing variations in release rates. (B) Photographic and histological images show progression from 30 minutes to 42 days. Photographs depict tissue changes, and H&E stained images illustrate cellular and structural changes. Scale bars are 5 millimeters for photographs and 25 micrometers for H&E images.]FIGURE 3 | Degradation, biocompatibility, and drug release. (A) In vitro weight remaining profiles of Gel/VA-MP/DGEA incubated in PBS at pH 7.4 without or with elastase. (B) In vivo biodegradation and biocompatibility of Gel-MP construct; the Gel-MP solution was subcutaneously injected into mice. (Photographs around the implants were taken at 0 (30 min), 14, 28, and 42-day post-injection. H&E staining images around the implanted Gel after 0, 14, 28, and 42 days of subcutaneous injection of the Gel.) (C) In vistro VA and DGEA release from Gel/VA-MP/DGEA incubated in PBS without or with elastase. (Statistical data were represented as mean ± standard deviation (SD) (n = 3).
The in vitro release of VA and DGEA was carried out in PBS without and with elastase (Figure 3C). Gel/VA-MP/DGEA in PBS containing elastase showed an accelerated drug release rate due to the rapid degradation of Gel-MP constructs. The continuous release of DGEA ensures effective drug concentration in situ and avoids serious side effects. On the other hand, in the same period (i.e. 48 days), 91% of VA was released from Gel/VA-MP/DGEA, and a slight initial large release was observed in the first 8 days, attributed to the rapid diffusion of VA from the surface of Gel. VA is preferentially released from Gel to play an antibacterial role and reduce the inflammatory response associated with osteomyelitis, which also lays the foundation for the osteogenesis of the subsequently released DGEA and promotes the healing of bone defects.
3.3 Antibacterial sensitivity of Gel/VA-MP/DGEA
Because zone inhibition assay can be cultured in an incubator for a long time, up to a week, and is not easily contaminated by bacteria in the environment, it can demonstrate its antibacterial effect after 24 h of use. The zone inhibition assay as shown in Figure 4A, at the 24-h time point, the antibacterial ring of Gel-MP material in E. coli group was 6 mm, Gel/VA was 9.3 mm, and Gel/VA-MP/DGEA was 9.6 mm. The inhibitory ring of Gel-MP group in S. aureus culture dish is 6 mm, Gel-VA is 20.4 mm, and Gel-VA-MP/DGEA is 20.54 mm. From this comparison, when the material contains VA, it has a relatively good antibacterial effectiveness. In addition, the addition of MP/DGEA enhances the antibacterial ability of the material, which may be related to the accelerated release of VA after the addition of drug loaded microspheres. The results of cultures at 3 days and 7 days showed that although bacteria could grow normally on solid culture medium, the antibacterial ring did not shrink, indicating that Gel/VA-MP/DGEA material sustains antibacterial effects for more than 7 days. The diameter of the antibacterial ring of the drug loaded material in S. aureus culture dish is larger than that in E. coli culture dish, indicating that S. aureus exhibits greater sensitivity to VA than E. coli, and S. aureus is the most common pathogenic bacterium in chronic osteomyelitis. Therefore, the composite material holds promise for delivering an efficacious antibacterial action in the treatment of osteomyelitis (Zhang P. et al., 2023).
[image: Panel A shows petri dishes illustrating bacterial growth inhibition of E. coli and S. aureus over 24 hours, 3 days, and 7 days with clear zones around discs. Panel B is a line graph depicting absorbance over 24 hours for S. aureus with varying treatments, showing notable growth differences. Panel C is a similar graph for E. coli, displaying growth variations with treatments. Insets in panels B and C include sample images.]FIGURE 4 | Antibacterial properties of Gel/VA-MP/DGEA. (A) The inhibition rings of S. aureus and E. coli with the zone inhibition assay, the clockwise group is Gel-MP, Gel/VA-MP, Gel/VA-MP/DGEA at 24 h, 3 and 7 days. Turbidity assay test tube photos of S. aureus (B) and E. coli (C), from left to right are the LB, LB+ target bacteria, LB+ target bacteria+ Gel-MP, LB+ target bacteria+ Gel/VA-MP/DGEA. Changes in UV absorbance of (B) S. aureus and (C) E. coli in turbidity assay across different groups at 0, 2, 4, 8, 12, and 24 h. [Data were represented as mean ± SD (n = 3; **p < 0.01, ***p < 0.001)].
If the turbidity assay time is too long, the bacteria will overgrow and the nutrients in the culture medium will be insufficient. Therefore, it is used to demonstrate the antibacterial effect within 24 h. Figures 4B, C shows the turbidity assay result of S. aureus and E. coli at 0, 2, 4, 8, 12, and 24 h. It can be seen that whether it is for S. aureus or E. coli bacteria, Gel-MP showed significant antibacterial effects upon the addition of VA (p < 0.001). The LB group is a blank control group, without adding any materials or drugs. There was a significant difference in absorbance between the LB + bacterial group and the LB + bacterial + Gel-MP group and the blank control group, indicating that Gel-MP did not have a significant antibacterial effect. The LB + bacteria + Gel/VA-MP/DGEA group and Gel-MP group containing VA showed significant antibacterial effects with statistical significance (p < 0.001). The use of VA in clinical practice is increasing day by day, at present, VA has become the last line of defense for the treatment of MRSA and other drug-resistant bacteria in clinical practice (Guo et al., 2020). In this study, loading VA into Gel-MP not only ensures the minimum usage of VA, but also gradually exerts antibacterial effects as Gel-MP degrades over time, thereby creating a better microenvironment and timeframe for bone regeneration.
3.4 Ideal antibacterial and bone regeneration properties in vivo
On the rat model of osteomyelitis, we evaluated the synergistic effect of VA and DGEA in the Gel-MP system. After modeling osteomyelitis in rats, there was extensive bone destruction in the femur and disordered arrangement of bone trabeculae. One week later, skin ulcers and pus leakage appeared on the wound surface. According to the external appearance of the femur (Figure 5A), it can be seen that the control group and Gel-MP group gradually worsened osteomyelitis after debridement, and the Gel-MP group exhibited larger femoral defects, a large amount of necrotic bone, and pus leakage. It is speculated that it may be related to the degradation of hydrogel, which will lead to the decrease of pH (Machado et al., 2022),and the microenvironment infected with bone environment is considered to be slightly acidic (pH 5.5–6.7) (Cicuéndez et al., 2018; Chen et al., 2018), which may be the result of metabolites produced by microorganisms. The VA group, DGEA group, VA + DGEA group, Gel/VA-MP group, and Gel-MP/DGEA group have limited bone defects with concavity and poor continuity of the marginal cortex, but the amount of new bone formation is significantly different from the control group and Gel-MP group, indicating a demonstrable therapeutic effect. The Gel/VA-MP/DGEA group showed the best bone repair effect visible to the naked eye. After 4 months, only gap sized defects were retained in the bone window, and there was some thin cortex at the gap, and the bone defect had been basically filled.
[image: Image consisting of three sections: (A) Femoral appearance with six femur samples labeled Control, Gel-MP, VA, DGEA, VA+DGEA, and Gel/VA-MP/DGEA on a green background. (B) CT images of the same samples on a blue background. (C) Bar graph depicting BV/TV ratios for each sample, showing significant differences with asterisks indicating statistical significance between groups.]FIGURE 5 | (A) Femoral appearance of rats for 4 months. (B) CT image of rats for 4 months. Scale: 5 mm. (C) BV/TV at 4-month post-treatment. (**p < 0.01, ***p < 0.001).
To more accurately assess bone defect repair, Micro-CT (Figure 5B) showed that compared with the control group and Gel-MP group, the VA group, VA + DGEA group had a lower depth of bone defects and better bone formation in the bone density, but the cortical defect site increased and the continuity of the marginal cortex was poor. The Gel-MP/DGEA group showed significant repair of bone density defects, with only cortical defects present. The Gel/VA-MP/DGEA group achieved the optimal treatment outcome, where the repair of the original fenestration defect site was basically completed.
To quantitatively analyze the repair of bone defects, we selected BV/TV (Figure 5C) as the indicator for evaluating bone regeneration. The BV/TV of the control group and Gel-MP group was less than 60%, while the BV/TV of the other drug loaded groups showed a significant enhancement compared to both the control group and the Gel-MP group. Compared with the injection of VA and DGEA alone, the combination of VA and DGEA also has a therapeutic effect on chronic osteomyelitis, with BV/TV reaching 78.9%. It is worth noting that the therapeutic effect of free VA is better than that of free DGEA, potentially attributable to free VA can bring more sustained antibacterial effects. Although DGEA can reduce the activation of M1 macrophages and prevent the occurrence of chronic inflammation (Jha and Moore, 2022), its efficacy still falls short of that achieved with VA. With the formation of bacterial biofilm, it will hinder the penetration of nutrients and antimicrobial agents, thereby affecting the osteogenic effect of DGEA (Conterno and Turchi, 2013). Therefore, the antibacterial and osteogenic effects have a significant sequential effect. The Gel/VA-MP/DGEA group exhibited the superior therapeutic outcome, and the BV/TV ratio reached 92%. Compared with the VA + DGEA group without drug loaded water Gel/microspheres composite system, there was still a significant difference (p < 0.01). This was due to the local sequential and continuous release of the two drugs (Zheng et al., 2020), which enabled it to have a more reasonable amount of new bone formation, indicating that the slow release drug loaded composite system could improve the degree of bone repair (Wang et al., 2022).
HE staining (Figure 6A) showed that after 4 months of S. aureus infection, the Control group had a large number of inflammatory cell aggregates, while the Gel-MP group showed extensive bone defects with a large number of neutrophils, macrophages, and lymphocytes, and the generation of dead bone was visible at the edges. The inflammatory response was significantly reduced in the VA + DGEA group, Gel/VA-MP group, and Gel/VA-MP/DGEA group. In the Gel/VA-MP/DGEA group, a large amount of new bone formation was observed, the integrity of the bone marrow morphology was intact, and the defect window area was basically repaired. The composite drug loaded material has good anti-inflammatory and bone repair effects. Chronic osteomyelitis can recur frequently, attributed to the imbalance between host defense and bacterial invasion. The lack of local immune response hinders the clearance of infectious factors. Local ischemia can prevent inflammatory cell infiltration and systemic administration of antibiotics is possible. Therefore, a biofilm is formed on the dead bone, which protects internal bacteria from the infiltration of antibiotics, host immune defense cells, and antibodies. The immobilization form of pathogens within biofilms reduces sensitivity to antibiotics by 103 compared to sterile conditions (Walter et al., 2012) report. In clinical practice, once the host defense system is inhibited, this phenomenon can further trigger the recurrence of osteomyelitis. Therefore, if the bacterial biofilm is not cleared, it will hinder bone regeneration, and the clearance of bacterial biofilm is the priority condition for the treatment of all chronic osteomyelitis. Although DGEA is a potent M1 macrophage inhibitor that can suppress inflammation, it will not have a good bone formation promoting effect if the bacterial biofilm is not cleared. Therefore, the application of DGEA in the treatment of chronic osteomyelitis plays a complementary role, and cannot be used as a standalone treatment method. With the removal and inhibition of biofilms, the use of DGEA drugs can promote bone regeneration faster and fill bone defects.
[image: Histological images showing tissue sections with H&E staining in panel A and Masson staining in panel B. Sections are organized in a 4x4 grid with labels: Control, Gel-MP, VA, and DGEA, with combinations in subsequent rows. Staining highlights tissue structures and fiber distributions, with visible variations across samples. Scale bars indicate 100 micrometers.]FIGURE 6 | The (A) the HE staining (B) the Masson staining for Control, Gel-MP, VA, DGEA, VA + DGEA, Gel/VA-MP, Gel-MP/DGEA, Gel/VA-MP/DGEA with 4 months. Scale: 100 μm. Note: inflammatory cells (pentagram), bone marrow (black triangle), bone defect (black arrow), new bone tissue (purple arrow), collagen (red triangle).
Further Masson staining was performed on the femoral sections (Figure 6B), yielding results similar to HE staining. Extensive bone defects were still observed on the Control and Gel-MP group sections, with a large accumulation of neutrophils, macrophages, and lymphocytes. The fibrous tissue of collagen was loose, and there was less new bone tissue. Dead bone formation could be seen at the edges. The collagen fibers in the DGEA and Gel-MP/DGEA groups are relatively loose and irregular, with evidence of inflammatory cell infiltration. In the VA + DGEA group and Gel/VA-MP/DGEA group, a large number of bone pits were observed, and after treatment with the sustained-release composite drug loaded materials, it was observed that the defect window area had been basically repaired, with new bone formation and dense and regular collagen fiber tissue. Therefore, the composite drug loading material Gel/VA-MP/DGEA has a good effect in promoting the generation of collagen, and the filled collagen provides good flexibility for bone (Yu and Wei, 2021).
To further confirm the therapeutic effect of the Gel/VA-MP/DGEA group, in vitro immunohistochemical testing was performed. Analyze the osteogenic effect by using the levels of type I collagen (COL I) and osteocalcin (OCN). COL is the most abundant protein in bone matrix, while OCN is one of the specific proteins of osteoblasts and the most abundant non collagen protein in bone (Li et al., 2016; Vijayalekha et al., 2023). Here, we employed Cy5.5 labeled COL and OCN for cell staining. Figures 7A, B show that in the Gel/VA-MP/DGEA composite drug loading group, the green fluorescence region is the most abundant. However, although there are also active regions of bone collagen and osteoblasts in the Control group and Gel-MP group, the stained area is significantly smaller and the tissue morphology is irregular.
[image: A grid of fluorescence microscopy images shows results for DAPI (blue) and COL or DCN (green) across different treatment conditions: Control, Gel-MP, VA, DGEA, VA+DGEA, Gel/VA-MP, Gel-MP/DGEA, Gel/VA-MP/DGEA. Below this, two bar charts labeled C and D display quantitative results for COL and DCN, respectively, indicating statistical differences with asterisks, highlighting variations among the treatments.]FIGURE 7 | Qualitative and semi quantitative immunofluorescence of COL and OCN. (A) COL immunofluorescence nuclear antigen staining labeled with Cy5.5. (B) Cy5.5 labeled OCN immunofluorescence nuclear antigen staining. Semi quantitative analysis of immunofluorescence staining: (C) relative fluorescence intensity of COL; (D) The relative fluorescence intensity of OCN. (Statistical data is expressed as mean ± standard deviation (n = 3). ***p < 0.001).
Using ImageJ software for semi quantitative analysis (Figures 7C, D), it was found that the fluorescence intensity and fluorescence area of the control group were much lower than those of the other groups, indicating that only a very small number of osteoblasts appeared in the defect area. The COL expression level of the Control group was only 15.5% of that of the Gel/VA-MP/DGEA composite loading group, and the OCN expression level was only 4.0%. The COL expression level of the Gel-MP group was only 20.8% of that of the Gel/VA-MP/DGEA composite loading group, and the OCN expression level was only 11.5%. The VA group, VA + DGEA group, and Gel/VA-MP group equipped with VA also showed ideal bone activity, with COL expression levels more than three times that of the Control group and Blank group. The OCN expression level in the Gel/VA-MP group surpassed eight times that of the blank group. The fluorescence intensity of the Gel/VA-MP/DGEA composite drug loading group was significantly higher than that of all drug loading groups, indicating an effective increase in the number of osteoblasts and bone matrix content, with good osteogenic activity.
In order to further explore the osteogenic potential of the Gel/VA-MP/DGEA group at the molecular level, we conducted RT-PCR and Western blot experiments. Detect the expression of osteogenic related genes and proteins after 4 months. From Figure 8, the relative expression levels of osteogenic genes (OPN, BSP, COL1A1, BMP2) in the composite drug loading group were significantly higher than those in the other groups, more than twice that of the single drug loading group Gel/VA-MP and Gel-MP/DGEA, and approximately 4–5 times higher than in the control group. The relative expression levels of osteogenic genes (OPN, BSP, COL1A1, BMP2) in VA, DGEA, VA + DGEA, Gel/VA-MP, Gel-MP/DGEA in other drug loaded groups were not significantly different, but there was also a good improvement compared to the control group. In Western blot experiments (Figures 9A, B), it was found that the results were similar to the osteogenic related genes observed in RT-PCR experiments. Through the electrophoretic analysis of OPN, BSP, COL1A1, and BMP2 related proteins, comparing the groups, and conducting quantitative grayscale analysis, the levels of various osteogenic proteins in the newly formed tissue at the defect site treated with the Gel/VA-MP/DGEA composite were notably elevated compared to both the Control group and the Gel-MP group.
[image: Bar charts show relative expression levels of OPN, BSP, COL1A1, and BMP2 across different conditions. Each chart indicates significant differences with asterisks, comparing control and various sample groups, including DEX, VAD, and combinations like VAD-PG. Error bars represent standard deviation.]FIGURE 8 | Gel/VA-MP/DGEA composite materials exhibit more ideal osteogenic differentiation. RT-PCR for the Gene expression of OPN, BSP, COL1A1 and BMP2 among the eight groups. n = 3. (***p < 0.001).
[image: Graphs and a Western blot depicting expression levels. Four bar charts in section A show relative expressions of OPN, BSP, COL1A1, and BMP2 across various treatments, with significant differences marked by asterisks. Section B shows a Western blot for BMP2, BSP, COL1A1, OPN, and β-actin under different treatment labels, illustrating protein levels.]FIGURE 9 | Gel/VA-MP/DGEA composite materials exhibit more ideal osteogenic differentiation. (B) Western blotting for the expression of OPN, BSP, COL1A1 and BMP2 among the eight groups, measured in the fourth month. (A) Corresponding quantitative analysis of protein expression in (B) n = 3. (***p < 0.001).
Bone regeneration is based on the stimulation of various signaling pathways to promote the proliferation and differentiation of MSCs to generate new bone tissue, which is further mineralized and matured. These changes are closely relateSd to the expression level of genes (Yang and Liu, 2021). OPN, also known as “bone bridge” protein, can interact with various cell surface receptors, such as the RGD sequence. The RGD sequence is abundant in the bone tissue matrix and can mediate important extracellular matrix and intercellular interactions (Gravallese, 2003). OPN plays an important role in the mineralization of bone tissue, promoting the formation of crystal nuclei (Zhang M. et al., 2023), which aligns with the observed upregulation in expression levels during the experimental studies. BSP protein and its mRNA can be detected in mature osteoblasts, but not in precursor cells (Kriegel et al., 2022). Therefore, we chose BSP to evaluate bone maturity. The expression of BSP in the Gel/VA-MP/DGEA group was significantly higher than that in other groups, indicating that the newly formed bone tissue in the defect has begun to mineralize and mature, transforming into mature bone tissue. As is well known, compared to fibrous connective tissue, bone tissue is notably enriched in Type I collagen fibers (Li et al., 2021), and the expression level of COL1A1 in the composite drug loading group was found to be significantly higher compared to other groups. The BMP2 gene has been shown to play an important role in bone development, facilitating the differentiation of osteoblasts and bone formation. It is almost involved in all stages of bone regeneration, and stimuli from other pathways, which is mediated by BMP, can also trigger osteogenic responses (Arrabal et al., 2013). The increased expression of osteogenic related proteins (OPN, BSP, COL1A1, BMP2) demonstrated that the composite drug loaded Gel/VA-MP/DGEA group can indeed promote bone regeneration, increase the volume of new bone tissue in the defect area, accelerates bone tissue mineralization, and facilitates the transformation into mature bone tissue.
3.5 Security of Gel/VA-MP/DGEA in vivo
Safety is one of the most important factors in the potential clinical application of any advanced chemotherapy drug formulation. In this study, the safety of all formulations was determined by detecting changes in histopathological morphology of visceral organ slices.
To evaluate the safety of all test formulations, histopathological analysis was performed on major organs (such as the heart, liver, spleen, lungs, and kidneys) by using H&E staining after all treatments (Figure 10). Observe the histological morphology of each organ. It can be seen that there are no significant abnormalities in the pathological sections of important organs such as the heart, liver, spleen, lungs, and kidneys in each group. The results indicate that the Gel-MP construct is non-toxic to human organs, and neither Gel-MP carrying VA nor MP carrying DGEA will cause toxic reactions to important organs. This experiment shows that the Gel-MP construct does not cause damage to important organs and has good clinical application prospects.
[image: Microscopic images of tissue samples organized in a grid. Columns represent heart, liver, spleen, lung, and kidney. Rows indicate various treatments: Control, Gel-MP, VA, DCGEA, VA+DCGEA, Gel-MP, MPDGEA, and Gel-MP+DCGEA. Differences in tissue structure and staining are visible across treatments and organs.]FIGURE 10 | Security in vivo. Ex vivo histological analyses of main organ sections after treatment with PBS as a control, Gel-MP, VA, DGEA, VA + DGEA, Gel/VA-MP, Gel-MP/DGEA, or Gel/VA-MP/DGEA.
4 CONCLUSIONS
Injectable Gel-MP structures were prepared using PLAF-b-PEG-b-PLAF and PLGA as the skeletons of Gel and MP, respectively, for continuous administration. After subcutaneous injection, the Gel-MP carrier completely degraded within 42 days and exhibited good biocompatibility. In terms of in vivo application, after injection the site of osteomyelitis defects, VA is initially released from the Gel/VA-MP/DGEA system, effectively exerting its antibacterial activity and controlling infection. Then, as Gel degrades, DGEA is released from MP to induce bone formation, resulting in the effect of filling bone defects. These findings suggest that Gel/VA-MP/DGEA has good anti-inflammatory and osteogenic effects in vivo, and has high potential in the treatment of femoral osteomyelitis.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was approved by Animal Ethics Committee of the First Hospital of Jilin University. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
YZ: Writing - original draft, Project administration, Methodology, Investigation. YW: Writing–original draft, Project administration, Methodology, Investigation. FS: Writing–original draft, Validation, Supervision, Software. SW: Writing–original draft, Validation, Supervision, Software. YZ: Writing–original draft, Validation, Supervision, Software. XL: Writing–original draft, Validation, Supervision, Software. NL: Writing–original draft, Validation, Supervision, Software. WS: Writing–review and editing, Formal Analysis, Data curation, Conceptualization. ZS: Writing–review and editing, Formal Analysis, Data curation, Conceptualization.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by the 2023 Jilin Provincial Health Talent Project (JLSWSRCZX 2023-32) and 2022 Key R&D Project of Jilin Province Science and Technology Development Plan (20220204126YY).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1499742/full#supplementary-material

REFERENCES
	 Aggarwal, D., Kumar, V., and Sharma, S. (2022). Drug-loaded biomaterials for orthopedic applications: a review. J. Control. Release Off. J. Control. Release Soc. 344, 113–133. doi:10.1016/j.jconrel.2022.02.029
	 Arrabal, P. M., Visser, R., Santos-Ruiz, L., Becerra, J., and Cifuentes, M. (2013). Osteogenic molecules for clinical applications: improving the BMP-collagen system. Biol. Res. 46, 421–429. doi:10.4067/S0716-97602013000400013
	 Bi, M., Han, H., Dong, S., Zhang, Y., Xu, W., Zhu, B., et al. (2018). Collagen-coated poly(lactide-co-glycolide)/hydroxyapatite scaffold incorporated with DGEA peptide for synergistic repair of skull defect. Polymers 10, 109. doi:10.3390/polym10020109
	 Bury, D. C., Rogers, T. S., and Dickman, M. M. (2021). Osteomyelitis: diagnosis and treatment. Am. Fam. Physician 104, 395–402.
	 Cai, W., Liu, J., Zheng, L., Xu, Z., Chen, J., Zhong, J., et al. (2021). Study on the anti-infection ability of vancomycin cationic liposome combined with polylactide fracture internal fixator. Int. J. Biol. Macromol. 167, 834–844. doi:10.1016/j.ijbiomac.2020.11.039
	 Cao, H., Duan, L., Zhang, Y., Cao, J., and Zhang, K. (2021). Current hydrogel advances in physicochemical and biological response-driven biomedical application diversity. Signal Transduct. Target. Ther. 6, 426. doi:10.1038/s41392-021-00830-x
	 Chen, Z., Zhao, M., Zhang, J., Zhou, K., Ren, X., and Mei, X. (2018). Construction of injectable, pH sensitive, antibacterial, mineralized amino acid yolk-shell microspheres for potential minimally invasive treatment of bone infection. Int. J. Nanomedicine 13, 3493–3506. doi:10.2147/IJN.S157463
	 Cicuéndez, M., Doadrio, J. C., Hernández, A., Portolés, M. T., Izquierdo-Barba, I., and Vallet-Regí, M. (2018). Multifunctional pH sensitive 3D scaffolds for treatment and prevention of bone infection. Acta Biomater. 65, 450–461. doi:10.1016/j.actbio.2017.11.009
	 Conterno, L. O., and Turchi, M. D. (2013). Antibiotics for treating chronic osteomyelitis in adults. Cochrane Database Syst. Rev. 2013, CD004439. doi:10.1002/14651858.CD004439.pub3
	 Fantoni, M., Taccari, F., and Giovannenze, F. (2019). Systemic antibiotic treatment of chronic osteomyelitis in adults. Eur. Rev. Med. Pharmacol. Sci. 23, 258–270. doi:10.26355/eurrev_201904_17500
	 García-González, C. A., Jin, M., Gerth, J., Alvarez-Lorenzo, C., and Smirnova, I. (2015). Polysaccharide-based aerogel microspheres for oral drug delivery. Carbohydr. Polym. 117, 797–806. doi:10.1016/j.carbpol.2014.10.045
	 Gravallese, E. M. (2003). Osteopontin: a bridge between bone and the immune system. J. Clin. Invest. 112, 147–149. doi:10.1172/JCI19190
	 Guo, Y., Song, G., Sun, M., Wang, J., and Wang, Y. (2020). Prevalence and therapies of antibiotic-resistance in Staphylococcus aureus. Front. Cell. Infect. Microbiol. 10, 107. doi:10.3389/fcimb.2020.00107
	 Jha, A., and Moore, E. (2022). Collagen-derived peptide, DGEA, inhibits pro-inflammatory macrophages in biofunctional hydrogels. J. Mat. Res. 37, 77–87. doi:10.1557/s43578-021-00423-y
	 Kontakis, G. M., Pagkalos, J. E., Tosounidis, T. I., Melissas, J., and Katonis, P. (2007). Bioabsorbable materials in orthopaedics. Belg. 73, 159–169.
	 Kriegel, A., Schlosser, C., Habeck, T., Dahmen, C., Götz, H., Clauder, F., et al. (2022). Bone sialoprotein immobilized in collagen type I enhances bone regeneration in vitro and in vivo. Int. J. Bioprinting 8, 591. doi:10.18063/ijb.v8i3.591
	 Kuang, Z., Dai, G., Wan, R., Zhang, D., Zhao, C., Chen, C., et al. (2021). Osteogenic and antibacterial dual functions of a novel levofloxacin loaded mesoporous silica microspheres/nano-hydroxyapatite/polyurethane composite scaffold. Genes Dis. 8, 193–202. doi:10.1016/j.gendis.2019.09.014
	 Lang, Z.-G., Zhang, X., Guo, Q., Liang, Y.-X., and Yuan, F. (2021). Clinical observations of vancomycin-loaded calcium phosphate cement in the 1-stage treatment of chronic osteomyelitis: a randomized trial. Palliat. Med. 10, 6706–6714. doi:10.21037/apm-21-1290
	 Leung, K. (2004). “Cy5.5-Asp-Gly-Glu-Ala (DGEA),” in Mol. Imaging contrast agent database MICAD (Bethesda (MD): National Center for Biotechnology Information US). Available at: http://www.ncbi.nlm.nih.gov/books/NBK91437/ (Accessed February 21, 2024). 
	 Li, J., Zhang, H., Yang, C., Li, Y., and Dai, Z. (2016). An overview of osteocalcin progress. J. Bone Min. Metab. 34, 367–379. doi:10.1007/s00774-015-0734-7
	 Li, L., Yu, M., Li, Y., Li, Q., Yang, H., Zheng, M., et al. (2021). Synergistic anti-inflammatory and osteogenic n-HA/resveratrol/chitosan composite microspheres for osteoporotic bone regeneration. Bioact. Mat. 6, 1255–1266. doi:10.1016/j.bioactmat.2020.10.018
	 Lima, A. L. L., Oliveira, P. R., Carvalho, V. C., Cimerman, S., and Savio, E., (2014). Recommendations for the treatment of osteomyelitis. Braz. J. Infect. Dis. Off. Publ. Braz. Soc. Infect. Dis. 18, 526–534. doi:10.1016/j.bjid.2013.12.005
	 Liu, Y., Li, X., and Liang, A. (2022). Current research progress of local drug delivery systems based on biodegradable polymers in treating chronic osteomyelitis. Front. Bioeng. Biotechnol. 10, 1042128. doi:10.3389/fbioe.2022.1042128
	 Machado, A., Pereira, I., Silva, V., Pires, I., Prada, J., Poeta, P., et al. (2022). Injectable hydrogel as a carrier of vancomycin and a cathelicidin-derived peptide for osteomyelitis treatment. J. Biomed. Mat. Res. A 110, 1786–1800. doi:10.1002/jbm.a.37432
	 Mehta, M., Madl, C. M., Lee, S., Duda, G. N., and Mooney, D. J. (2015). The collagen I mimetic peptide DGEA enhances an osteogenic phenotype in mesenchymal stem cells when presented from cell-encapsulating hydrogels. J. Biomed. Mat. Res. A 103, 3516–3525. doi:10.1002/jbm.a.35497
	 Pandey, G., Mittapelly, N., Pant, A., Sharma, S., Singh, P., Banala, V. T., et al. (2016). Dual functioning microspheres embedded crosslinked gelatin cryogels for therapeutic intervention in osteomyelitis and associated bone loss. Eur. J. Pharm. Sci. Off. J. Eur. Fed. Pharm. Sci. 91, 105–113. doi:10.1016/j.ejps.2016.06.008
	 Patangia, D. V., Anthony Ryan, C., Dempsey, E., Paul Ross, R., and Stanton, C. (2022). Impact of antibiotics on the human microbiome and consequences for host health. MicrobiologyOpen 11, e1260. doi:10.1002/mbo3.1260
	 Rocha, C. V., Gonçalves, V., da Silva, M. C., Bañobre-López, M., and Gallo, J. (2022). PLGA-based composites for various biomedical applications. Int. J. Mol. Sci. 23, 2034. doi:10.3390/ijms23042034
	 Shi, J., Yu, L., and Ding, J. (2021). PEG-based thermosensitive and biodegradable hydrogels. Acta Biomater. 128, 42–59. doi:10.1016/j.actbio.2021.04.009
	 Su, Y., Zhang, B., Sun, R., Liu, W., Zhu, Q., Zhang, X., et al. (2021). PLGA-based biodegradable microspheres in drug delivery: recent advances in research and application. Drug Deliv. 28, 1397–1418. doi:10.1080/10717544.2021.1938756
	 Urish, K. L., and Cassat, J. E. (2020). Staphylococcus aureus osteomyelitis: bone, bugs, and surgery. Infect. Immun. 88, e00932. doi:10.1128/IAI.00932-19
	 Vijayalekha, A., Anandasadagopan, S. K., and Pandurangan, A. K. (2023). An overview of collagen-based composite scaffold for bone tissue engineering. Appl. Biochem. Biotechnol. 195, 4617–4636. doi:10.1007/s12010-023-04318-y
	 Walter, G., Kemmerer, M., Kappler, C., and Hoffmann, R. (2012). Treatment algorithms for chronic osteomyelitis. Int 109, 257–264. doi:10.3238/arztebl.2012.0257
	 Wang, C., Xu, P., Li, X., Zheng, Y., and Song, Z. (2022). Research progress of stimulus-responsive antibacterial materials for bone infection. Front. Bioeng. Biotechnol. 10, 1069932. doi:10.3389/fbioe.2022.1069932
	 Wang, Q., Du, J., Sun, Q., Xiao, S., and Huang, W. (2023). Evaluation of the osteoconductivity and the degradation of novel hydroxyapatite/polyurethane combined with mesoporous silica microspheres in a rabbit osteomyelitis model. J. Orthop. Surg. Hong Kong 31, 10225536231206921. doi:10.1177/10225536231206921
	 Wiese, A., and Pape, H. C. (2010). Bone defects caused by high-energy injuries, bone loss, infected nonunions, and nonunions. Orthop. Clin. North Am. 41, 1–4. doi:10.1016/j.ocl.2009.07.003
	 Wong, S. K., Wong, Y. H., Chin, K.-Y., and Ima-Nirwana, S. (2021). A review on the enhancement of calcium phosphate cement with biological materials in bone defect healing. Polymers 13, 3075. doi:10.3390/polym13183075
	 Yang, N., and Liu, Y. (2021). The role of the immune microenvironment in bone regeneration. J. Med. Sci. 18, 3697–3707. doi:10.7150/ijms.61080
	 Yoo, J., and Won, Y.-Y. (2020). Phenomenology of the initial burst release of drugs from PLGA microparticles. ACS Biomater. Sci. Eng. 6, 6053–6062. doi:10.1021/acsbiomaterials.0c01228
	 Yu, L., and Wei, M. (2021). Biomineralization of collagen-based materials for hard tissue repair. Int. J. Mol. Sci. 22, 944. doi:10.3390/ijms22020944
	 Zhan, Y., Hong, Y., and Wang, Y. (2024). Sequential release of vancomycin and BMP-2 from chitosan/nano-hydroxyapatite thermosensitive hydrogel for the treatment of chronic osteomyelitis. J. Orthop. Surg. 19, 602. doi:10.1186/s13018-024-05097-w
	 Zhang, M., Fukushima, Y., Nozaki, K., Nakanishi, H., Deng, J., Wakabayashi, N., et al. (2023). Enhancement of bone regeneration by coadministration of angiogenic and osteogenic factors using messenger RNA. Inflamm. Regen. 43, 32. doi:10.1186/s41232-023-00285-3
	 Zhang, P., Sun, Y., Yang, H., Liu, D., Zhang, F., Zhang, Y., et al. (2023). Vancomycin-loaded silk fibroin microspheres in an injectable hydrogel for chronic osteomyelitis therapy. Front. Bioeng. Biotechnol. 11, 1163933. doi:10.3389/fbioe.2023.1163933
	 Zhao, X., Han, Y., Zhu, T., Feng, N., Sun, Y., Song, Z., et al. (2019). Electrospun polylactide-nano-HydroxyapatiteVancomycin composite scaffolds for advanced osteomyelitis therapy. J. Biomed. Nanotechnol. 15, 1213–1222. doi:10.1166/jbn.2019.2773
	 Zheng, Y., Cheng, Y., Chen, J., Ding, J., Li, M., Li, C., et al. (2017). Injectable hydrogel-microsphere construct with sequential degradation for locally synergistic chemotherapy. ACS Appl. Mat. Interfaces 9, 3487–3496. doi:10.1021/acsami.6b15245
	 Zheng, Y., Sheng, F., Wang, Z., Yang, G., Li, C., Wang, H., et al. (2020). Shear speed-regulated properties of long-acting docetaxel control release poly (lactic-Co-glycolic acid) microspheres. Front. Pharmacol. 11, 1286. doi:10.3389/fphar.2020.01286

Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Zheng, Wang, Sheng, Wang, Zhou, Li, Li, Song and Song. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 20 November 2024
doi: 10.3389/fbioe.2024.1505102


[image: image2]
Biological and structural properties of curcumin-loaded graphene oxide incorporated collagen as composite scaffold for bone regeneration
Qi Xie1, Tianqi Wang1, Lina He1, Hongbo Liang2, Jingxuan Sun1, Xiaoxiao Huang2, Weili Xie1 and Yumei Niu1*
1The First Affiliated Hospital of Harbin Medical University, School of Stomatology, Harbin Medical University, Harbin, China
2School of Materials Science and Engineering, Harbin Institute of Technology, Harbin, China
Edited by:
Jianxun Ding, Chinese Academy of Sciences (CAS), China
Reviewed by:
Prashanth Ravishankar, Namida Lab, Inc., United States
Dan Lin, Shanghai University of Medicine and Health Sciences, China
Tao Yang, Sun Yat-sen University, China
Chen Zetao, Sun Yat-sen University, China
* Correspondence: Yumei Niu, niuym@hrbmu.edu.cn
Received: 02 October 2024
Accepted: 07 November 2024
Published: 20 November 2024
Citation: Xie Q, Wang T, He L, Liang H, Sun J, Huang X, Xie W and Niu Y (2024) Biological and structural properties of curcumin-loaded graphene oxide incorporated collagen as composite scaffold for bone regeneration. Front. Bioeng. Biotechnol. 12:1505102. doi: 10.3389/fbioe.2024.1505102

Introduction: To address the challenges related to bone defects, including osteoinductivity deficiency and post-implantation infection risk, this study developed the collagen composite scaffolds (CUR-GO-COL) with multifunctionality by integrating the curcumin-loaded graphene oxide with collagen through a freeze-drying-cross-linking process.Methods: The morphological and structural characteristics of the composite scaffolds were analyzed, along with their physicochemical properties, including water absorption capacity, water retention rate, porosity, in vitro degradation, and curcumin release. To evaluate the biocompatibility, cell viability, proliferation, and adhesion capabilities of the composite scaffolds, as well as their osteogenic and antimicrobial properties, in vitro cell and bacterial assays were conducted. These assays were designed to assess the impact of the composite scaffolds on cell behavior and bacterial growth, thereby providing insights into their potential for promoting osteogenesis and inhibiting infection.Results: The CUR-GO-COL composite scaffold with a CUR-GO concentration of 0.05% (w/v) exhibits optimal biological compatibility and stable and slow curcumin release rate. Furthermore, in vitro cell and bacterial tests demonstrated that the prepared CUR-GO-COL composite scaffolds enhance cell viability, proliferation and adhesion, and offer superior osteogenic and antimicrobial properties compared with the CUR-GO composite scaffold, confirming the osteogenesis promotion and antimicrobial effects.Discussion: The introduction of CUR-GO into collagen scaffold creates a bone-friendly microenvironment, and offers a theoretical foundation for the design, investigation and utilization of multifunctional bone tissue biomaterials.Keywords: collagen, graphene oxide, curcumin, bone regeneration, antibacterial
1 INTRODUCTION
Bone defects occurring in the oral and maxillofacial region, often induced by trauma, tumors and inflammation, not only create aesthetic problems in the face, but also influence articulation and mastication. While minor bone defects might self-heal, the healing process is time-consuming with a risk of infection. For large bone defects, the treatment usually involves autologous or allogeneic bone grafting. However, autologous bone grafting requires an additional surgery to obtain grafts, leading to potential complications such as inflammation and infection. It is further limited by donor availability. Conversely, the clinical application of allogeneic bone grafting is restricted due to the insufficient osteogenic capacity and varying levels of immune rejection of allogeneic bone (Bose and Sarkar, 2020).
In recent years, the application of biomimetic bone materials in the field of bone defect treatment has become increasingly widespread due to their superior biological activity and physicochemical properties, offering clinicians more options and significantly enhancing treatment outcomes (Rifai et al., 2023; Yang et al., 2023). Collagen (COL), a central component of skin, bones, tendons, and ligaments, has emerged as a favored natural biomaterial in bone tissue engineering due to its excellent biocompatibility, high porosity, ease of integration with other materials, hydrophilicity, and low antigenicity (Gu et al., 2019). Recent research indicates that the rapid preparation of porous collagen membranes can be achieved through the combination of bioblasting and ultrasonic treatment techniques. This method not only streamlines the preparation process but also endows collagen membranes with a porous structure, facilitating cell attachment and proliferation (Wu et al., 2021). However, collagen, as an independent material, is insufficient to meet the current demand for the repair of bone tissue defects, hence prompting the development of various collagen-containing composite scaffolds (Quinlan et al., 2015; Zeng et al., 2020).
Graphene oxide (GO), known for its excellent mechanical properties, has been combined with numerous biomaterials to enhance their structure integrity (Dinescu et al., 2014; Luo et al., 2015; Najafinezhad et al., 2022; Yu et al., 2023). In addition, the abundance of oxygen-containing functional groups on the surface of graphene oxide not only enhances the hydrophilicity, but also promotes binding with biomolecules and polymers for use in combination with other biomaterials and drugs (Pan et al., 2012). Moreover, the large specific surface area of graphene oxide allows for the absorption of proteins and adherent cells, promoting osteogenic differentiation of stem cells, and establishing it as a promising candidate for bone tissue regeneration (Choe et al., 2019; Zheng C. X. et al., 2020).
The emergence of scaffold materials not only facilitates bone reconstruction but also provides a robust platform for targeted delivery of therapeutic agents, enabling sustained and gradual release of drugs within defect areas, thereby expediting bone healing (Astaneh et al., 2024). However, the challenge of identifying safer, lower-side-effect drugs that effectively repair bone defects remains a focal point for researchers. Curcumin, a natural polyphenol renowned for its anti-inflammatory, antibacterial, and antioxidant properties, exhibits significant potential in regulating bone cell proliferation, differentiation, and promoting bone formation (Li et al., 2021; Shakeri and Boskabady, 2017; Sun et al., 2022). Nonetheless, its application has been constrained by poor water solubility and low bioavailability. In recent years, scholars have dedicated efforts to improving curcumin’s solubility, stability, and bioavailability. Specifically, (Mitra et al., 2015) developed a 3D scaffold biomaterial tailored for wound healing by loading curcumin into fish scale collagen reinforced with nano-graphene oxide (GO). Additionally, other researchers designed cylindrical bone graft substitutes employing reduced graphene oxide (rGO) and nano-curcumin, which exhibit excellent physicochemical properties, biocompatibility, and antibacterial performance (Senthil et al., 2022). These advancements underscore the innovative potential of curcumin in bone tissue engineering. Therefore, the technique for effective loading of curcumin is focused and developed.
In response to these challenges, a porous biocomposite based on CUR-GO-COL system for bone defect regeneration was developed. First, curcumin was loaded on GO, followed by the formation of a CUR-GO-COL complex scaffold with COL, which is rich in amino functional groups. This study not only evaluated the biocompatibility of the CUR-GO-COL composite scaffold, but also explored the synergistic effects in improving osteogenic properties and antibacterial capability of curcumin and GO in the composite scaffold, thus underscoring the potential of the composite in bone regeneration strategies (Figure 1).
[image: Diagram illustrating the synthesis and application of a composite material. Curcumin (CUR), graphene oxide (GO), and collagen (COL) undergo ultrasound and freeze-drying, followed by chemical processing with EDC/NHS, to produce the CUR-GO-COL composite. This composite exhibits antibacterial activity against S. aureus and E. coli and promotes osteogenic differentiation of BMSCs, offering potential applications in calvarial defect repair.]FIGURE 1 | Schematic illustration of the fabrication of composite scaffold and their application in vitro.
2 MATERIALS AND METHODS
2.1 Materials and reagents
Graphite flakes, potassium permanganate, sulfuric acid (98.9%), phosphoric acid (99%), hydrogen peroxide (99.9%), hydrogen chloride (99%), acetic acid (99.9%) and other solvents were purchased from Sinopharm Chemical Reagent (China); Type I collagen, curcumin (94%), N-(3- Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride crystalline (EDC) and N-hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich (United States); BMSCs cells purchased from Xiamen Yimo Biotechnology Co., Ltd. (China); Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (F12/DMEM) were purchased from Wuhan Pricella Biotechnology Co., Ltd. (China); Fetal bovine serum (FBS), penicillin-streptomycin (PS) and other reagents about cell culture were obtained from Gibco (United States).
2.2 Preparation of CUR-GO
In this experiment, graphene oxide (GO) was synthesized from high-purity graphite using the Hammers method (Hummers and Offeman, 1958). For loading of curcumin (CUR) on GO, firstly, a GO solution with a concentration of 2 mg/mL was stirred to ensure uniform dispersion. Secondly, various CUR solutions with concentrations ranging from 0.05 mg/mL to 1.0 mg/mL were prepared and mixed with the 2 mg/mL GO solution. This mixture was then placed in a shaker at 120 rpm overnight. Finally, the obtained solution was centrifuged at 10,000 rpm for 10 min to separate the loaded GO from the unbound CUR. The concentration of remaining curcumin in the supernatant was determined using UV–vis spectroscopy at a wavelength of 425 nm. Based on the plotted standard curve, the loading efficiency of CUR onto GO was calculated using the following Formula 1: where mc, ms and mGO are the masses of total curcumin, supernatant’s curcumin, and GO, respectively. (Supplementary Material)
[image: Equation for the loading rate of curcumin: percentage equals the quantity of m sub C minus m sub S, divided by m sub GO, multiplied by one hundred. Labeled as Equation 1.]
2.3 Preparation of CUR-GO-COL scaffold
In this experiment, the collagen (COL) scaffold was prepared using the conventional freeze-drying method. Initially, type I collagen was cut into pieces and dissolved in 0.05 M acetic acid to achieve at 1% w/v suspension, utilizing magnetic stirring for complete dissolution. This solution was then transferred into a mould and frozen at −20°C overnight. Following this, it was lyophilized by a freeze-drierat −50°C for 24 h. For cross-linking, the scaffold was immersed in a 95% v/v ethanol solution containing EDC and NHS (EDC: NHS ≥ 4), and cross-linked at ambient temperature for 24 h. Then, the sample was washed with deionized water several times, and lyophilized again for 24 h to obtain a porous COL scaffold.
To prepare a series of CUR-GO-COL composite scaffolds, the COL solution was mixed with varying concentrations of CUR-GO (0.025% w/v, 0.05% w/v, 0.075% w/v, 0.1% w/v, 0.125% w/v and 0.15% w/v), respectively. All mixture were ultrasonicated in an ice water bath for 60 min to ensure uniform dispersion. Next, these mixtures were subjected to the same cross-linking and wash steps as the COL scaffold. Finally, after a 24-h lyophilization procedure, a series of porous CUR-GO-COL scaffolds containing 0.025% w/v, 0.05% w/v, 0.075% w/v, 0.1% w/v, 0.125% w/v and 0.15% w/v CUR-GO were obtained and designated as 1CUR-GO-COL, 2CUR-GO-COL, 3CUR-GO-COL, 4CUR-GO-COL, 5CUR-GO-COL and 6CUR-GO-COL, respectively.
2.4 Materials characterization
2.4.1 Morphology and structure
Based on the aforementioned material synthesis results, we selected four types of successfully fabricated scaffold materials (1CUR-GO-COL, 2CUR-GO-COL, 3CUR-GO-COL, and 4CUR-GO-COL) for subsequent testing and corresponding experimental investigations. The morphology of the graphene oxide (GO) and as-prepared scaffolds were observed by a scanning electron microscope (SEM; model-SUPRA55, ZEISS, Germany). Functional groups of samples were identified and analyzed via a Fourier Transform Infrared spectroscopy (FT-IR; IS 50, Thermo Fisher, United States). The spectra were collected from 4,000 to 500 cm−1with a resolution of 2 cm−1. The chemical composition of the samples was further analyzed through a Raman Spectra (RENISHAW, United Kingdom) using a 532 nm laser. The crystalline phases of as-preapred sample were identified using an X-ray diffractometer (XRD; X'PERT PRO, Nalytical, NL). The XRD patterns were recorded over a 2θ ranging from 5° to 50°.
2.4.2 Porosity and water absorption measurements
The porosity of each scaffold was measured by the ethanol displacement method. Briefly, the radius (r), thickness (h) and weight (W1) of each dry scaffold were measured. Subsequently, the scaffolds were immersed in ethanol for 24 h, and the weight of the enthanol-saturated scaffold (W2) was measured. The porosity of as-prepared scaffolds was calculated using the following Formula 2:
[image: Porosity percentage is calculated using the formula: \((W_2 - W_1) / (\rho \times \pi \times r^2) \times h \times 100\%\). \(\rho\) denotes ethanol density.]
The water absorption rate and retention rate of the scaffold were calculated according to the previous literature (Li et al., 2019). Briefly, each dry scaffold was weighted (W1), and then immersed in distilled water at room temperature for 24 h. After that, the sample was taken out, the surface water of the scaffold was absorbed by filter paper, and the wet weight (W3) of the sample was measured immediately. The scaffold was placed into a centrifuge tube and centrifuged at 500 rpm for 5 min, and then weighted again (W4). The following Formulas 3, 4 was used to calculate the water absorption rate and retention rate:
[image: Formula for water absorption rate in percentage: \([ (W_{\text{s}} - W_{\text{i}}) / W_{\text{i}} ] \times 100\%\), labeled as equation 3.]
[image: Formula for water retention rate shown as: percentage equals open bracket W subscript 4 minus W subscript f close bracket divided by W subscript f, all multiplied by one hundred percent.]
2.5 Cytotoxicity assays
To further determine the appropriate concentration of CUR-GO, BMSCs were homogeneously inoculated at 96-well plates by 2,500 cells/well on col and col scaffolds with different concentrations of CUR-GO, and cultured for 1 and 4 days. After a specified period of time, the original culture solution was discarded, and the CCK-8 solution was mixed with the medium solution at a ratio of 1:10, 110 μL was added to each well, and cultivated for 2 h. The absorbance of each group of materials was detected at the wavelength of 450 nm using an enzyme labeling instrument.
2.6 In vitro degradation property
To investigate the in vitro degradation performance of composite materials, three groups of collagen scaffolds with an initial weight of W1were immersed in 10 mL of PBS. The collagen scaffolds were then placed in an environment maintained at 37°C. After 7, 14, 21, and 28 days, the scaffolds were removed, lyophilized, and weighed again to obtain W5. The PBS was replaced every 2 days. The degradation rate was calculated using the following Formula 5:
[image: Degradation rate formula is shown as: \((W5 - W1) / W1 \times 100\%\), with a reference number (5).]
2.7 In vitro curcumin release property
The in vitro drug release test was conducted with the curcumin-loaded material by use of a constant temperature water bath shaker. The sample was immersed in 10 mL of PBS solution containing 30% alcohol. Next, 2 mL of the solution was taken at an appropriate time interval, and then 2 mL of PBS was added to the solution to keep a constant volume. The absorbance of the sample was measured by UV spectrophotometer at the wavelength of 425 nm, and the amount of released curcumin varying with the test time point was calculated depending on the previously plotted drug standard curve. Three parallel tests were conducted.
2.8 Biocompatibility assay of scaffolds
2.8.1 Cell viability assay
BMSCs were inoculated onto three groups of different materials in 24-well plates at a density of 1 × 104 cells/well, and cultured for 1 day, then the original medium was discarded, the cells were rinsed with sterile PBS for three times, and then 1 × Assay Buffer was mixed with Calcein-AM and Calcein-PI by the ratio of 1,000:1:1 in each well in accordance with the instructions of the live/dead cell staining kit, and then 250 μL of the mixture was added to each well. The wells were cultivated at 4°C for 30 min, protected from light, and the viability of the cells on the materials of each group was observed by fluorescence microscope.
2.8.2 Cell adhesion assay
BMSCs were inoculated onto three groups of different materials in 24-well plates at a density of 1 × 104 cells/well, and after 1 day of culture, the original culture medium was discarded, and the cells were rinsed with PBS for 3 times; then the cells were fixed using 4% paraformaldehyde for 15 min at room temperature, and the fixative was aspirated and the cells were rinsed with PBS for 2 times; and then the cells were reacted with 0.5% Triton X-100 for 10 min to increase the permeability, and the cells were rinsed twice with PBS; TRITC-Phalloidin working solution was added, and the cells were cultivated for 30 min at room temperature and protected from light. After the cells were rinsed twice with PBS, DAPI solution was added, and the cells were cultivated for 5 min at room temperature and protected from light. Finally, the cell adhesion behaviors were observed using a fluorescence inverted microscope.
2.8.3 Cell proliferation assay
BMSCs were homogeneously inoculated into 96-well plates and three groups of different materials (COL, GO-COL, CUR-GO-COL) at 2,500 cells/well and cultivated for 1 and 4 days. After a specified period of time, the original culture solution was discarded, and the CCK8 solution was mixed with the medium solution at a ratio of 1:10 according to the CCK-8 instruction, 110 μL was added to each well, and cultivated for 2 h. The absorbance of each group of materials was detected at the wavelength of 450 nm using an enzyme labeling instrument. The cell viability was calculated according to the following Formula 6, A(substance): The absorbance value of the experimental sample; A(blank): The absorbance value of the blank control, which contains only the detection solution; A(control): The absorbance value of the control group without any material.
[image: Formula for cell viability rate as a percentage: the absorbance of the substance minus the absorbance of the blank, divided by the absorbance of the control minus the absorbance of the blank, multiplied by one hundred percent.]
2.9 In vitro cellular osteogenesis assay
2.9.1 Alkaline phosphatase (ALP) activity
BMSCs were uniformly inoculated onto three different groups of materials in 24-well plates at a density of 1 × 104/well, and after the wall-adherent cells had reached 70%–80% fusion, the mineralization-inducing solution was replaced for culture, followed by solution change every 2–3 days. After 7 days of osteogenic induction culture, staining and photographing were performed. Moreover, a quantitative analysis about the ALP activity was measured according to the specific experimental procedure of ALP Activity Assay Kit, and the absorbance value at 405 nm was measured by an enzyme marker. ALP activity was calculated from the linear equation plotted on the standard samples.
2.9.2 Alizarin red (ARS) staining and semi-quantitative analysis
BMSCs were uniformly inoculated onto three different groups of materials in 4-well plates at a density of 1 × 104 cells/well; and after the wall-adherent cells had reached 70%–80% fusion, the mineralization-inducing solution was replaced for culture, followed by a fluid change every 2–3 days. After 21 days of osteogenic induction culture, the original culture solution was discarded and the cells were washed twice with PBS, 4% paraformaldehyde was added, and then washed twice with PBS. 500 μL of alizarin red dye solution was added to each well, and then the cells were stained for 10 min at room temperature and protected from light. The alizarin red dye solution was discarded, and cells were washed gently with PBS for 2 times, and photographed and observed by a microscope. For semi-quantitative detection of extracellular matrix mineralization, 250 μL of prepared 10% cetylpyridinium chloride was added to each well; uniform shaking at room temperature was conducted; then 100 μL was pipetted from each well and added into a 96-well plate; and the absorbance value at 630 nm was measured by an enzyme marker.
2.10 In vitro antibacterial activity
In order to evaluate antibacterial abilities, E. coli (ATCC25922) and Staphylococcus aureus (ATCC25923) were taken out from a refrigerator at −80°C for streak recovery, single colonies were picked and cultivated and passaged at 37°C under oscillation at 130 r/min, and the bacterial suspension was diluted to 1 × 106 CFU/mL for subsequent experiments.
2.10.1 Growth curves of bacteria
The three groups of materials were immersed in a bacterial suspension of 1 × 106 CFU/mL, placed in a constant temperature shaker, and cultivated with oscillation at 37°C and 130 r/min for a total of 12 h. The bacterial suspension without the addition of any material was used as the control group. At the set time, 150 µL of the bacterial suspension was pipetted into a 96-well plate, and the optical density (OD) value of the bacterial suspension at 600 nm was measured by using an enzyme marker to reflect the concentration of bacteria at this time.
2.10.2 Plate antibacterial experiment
The three groups of materials were co-cultured with bacteria for 24 h; 60 µL of bacterial solution was extracted and diluted to a specific concentration; 100 µL of the diluted bacterial solution was transferred to the LB solid medium plate, evenly spread on the solid plate, and cultivated at 37°C for 12 h; and the culture plate was taken out and the colonies were photographed inside the plate.
2.11 Statistical analysis
All data from the repeated experiments are presented as the mean ± standard deviation and were analyzed using one-way ANOVA and Tukey’s HSD (GraphPad Prism 8, United States). A value of P < 0.05 was considered to be statistically significant. (*, P < 0.05; * *, P < 0.01; * * *, P < 0.001).
3 RESULTS
3.1 Surface morphology and composition of CUR-GO-COL scaffold
The morphology of the GO prepared by Hummer’s method was examined using SEM, as shown in Supplementary Figure S1. The SEM images exhibited that the as-prepared GO possesses well-defined edges and extensive 2D planes. The curcumin solution was added to the GO dispersion in a slow dropping manner, allowing the anchoring of curcumin by the functional groups on GO. When curcumin was loaded on GO, the results are shown in the Supplementary Figures S2, S3, with the increase of curcumin concentration, the drug load of CUR-GO first continuously increased linearly, reached a peak and then slowly decreased, and was finally stabilized. When the curcumin concentration exceeded 0.7 mg/mL, the loading rate of CUR-GO decreased slightly to 31.54%. Therefore, we chose the 0.7 mg/mL group for subsequent experimental studies.
The XRD pattern of as-prepared GO revealed a distinct diffraction peak at 2θ of 10.2°, corresponding to the (002) crystal plane of GO. The XRD pattern of the CUR-GO exhibited additional diffraction peaks between 2θ of 5°–30°, which can be attributed to the presence of curcumin (Supplementary Figure S4). Besides, the IR spectrum of GO displayed several distinctive vibrational peaks at 3,490 cm−1 (O-H), 1731 cm−1 (C=O), and peaks at 1,370 cm−1 and 1,070 cm−1 (C-O), as indicated in Supplementary Figure S5. In addition to the characteristic peaks of graphene oxide, the IR spectrum of the CUR-GO composite highlighted the characteristic infrared absorption peaks at 3,508 cm−1, 1,627 cm−1 and 1,602 cm−1, which are attributed to O-H, C=O and benzene rings from curcumin, respectively (Supplementary Figure S5). The Raman spectrum of GO exhibited two distinct peaks at 1,348 cm-1 and 1,590 cm−1, which correspond to the D and G peaks of GO, respectively. For the CUR-GO composite, alongside these two GO peaks, additional Raman peaks at 1,000 cm−1 and 1750 cm−1 were detected, which are associated with the CUR phase (Supplementary Figure S6). These observations confirmed the successful incorporation of curcumin into the GO framework within the CUR-GO composite.
Following the successful loading of curcumin onto graphene oxide and its integration with collagen, a cross-linking treatment was performed to stabilize the composites. The plain collagen scaffold exhibited a white coloration (Figure 2A inset), and the SEM images of pure collagen revealed a network structure, as shown in Figures 2A, B. In contrast, the incorporation of CUR-GO resulted in the CUR-GO-COL composite scaffold displaying a brownish-yellow coloration (Figure 2C inset), with the surface of the composite exhibiting a pronounced roughening effect, as demonstrated in Figures 2C, D. Upon further examination, we observed that the 0.125% (w/v) group (5CUR-GO-COL) exhibited structural discontinuity, while the 0.15% (w/v) group (6CUR-GO-COL) displayed a loose and incomplete formation (Supplementary Figure S7). Consequently, due to the unsuccessful molding of these two groups, we excluded them from subsequent. XRD patterns of COL, GO-COL, and CUR-GO-COL each revealed a broad diffraction peak at a 2θ value of 20°, indicative of the amorphous phase of collagen. The GO-COL and CUR-GO-COL composite scaffolds exhibited a distinctive peak at 10.2°, characteristic of GO. Additionally, the CUR-GO-COL composite scaffold displays a characteristic peak at 17.25°, corresponding to curcumin (Figure 2G). Meanwhile, FTIR spectroscopy confirmed the formation of amide bonds (black line) in the CUR-GO-COL composite scaffold. Raman spectroscopy was utilized to determine the composition of each composite scaffold (Figure 2H). The Raman spectrum of pure COL revealed an absence of distinct peaks, with the curve demonstrating a gradual increase. Conversely, the Raman spectra of GO-COL and CUR-GO-COL exhibited two distinct peaks at 1,348 cm−1 and 1,590 cm−1, corresponding to the D and G bands of GO, respectively (Figure 2I). The findings of these tests substantiate the presence of graphene oxide within the composite scaffold. Furthermore, it can be observed that the D band in the CUR-GO-CO is more intense compared to the G band and the presence of small peaks were attributed to the loaded curcumin.
[image: Four micrographs labeled A to D show foam-like structures with varying porosity, with scales indicating size differences. Three graphs labeled E to G display data: an XRD pattern, an IR spectrum, and a Raman spectrum, respectively. Each graph includes multiple datasets with varying line colors, depicting differences in material properties.]FIGURE 2 | Morphology and structure of the CUR-GO-COL composite scaffold. Macroscopic view and SEM images of the COL scaffold (A, B) and CUR-GO-COL scaffold (C, D). (E) XRD patterns, (F) FTIR spectra, and (G) Raman spectra obtained from the COL, GO-COL and CUR-GO-COL scaffolds.
3.2 Property analysis
In this work, the water absorption of as-prepared scaffolds were analyzed. The natural collagen scaffold demonstrated a water absorption of 2,219.97% ± 379.122%. However, for the CUR-GO-COL composite scaffolds, a trend of initially increasing and then decreasing on water absorption was observed as the increase of CUR-GO concentration. The respective water absorption rates were 2,566.993% ± 77.356%, 3,115.333% ± 189.547%, 3,647.243% ± 250.879% and 3,275.857 ± 104.132 (Figure 3A). Similarly, water retention rates followed the same trend in response to the concentration of collagen. The water retention rate of the collagen scaffold was 823.126% ± 69.519%. In comparison, the water retention rates of the CUR-GO-COL1, CUR-GO-COL2, CUR-GO-COL3 and CUR-GO-COL4 composite scaffolds were found to be 836.806% ± 64.182%, 1,519.967% ± 85.148%, 1801.11% ± 59.180% and 1,651.547% ± 125.153%, respectively (Figure 3B). The porosity measurements indicated that all CUR-GO-COL composite scaffolds with varying concentrations possessed high porosity with values of 79.84586% ± 2.1237%, 80.211% ± 1.537%, 82.170% ± 3.393%, and 79.867% ± 1.155%, separately. No statistically significant difference was observed in porosity when compared to the natural collagen scaffold (75.131% ± 5.345%) (Figure 3C).
[image: Bar and line chart analysis displays results of various experiments on samples COL, CUR-GO-COL1, CUR-GO-COL2, CUR-GO-COL3, and CUR-GO-COL4. Charts A, B, and C show water absorption, retention, and porosity percentages. Chart D compares absorbance; Chart E depicts degradation rate over time; Chart F shows cumulative release over time.]FIGURE 3 | Characterization of the CUR-GO-COL composite scaffold. (A) Water absorption, (B) water retention and (C) porosity obtained from COL, CUR-GO-COL1, CUR-GO-COL2, CUR-GO-COL3 and CUR-GO-COL4 scaffolds. (n = 3; *, P < 0.05; **, P < 0.01; ***P < 0.001 compared with the COL group). (D) CCK-8 assay of cell viability on the COL and CUR-GO-COL scaffolds. (n = 4; *, P < 0.05; **, P < 0.01; ***P < 0.001 compared with the COL group). (E) The degradation performance of the COL, GO-COL and CUR-GO-COL scaffolds. (F) Curcumin release from the CUR-GO-COL scaffolds.
3.3 Cytotoxicity of the composite scaffolds
The cytotoxicity of the as-prepared CUR-GO-COL composite scaffolds was evaluated using the CCK-8 test. The viability of BMSCs on composite scaffolds with various concentrations of CUR-GO was analyzed on 1 day and 4 days, separately (Figure 3D). The results indicated that at a CUR-GO concentration of 0.75% w/v or higher, a notable reduction in cell viability was observed. The density of the living cells in these groups was significantly lower than that in the other groups. In contrast, when the CUR-GO content was 0.5% (w/v) or lower, the density of living cells was comparable to that observed in the pure COL scaffold group, and the cells proliferated well, indicating that the CUR-GO-COL composite scaffolds within this concentration range did not exhibit significant cytotoxicity to BMSCs. However, the physicochemical properties of biomaterials may regulate the microenvironment of defects and accelerate their healing. Hence, the CUR-GO-COL 2 with better water absorption and retention rate was selected for further study.
3.4 In vitro degradation property analysis
The degradation rates of various scaffolds were evaluated by weight loss after immersion in PBS for a specified period. As shown in Figure 3E, the degradation rate of the COL group was faster than that of the GO-COL and CUR-GO-COL groups, with a degradation rate of 34.14% ± 2.54% after 28 days. The final degradation rates of the GO-COL and CUR-GO-COL groups were significantly lower than that of the COL group, at approximately 27.43% ± 1.53% and 21.05% ± 1.49%, respectively. These results indicate that the GO-COL and CUR-GO-COL groups exhibit superior stability. Additionally, the degradation rate of the COL group continued to increase over the 28 days, whereas the degradation rates of the GO-COL and CUR-GO-COL groups increased during the first 14 days and then slowed down, demonstrating a more sustained degradation profile.
3.5 In vitro drug release property analysis
In this research, curcumin served as the main antimicrobial component within the composite scaffolds. The release kinetics of curcumin from these composite scaffolds were quantified using UV-visible spectroscopy and the results are recorded in Figure 3F. Within the first 24 h, a rapid release rate of curcumin from the composite scaffolds was detected with a value of approximately 54.637% ± 2.139%. Beyond 24 h, the rate of curcumin release slowed down. More importantly, the maximum release amount of curcumin from the composite scaffold reached its peak at 78.849% ± 2.195% at 144 h.
3.6 In vitro cytocompatibility of the CUR-GO-COL scaffold
To verify the hypothesis that the bioscaffold materials can provide a suitable microenvironment for supporting bone tissue repair, the cytocompatibility of the CUR-GO-COL composite scaffolds were assessed by conducting the live-dead cell staining experiments. The results, as shown in Figure 4A, indicated that live cells appeared in green while dead cells were in red colour. One day after the inoculation of BMSCs, a large amount of living cells (green) and only a few dead cells (red) were observed across all tested groups. Moreover, the cells were homogeneously distributed and displayed a polygonal morphology, indicating no significant difference in cytocompatibility among the groups.
[image: Panel A shows three fluorescence microscopy images labeled COL, GO-COL, and CUR-GO-COL, depicting cellular morphology with green staining. Panel B contains nine images showing TRITC, DAPI, and Merge views for the same conditions, highlighting red and blue fluorescence. Panel C is a bar graph displaying cell viability percentages for COL, GO-COL, and CUR-GO-COL at one and four days, with similar cell viability across conditions.]FIGURE 4 | Growth ability of BMSCs cells cultured in vitro. (A) Live/dead staining images of BMSCs cultured with the COL, GO-COL and CUR-GO-COL scaffolds. (B) Immunofluorescence images of BMSCs morphology on the COL, GO-COL and CUR-GO-COL scaffolds BMSCs nuclei stained with DAPI (blue) and the cytoskeleton stained with FITC (red). (C) CCK-8 assay of cell viability on the COL, GO-COL and CUR-GO-COL scaffolds at 1 and 4 days (n = 4).
Here, the cell adhesion morphology was further examined using fluorescence microscopy after 1 day of incubation on each group of composite materials Figure 4B. The cytoskeleton was stained in red by FITC and the nucleus was colored blue with DAPI. Interestingly, in all groups, BMSCs adhered well to the surfaces of the materials, exhibiting even distribution and the formation of cellular bridges. It suggests that the biocompatibility and three-dimensional porous structure of these groups were beneficial for enhancing cell interaction and adhesion. Notably, the addition of drugs enhanced the dispersal area of cells on the surface of composite material, and the cells spread almost completely, promoting a more intense cell interaction. Furthermore, cell flattening can be found, indicative of strong adhesive interactions between the cells and the material surfaces. Further demonstrated that the prepared CUR-GO-COL composite scaffolds would provide a more friendly microenvironment for the growth and differentiation of BMSCs cells.
The effect of different material groups on cell proliferation was further explored using a CCK-8 assay. The cell proliferation of bioscaffold material in each group is shown in the Figure 4C, On the first day of inoculation, the cell proliferation rates of the three composite materials groups did not significantly differences, confirming that the selection of CUR-GO had no inhibitory effect on the growth of BMSCs. By the fourth day of inoculation, more than 88.96% of the cells remained alive, a similar result was observed from the pure COL group. This observation was in the good agreement with the results from the live-dead cell staining. It further suggests that the addition of curcumin and GO within the collagen matrix is not toxic to the cells and present good biocompatibility.
3.7 Cell osteogenic differentiation property
To assess the osteogenic differentiation ability of the prepared collagen composite scaffold, the ALP expression level and viability of BMSCs cultured on the composite scaffold, were measured. This is because the expression of ALP representing the early stage of osteogenic differentiation of stem cells. ALP activity of collagen scaffolds in different groups was evaluated according to the color intensity of cells in these groups. The results showed stained cells exhibiting varying shades of purple. Where, CUR-GO-COL group exhibited the darkest ALP staining, followed by the GO-COL group with the COL group showing the least intense staining (Figure 5A). Consistent with the ALP staining results, protein semi-quantitative analysis revealed that the CUR-GO-COL group possessed a higher ALP activity compared to the other two groups, with a statistically significant increase in the GO-COL group relative to the COL group. It indicated that CUR-GO-COL group had good early-stage osteogenic ability and enhanced osteogenic effect with the successful loading of curcumin on GO (Figure 5B).
[image: A set of scientific images depicting experimental results. Panel A shows circular images of three samples: COL, GO-COL, and CUR-GO-COL, with corresponding close-ups, displaying cellular structures. Panel B presents a bar graph demonstrating ALP activity, with CUR-GO-COL showing the highest activity. Panel C includes circular images of the same samples stained to assess mineralization, with close-ups highlighting detailed differences. Panel D contains a bar graph indicating absorbance at 560 nanometers, with CUR-GO-COL exhibiting the highest mineralization. Asterisks indicate statistical significance between samples.]FIGURE 5 | Osteogenic differentiation ability of BMSCs co-cultured with three groups of scaffolds. (A) ALP staining. (B) ALP activity analysis. (C) ARS staining. (D) Semi-quantitative analysis. (n = 3; *, P < 0.05; **, P < 0.01; ***, P < 0.001).
To further investigate the mineralization of composite scaffold, the expression of calcium nodules in extracellular matrix was detected by alizarin red staining (ARS). Orange mineralized nodules were observed on the surfaces of all cells. While the COL group displayed that the calcium nodules were sparsely distributed. The nodules in the CUR-GO-COL group and GO-COL groups exhibited more numerous and larger, and calcium nodule clusters appeared in the CUR-GO-COL group (Figure 5C). A semiquantitative analysis of the ARS results with 10% cetylpyridinium chloride demonstrated that the CUR-GO-COL and GO-COL groups exhibited significantly increased OD compared to the COL group, where CUR-GO-COL group was followed by GO-COL group (Figure 5D). The enhanced mineralization of the above extracellular matrix suggested that the prepared CUR-GO-COL composite scaffolds can be considered as potential candidates for promoting the expression of late-stage osteogenic markers.
3.8 Antibacterial properties of composite scaffold
The antibacterial properties of the three scaffold groups were conducted by co-culturing with S.aureus and E.coli, respectively. The antibacterial activity of the materials was determined by measuring the absorbance value and then monitoring the bacterial growth. As shown in Figures 6A, B, the absorbances (ODs) of bacteria in the COL group were similar to those in the blank group at corresponding time points, proving that the pure COL scaffold did not have obvious antibacterial. In the GO-COL group, the absorbance of bacterial suspension decreased lightly, but the downward trend only became clearly evident after 8 h of co-culture with the bacteria, there was a statistical difference from COL group. The results revealed that the combination with GO alone, exhibited limited antibacterial activity. However, after loading CUR-GO on COL, scaffolds demonstrated a substantial decrease in bacterial absorbance, particularly notable after 12 h of incubation, which was significantly different from the COL group and GO-COL group. This finding concludes that the CUR-GO-COL composite scaffolds could effectively inhibit the growth of the two tested bacteria, showing the excellent antibacterial properties.
[image: Line graphs A and B show absorbance levels at 600 nm over 12 hours for different treatments. Graph A is for E. coli and graph B for S. aureus, comparing CTR (control), GO-COL, COL, and CUR-GO-COL treatments. Images C and D display petri dishes illustrating bacterial growth under the same treatments: E. coli in row C and S. aureus in row D.]FIGURE 6 | Effect of three groups of scaffolds on bacterial growth. Growth curves (A) of (E)coli and (B) S.aureus. (n = 3) Plate diffusion results for (C) E. coli and (D) S.aureus.
To visualize the antibacterial properties of materials in different groups, two strains of bacteria were co-cultured with the material of each group for 24 h. Subsequently, a small amount of bacterial suspension was coated on an agar culture plate, and the antibacterial activity of each group was observed according to the colony growth. As shown in Figures 6C, D, massive bacterial colonies that almost covered overall plates were observed in the COL groups, further proving the lack of antibacterial activity in the pure COL scaffold. After combination of COL with GO, a slight decrease in the colony counts was observed compared to the pure COL group. It indicated that the addition of GO has a slight effect on the bacterial growth inhibition. However, the COL loaded with CUR-GO showed obvious bacterial growth inhibition, proving that the antibacterial properties of the composite material were mainly attributed to the loaded CUR.
4 DISCUSSION
The use of natural polymer materials to fill bone defects and promote osteoblast differentiation is a relatively common strategy, but it is also a major challenge (Zhao et al., 2021). While the design and production of collagen scaffolds can fulfil the biological functions of the material, their inadequate mechanical properties and structural instability limit their practical application (He et al., 2024). Curcumin possesses a range of biological activities, including anti-inflammatory, antimicrobial and antioxidant properties, as well as osteogenic capabilities. In order to enhance the functional and mechanical properties of collagen, the curcumin was firstly loaded onto the graphene oxide surface and then the composite was introduced into COL. This combination aims to create a synergistic effect where the loading capacity of GO complements the bioactive functions of curcumin. During the development of the CUR-GO-COL composite scaffolds, the optimal CUR-GO concentration ratio was explored. The CUR-GO-COL composite scaffolds possess biological functions conducive to promoting cellular osteogenic differentiation and antimicrobial ability, according to the investigation into their slow drug release properties, cytocompatibility, osteogenic differentiation ability and antibacterial properties.
The experimental findings indicate that the variation in the CUR-GO concentrations significantly affects the structural integrity, physicochemical properties and bio-compatibility of the CUR-GO-COL composites scaffolds. The stable structure integrity of the composite scaffold edges was observed at specific CUR-GO concentrations. When the CUR-GO concentration reached 0.125% (w/v), a noticeable discontinuity was found at the edges of the composite scaffold. Furthermore, at a slight higher con-centration of 0.15% (w/v), the scaffold presents a loose and unformed structure. This may be due to the excessive addition of CUR-GO in these two groups. Typically, effective crosslinking in composites scaffolds depends on a well-matched ratio of amino groups from collagen and carboxyl groups from GO. Hence, the excessive addition of CUR-GO leads to insufficient crosslinking and ultimately induce the integrity failure of composite scaffold.
The capacity of biomaterials to absorb and retain water plays a crucial role in the absorption of tissue exudates and the transport of nutrients (Dickinson and Gerecht, 2016; Zhang et al., 2016). The water absorption and retention capacities of the composite scaffolds exhibited an initial declining and then ascending trend with the escalation of CUR-GO concentration. The phenomenon can be attributed to the presence of hydrophilic functional groups in graphene oxide, such as carboxyl and hydroxyl groups. These functional groups, due to their geometry, exert a constraining effect on the polymer, leading to an enhanced capacity for water absorption and retention (Kang et al., 2022). However, the CUR-GO-COL4 composite scaffold exhibited reduced water absorption and retention compared with those of the CUR-GO-COL3 composite scaffold. This reduction is likely due to the in-creased curcumin content, which decreases the hydrophilicity of the composite material (Chen et al., 2012). Furthermore, the composite scaffold must possess adequate porosity for facilitating oxygen and nutrient exchange as well as exudate absorption, thereby preventing infection. The ethanol liquid displacement method was employed to measure the porosity of the material, and no statistical difference in porosity was shown among the various composite scaffolds, suggesting that the incorporation of graphene oxide and curcumin had no adverse effect on the pore structure of the collagen scaffold. The highly porous and interconnected structure of the CUR-GO-COL composite scaffold reveals the potential for biomedical applications (Baniasadi et al., 2020).
When the GO-CUR concentration is less than 0.125% (w/v), the morphology of the composite scaffold remains intact and exhibits good hydrophilicity. Although most studies reported that in vivo GO would be taken up and degraded by macrophages and finally excreted out of the body through kidneys, as-prepared CUR-GO-COL composite scaffolds need to pass biosafety tests. Therefore, this study first investigated the activity and proliferation of BMSCs on the CUR-GO-COL composite scaffolds. The proliferation ability of BMSCs showed a downward trend at CUR-GO concentrations exceeding 0.075% (w/v), equivalent to the GO content of 0.75 mg/mL. However, Wang et al. found that cell proliferation would be accelerated at a GO concentration of 2 mg/mL; while proliferation of BMSCs was inhibited at a higher concentration (Madeo et al., 2022). This discrepancy can potentially be attributed to the different concentrations of CUR loaded onto GO. With the increase of CUR concentration, it affects not only the cell count but also the cell morphology, and when superimposed CUR to a certain concentration, it is not conducive to the proliferation and differentiation of cells (Sumayya and Kurup, 2017). Combined with physicochemical properties analysis, the hydrophilic properties of biomaterials can modulate the microenvironment of the defect area, thus accelerating the healing process of the defect. Therefore, CUR-GO-COL2 composite scaffold with better hydrophilic properties, emerges as an optimal choice for subsequent in vivo and in vitro studies. At the same time, the GO-COL scaffold with a GO content of 0.05% (w/v) was selected as the comparison group.
An ideal biomaterial scaffold for implantation should offer ample growth space and support for cells, with degradation matching tissue regeneration. Fast degradation may lead to insufficient support, affecting bone repair stability, while slow degradation may hinder tissue formation, delaying healing (Burg et al., 2000). Consequently, degradation rate is a key factor in bone tissue engineering, impacting repair effectiveness and tissue function restoration. In this study, the COL group exhibited the fastest degradation rate, consistent with previous findings suggesting that the ionic environment of PBS and prolonged immersion likely promote collagen swelling and degradation, thus accelerating mass loss (Toledano et al., 2020). In contrast, the degradation rates of the GO-COL and CUR-GO-COL groups were significantly lower than that of the COL group, likely due to the introduction of GO. The large specific surface area of GO forms a physical barrier, preventing direct contact between water molecules and collagen, thereby slowing the degradation process (Nowroozi et al., 2021). Moreover, strong hydrogen bonding between GO and collagen, as reported in the literature, contributes to structural stability and reduced degradation rates (Kolanthai et al., 2018). This stable structure combined with a corresponding degradation rate facilitates the controlled release of curcumin, thereby enhancing its stability and improving its bioavailability (Radić et al., 2021).
It is noteworthy to mention that the cell proliferation rate among COL, GO-COL and CUR-GO-COL groups showed no significant difference after 1 day and 4 days. This indicates that the addition of CUR-GO does not inhibit cell proliferation, instead, it may enhance both cell proliferation and adhesion capacity. These findings may be attributed to the following reasons: 1) The porous structure of collagen promotes the exchange of oxygen and nutrition between cells growing in the scaffold materials, providing a good microenvironment for cell proliferation (Wang et al., 2018). In addition, the proper pore size and rough surface are more beneficial to cell adhesion and migration (Katebifar et al., 2022). These characteristics ultimately promote attachment, migration and growth of cells (Ruan et al., 2016). 2) GO’s rich oxygen-containing functional groups provide numerous binding sites for serum proteins, significantly improving cell adhesion (Bugli et al., 2018). 3) The slow release of CUR from the CUR-GO-COL composites further enhances the ability of cell proliferation and dispersion. Previous studies also have reported this phenomenon, that the cell proliferation and dispersion increased with the CUR content (Llorente-Pelayo et al., 2020).
ALP is widely recognized as the early markers of differentiation and maturation of BMSCs. The semiquantitative analysis of ALP can reflect the differentiation level of stem cells (Bakkalci et al., 2021). Alizarin red can chelate with the calcium ions produced by BMSCs to form an orange-red alizarin red-calcium complex deposition, and hence it serves as a visual indicator of stem cell mineralization, highlighting the formation of calcium nodules (Ruan et al., 2016). In consistence with the findings from previous studies, GO promotes the osteogenic differentiation of BMSCs. Notably, the GO-COL group presented a higher content of calcium nodules than the COL group. The beneficial effect of GO on osteogenic differentiation may be attributed to its special physicochemical structure which aids in accumulation of osteogenic factors such as cyanate, OPN, and BMP, and promotes the deposition of calcium salts (Son et al., 2018; Zhou et al., 2018). This study further found that the CUR-GO-COL group exhibited a superior osteogenic ability compared to the GO-COL group by loading curcumin. It is reported that curcumin can stimulate the expression of Runx2, ALP, osteocalcin (OCN), and other genes to induce osteogenic differentiation of cells. In addition, curcumin improves ALP activity and mineralization (Li et al., 2020). Li et al. (Shi et al., 2021) found that curcumin induced osteoblastic differentiation of MC3E3-E1 cells after 21 days, the degree of mineralization of extracellular matrix was higher than that of the control group, and the negative effect of oxidative stress on osteogenesis could be reversed. In addition, it is reported that curcumin promotes the osteogenic differentiation of hPDLSCs through EGR1 (Deininger et al., 2022). Therefore, according to the above analysis, the notable outcome observed in the CUR-GO-COL group in this study may be attributed to the synergistic effects of special surface structure of GO and the curcumin, which provide a suitable microenvironment for enhancing the osteogenic differentiation of BMSCs.
To design an ideal bioscaffold material for bone repair, in addition to possessing the good biocompatibility and osteosynthesis induction ability, it should also exhibit a certain inhibition capability on bacterial colonization. These properties are essential for effectively preventing bacterial infection and reducing the use for antibiotics, thus improving the success rate of material implantation. GO and CUR are known for the satisfactory antibacterial properties, but the mechanisms on their antibacterial activity within collagen composites are still not clear. Most infections of the implant are mainly caused by S. aureus and E. coli, in this study, the antibacterial activities of various bioscaffold materials were evaluated by co-culture with these two bacteria, aiming to investigate the antibacterial mechanism and activity of the materials. The absorbance value (OD value) of the bacterial fluid was measured to represent the bacteria number. The trend of OD value in the COL group was similar to that of the blank control group, indicating that pure collagen did not possess antibacterial properties (Khan et al., 2021). Therefore, the COL group was used as the control in the subsequent experiments. When GO was incorporated, the material exhibited some antibacterial activity, but the outcome was not significantly impactful. According to previous analyses, the antibacterial mechanism of GO was possibly realized by the mechanical damage to bacterial membrane through the sharp edge of GO, which destroys the structural integrity of bacteria, and leads to the bacteria death (Hu et al., 2021; Zamri et al., 2021). However, this mechanism is mainly observed when GO is in suspension state. When GO was homogeneously distributed in polymer matrix, the GO interface control and dispersion are altered, reducing its capacity for the mechanical damage and hence the antibacterial properties (Khan et al., 2020). The antibacterial properties of GO-COL were not obvious in the early phase. However, after 8 h of co-culture, its antibacterial properties were gradually enhanced with slow release of GO from COL. During loading of CUR-GO, a decreased absorbance of bacterial suspension in the early phase is likely due to the rapid release of CUR, thereby resisting the infection by two strains of bacteria. A recent study has shown that curcumin can change the structure of mature multi-species biofilms, significantly decreasing the metabolic activity (Shahzad et al., 2015). It is speculated that CUR would prevent the biofilm formation by influencing bacterial quorum sensing (QS) system, thus preventing the replication of the bacteria (Zheng D. T. et al., 2020). The synergistic effect of CUR and GO enhances antibacterial activity of the collagen composites.
While our study has demonstrated the efficacy of our material within certain parameters, we recognize that a deeper understanding of the mechanisms of material action is necessary for more thorough analysis. However, we acknowledge that further elucidation requires advanced technologies beyond our current resource capacity. Currently, we plan to transplanted the composite material into experimental animals and utilize imaging techniques to monitor the positioning and migration of the material at the bone defect site. Simultaneously, we will assess its degradation rate and biocompatibility through histological analysis and biochemical testing. Additionally, we will observe the impact of the composite material on the bone healing process, including the rate and quality of new bone formation. This series of studies will provide scientific evidence for the application prospects of the composite material in the field of bone defect repair, evaluating its potential and effectiveness as a bone substitute.
5 CONCLUSION
In this study, a novel multifunctional CUR-GO-COL composite scaffold was synthesized for bone tissue repair. Among them, the collagen component COL can improve the hydrophilicity of the composite scaffold; GO can delay the release of curcumin and improve its bioavailability. In addition, the cytotoxicity, osteogenic differentiation and antibacterial properties of the collagen composite scaffold were evaluated. The composite scaffold attained the optimal physico-chemical performance and biological safety with a CUR-GO concentration of 0.05% (w/v). Therefore, the resulting porous CUR-GO-COL composite scaffold with structure stability supports prolific cell growth without cytotoxicity, effectively inhibits bacterial colonization, and reduces the need for systemic antibiotics, making it a promising candidate for bone grafts.
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Bacterial infections and antibiotic resistance are global health problems, and current treatments for bacterial infections still rely on the use of antibiotics. Phototherapy based on the use of a photosensitizer has high efficiency, a broad spectrum, strong selectivity, does not easily induce drug resistance, and is expected to become an effective strategy for the treatment of bacterial infections, particularly drug-resistant infections. This article reviews antimicrobial strategies of phototherapy based on photosensitizers, including photodynamic therapy (PDT), photothermal therapy (PTT), and their combination. These methods have significant application potential in combating multi-drug-resistant bacterial and biofilm infections, providing an alternative to traditional antibiotics and chemical antibacterial agents.
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1 INTRODUCTION
Bacterial infections pose a significant public health threat worldwide, especially with the rapid rise of antibiotic-resistant strains (Kim et al., 2022). The widespread and often irrational use of antibiotics has contributed to the emergence and spread of resistant pathogens, such as methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant enterococci, and multidrug-resistant Gram-negative bacteria (Dehbanipour and Ghalavand, 2022). Traditional antimicrobial strategies are facing unprecedented challenges due to the increasing prevalence of drug-resistant bacterial infections (Macnair et al., 2024). According to the World Health Organization (WHO), antibiotic resistance is responsible for approximately 700,000 deaths annually, with this figure projected to rise to 10 million by 2050 (Umarje and Banerjee, 2023). Therefore, developing effective antimicrobial strategies that are not prone to resistance is a critical priority in infection control.
Significant advancements have been made in combating antimicrobial resistance, particularly in fields such as nanotechnology, targeted drug delivery, gene editing, immunotherapy, and phototherapy (Bucataru and Ciobanasu, 2024). Nanomaterials, including metallic nanoparticles and carbon nanotubes (CNTs), exhibit broad-spectrum antibacterial activity by directly damaging bacterial membranes and generating reactive oxygen species (ROS), with the added advantage of being less likely to induce resistance (Maksimova and Zorina, 2024). However, concerns remain regarding their potential toxicity, biocompatibility, and metabolic pathways, which could pose long-term safety risks (Chausov et al., 2022; Roesner et al., 2023; You et al., 2024). Although targeted delivery systems precisely direct antimicrobial agents to infection sites and enhance therapeutic efficacy, their high cost of production and the complex distribution and clearance mechanisms of nanocarriers require further research (Qu and Zhu, 2023; Yu S. et al., 2024). Gene editing, which targets bacterial resistance genes, offers a highly specific approach but is still in its early stages, with challenges related to accuracy, off-target effects, and safety (Devi et al., 2023; Li X. et al., 2023). Immunotherapy also enhances the host’s ability to clear infections; however, it may trigger excessive immune responses or autoimmune diseases, limiting its application (Pang X. et al., 2023; Wang H. et al., 2023).
Phototherapy-based antimicrobial strategies have the potential to address many of these challenges while avoiding the development of bacterial resistance (Sedighi et al., 2024; Yu B. et al., 2024). In recent years, photosensitizer-based therapies have gained significant attention. Photosensitizers used in antimicrobial applications can be classified into two main types: photosensitizers and photothermal agents (Yan S. et al., 2023; Zheng and Xiao, 2022). Photosensitizers mainly produce reactive oxygen species through photochemical reactions to achieve photodynamic therapy (PDT), while photothermal agents produce local high temperature through photothermal effect for photothermal therapy (PTT). These agents function through distinct mechanisms upon exposure to light, leading to bacterial cell death (Ruan et al., 2023). Photothermal agents absorb light energy and convert it into heat, raising local temperatures to levels (40°C–60°C) that are sufficient to denature bacterial proteins, disrupt cell membranes, and ultimately cause bacterial death (Lim et al., 2023). This approach, known as PTT, is a physical method of bacterial eradication. In contrast, photosensitizers, the core component of PDT, absorb light energy and transfer it to surrounding oxygen molecules, generating singlet oxygen or other ROS (Xiao et al., 2024). These reactive species possess strong oxidative properties, enabling them to damage bacterial cell membranes, cell walls, proteins, and nucleic acids, thereby leading to cell death (Ruan et al., 2023).
These two phototherapy approaches have shown significant promise in treating multidrug-resistant bacterial infections and biofilm-associated infections. This review focuses on photoinitiator-based antimicrobial strategies, particularly the classification of various photosensitizers and photothermal agents, and their applications in combating bacterial infections. We explore the use of metalloporphyrin-based photosensitizers, organic small-molecule photosensitizers, polymer-based photosensitizers, nanocomposite photosensitizers, metallic nanomaterials, carbon-based materials, and organic molecular photothermal agents. Finally, the synergistic effects of combining PDT and PTT will be discussed, offering new perspectives and future directions for antimicrobial therapies.
2 PHOTODYNAMIC THERAPY FOR FIGHTING BACTERIAL INFECTIONS
PDT uses photosensitizers that generate ROS under light irradiation to kill bacteria (Xiao et al., 2024). This approach has garnered significant attention in antimicrobial therapy due to its high efficiency, broad-spectrum activity, and limited tendency to induce drug resistance.
2.1 Metalloporphyrin-based photosensitizers for treating bacterial infections
Metalloporphyrin-based photosensitizers are porphyrin ring compounds in which the introduction of metal ions (such as zinc, aluminum, or ruthenium) enhances their photosensitizing properties (Hlabangwane et al., 2023). Pujari et al. coupled metal porphyrins to lignin-based zinc oxide to develop hydrophilic nanoconjugates that showed significantly improved PDT efficiency when treating bacterial infections under dual light irradiation (Figure 1A) (Pujari et al., 2024). The nanoconjugates showed the highest fluorescence intensity when exposed to dual light (UV and green light) and exhibited high bactericidal activity due to increased ROS generation capacity (Figure 1B). In addition, the results of nucleic acid leakage experiments showed that the nanoconjugates resulted in more DNA leakage under dual light irradiation compared to single light irradiation, further supporting their ROS generation efficiency. The overall findings showed that the nanoconjugates had a destructive effect on microbial cells through the ROS produced by PDT, thereby achieving an effective antibacterial effect (Figure 1C).
[image: Diagram illustrating the interaction of bacteria with nanoconjugates leading to bacterial cell eradication. Graphs below show fluorescence intensity and absorbance at 450 nm in dark and light conditions, highlighting significant increases with light, marked by asterisks.]FIGURE 1 | Antibacterial mechanism and effect of nanoconjugates (Pujari et al., 2024) (A) Schematic of bacterial eradication (B) ROS generation studies of DCFH-DA-mediated nanoconjugates (C) Nucleic acid release studies of nanoconjugates Data are presented as the mean ± SD (n = 3 in each group). Statistical data are represented as mean ± SD (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; NS represents no significant difference). Copyright © 2024, American Chemical Society.
These photosensitizers absorb light, particularly in the visible range (400–700 nm), making them highly effective for PDT applications (Abbas et al., 2023). Upon light exposure, metalloporphyrins transfer energy to surrounding oxygen molecules, producing singlet oxygen and other ROS (Bi et al., 2023). These reactive species have strong oxidizing properties and are capable of destroying bacterial cell walls, cell membranes, and critical intracellular components, including proteins and nucleic acids, to achieve an antimicrobial effect (Kumar et al., 2023).
Metalloporphyrin photosensitizers demonstrate broad-spectrum antimicrobial activity, especially against drug-resistant strains (Michalska et al., 2022). Zinc (II) porphyrin (ZnP), for instance, has been proven to be effective in killing bacteria, such as MRSA, Escherichia coli, and Pseudomonas aeruginosa. Studies have shown that ZnP, when irradiated, generates ROS that significantly damage bacterial cell membranes, leading to the leakage of intracellular contents and subsequent bacterial death (Nejad et al., 2022).
Biofilm infections, characterized by a complex extracellular polymer matrix that shields bacteria from antibiotics and immune system attacks, pose a major challenge in chronic infections. Metalloporphyrin photosensitizers offer promising solutions against biofilms (Pucelik et al., 2024). Aluminum phthalocyanine chloride (AlPcCl), for example, has demonstrated excellent photosensitizing efficacy against Pseudomonas aeruginosa biofilms. Upon light exposure, AlPcCl penetrates the biofilm and generates ROS, killing greater than 90% of the embedded bacteria (Souza et al., 2022).
While the antimicrobial efficacy of metalloporphyrin photosensitizers has been well documented in both laboratory and animal models, their clinical application remains in the early stages (Zhang et al., 2023). Preclinical studies suggest promising therapeutic outcomes for superficial bacterial infections, such as skin infections, postoperative wound infections, and periodontal diseases (Castillo et al., 2024). Notably, zinc porphyrin-based PDT significantly reduced bacterial loads and accelerated wound healing in MRSA-infected skin models.
However, some limitations must be addressed. Metalloporphyrin photosensitizers typically require visible light for activation, limiting their penetration into deeper tissues and reducing their efficacy in treating deep-seated infections. Additionally, the success of PDT depends on adequate oxygen supply to tissues, and hypoxic environments, such as those of deep infections or abscesses, may reduce treatment effectiveness. Though metalloporphyrin photosensitizers have demonstrated good safety profiles in in vitro and animal studies, their long-term safety and metabolic pathways in humans require further research.
Future efforts should focus on molecular modification and functional design to enhance the light absorption properties and ROS generation by metalloporphyrin photosensitizers. Combining these photosensitizers with other antimicrobial technologies could further improve their efficacy, positioning metalloporphyrin-based PDT as a valuable tool in fighting drug-resistant bacterial infections.
2.2 Organic small-molecule photosensitizers for treating bacterial infections
Organic small-molecule photosensitizers are compounds with relatively low molecular weight and diverse structures, offering significant advantages in antibacterial therapy (Atac et al., 2024). Their structural versatility and efficient photosensitization properties make them ideal candidates for antimicrobial applications. Due to their simpler molecular structures and ease of synthesis, organic small-molecule photosensitizers can be functionally modified to enhance their photosensitizing performance, broaden their light absorption range, and improve their biocompatibility (Gill et al., 2022). These properties contribute to their effectiveness against a variety of pathogens, including Gram-positive bacteria, Gram-negative bacteria, and fungi, with particular success in combating drug-resistant strains like MRSA and VRE (Gong et al., 2024).
Atac et al. studied Cl-Hem, an organic small-molecule photosensitizer, and explored its bactericidal effect (Figure 2A) (Atac et al., 2024). Dose-dependent antibacterial effects were verified in plankcells and biofilms of Gram-positive bacteria with and without 640-nm laser irradiation (Figure 2B). Based on the characteristic green fluorescence of the ROS sensor (Figures 2C, D), a significant increase (73%) in Streptococcus epidermalis killing was observed at 50 μg/mL of Cl-Hem 20 min after laser irradiation (p < 0.0001). Interestingly, this dose of Cl-Hem also resulted in a 30% increase in ROS in the absence of laser irradiation (p = 0.0016). However, no antibacterial effect was observed without laser irradiation, indicating that photoinduced toxicity was the main source of antibacterial activity. Although Cl-Hem produced some amount of ROS in the absence of light, its concentration and reactivity were not sufficient to cause significant bacterial damage. In contrast, ROS production under light exposure was higher and more active enough to trigger the destruction of bacterial cell membranes and cellular structures to achieve effective bactericidal effects.
[image: Diagram illustrating the effects of C1-Hem on bacterial growth and ROS generation. Panel A shows the chemical structure of C1-Hem and its activation by a laser, generating ROS and mild hyperthermia. Panel B presents a bar graph showing the logarithmic reduction in bacterial CFU/ml at various C1-Hem concentrations, comparing no laser, 10-minute, and 20-minute laser treatments. Panel C compares DCF-DA fluorescence in Staphylococcus epidermidis under the same conditions, and Panel D does so for Enterococcus faecalis. Significant differences are marked with asterisks.]FIGURE 2 | Antibacterial mechanism and effect of Cl-Hem (Atac et al., 2024) (A) Molecular structure of Cl-Hem (B) Dose-dependent antibacterial effect of Cl-Hem on plankcells of Staphylococcus epidermidis with/without laser irradiation (C) Fluorescence intensity of DGF-DA in Gram-positive cells treated with Cl-Hem (0 or 50 μg/mL) (D) Fluorescence intensity of DCF-DA in Cl-HEM-treated Gram-negative bacteria. Data are presented as the mean ± SD (n = 3 in each group). Statistical data are represented as mean ± SD (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; NS represents no significant difference). Copyright © 2024 Elsevier B.V.
One of the key advantages of certain organic small-molecule photosensitizers is their absorption capacity in the near-infrared (NIR) range, which allows deeper tissue penetration and the ability to treat infections that reside in deeper tissue layers (Hao et al., 2024). For example, indocyanine green (ICG), a widely used cyanine dye, absorbs light at approximately 808 nm and has been shown to be particularly effective in PDT for deep tissue infections (Liu X. et al., 2022).
The photosensitization mechanism of these organic small molecules typically involves excitation under specific wavelengths of light, transitioning them from a singlet state to a triplet state where they transfer energy to oxygen molecules. This energy transfer produces ROS, such as singlet oxygen, which cause oxidative damage to bacterial cell membranes, proteins, and DNA, eventually leading to bacterial death.
ICG is one of the most extensively studied cyanine dye photosensitizers due to its excellent NIRabsorption properties and strong tissue penetration. Studies have demonstrated ICG’s ability to effectively kill a variety of pathogenic bacteria, including MRSA, Escherichia coli (Xiong et al., 2024), and Pseudomonas aeruginosa, under light irradiation. For example, in one study, ICG significantly promoted wound healing in MRSA-infected wounds following near-infrared irradiation. This makes ICG particularly suitable for treating recalcitrant infections, such as infections following skin injuries and post-surgical infections.
Rhodamine B, a photosensitizer commonly used for cell labeling and fluorescent probes, has shown great potential for antimicrobial PDT. Studies indicate that rhodamine-type photosensitizers generate ROS under light irradiation, effectively killing both Gram-positive and Gram-negative bacteria (Yan Y. et al., 2023). For instance, in one experiment, rhodamine B demonstrated a bactericidal rate of over 90% against MRSA and 85% against Pseudomonas aeruginosa, while also inhibiting biofilm formation (Xue et al., 2023). Its straightforward structure, high stability, and ease of synthesis and modification make rhodamine B a promising candidate for multifunctional antimicrobial materials.
Coumarin-based photosensitizers are known for their wide light absorption range and ability to generate ROS in the UV-visible range (Xiong et al., 2024). Although less frequently studied in antimicrobial PDT, coumarin photosensitizers have been shown to kill Gram-positive and Gram-negative bacteria after photosensitization. In one study, coumarin photosensitizers effectively disrupted the cell membranes of Escherichia coli and MRSA, increasing cell membrane permeability and accelerating bacterial death (Ma M. et al., 2024).
Organic small molecule photosensitizers have broad-spectrum antimicrobial activity, particularly against drug-resistant strains and biofilm-associated infections. However, certain limitations must be addressed. These include the need for specific light sources, potential problems with photostability, and phototoxicity concerns. To overcome these challenges, future research should focus on modifying the molecular structure of these photosensitizers to improve their properties, incorporating nanotechnology, and developing combination therapy strategies.
Through continued innovation and optimization, organic small-molecule photosensitizers hold promise for becoming more effective tools in combating bacterial infections, particularly in clinical settings.
2.3 Polymer-based photosensitizers for treating bacterial infections
Polymer-based photosensitizers are composite materials that integrate photosensitizers with polymer matrices, typically through covalent bonds or non-covalent interactions (Ahmetali et al., 2023). The polymer matrix, which may be composed of natural or synthetic materials, enhances the stability, biocompatibility, and sustained release of the photosensitizer at the infection site (Bryaskova et al., 2023). This design reduces the non-specific aggregation of photosensitizers in vivo, ensuring more targeted and efficient antimicrobial effects. The underlying mechanism remains consistent with that of traditional PDT, where ROS are generated upon light irradiation, leading to bacterial cell membrane damage and cell death (Chen et al., 2024).
Common polymer materials used in such composites include polyethylene glycol (PEG), chitosan, and polylactic-co-glycolic acid (PLGA). These polymers not only improve the biological stability of the photosensitizers but also allow for controlled release, making them highly effective in clinical applications (Elian et al., 2024).
Incorporating porphyrin-based photosensitizers into polymer matrices significantly improves their biostability and antimicrobial efficacy in vivo. For example, porphyrin photosensitizers combined with PEG have demonstrated enhanced photosensitization and increased antimicrobial activity under light irradiation (Hino et al., 2024). Studies have shown that such composites effectively kill MRSA and Escherichia coli with a sterilization rate exceeding 95% (Jiao et al., 2022). Additionally, these polymer-porphyrin complexes have been developed into antimicrobial coatings, such as those used in wound dressings and on medical implant surfaces. These coatings continuously release ROS, preventing bacterial infections at wound sites (Liang et al., 2022).
Chitosan, a naturally derived polymer with intrinsic antimicrobial properties and excellent biocompatibility, has been widely applied in wound dressings, biomedical implants, and antimicrobial coatings (Ma Z. et al., 2024). When combined with photosensitizers, chitosan significantly enhances their antimicrobial effect while also providing long-lasting antibacterial activity. Chitosan-based photosensitizers have shown great promise, particularly in antimicrobial wound dressings (Manathanath et al., 2024). Research has demonstrated that the combination of chitosan with porphyrin photosensitizers improves bactericidal efficiency at infection sites under light exposure, showing potent effects against drug-resistant bacteria, including MRSA (Qian et al., 2024).
Cyanine dyes, such as ICG, have gained widespread attention for their excellent light absorption properties in the NIR region (Wang et al., 2022). When combined with polymeric materials, cyanine dye-based photosensitizers exhibit enhanced stability and antimicrobial efficacy. For example, composites of ICG and PEG significantly improve the production of ROS under NIR light, effectively killing MRSA and E. coli in deep tissue infections. These composites are particularly advantageous for treating infections that are difficult to cure by conventional antimicrobial methods (Xu et al., 2022).
Titanium dioxide (TiO₂) is a well-known photocatalytic material that is often used as an antimicrobial agent when combined with polymers (Tsai et al., 2024). Polymer-based TiO₂ photosensitizers are not only effective in antimicrobial coatings but also widely used in water treatment and environmental applications. For example, PLGA combined with TiO₂ has demonstrated high efficacy in killing environmental bacteria, such as E. coli and MRSA, upon light irradiation (Zhou et al., 2024).
The application of polymer-based photosensitizers has great potential, especially in combating biofilm infections and developing long-lasting antimicrobial materials. Embedding photosensitizers into polymer matrices greatly enhances their biocompatibility and stability, ensuring efficient antimicrobial activity in vivo.
However, certain challenges remain. These include limited light penetration, potential material degradation, and the complexity of synthesizing polymer-based photosensitizers. Future research should focus on optimizing the combination of photosensitizers with polymer matrices to improve antimicrobial efficacy. Developing low-cost, biodegradable, and efficient polymer-based photosensitizers could further promote their use in clinical settings.
3 PHOTOTHERMAL THERAPY FOR FIGHTING BACTERIAL INFECTIONS
PTT is a treatment modality that converts light energy into heat energy through photothermal agents, creating localized high temperatures to kill bacteria. Unlike PDT, PTT does not rely on oxygen to exert its effects, allowing it to maintain efficacy even in hypoxic environments, such as biofilm-related or deep tissue infections. PTT utilizes various types of photothermal agents, including metallic nanomaterials, carbon-based materials, polymer-based materials, and organic molecular photothermal agents, each of which has distinct antimicrobial mechanisms.
3.1 Metallic nanomaterial-based photothermal agents for treating bacterial infections
Metallic nanomaterials have emerged as a research hotspot due to their excellent photothermal conversion efficiency, biocompatibility, and potent bactericidal effects against a wide range of pathogens (Ahmad and Ansari, 2022). These agents absorb specific wavelengths of light (typically in the NIR range) and convert this energy into heat, raising local temperatures to 40°C–60°C, which disrupts bacterial cell membranes, walls, and proteins, ultimately leading to cell death (Amarasekara et al., 2024). Common metallic nanomaterials used in PTT include gold, silver, copper, palladium, and ruthenium nanoparticles (Dediu et al., 2023).
Despite its many advantages, the clinical applicability of PTT as the sole sterilization strategy is hampered by the necessity of higher temperatures that can potentially harm healthy tissues (Ding et al., 2022). To overcome this challenge, Wang et al. introduced antimicrobial peptides (AMPs) to modify the surface of gallium-based liquid metal (LM) nanoantibacterial agents, thereby enhancing their photothermal antibacterial effects at lower temperatures (Figures 3A, B) (Wang B. et al., 2024). Although LM nanoparticles exhibit some antibacterial properties, their bactericidal effect is relatively limited. The researchers demonstrated a notable reduction in the number of bacteria after 808 nm NIR laser irradiation, thereby showing that their method significantly enhanced the antibacterial ability of the material system (Figures 3C, D).
[image: Diagram illustrating a multi-step experimental process and results. Panel A shows the formation of LM@AMP nanoparticles using ultrasound, with DSPE-PEG conjugation. Panel B depicts treatment of a bacterium with LM@AMP, followed by 808 nanometer irradiation, causing bacterial damage. Panel C presents images showing the effect of treatments on bacteria with and without NIR (Near-Infrared) exposure, highlighting changes under different conditions. Panel D is a bar graph comparing bacterial viability percentages across control, LM, and LM@AMP treatments, both with and without NIR, indicating reduced viability with LM@AMP and NIR.]FIGURE 3 | Antibacterial mechanism and effect of LM@AMP (Wang B. et al., 2024) (A) Schematic representation of photothermal LM@AMP nanoparticle preparation (B) Photothermal killing of bacteria (C) Photographs of AGAR plates subjected to various treatments (D) Quantitative data with various treatments Statistical data are represented as mean ± SD (n = 3).
Gold nanoparticles (AuNPs), particularly gold nanorods (GNRs), are widely used in antimicrobial research due to their efficient photothermal conversion at NIR wavelengths (808 nm) (Doveri et al., 2023). Under light irradiation, GNRs rapidly elevate the temperature to 60 °C, which is sufficient to disrupt bacterial cell membranes (Gu et al., 2023). Studies have demonstrated that GNRs achieve over 95% bactericidal rates against MRSA and Escherichia coli (Hajfathalian, 2022). In combination with antibiotics, GNRs significantly enhance the efficacy of antimicrobial treatments against multidrug-resistant bacteria like MRSA (Hajfathalian, 2024). Additionally, AuNPs have been incorporated into medical dressings to treat chronic wound infections, significantly accelerating wound healing (Ilhami et al., 2023).
Silver nanoparticles (AgNps) exhibit broad-spectrum antimicrobial properties in addition to their excellent photothermal effects. When exposed to light, AgNPs rapidly heat up and disrupt bacterial membranes (Joudeh et al., 2022). The release of silver ions (Ag+) further inhibits bacterial growth by interacting with bacterial proteins and DNA (Li X. et al., 2024). In one study, AgNPs successfully eradicated over 99% of MRSA when used for PTT (Lin et al., 2022). These nanoparticles are also used as nanocarriers for antibiotics, enhancing targeted delivery and antimicrobial efficacy (Ma et al., 2022). AgNP-coated medical devices, such as catheters and implants, prevent bacterial infections and biofilm formation through their combined photothermal and antimicrobial properties (Liu et al., 2023).
Copper nanoparticles have garnered attention for their cost-effectiveness and high photothermal conversion efficiency. CuNPs have demonstrated potent bactericidal effects against both Gram-positive and Gram-negative bacteria, including MRSA and E. coli (Mammari and Duval, 2023). In one study, CuNPs achieved a 97% killing rate of MRSA in biofilm environments. However, the biosafety of copper nanoparticles remains a concern, as excessive copper accumulation in vivo may trigger oxidative stress and damage host cells (Manivasagan et al., 2024).
Palladium and ruthenium nanoparticles are being explored for their multifunctional properties in antimicrobial applications (Miao et al., 2024). In addition to their photothermal effects, these nanoparticles catalyze the production of ROS, further enhancing their antimicrobial effect (Mutalik et al., 2022). Palladium nanoparticles have been shown to kill Pseudomonas aeruginosa and MRSA with broad-spectrum activity, demonstrating their potential in tackling resistant bacterial infections (Naskar and Kim, 2022).
Metallic nanomaterials have shown tremendous potential in addressing the challenge of bacterial resistance. Gold, silver, and copper nanoparticles, in particular, offer multiple mechanisms for combating bacterial infections, including direct photothermal damage and synergistic effects with other antimicrobial methods (Pang Q. et al., 2023; Sethulekshmi et al., 2022; Sharma and Arnusch, 2022). However, challenges such as potential toxicity, limited light penetration in vivo, and the metabolic pathways of these materials require further investigation. Future research should focus on optimizing nanoparticle design, developing intelligent delivery systems, and conducting clinical studies to assess the safety and efficacy of these photothermal agents. Metallic nanomaterials could become a critical tool in treating multidrug-resistant bacterial infections, especially those involving biofilms.
3.2 Carbon-based material photothermal agents for treating bacterial infections
Carbon-based materials possess unique structural and physicochemical properties that allow them to efficiently convert light energy into heat, thereby killing bacteria (Balou et al., 2022). Common carbon-based photothermal agents include graphene and its derivatives, CNTs, carbon quantum dots (CQDs), and fullerenes (Dediu et al., 2023).
Geng et al. synthesized high graphidic acid N-doped graphene quantum dots (N-GQD) with efficient NIR-II photothermal conversion properties for photothermal antibacterial therapy (Figures 4A, B) (Geng et al., 2022). The obtained N-GQDs showed strong NIR absorption in the range of 700–1,200 nm and achieved high photothermal conversion efficiencies of 77.8% and 50.4% at 808 and 1,064 nm, respectively. In the presence of 808 or 1,064 nm laser, N-GQD achieved excellent antibacterial and anti-biofilm activity against MDR bacteria (methicillin-resistant MRSA, MRSA) (Figure 4C). In vivo studies confirmed that hyperthermia generated by N-GQD plus NIR-II laser antagonized MDR bacterial infection and thereby significantly accelerated wound healing.
[image: Diagram illustrating a research study. Panel A shows the chemical synthesis process: coronene, nitro-coronene, BPEI, and N-GQD, with structures depicted. Panel B illustrates a mouse model with wound healing stages: MRSA infection, treatment with NIR-II and N-GQD leading to scab formation and healing. Panel C displays bacterial growth inhibition tests with varying concentrations of N-GQD at two different NIR II levels, 0 and 200 µgmL, showing progressively lesser bacterial presence.]FIGURE 4 | Antibacterial mechanism and effect of N-GQDs (Geng et al., 2022) (A) Preparation steps of N-GQDs (B) Schematic diagram of its application in the photothermal eradication of MDR bacterial infection (C) Representative culture images of colonies treated with various concentrations of N-GQD aqueous solutions.
Graphene oxide (GO), with its two-dimensional structure and high photothermal conversion efficiency, is widely used in antimicrobial research. When exposed to NIR light (808 nm), GO generates localized high temperatures that kill bacteria (Chao et al., 2023). Additionally, GO itself possesses intrinsic antibacterial activity, physically disrupting bacterial cell membranes and inducing oxidative stress. Studies have shown that GO achieves a sterilization rate of 90% against MRSA and E. coli in PTT applications, and it penetrates and destroys biofilms, significantly enhancing the effectiveness of PTT (Chu et al., 2022).
Both single-walled and multi-walled CNTs (SWCNTs and MWCNTs) have high specific surface areas and light absorption capacities, making them effective in generating heat for PTT (Demirel et al., 2022). Under NIR light, CNTs raise local temperatures to 50°C–60°C, which is sufficient to kill pathogenic bacteria (Dong et al., 2023). CNTs may also be combined with other antimicrobial agents, such as AgNps or antibiotics, to form multifunctional composites that enhance their antimicrobial effects. In one study, SWCNTs effectively killed MRSA and E. coli under light exposure while also disrupting biofilm structures (Fang M. et al., 2023).
CQDs have gained significant attention in antimicrobial applications due to their nanometer size, excellent photothermal conversion efficiency, and biocompatibility (Feng et al., 2024). CQDs generate heat upon light absorption and also be designed to target specific bacterial infections. Studies have shown that CQDs are effective in killing Pseudomonas aeruginosa and MRSA, demonstrating their broad-spectrum antimicrobial activity. CQDs are also suitable for coating wound dressings and medical devices to prevent infections (Geng et al., 2022).
Fullerenes and their derivatives, with their unique cage-like structures, show potential in PDT (Hu et al., 2024a). Fullerenes efficiently generate heat under light irradiation and can be combined with photosensitizers to enhance PDT, creating a dual antimicrobial mechanism. In one study, fullerenes combined with AgNps effectively killed MRSA and E. coli under light exposure, demonstrating synergistic effects (Huo et al., 2024).
Carbon-based materials, such as graphene, CNTs, CQDs, and fullerenes, have shown great promise in antimicrobial PTT due to their efficient photothermal conversion properties and broad-spectrum activity (Jiang et al., 2024). However, challenges related to light penetration, biosafety, and the complexity of the material preparation process remain barriers to clinical translation (Lagos et al., 2023). Future research should focus on developing more efficient, safe, and easily producible carbon-based materials, integrating them with other antimicrobial agents and delivery systems. With continued optimization and clinical validation, carbon-based photothermal agents could become a vital tool in the fight against drug-resistant bacterial infections.
3.3 Polymer-based photothermal agents for treating bacterial infections
Polymer-based photothermal agents are composite materials formed by integrating polymer matrices with photothermally active substances, such as metallic nanoparticles, carbon nanomaterials, or organic dyes (Bayan et al., 2024). These polymers, which may be natural or synthetic, enhance the biocompatibility, stability, and functionality of photothermal agents (Fang Z. et al., 2023). Polymer-based materials not only improve the overall safety profile of PTT but also allow for controlled release and targeted delivery of photothermal agents, making them effective in clinical antimicrobial applications (Hu et al., 2024a).
Metallic nanoparticles like gold, silver, and copper exhibit excellent photothermal conversion efficiency and are often combined with polymer matrices to enhance their biocompatibility and antimicrobial efficacy (Li J. et al., 2024).
For example, AuNPs combined with PEG have demonstrated strong antimicrobial properties (Li J. et al., 2023). In one study, the gold nanoparticle-PEG composite effectively killed MRSA and Escherichia coli under NIR light (808 nm) irradiation, achieving a sterilization rate exceeding 95% (Ghayyem et al., 2022). The PEG coating enhances the stability of the AuNPs and minimizes their aggregation, making this composite material suitable for clinical applications such as wound dressings or implant coatings.
Similarly, AgNps show enhanced antimicrobial activity when combined with the naturally derived polymer chitosan (Luo Y. et al., 2022). This composite material has demonstrated potent bactericidal effects, particularly against multidrug-resistant bacteria like MRSA (Mei et al., 2024). Chitosan-based AgNp coatings have been applied to medical devices, such as urinary catheters and implants, to prevent bacterial infections and biofilm formation (Qi et al., 2022).
Carbon-based materials, such as CNTs and graphene, have high photothermal conversion efficiencies and, when integrated with polymer matrices, create multifunctional composites with potent antimicrobial properties (Ren et al., 2023).
For example, a composite material formed by combining CNTs with polypyrrole (PPy) has shown significant bactericidal effects against MRSA and E. coli under NIR light irradiation (Wang L. et al., 2023). Studies have indicated that the local temperature of this composite material reaches up to 60 °C upon light exposure, which is sufficient to damage bacterial cell membranes and cause cell death (Wang X. et al., 2024).
Graphene exhibits excellent antimicrobial activity when combined with chitosan, particularly in fighting biofilm-associated infections (Wu et al., 2023). The graphene-chitosan composite has demonstrated strong bactericidal effects against both Gram-positive and Gram-negative bacteria, with enhanced penetration and destruction of biofilms (Zhang et al., 2024).
Organic dyes, such as ICG and phthalocyanine dyes, are widely used in PTT due to their efficient light absorption and photothermal conversion properties (Zhao et al., 2023). When combined with polymer matrices, these dyes exhibit improved stability and enhanced antimicrobial effects, especially in deep tissue infections.
For instance, the combination of ICG with chitosan has been shown to effectively kill both Gram-positive and Gram-negative bacteria under NIR light irradiation (Ni et al., 2022). This composite material is particularly useful for treating deep-seated infections that are otherwise difficult to reach using conventional treatment methods (Zhao et al., 2023).
Similarly, zinc phthalocyanine combined with polyaniline has shown high photothermal conversion efficiency and has been successfully applied to the treatment of bacterial infections (Bayar et al., 2023). This combination of organic dyes with polymer matrices ensures greater targeting of infected areas and reduces potential damage to surrounding healthy tissues (Zhou et al., 2022).
Polymer-based photothermal agents offer significant advantages in antimicrobial therapy, particularly for biofilm-associated infections and multidrug-resistant bacteria. By combining polymers with nanomaterials like metallic nanoparticles, carbon-based materials, and organic dyes, these agents deliver targeted photothermal effects with improved biocompatibility and stability.
However, several challenges remain in translating polymer-based photothermal agents into clinical use. These challenges include limited light penetration, high production costs, and concerns about long-term safety. Further optimization of polymer-nanoparticle combinations and the development of more efficient, low-cost, and biodegradable polymer-based photothermal agents will be critical for expanding their clinical applications.
Future research should also focus on creating multifunctional composite materials that combine PDT with other antimicrobial mechanisms, such as drug delivery or immune modulation. By integrating intelligent delivery systems, researchers develop polymer-based photothermal agents that offer more precise and controllable treatment options, advancing their role in antimicrobial therapy.
4 PHOTOTHERMAL AND PHOTODYNAMIC SYNERGISTIC THERAPY FOR FIGHTING BACTERIAL INFECTIONS
PTT and PDT are two highly effective antimicrobial strategies that use different photosensitizers and mechanisms to kill bacteria (Bai et al., 2023). Combining these two therapies allows for synergistic effects, where the interaction between photothermal agents and photosensitizers enhances the antimicrobial efficacy, leading to an outcome greater than either therapy alone (Chen et al., 2022). This combination therapy not only kills bacteria more effectively but also overcomes some limitations of each individual method, such as PDT’s dependence on oxygen, making it particularly beneficial in hypoxic environments (Dong et al., 2023).
Hao et al. developed an orthogonal molecular cationization strategy (IND-Cy7 (Py)-TCF) to enhance the ROS and thermal effects of Cy7 for the photodynamic and photothermal treatment of bacterial infections (Figure 5A) (Hao et al., 2024). IND-Cy7 (Py)-TCF was bactericidal in the dark against both Escherichia coli (∼10%) and MRSA (∼37%), probably due to the presence of a cationic Py moiety in the molecular structure. Even at low power (0.3 W/cm2), further irradiation with NIR light could increase the bactericidal effect to 50% against Escherichia coli and more than 80% against MRSA (Figures 5B–D).
[image: Diagram illustrating antibacterial therapy using PDT and PTT with various concentrations. Panel A depicts the mechanism of bacteria killing on skin using 808 nm irradiation. Panel B shows microscopic images of E. Coli and MRSA treated with 0, 5, and 10 μM concentrations. Panels C and D present petri dish results for E. Coli and MRSA, respectively, treated with increasing concentrations, showing decreased bacterial colonies.]FIGURE 5 | Antibacterial mechanism and effect of IND-Cy7 (Py)-TCF (Hao et al., 2024) (A) Schematic of the combined antimicrobial strategy (B) SEM images of bacteria treated with different concentrations of IND-Cy7 (Py)-TCF (C) Images of Escherichia coli AGAR plates treated with various concentrations of IND-Cy7 (Py)-TCF (D) Images of MRSA AGAR plates treated with different concentrations of IND-Cy7 (Py)-TCF. Copyright © 2024 Elsevier B.V.
The high temperature generated by PTT disrupts bacterial cell membranes, increasing their permeability (Ge et al., 2024). This allows ROS produced by PDT to penetrate bacterial cells more easily, further oxidizing bacterial lipids, proteins, and nucleic acids and leading to severe cell damage and death (Hu et al., 2024b). PTT also induces protein denaturation and coagulation, which is complemented by the oxidative damage caused by ROS produced by PDT, providing a powerful one-two punch against bacterial cells (Li et al., 2022).
In biofilm infections, PTT loosens the structure of the biofilm matrix, making it more permeable to photosensitizers (Liu B. et al., 2022). Once photosensitizers reach deeper into the biofilm, they produce ROS that synergistically kill the bacteria residing within the protective biofilm layer (Luo X. et al., 2022).
AuNPs are widely known for their excellent photothermal conversion ability, while porphyrin photosensitizers are effective producers of ROS under light irradiation (Shao et al., 2022). When combined, these materials exhibit an extremely high bactericidal efficiency. In one study, a gold nanoparticle-porphyrin complex achieved a sterilization rate of greater than 99.9% against MRSA under NIR light irradiation (Ullah et al., 2024; Wang Y. et al., 2024). This synergistic treatment not only destroys the bacterial cell membrane but also effectively eliminates biofilm-forming bacteria, making it a promising option for tackling drug-resistant infections (Wang J. et al., 2023).
CNTs have excellent photothermal conversion properties, and zinc phthalocyanine (ZnPc) is a commonly used photosensitizer in PDT (Liu et al., 2021). The combination of these two materials has shown remarkable results in combating biofilm infections (Wang J. et al., 2024). In one study, carbon nanotube-zinc phthalocyanine complexes demonstrated a sterilization rate greater than 97% against Pseudomonas aeruginosa biofilms under light irradiation. This synergistic effect not only provided efficient bacterial killing but also inhibited the formation and regeneration of biofilms, showing its great therapeutic potential in treating chronic and refractory infections (Wang P. et al., 2024).
The combination of AgNPs with rhodamine B photosensitizer demonstrates the potent synergistic effect of photothermal and photodynamic therapies under light exposure. In one study, the AgNps-rhodamine B complex achieved bactericidal rates of greater than 98% and 95% against Escherichia coli and MRSA, respectively. Additionally, this combination produced a rapid antimicrobial effect, effectively killing bacteria within just 5 minutes of light exposure. Such rapid response highlights the potential of this synergistic therapy in clinical settings, where fast-acting treatments are crucial (Wen et al., 2022).
Photothermal and photodynamic synergistic therapy offers significant advantages in antimicrobial applications, particularly against drug-resistant bacteria and biofilm-associated infections (Xu et al., 2024). The combination of photothermal agents and photosensitizers amplifies the bactericidal effect while addressing some of the limitations of the individual therapies, such as oxygen dependence and light penetration (Yan H. et al., 2023).
Despite these advantages, further research is needed to optimize the combination of these therapies (Xiang et al., 2023). Key areas for improvement include enhancing the targeting capabilities of photosensitizers and photothermal agents, developing more efficient light delivery systems, and ensuring that healthy tissues are minimally affected during treatment (Yan Z. et al., 2023). Another important consideration is the long-term safety and metabolic behavior of these materials in vivo, especially for clinical applications.
Future research should focus on developing smart delivery systems that precisely target infected tissues and reduce off-target effects. By fine-tuning the combination of photothermal and photodynamic therapies, researchers create a more effective, safe, and adaptable antimicrobial treatment strategy. Additionally, expanding the range of infections treated by synergistic therapies, particularly deep tissue and multidrug-resistant infections, could revolutionize the field of antimicrobial therapy.
5 CONCLUSIONS AND PROSPECTS
Photosensitizer-based antimicrobial strategies, including PDT, PTT, and their synergistic combinations, have made significant progress in the fight against bacterial infections, especially in the context of multidrug-resistant bacterial and biofilm-related infections. These strategies offer a promising alternative to traditional antimicrobial methods by utilizing light-activated agents that are both highly efficient and selective and have a low likelihood of inducing drug resistance (Table 1).
TABLE 1 | Antimicrobial strategy of phototherapy.
[image: A table comparing antimicrobial strategies, materials, microbial targets, results, and references. Strategies include Photosensitizer (PDT), Photothermal agent (PTT), and Combination therapy (PDT + PTT). Materials range from Cl-Hem to gold nanoparticles. Microbial targets include various bacteria like *Staphylococcus aureus*. Results highlight sterilization rates and effectiveness. References list authors and years, such as Atac et al. (2024).]Photodynamic therapy, which uses photosensitizers to generate ROS under light exposure, has demonstrated strong broad-spectrum antibacterial effects. This technique is particularly effective against biofilm-associated infections and multidrug-resistant pathogens. Advances in metalloporphyrin-based, organic small molecules, polymer-based, and nanocomposite photosensitizers have shown significant therapeutic potential in both experimental and clinical settings.
PDT, on the other hand, eliminates bacteria through heat generated by photothermal agents under light exposure. This method is effective in hypoxic environments, such as biofilms or deep tissue infections, where the lack of oxygen limits the efficacy of PDT. Metallic nanomaterials, carbon-based materials, polymer-based materials, and organic molecular photothermal agents have all demonstrated potent antibacterial effects in PTT applications.
PTT uses photothermal agents to convert light energy into heat under light, resulting in local temperature increases above 40°C–60°C, destroying bacterial structures such as cell membranes, proteins and DNA through high temperatures. Specifically, high temperature can increase bacterial membrane permeability, protein denaturation and DNA damage, which eventually leads to bacterial death. PDT generates reactive oxygen species (ROS), such as singlet oxygen and hydroxyl radicals, under the activation of light by photosensitizers. These ROS have extremely strong oxidative capacity and can damage bacterial cell membranes, proteins, and genetic material. The generation of ROS can oxidise bacterial membrane lipids, oxidise proteins and cause DNA damage in a short time, eventually leading to bacterial death.
Both PTT and PDT have shown promising results in the treatment of methicillin-resistant Staphylococcus aureus (MRSA) and methicillin-sensitive Staphylococcus aureus (MSSA). PTT does not depend on chemical agents in response to high temperature and is therefore effective against both MRSA and MSSA, and is particularly important for MRSA. Antimicrobial resistance of MRSA does not impair the bactericidal efficacy of PTT, which usually shows a high bactericidal rate (>90%). For PDT, both MRSA and MSSA showed significant sensitivity to ROS generation, which effectively disrupted the cell membrane and DNA structure of both. The bactericidal effect of PDT on MSSA and MRSA was more significant, especially when combined with antibiotics. The key advantages of phototherapy-based antimicrobial strategies lie in their high efficiency, broad-spectrum activity, selectivity, and the low risk of promoting bacterial resistance. These methods fill critical gaps left by traditional antibiotics and chemical antimicrobial treatments, making them a burgeoning field of research.
However, while significant progress has been made, several challenges remain. PDT and PTT may bring some side effects when applied locally, especially at high doses or with repeated treatment. The high concentration of ROS produced by PDT can cause oxidative damage to healthy tissues, and this damage may trigger local tissue necrosis. PTT produces excessive temperature in the light, which similarly causes damage to the surrounding healthy tissue and triggers local necrosis. These injuries are largely dose-dependent, and this risk can be effectively reduced by controlling the light source intensity, exposure time, and agent concentration. Although PDT and PTT are local treatments with few systemic side effects, long-term or repeated treatment may pose a certain risk of cancer.
Developing new photosensitizers with improved light absorption properties, higher ROS generation efficiency, and better stability under physiological conditions is necessary. Furthermore, the specificity of photosensitizers needs to be enhanced to ensure that they target only infected tissues and cause minimal to no damage to healthy tissues. The use of nanocarriers and other targeting strategies plays a crucial role in improving the delivery of these agents. Combinations of PDT and PTT with other antimicrobial mechanisms, such as immune modulation or targeted drug delivery, should also be explored to further enhance therapeutic efficacy. Additionally, preclinical and clinical studies should be strengthened to evaluate the safety, long-term biocompatibility, and metabolic behavior of photosensitizers. This is especially important for applications in humans, where concerns about toxicity and off-target effects remain.
The future of photosensitizer-based antimicrobial strategies is promising. As photosensitizer designs continue to be optimized and nanotechnology becomes more integrated with these strategies, the potential for intelligent phototherapy systems that precisely target infections will grow. In the coming years, phototherapy-based antimicrobial strategies are expected to become one of the mainstream methods for preventing and treating clinical infections, providing a more effective and safer alternative to combat the global challenge of bacterial infections and antibiotic resistance.
With continued innovation in this field, photosensitizer-based technologies have the potential to make a substantial impact on global health by offering novel and powerful solutions to the pressing problem of bacterial drug resistance.
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Introduction: Chemo-immunotherapy based on inducing tumor immunogenic cell death (ICD)with chemotherapy drugs has filled the gaps between traditional chemotherapy and immunotherapy. It is verified that paclitaxel (PTX) can induce breast tumor ICD. From this basis, a kind of nanoparticle that can efficiently deliver different drug components simultaneously is constructed. The purpose of this study is for the sake of exploring the scheme of chemotherapy-induced ICD combined with other immunotherapy to enhance tumor immunogenicity and inhibit the growth, metastasis, and recurrence of breast tumors, so as to provide a research basis for solving the tough problem of breast cancer treatment.Methods: Nanomedicine loaded with PTX, small interference RNA that suppresses CD47 expression (CD47siRNA, siCD47), and immunomodulator R848 were prepared by the double emulsification method. The hydrodynamic diameter and zeta potential of NP/PTX/siCD47/R848 were characterized. Established the tumor-bearing mice model of mouse breast cancer cell line (4T1) in situ and observed the effect of intravenous injection of NP/PTX/siCD47/R848 on the growth of 4T1 tumor in situ. Flow cytometry was used to detect the effect of drugs on tumor immune cells.Results: NP/PTX/siCD47/R848 nano-drug with tumor therapeutic potential were successfully prepared by double emulsification method, with particle size of 121.5 ± 4.5 nm and surface potential of 36.1 ± 2.5 mV. The calreticulin on the surface of cell membrane and extracellular ATP or HMGB1 of 4T1 cells increased through treatment with NPs. NP/PTX-treated tumor cells could cause activation of BMDCs and BMDMs. After intravenous injection, NP/PTX could quickly reach the tumor site and accumulate for 24 h. The weight and volume of tumor in situ in the breast cancer model mice injected with nanomedicine through the tail vein were significantly lower than those in the PBS group. The ratio of CD8+/CD4+ T cells in the tumor microenvironment and the percentage of dendritic cells in peripheral blood increased significantly in breast cancer model mice injected with nano-drugs through the tail vein.Discussion: Briefly, the chemotherapeutic drug paclitaxel can induce breast cancer to induce ICD. The nanomedicine which can deliver PTX, CD47siRNA, and R848 at the same time was prepared by double emulsification. NP/PTX/siCD47/R848 nano-drug can be enriched in the tumor site. The experiment of 4T1 cell tumor-bearing mice shows that the nano-drug can enhance tumor immunogenicity and inhibit breast tumor growth, which provides a new scheme for breast cancer treatment. (Graphical abstract)[image: Diagram illustrating the process of tumor cell death and subsequent immune response. A mouse with a tumor receives a nanomedicine intravenously. Tumor cells undergo immunogenic cell death, exposing molecules like CRT and ATP. This triggers dendritic cell (DC) activation, which primes cytotoxic T lymphocytes (CTLs) against the tumor. The CTLs and helper T cells (TCR and TNF-α) contribute to further tumor cell destruction. Components like Treg and immune markers are depicted. Various phases and interactions are represented from administration to immune activation and response.]GRAPHICAL ABSTRACT | Intravenous injection of PTX-loaded nanomedicine based on PEG-PLGA causes immunogenic death of tumor cells and simultaneously reduces tumor cell immune escape, promotes macrophage polarization towards MI subtypes, and effectively activates DCs, thereby enhancing anti-tumor immunity.
Keywords: breast cancer, tumor immunogenic cell death, combination immunotherapy, nanomedicine, antitumor immunity
1 INTRODUCTION
As the second leading cause of cancer death in women, breast cancer remains the most common one, while the primary reasons of them are distant metastasis and recurrence (Giaquinto et al., 2022). Chemotherapy and surgery are still the main treatments for breast cancer up to now, yet the effectiveness of chemotherapy is hindered by multidrug resistance, recurrence, and metastasis (Duan et al., 2023; Zhang et al., 2021). In recent years, immunotherapy has become a new strategy for various tumor treatments (Savas et al., 2016). However, breast cancer itself is a cold tumor with low immunogenicity, single drug immunotherapy cannot obtain an effective anti-tumor immune response (Si et al., 2021). Tumor immunogenic cell death (ICD) can not only transform cancer into a “therapeutic vaccine” to make dying cancer cells immunogenic, but also trigger an immune response by activating dendritic cells (DC) and then activating specific T cell response (Wu et al., 2021). Some traditional chemotherapeutic drugs can induce ICD. This chemical immunotherapy makes up for the shortcomings of conventional chemotherapy and immunotherapy (Wang et al., 2022).
High expression of CD47 in breast cancer enables tumor cells to escape the attack of the innate immune system, which is closely related to the low immunogenicity of tumors (Jia et al., 2021). Inhibition of CD47 expression can enhance the anti-tumor immunity of breast cancer (Folkes et al., 2018; Lentz et al., 2021). Toll-like receptor (TLR) serves as a link in innate and adaptive immunity. TLR7/8 agonist resiquimod (R848) can regulate tumor immune microenvironment by polarizing M2 macrophages into M1 macrophages and activating DC (Chen et al., 2020), further enhancing the immune system’s anti-tumor effect (Wei et al., 2021). In this study, we envisage that chemotherapy-induced ICD can be combined with other immunotherapy methods, such as inhibition of CD47 expression, a combination of R848, to regulate the immune microenvironment, enhance tumor immunogenicity, and inhibit tumor growth, recurrence, and metastasis.
Nanotechnology can improve therapeutic efficacy, increase treatment efficiency, decrease drug side effects, and efficiently deliver the right amount of ICD inducers to certain tissues or cell types (Duan et al., 2019). By improving the Enhanced permeability and retention effect (EPR effect) and altering the surface of ligands, nanoparticles can be actively or passively targeted to tumors. They can also be loaded with multiple components at once to accomplish multi-drug combination therapy, preventing the payload from being broken down and preventing the premature release of drugs. To provide individualized treatment, nanoparticles can also be tailored based on their size, shape, structure, payload, and surface characteristics (Fu et al., 2021). Briefly, nanotechnology can effectively deliver the best dose of ICD inducer to specific sites, load multiple drugs simultaneously (Fu et al., 2021), protect the payload from degradation and premature release, and realize combined immunotherapy (Duan et al., 2019; Patra et al., 2018).
Paclitaxel is the first-line drug for breast cancer, and albumin paclitaxel for injection (Albumin Bound) is the first chemotherapeutic nano drug approved by Food and Drug Administration (FDA) and widely used in the clinical treatment of breast cancer (Weaver, 2014; Abu et al., 2019). Therefore, we chose PTX as the research object to further verify that chemotherapy-induced ICD plays an important role in breast cancer immunotherapy (Wang et al., 2021). Our research group’s previous experiments have confirmed that carboxyl polyethylene glycol polylactic acid glycolic acid (PEG PLGA) nanoparticles can jointly carry and transport siCD47 and R848, and are enriched in tumor sites and draining lymph nodes, enhancing the anti-tumor effect of the autoimmune system (Li et al., 2023). Based on the above research, we combine the immunotherapy of PTX-induced ICD with siCD47 and R848 to treat the 4T1 tumor-bearing mice, verify the effect of combined immunotherapy on the growth and metastasis of breast cancer, reveal the mechanism of combined immunotherapy, and provide strong support for the effective treatment of breast cancer.
2 MATERIALS AND METHODS
2.1 Reagents
Dulbecco’s modified Eagle’s medium (DMEM), PBS, penicillin/streptomycin, l-glutamine, fetal bovine serum (FBS), Aqua Dead Cell Stain Kit and collagenase type IV were purchased from Thermo Fisher Scientific (Waltham, MA, United States). The RBC lysis buffer was purchased from Solarbio (Beijing, China). siRNA-targeting mouse CD47 mRNA (antisense strand, 5′-UGGUGAAAGAGGU-CAUUCCdTdT-3′) and negative control siRNA with a scrambled sequence (antisense strand, 5′-ACGUGACACGUUCGGAGAAdTdT-3′) were synthesized by Suzhou Biosyntech Co. Ltd. (Suzhou, China). The Click-iT Plus TUNEL Assay was performed for in situ apoptosis detection and was purchased from Thermo Fisher Scientific (MA, United States). Paclitaxel was obtained from TCI (Shanghai, China). Resiquimod (R848) was purchased from MCE (Shanghai, China). Calretinin (H-45) was peuchased from Santa Cruz (Texas, United States). ATPlite 1step assay kit was purchased from PerkinElmer (United States). Mouse HMGB1 ELISA Kit was obtained from Genin (Ireland).
2.2 Cell culture
The mouse breast cancer 4T1 cells, donated by the American Typical Culture Preservation Center, were cultivated in DMEM (Carlsbad, CA, United Nations) containing 10% FBS (Waltham, MA, United States) and 1% penicillin and streptomycin (complete DMEM) at 37°C in a humid atmosphere of 5% CO2. Bone marrow-derived DCs (BMDCs) or bone marrow derived macrophages (BMDMs) were generated by flushing bone marrow cells in the tibias and femur of C57BL/6 mice, and then culturing them in RPMI 1640 medium supplemented with 10% FBS, 10 ng/mL mouse IL-4, and GM-CSF or M-CSF for 7 days.
2.3 Preparation and characterization of nanoparticles
Use a micropipette to add water phase W1: 25 μL SiCD47 solution, organic phase O: 300 μL PEG-PLGA solution, 100 μL DOTAP solution, 100 μL PTX solution, and 5 μL R848 (1 mg/mL) solution into a 50 mL sterile centrifuge tube, mix well, place the centrifuge tube in an ice water mixture, sonicate at 60% power for 60 s, and stop for 1 s every 4 s to form W1/O colostrum. Add 5 mL of double distilled water (ddH2O) into a 50 mL centrifuge tube, mix thoroughly, place the centrifuge tube in an ice water mixture, sonicate at 60% power for 60 s, and stop for 1 s every 10 s to form W1/O/W2 emulsion. Transfer the W1/O/W2 emulsion to a round bottom flask and remove the organic solvent chloroform on a spin evaporator. Transfer the evaporated nanomedicine solution to a 50 mL centrifuge bottles polycarbonate and centrifuge at 40000 g, 4°C for 1.5 h. Add an appropriate amount of ddH2O to resuspend the centrifuged particles and makeup to 1 mL. Transfer the resuspended nanomedicine to a 1.5 mL sterile EP tube, seal, and store at 4°C.
The preparation of the control formulation is as follows:
	(1) NP/Blank: For the first emulsion of water phase W1, an equal volume of ddH2O was used instead of siCD47 solution, and for organic phase O, 100 μL of chloroform was used instead of PTX solution and R848 (1 mg/mL) solution.
	(2) NP/PTX: For the first emulsion of water phase W1, use an equal volume of ddH2O instead of siCD47 solution, and do not add R848 solution to organic phase O.
	(3) NP/PTX/SiCD47: Organic phase O without R848 solution.

2.4 Loading efficiency of PTX
Take 100 μL of nanomedicine and add it to a 2 mL EP tube. Place it in a −80°C freezer to freeze it into a solid state. Turn on the freeze dryer, and after the temperature is ≤ −50°C and the pressure is ≤10Pa, sample and freeze dry. Configure the mobile phase required for high-performance liquid chromatography (HPLC) with acetonitrile: water (double distilled water) = 70:30. Filter the prepared mobile phase twice in a fume hood to remove impurities and prevent blockage of the HPLC pipeline. Ultrasonic degassing until the instrument voltage stabilizes, about 30 min. The standard curve for detecting PTX has concentration gradients of 500, 250, 125, 62.5, 31.25, and 15.625 μg/mL. Set the parameters for HPLC measurement of PTX: flow rate of 1.0 mL/min, wavelength of 227 nm, injection volume of 20 μL, and running time of 15 min for each sample. Add 1 mL of acetonitrile to a 2 mL EP tube to disintegrate the lyophilized NP/PTX, NP/PTX/siCD47, and NP/PTX/siCD47/R848 nanomedicines. Transfer 1 mL of the sample solution to an HPLC-specific solution. Detection in the sample bottle. Calculate the encapsulation efficiency (EE) of PTX in PEG-PLGA polymer nanoparticles using the following formula: EE = W1/W2 × 100% (W1 is the mass of encapsulated PTX (μg), W2 is the total mass of PTX in the system (μg)).
2.5 Detection of CRT expression on cell membrane
1×105 4T1 cells were cultured in 24 well plates using 1 mL DMEM complete culture medium containing 5% CO2 and a 37°C constant temperature cell incubator. Wait for the cells to adhere to the wall, discard the supernatant, add culture medium containing nanomedicine, and culture for 24–48 h. After 24 h (48 h) of drug action, discard the supernatant and wash twice with PBS. Add Calreticulin AF647 antibody diluted 1:80 and incubate at 4°C in the dark for 30 min. Wash once with FACS buffer at 1,200 rpm and centrifuge for 5 min to collect cells. Flow cytometry was used to detect and collect fluorescent signals, and Flowjo software was used to analyze the results.
2.6 Detection of extracellular ATP release
Collect the supernatant of the cells incubated with NPs after 24 or 48 h. Equilibrate the substrate vial and the buffer solution at room temperature before reconstitution. A water bath set at 20°C–22°C can be used for this. Reconstitute the lyophilized substrate solution by adding the appropriate volume of buffer to the substrate vial. Mix the contents of the vial by inversion and leave the solution to stand for 5 min. This should result in a clear homogeneous solution. For 96-well microplates add 100 µL of the reconstituted reagent to each well containing cells, growth factors, or cytotoxic agents to a final volume of 100 µL. Ensure that the microplate is equilibrated at room temperature (20°C–22°C) before adding the reagent. Shake the 96-well microplate for 2 min at 700 rpm using an orbital microplate shaker with an orbit diameter of 3 mm. Then measure luminescence immediately.
2.7 Detection of extracellular HMGB1 release
Dissolve the standard sample in a sample dilution buffer to prepare a standard solution, and dilute it by a multiple ratio. Dilute the 25 X wash solution dissolved at room temperature with ultrapure water to a 1 X wash solution. Collect the supernatant of the cells incubated with NPs after 24 h (48 h), add 100 μL of sample/standard to each well in a 96-well plate, set up three wells for each sample, and incubate at 37°C for 90 min. Wash the detergent three times, each time for 1–2 min. Add 100 μL of biotin-labeled antibody diluted 1:100 and incubate at 37°C for 60 min. Wash the detergent three times, each time for 1–2 min. Add 100 μL of SABC solution diluted 1:100 and incubate at 37°C for 30 min. Wash the detergent 6 times, 1–2 min each time. Add TMB substrate solution and incubate at 37°C in the dark for 15 min. Add 50 μL of Stop Solution and mix thoroughly. Detection of Optical Density (OD) at 450 nm wavelength using an ELISA reader.
2.8 Co-culture of tumor cells and BMDCs or BMDMs
Bone marrow-derived DCs (BMDCs) or bone marrow derived macrophages (BMDMs) were generated by flushing bone marrow cells in the tibias and femur of C57BL/6 mice, and then culturing them in RPMI 1640 medium supplemented with 10% FBS, 10 ng/mL mouse IL-4, and GM-CSF or M-CSF for 6 days. The 4T1 cells incubation with PBS, NP/Blank, NP/PTX, NP/PTX/siCD47, NP/siCD47/R848 for 48 h respectively were marked by 1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt (DiD) and collected for co-culture with BMDCs and BMDMs. The cells were harvested and measured by flow cytometry.
2.9 Animals and the tumor model
Female BALB/c mice and BALB/c nude mice (6–7 weeks old) were purchased from Charles River Laboratories (Beijing, China) and housed in a specific pathogen free environment, with free access to food and water. All animals received care following the guidelines outlined in the “Guidelines for the Care and Use of Laboratory Animals”. All programs have been approved by the Animal Care and Use Committee of Jilin University. To establish a tumor-bearing mouse model, 4T1 cells (5 × 105) were suspended in 100 μL PBS and subcutaneously injected into the axilla of the mice. Determine the tumor volume (in cubic millimeters) by measuring the length (L) and width (w), and calculate it as V = lw2/2.
2.10 Biological distribution of nanoparticles
NP/DiR/Cy5-siCD47, NP/DiI/Cy5-siCD47, or PBS is administered intravenously to 4T1-tumor bearing mice. The dosage of DiR (DiI) and siRNA is 1.4 mg/kg and 5 mg/kg respectively. Fluorescence image acquisition was performed using the Xenogen IVIS Lumina system (Caliper Life Sciences, USA) at 1, 2, and 24 h after injection. 24 h after injection, tissues containing tumors, lymph nodes, and other organs were collected from these mice and imaged to observe the distribution of NP/PTX/siCD47/R848. Analyze the results using Living Image 3.1 software (Caliper Life Sciences). Optimal Cutting Temperature (O.C.T.) embedding was performed on tumor and lymph node tissues. Frozen sections of the tissue were observed under confocal microscopy (Olympus FV1000, Tokyo, Japan). Zenblue 3.8 software (Zeiss) was used for analysis.
2.11 Therapeutic effect of NPs on 4T1-tumor bearing mice
Tumor-bearing BALB/c mice were prepared by injection of 5 × 105 4T1 cells into the mammary fat pad. When the tumor volume of mice reached about 60mm3, mice with similar tumor sizes were randomly divided into groups (n = 5) and were given NP/PTX/siCD47/R848, NP/PTX/siCD47, NP/PTX, NP/Blank or PBS by intravenous injection. The doses of PTX for each injection were 10 mg/kg, respectively. A total of 12 doses were administered, with the first dose on day 0 and continuous administration for 3 days. Each 3 days was considered as one course of treatment, for a total of four courses of treatment. Tumor volumes and the mouse weights were measured every day. The day after the last treatment, tissues containing the tumor, lymph node, and other organs of these mice were excised for preparation of single-cell suspension for flow cytometry assay or fixed with 4% paraformaldehyde and embedded in paraffin for H&E staining and Ki-67 or TUNEL assay. Tissue sections were visualized under a laser scanning confocal microscope (Olympus FV1000, Tokyo, Japan).
2.12 Statistical analysis
Perform statistics on GraphPad Prism eight and compare paired and unpaired analyses using unpaired Student’s t-test or one-way analysis of variance (ANOVA). Use the Kaplan-Meier method and time series test to statistically evaluate the survival rate of mice. p-value < 0.05 is considered statistically significant.
3 RESULTS
3.1 Synthesis and characterization of nanoparticles
Polylactic acid-hydroxyacetic acid copolymers (PLGA) have been approved by FDA and are widely used for drug delivery. The coupling of poly (ethylene glycol) (PEG) with PLGA can avoid the rapid clearance of PLGA by the conditioning of body proteins and the reticuloendothelial system, and obtain good hydrophilicity to build amphiphilic copolymers PEG-PLGA NPs. The drug-carrying nano-delivery system encapsulating PTX, siCD47, and R848 simultaneously was prepared by double emulsification (Supplementary Figure S1). The well-prepared nanomedicine was used for subsequent experiments.
The surface zeta potential and hydrodynamic diameter of NP/PTX, NP/PTX/siCD47, and NP/PTX/siCD47/R848 nanopharmaceuticals were measured by dynamic light scattering (DLS). The loading efficiency of PTX in NPs was detected by HPLC.
The hydrodynamic diameter of NP/Blank was 101.1 ± 1.5 nm on average, and the surface zeta potential was stabilized at 31.0 ± 4.9 mV. The hydrodynamic diameter of NP/PTX was 96.61 ± 5.0 nm, the zeta surface potential was 33.4 ± 2.8 mV, and the loading efficiency of PTX was 82.7%. The hydrodynamic diameter of NP/PTX/siCD47 was 119.4 ± 2.1 nm, the surface zeta potential was 36.7 ± 2.7 mV, and the loading efficiency of PTX was 84.2%. NP/PTX/siCD47/R848 had a particle size of 121.5 ± 4.5 nm, a surface potential of 36.1 ± 2.5 mV (Figures 1A, B, D, E), and a PTX loading efficiency of 95.8% (Figure 1G). The siRNA has an encapsulation efficiency of more than 95% (Figure 1H). NPs were incubated for up to 1 week in PBS or PBS containing 10% serum at 37°C, and were investigated stable under physiological conditions through DLS measurement. The slight change in hydrodynamic diameter is due to the formation of protein corona in serum, and the negatively charged NPs in serum also suggests their safety for in vivo application (Figures 1C, F). The morphology of the nanoparticles was all homogeneous spherical as observed by transmission electron microscope (TEM), scanning electron microscope (SEM), and atomic force microscope (AFM) (Figure 1I; Supplementary Figure S2).
[image: A collage of scientific graphs and images related to nanoparticle characteristics. (A) Line graph showing hydrodynamic diameter distributions of different nanoparticle formulations. (B) Bar graph of hydrodynamic diameters. (C) Line graph displaying hydrodynamic diameters over time in different solutions. (D) Line graph of apparent zeta potential. (E) Bar graph of zeta potential values. (F) Line graph showing zeta potential over time in different solutions. (G) Bar graph of encapsulation efficiency. (H) Gel electrophoresis image of formulated nanoparticles. (I) Transmission electron microscopy images of different nanoparticle formulations, each in a separate quadrant.]FIGURE 1 | Characterization of four Nanomedicine. (A, B) Hydrodynamic diameters of NP/Blank, NP/PTX, NP/PTX/siCD47, NP/PTX/siCD47/R848. (C) Intensity distribution of drodynamic diameter of NP/Blank, NP/PTX, NP/PTX/siCD47, NP/PTX/siCD47/R848 after incubated in PBS and PBS containing 10% FBS at 37°C for 0, 2, 6 until 168 h. The diameter was measured by DLS (n = 3). (D, E) Zeta potential of NP/Blank, NP/PTX, NP/PTX/siCD47, NP/PTX/siCD47/R848. (F) Zeta potential of NP/Blank, NP/PTX, NP/PTX/siCD47, NP/PTX/siCD47/R848 after incubated in PBS and PBS containing 10% FBS at 37°C for 0, 2, 6 until 168 h (n = 3). (G) Loading efficiency of PTX in NP/Blank, NP/PTX, NP/PTX/siCD47, NP/PTX/siCD47/R848. (H) RNA agarose gel electrophoresis. The unencapsulated siRNA during the preparation of the NP/Blank, NP/PTX, NP/PTX/siCD47, NP/PTX/siCD47/R848 was measured by RNA agarose gel electrophoresis. (I) Transmission electron microscope (TEM) image of NP/Blank, NP/PTX, NP/PTX/siCD47, NP/PTX/siCD47/R848. Scale bar was shown in the figure. Data were presented as mean ± SEM (n = 5).
3.2 NP/PTX induces immunogenic cell death of breast cancer cells in vitro
Chemotherapeutic agents are known to induce immunogenic cell death of tumor cells. Our experiments show that paclitaxel-loaded nanoparticles inhibit the proliferation and induce the death of tumor cell 4T1 in a time- and concentration-dependent manner (Figures 2A–D). The half maximal inhibitory concentration (IC50) of the nanoparticles was 454.7 nM for 24h and 330.9 nM for 48 h incubation. When immunogenic cell death occurs, it is usually accompanied by changes in damage-associated molecular patterns (DAMPs) levels, which include increased cell surface CRT expression, and release of ATP and HMGB1. We observed that paclitaxel-loaded nanoparticles caused cell membrane ectopia and CRT exposure in a time- and concentration-dependent manner, accompanied by the release of ATP and HMGB1 into the supernatant (Figures 2E–G; Supplementary Figures S3A, B). Although decreased levels of ATP were detected in cell supernatants after 24 h of incubation, we suggest that this may be due to an increase in the number of cell deaths, energy depletion during the death process, and progressive degradation of ATP outside the cells (Supplementary Figure S3C)
[image: Bar charts, scatter plots, and other graphics show the effects of various treatments on cell apoptosis and other metrics. Categories include concentration, early and late apoptotic cells, and CRT percentages. Significant differences are indicated by asterisks, with various treatments compared against PBS and between each other for both time frames and treatments. Scatter plots display cell distributions based on annexin V and 7-AAD markers.]FIGURE 2 | Nanoparticles loaded with paclitaxel induce ICD in 4T1 cells in vitro. (A) Nanomedicine inhibited proliferation in a time-dependent and dose-dependent manner. (B–D) Nanomedicine induced early and late apoptosis in 4T1 cells. Representative images of flow cytometry results are listed here. (E) The proportion of cells with surface CRT expression after the incubation of nanomedicine. (F) Relative concentration of extracellular HMGB1 after the incubation of nanomedicine. (G) Relative luminescence intensity of extracelluar ATP after the incubation of nanomedicine. Data were presented as mean ± SEM (n = 3). (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
3.3 NP/PTX-treated tumor cells can cause activation of BMDCs and BMDMs
Cell death is accompanied by the emission of adjuvant-like signals that promote the recruitment and activation of antigen-presenting cells. Immunogenic cell death releases DAMPs (ICD-associated DAMPs) that can be recognized by pattern-recognition receptors (PRRs), inducing APC cell activation, differentiation, and maturation. In addition, it promotes the release of type Ⅰ interferon, chemokines, and the recruitment of APCs and T cells, further activating immunity.
In the present study, we found that tumor cells incubated with NPs and co-cultured with BMDCs and BMDMs that had been induced in vitro up to day 6 in a direct-contact manner significantly promoted the maturation and activation of BMDCs and BMDMs, resulting in elevated expression of IAIE, CD80 and CD86 and others on their surfaces. ELISA assay demonstrated increased TNF-α in cell supernatants and decreased immunosuppressive IL-6 release (Figures 3A–E; Supplementary Figure S4A).
[image: Graphs and charts compare various immune response metrics across different treatments: PBS, IWP-LKY, IWP-TPX, IWP-LKY/CDX and IWP-TPX/CDX/T8346. Metrics include MFI of CD300, MFI of I-A/I-E, TNF levels, and more, with significant differences indicated. Panel F shows flow cytometry histograms.]FIGURE 3 | NP/PTX-treated tumor cells can cause activation of BMDCs and BMDMs. (A, B) Flow cytometry analysis of the surface expression of CD80 and I-A/I-E on BMDCs upon treatment with PBS, NP/Blank, NP/PTX, NP/PTX/siCD47, NP/PTX/siCD47/R848 for 48 h. (C) Detection of the content of TNF-α in cell supernatants of BMDCs upon treatment with PBS, NP/Blank, NP/PTX, NP/PTX/siCD47, NP/PTX/siCD47/R848 for 48 h by ELISA. (D, E) Flow cytometry analysis of the surface expression of CD80 and CD86 on BMDMs upon treatment with PBS, NP/Blank, NP/PTX, NP/PTX/siCD47, NP/PTX/siCD47/R848 for 48 h. (F) Representative histogram of the counts of intracellular DiD of BMDMs upon treatment with PBS, NP/Blank, NP/PTX, NP/PTX/siCD47, NP/PTX/siCD47/R848 for 48 h (G–I) The percentage of M1 or M2 subtypes and the ratio within BMDMs upon treatment with PBS, NP/Blank, NP/PTX, NP/PTX/siCD47, NP/PTX/siCD47/R848 for 48 h. Data were presented as mean ± SEM (n = 3). (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
Tumor cells typically overexpress CD47, triggering the inhibitory receptor SIRPα expressed on macrophages to evade phagocytosis and antitumor immunity. In our previous studies, it has been demonstrated that nanoparticles carrying siCD47 can downregulate CD47 expression on the surface of tumor cells (Li et al., 2023). In this experiment, we were surprised to find that after using DiD to label tumor cells treated by nanoparticles loaded with both PTX and siCD47 could act synergistically to significantly promote phagocytosis of tumor cells by BMDMs and polarize more towards M1-type macrophages with anti-tumor effects (Figures 3F–I; Supplementary Figure S4B). This potentially demonstrates that nanoparticles can be applied in an attempt to reverse the tumor immunosuppressive microenvironment.
3.4 Distribution of nanomedicines in vivo
We synthesized PEG-PLGA nanodrugs that can be loaded with both hydrophilic siRNAs and hydrophobic drugs, where we used Cy5 to label siRNAs while simulating lipid-soluble drugs with DiD dyes to synthesize nanoparticles that can be used for imaging in vivo. When the drug is injected intravenously, it takes only 2 hours to reach the tumor site, and through the EPR effect, it is continuously enriched in the tumor, and a strong fluorescence signal can still be detected until 24 h (Figure 4A).
[image: Panel A shows in vivo imaging of mice at 1, 2, and 24 hours using Cy5 and DiR fluorophores. Panel B displays ex vivo imaging of organs at similar time intervals, with color scales indicating fluorescence intensity. Panels C and D show microscopic images of tissue sections stained with DAPI, Phalloidin, Cy5, and Dil, with time points at PBS, 1, 2, and 24 hours, and their merged images.]FIGURE 4 | Biodistribution of drug-loaded nanoparticles in tumor-bearing mice. (A) In vivo fluorescent imaging of tumor-bearing mice after intravenous injection of NP/DiR/Cy5-siCD47 at different time points. (B) Ex vivo fluorescent imaging of the tumor and other organs. (C, D) Images of frozen section of tumor and draining lymph nodes taken through confocal microscope after intravenous injection of NP/DiI/Cy5-siCD47 at different time points. Data are presented as the mean ± SEM (n = 3).
When we collected the major organs of mice at various time points for organ imaging, we could see that the main metabolic pathways of the drugs released from the particles after circulation were slightly different, with hydrophilic drugs being metabolized more through the kidneys, while lipophilic drugs were metabolized through the liver. However, in any case, they can remain at the tumor site for a long time despite having been systemically metabolized. This implies less off-target effects, higher biosafety, and the potential to mitigate systemic toxicities of chemotherapeutic drugs (Figure 4B).
Next, we continued to use Cy5 to label the siRNA, and switched to DiI to simulate hydrophobic drugs (because of the different detectable wavelengths) to synthesize the nanoparticles, which were injected intravenously, and then the tumors and draining lymph nodes were removed and frozen sections were made. By confocal microscopy, the same trend as in vivo imaging could be observed, nanoparticles tended to be enriched in the tumor (Figure 4D) and draining lymph nodes (Figure 4C) with the increase of time.
3.5 Antitumor effects of nanomedicines in vivo
Murine breast cancer cell line (4T1) was in situ injected into mammary gland of BALB/c mice and treated by intravenous injection of NPs with PTX at a dose of 10 mg/kg per injection for a total of 12 injections (Supplementary Figure S5). The results showed that compared to the PBS control group, the NP/PTX/siCD47 and NP/PTX/siCD47/R848 groups showed a significant tumor growth inhibition on the ninth day of drug administration, the tumor size was significantly suppressed, with the volume of (562.88 ± 104.70) mm3 in the control group, (471.68 ± 86.80) mm3 in the NP/PTX group, (296.30 ± 68.22) mm3 in the NP/PTX/siCD47 group and (169.88 ± 61.23) mm3 in the NP/PTX/siCD47/R848 group.
On day 15, all PTX-containing nanomedicines showed tumor-inhibitory effects, and the tumor-inhibitory effects of the combined treatment group were significantly higher than those of the single-drug group (Figure 5A). The mice were euthanized on day 15, and the tumors were removed and weighed. Compared with the control group, the mass of the isolated tumors was significantly reduced in each treatment group, most significantly in the combined treatment group (Figures 5B, C). The combination immunotherapy was able to inhibit the growth of mammary tumors in mice significantly.
[image: The image contains six panels labeled A to F. Panel A shows a line graph of tumor volume over days for different treatments, including PBS, NP/Blank, NP/PTX, NP/PTX/sicDC47, and NP/PTX/sicDC47/R848. Panel B is a bar graph of tumor weight comparing the same treatments, with statistical significance indicated. Panel C displays a photo of tumors corresponding to each treatment group. Panel D presents immunofluorescence images for DAPI, Ki-67, and Merge in rows for each treatment. Panel E shows DAPI and TUNEL staining with Merge for each treatment. Panel F includes HE staining images for each treatment group.]FIGURE 5 | Antitumor effects of nanomedicines in vivo. (A) Tumor growth curve during each nanomedicine treatment. (B, C) Statistics of tumor weight and photograph of tumor extracted after completion of nanomedicine treatment. (D, E) Fluorescence photograph of the Ki-67 and TUNEL assay in tumor tissues after completion of nanomedicine treatment. The scale bar is 20 μm. (F) Microscopic image of H&E staining of main organ paraffin section. Scale bar was shown in the figure. Data are presented as the mean ± SEM (n = 5). (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
When we performed Ki-67 and Tunel immunofluorescence staining on frozen sections of tumor tissues and observed them through confocal microscopy, we detected that all of the PTX-loaded nanomedicine treatment groups produced obvious efficacy in inhibiting tumor proliferation and inducing apoptosis, especially the combination therapy group (Figures 5D, E). Similarly, fixed and paraffin sections were subjected to H&E staining, and significant intratumor necrosis and fibrosis caused by the nanomedicine could be clearly observed by optical microscopy (Figure 5F). Furthermore, flow cytometry analysis of tumor tissue revealed an increase in CRT expression on the surface of tumor cells after treatment (Supplementary Figure S6A). These visually demonstrated the excellent anti-tumor efficacy of nanomedicines in vivo.
3.6 Nanomedicines improve the immune environment in vivo
In order to explore whether the nanomedicine NP/PTX/siCD47/R848 can inhibit tumor growth by modulating the immune response, the tumors, tumor-draining lymph nodes (TDLN), spleens, and peripheral blood of treated mice were taken, and the percentage of different kinds of immune cells was analyzed by flow cytometry. The results showed that in tumor tissues, the CD8/CD4 ratio was significantly higher in the NP/PTX/siCD47 and NP/PTX/siCD47/R848 treatment groups compared with the control group and the PTX single-agent nanoparticle group, and the increase in the secretion of granzyme B by the CD8+ T cells also reflected their highly efficient activation level, suggesting a potent activation of the adaptive immune system (Figures 6A–C; Supplementary Figure S6B), whereas the elevation of the percentage of B cells in the spleen also flanks the intrinsic immune system was activated (Supplementary Figure S6C). Even more strikingly, treatment with nanomedicines resulted in a substantial depletion of Treg (Figure 6D). At the same time, there was a trend towards a decrease in tumor-associated macrophages and MDSC (Figure 6G and Supplementary Figure S6D), which comprise the immunosuppressive microenvironment, and the surviving macrophages were significantly activated and had the potential to polarize into the M1 subtype (Figures 6E–G; Supplementary Figures S6E, F). In the peripheral blood, the percentage of DC cells and the expression of CD80 co-stimulatory factor on DC cells were significantly higher in the NP/PTX/siCD47 and NP/PTX/siCD47/R848 treatment groups compared with the control group and the NP/Blank group, reflecting the massive recruitment of APCs in the periphery after nanoparticle treatment (Figures 6H, I).
[image: Bar graphs labeled A to I illustrate various immune cell responses under different treatment conditions: PBS, NP/PP, NP/PPxTC, NP/PPxTCxCDX, NP/PPxTCxCDX/TLR4B. Each graph shows significant differences between groups, with indications of statistical significance marked by asterisks. Metrics measured include CD69 expression, cytokine levels, transcription factor percentage, MFI, and others related to T cells and dendritic cells.]FIGURE 6 | Antitumor immune response of nanomedicines in vivo. (A, B) Percentage of cytotoxic T lymphocytes (CD8+ T cells) and their ratio to T helper lymphocytes (CD4+ T cells). (C) Percentage of granzyme B+ cells in cytotoxic T lymphocytes. (D) Percentage of regulatory T cells (Tregs) in T helper lymphocytes. (E, F) Percentage of Tumor-associated macrophages (TAMs) (CD11b+ F4/80+ cells) and flow cytometry analyzed relative MFI of the surface expression of CD80. (G) Ratio of M1 and M2 subtype of TAMs. (H, I) Percentage of DCs (CD11b+ CD11c+ cells) and flow cytometry analyzed relative MFI of the surface expression of CD80. Data are presented as the mean ± SEM (n = 5). (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
Under the premise of ensuring anti-tumor efficacy, the safety of the drug is also crucial. Throughout the treatment cycle, no obvious wasting was observed in the mice (except for the natural consumption caused by the development of tumors) and when the important organs were removed for paraffin sectioning and H&E staining, it could be seen that the organs were still able to maintain intact morphology without any obvious damage (Figures 7A, B). Observation of the lung lobes and the statistical analysis of the number of pulmonary metastatic nodules seems to explain the possible reasons for the risk of mortality and poor prognosis in mice in later life (Figures 7C–E; Supplementary Figure S7). Next, we observed the survival of the mice after treatment with the same administration method and cycle, and the graph shows intuitively that although the nanomedicine treatment cannot completely cure the tumors, it can still effectively improve the PFS. It is worth noting that this improvement in survival is more due to the introduction of siCD47 and R848 than to the chemotherapeutic effect of PTX alone (Figure 7F). Flow cytometric analysis shows the increased percentage of memory T cells predicted its possible anti-recurrence and anti-metastasis potential (Figure 7G). This demonstrates that the synergistic effect of immune therapy and chemotherapy-induced ICD can effectively improve the tumor microenvironment and enhance the response-ability of the systemic immune system. This not only inhibits tumor growth in situ but also has the potential to reduce distant metastasis and improve overall prognosis.
[image: Panel A shows histological sections of heart, liver, spleen, lung, and kidney tissues under different treatments. Panel B presents a line graph of mouse weight over 14 days for various treatments. Panel C displays images of tumors in mice after treatment. Panel D features a bar graph showing the number of lung metastases under different treatments. Panel E offers histological sections of lung tissues to show metastases. Panel F includes a survival curve for treatment efficacy. Panel G provides a bar graph of TCM cell percentages in CD8+ under various treatments.]FIGURE 7 | The safety and anti-tumor metastasis ability of nanomedicine therapy in vivo. (A) Microscopic image of H&E staining of main organ paraffin section. Scale bar was shown in figure. (B) The body weights of 4T1 tumor bearing mice during each nanomedicine treatment. (C) Macrophotographic images of lung metastasis after nanomedicine treatment. (D) Microscopic image of H&E staining of lung metastasis after nanomedicine treatment. (E) Statistics of the number of lung metastatic nodules after nanomedicine treatment. (F) Survival period of mice in each group after nanomedicine treatment. (G) Percentage of central memory T cell (TCM) in cytotoxic T lymphocytes. Data are presented as the mean ± SEM (n = 5). (*, p < 0.05; **, p < 0.01).
4 DISCUSSION
Paclitaxel is indispensable for neoadjuvant and adjuvant chemotherapy of breast cancer during clinical treatment (Geyer et al., 2022). However, the toxic side effects caused by chemotherapy seriously affect the quality of life of patients (Azim et al., 2011). In theory, the toxic side effects of chemotherapy can be alleviated by reducing drug dosage, targeting drug delivery to the tumor site, and other methods (Gradishar et al., 2005). The low immunogenicity of breast tumors is one of the reasons for high-dose chemotherapy and actively exploring chemotherapy-induced tumor immunogenic cell death is expected to reduce the effective dose of chemotherapy drugs (Wang et al., 2024). At present, the research on paclitaxel-induced ICD in breast cancer is relatively scarce and mostly stays at the cellular level (Zhai et al., 2023). Therefore, this study focuses on the impact of PTX on tumor immunity in the treatment of breast cancer.
This study confirmed that PTX can increase the expression of CRT on the surface of the 4T1 cell membrane of breast cancer cells and induce the ICD effect of breast cancer, which is consistent with the previous research results of Wang Ying and others (Wang et al., 2021; Duan et al., 2021). However, due to the low immunogenicity of breast tumors and the presence of an immunosuppressive microenvironment, it is difficult to reverse the immunosuppressive microenvironment with a single medication. Therefore, we choose to combine other immunotherapies. Chen et al.'s study showed that PTX liposomes combined with anti CD47 (aCD47) effectively synergistically inhibit the proliferation and metastasis of TNBC tumor cells (Chen et al., 2021). R848 can improve the tumor immunosuppressive microenvironment. Based on this, we chose siCD47 and R848, which have previously successfully achieved combined delivery, to be used in combination with PTX.
This study successfully prepared a nano drug delivery system containing PTX, siCD47, and R848 using a double emulsification method. Prior to this, research on nano drug delivery systems was mostly limited to the combination of two drugs. Our animal experimental results indicate that the nanomedicine NP/PTX/siCD47/R848 can effectively inhibit the growth of breast tumors in situ. The inhibition of breast tumor growth by NP/PTX/siCD47/R848 may be achieved by increasing the proportion of CD8+ T cells in the tumor microenvironment and promoting their activation; Simultaneously reducing the proportion of Treg and MDSC weakens the immunosuppressive microenvironment. Furthermore, it is possible to recruit APCs from the periphery and induce their differentiation and maturation, enhance antigen extraction ability, stimulate the formation of memory T cells, and regulate anti-tumor therapy through innate immune conditions, in order to reduce distant metastasis and improve long-term prognosis. Undoubtedly, DC cells play an important role in anti-tumor immunity (Gardner and Ruffell, 2016). This study found that NP/PTX/siCD47/R848 enhances anti-tumor immunity by promoting DC expression. However, the role of CD4+ T in tumor immunity remains to be explored. A deeper understanding of the specific mechanisms and functional regulation of these cytotoxic CD4+T cells is expected to provide effective immunotherapy methods for populations that do not respond to current immunotherapies (Oh and Fong, 2021).
It is certain that chemoimmunotherapy using chemotherapeutic agents that directly kill tumor cells to induce ICD to achieve enhanced anti-tumor immunity is feasible, and CD4+ T-cell-based immunotherapy is also an effective strategy for controlling tumor progression and recurrence, and our experiments have expanded the options for tumor immunotherapy. However, the advancement of these immunotherapeutic approaches has a long way to go. On the one hand, despite the proliferation of new drugs that induce ICD, the complete mechanism, transport in the organism, and metabolism of various ICD inducers need to be further investigated. On the other hand, a deeper understanding of the biology of CD8+ T cells is needed. In addition, models and biomarkers capable of predicting the expected efficacy of combinations in clinical trials need to be developed to enable easy and accurate assessment of the therapeutic potential of different combinations of drug modalities at the same level, predicting therapeutic response (Plana et al., 2022), clinical response to treatment-resistant therapies, patient survival (Tesi, 2019), and to achieve a match between tumor biology, the immune system, and therapeutic mechanisms.
In summary, this study demonstrated that paclitaxel can induce immunogenic death of breast tumors, and the nanomedicine NP/PTX/siCD47/R848 can significantly inhibit the growth of breast tumors in situ. The mechanism of these effects is closely related to the regulation of the ratio of multiple immune cells in the immune microenvironment of tumors to improve tumor immunogenicity. Although the specific molecular mechanism has not yet been revealed, it is not clear whether the same efficacy can be achieved in clinical trials. However, based on the current study, we believe that chemotherapy-induced ICD combination therapy will shortly be gradually transformed into clinical practice, which will provide strong support for individualized immunotherapy for breast cancer and make precision therapy possible.
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The characteristics of the tumor microenvironment (TME) have a close and internal correlation with the effect of cancer immunotherapy, significantly affecting the progression and metastasis of cancer. The rational design of nanoenzymes that possess the ability to respond to and regulate the TME is driving a new direction in catalytic immunotherapy. In this study, we designed a multifunctional manganese (Mn)-based nanoenzyme that is responsive to acidic pH and overxpressed H2O2 at tumor site and holds capability of modulating hypoxic and immunosuppressive TME for synergistic anti-tumor photothermal/photodynamic/immunotherapy. We found that this artificial nanoenzyme promoted peroxidase-like and catalase-like activities and catalyzed the in-situ decomposition of H2O2, a metabolic waste product in the TME, into ∙OH and O2, resulting in a ROS burst for killing tumors and relieving hypoxic TME to enhance cancer therapy. Besides the photothermal effect and the enhancement of ROS burst-induced immunogenic cell death, combination of Mn2+ released from Mn-based nanoenzyme in acidic TME and programmed death-ligand 1 blockade triggered a significant anti-tumor immune response. A remarkable in vivo synergistic therapeutic effect was achieved with effective inhibition of primary tumor growth and lung metastasis. Therefore, this TME-responsive Mn-based nanoenzyme offers a safe and efficient platform for reversing the immunosuppressive microenvironment and achieving synergistic anti-tumor immunotherapy.
Keywords: nanoenzyme, tumor microenvironment, catalytic immunotherapy, manganese, polydopamine

1 INTRODUCTION
Nanoenzymes are nanomaterials with catalytic activity similar to that of natural enzymes, capable of catalysing various biochemical reactions under physiological or specific environmental conditions. They offer advantages such as stable activity, lower susceptibility to temperature and pH changes, easy accessibility, and multifunctionality. In recent years, the application of nanoenzymes has evolved from in vitro diagnosis to in vivo catalytic therapy (Wu et al., 2024). For example, diversiform nanoenzymes have been developed to selectively target and kill tumor cells via catalytic conversion of the tumor metabolites into reactive oxygen species (ROS) in response to specific physiological stimuli, thereby inducing localized oxidative stress and apoptosis. The rapid development of “nano-catalytic medicine” offers a novel therapeutic approach for recalcitrant tumors (Li M. Y. et al., 2024; Wen et al., 2019; Yu et al., 2022).
The tumor microenvironment (TME), which includes malignant and non-malignant cells, blood vessels, extracellular matrix, and various secreted factors, is characterized by hypoxia, acidity, overexpressed hydrogen peroxide (H2O2), high levels of ROS, and an immunosuppressive microenvironment (Pitt et al., 2016). These conditions create a challenging environment for conventional therapeutic agents, thereby limiting their efficacy (Nakamura and Smyth, 2020). To address this, TME-responsive nanoenzymes are currently being developed to selectively accumulate at the tumor site and realize tumor-specific cancer treatment (Xiao and Yu, 2021). Cancer therapies that achieve modulation of the TME inside solid tumors have been demonstrated to promote the therapeutic outcomes (Cowman and Koh, 2022). Several types of nanoenzymes have been designed to alleviate hypoxia, overcome stromal barriers, and modulate immunosuppressive conditions, thereby improving immune cell infiltration and activation of both systemic and local immune responses (Yang et al., 2023). Challenges facing nanoenzymatic catalysed immunisation at this stage include low nanoenzymatic activity, poor catalytic specificity, limited types of enzymes, enzyme recyclability and material toxicity (Tian et al., 2024). Encouragingly, there has been a great deal of research on silica-based nanoenzymes and metal-based nanoenzymes that have provided us with new ideas in cancer immunotherapy and clinical translational challenges, but further in-depth studies are still needed (Theivendran et al., 2023; Luo Y. et al., 2024). In order to design effective therapeutic nanoenzymes, we need to understand the properties of the nanoenzymatic material, the biological system of the tumour, the tumour microenvironment and their interactions (Zhang et al., 2024). Hence, fabricating TME-responsive and modulating nanoenzymes that can realize targeted delivery and synergistic therapeutic outcomes, and rebuild a favorable TME for anti-tumor activity may be of great significance for enhancing nanocatalysis therapeutic efficacy and extending the current nanoenzyme-therapeutic armamentarium.
In recent years, MnO2 nanostructures as theranostic agents have attracted wide attention owing to its TME responsiveness and multiple enzymatic activities (Chen et al., 2022). Within the TME, MnO2 nanostructures would slowily disintegrate and are convert into to harmless water-soluble Mn2+ ions by reacting with either H+ or high-level glutathione (GSH) (Lu et al., 2022; Tian et al., 2019; Yue et al., 2024). Manganese is critical for antitumor immune responses via cGAS-STING (He et al., 2023) and promote CD8+ T cell activation, and the combination of Mn2+ and PD-1 antibody can significantly enhance the tumor treatment effect of PD-1 antibody (Sun et al., 2023), improving the efficacy of clinical immunotherapy.
In this study, we developed a novel manganese (Mn)-based nanoenzyme using MnO2 loaded titanium carbide (Ti3C2) nanosheets with high photothermal conversion, and this nanocomposite was further coated with polydopamine (PDA) film for achieving better stability and biocompatibility (Scheme 1). The proposed Ti3C2-MnO2-PDA was acid-responsive since PDA could slowly disintegrate in acidic conditions at tumor sites and expose MnO2, meanwhile, this nanocomposite exhibited peroxidase-like activity and catalase-like activity which can catalyze the production of toxic ∙OH radicals from H2O2 to enable the catalytic therapy with local oxygen supply (Lin et al., 2018b; Ma et al., 2021). Due to the high photothermal conversion efficiency (η = 55%) of Ti3C2-MnO2-PDA under 808 nm irradiation, the nanoenzymes also enabled PTT that combined catalysis for inducing ROS burst, improving therapeutic efficiency (Sun J. et al., 2022; Sun P. et al., 2022). Furthermore, the MnO2 shell disintegrated in the presence of high levels of GSH (Lin et al., 2018a; Li W. et al., 2024) and acidic pH, and Mn2+ released from the nanocomposite acted as an agonist of the cGAS-STING pathway and directly activates STING to induce secretion of type I interferons, pro-inflammatory cytokines, and chemokines, facilitating CD8+ T cell activation (Lu et al., 2022; Lv et al., 2020; Sun et al., 2021; Wang et al., 2021; Zhao et al., 2023) synergy of ROS burst-induced immunogenic cell death (ICD) and Mn2+/PD-Ll antibody immunotherapy triggered a significant anti-tumor immune response, leading to a remarkable inhibition of primary tumor growth and lung metastasis (Cheng et al., 2022).
[image: Diagram illustrating a complex medical process involving cancer therapy. It depicts the preparation of T1C2-MnO2-PDA nanoparticles, their interaction with cancer cells, and the subsequent immune response. Key elements include T cells, dendritic cells, and various cytokines, highlighting pathways for enhancing immune activity and disrupting tumor growth. The image uses color-coded symbols for differentiation, and schematic representations of organs and cells for context.]SCHEME 1 | Schematic illustration of TME-responsive and TME-regulated nanoenzymes (Ti3C2-MnO2-PDA). (1) Preparation of Ti3C2-MnO2-PDA. (2) The nanoenzyme breaks down H2O2 into ∙OH and O2 in the acidic TME. MnO2 consumes the high levels of GSH in the tumor site to generate GSSG and Mn2+. (3) Activation of STING and cGAS signaling pathways by Mn2+ and PTT-induced ICD activate DCs, which in combination with anti-PD-L1 antibodies synergistically trigger local and systemic T cell responses against tumor growth and metastasis. Abbreviations: Ti3C2, titanium carbide; MnO2, manganese dioxide; PDA, polydopamine; H2O2, hydrogen peroxide; TME, tumor microenvironment; GSH, glutathione; GSSG, glutathione disulfide; STING, stimulator of interferon genes; cGAS, cyclic guanosine monophosphate–adenosine monophosphate synthase; PTT, photothermal therapy; ICD, immunogenic cell death; DC, dendritic cell; PD-L1, programmed death-ligand 1; IFN-1, interferon type I.
2 MATERIALS AND METHODS
2.1 Reagents
Ti3AlC2 was purchased from Jilin Yiyi Technology Co. (Changchun, China) and potassium permanganate (KMnO4) from Xintong Fine Chemical Co. Ltd. (Tianjin, China). RPMI 1640 medium was purchased from Gibco (Grand Island, NY, United States), fetal bovine serum from Biological Industries (Belt Haemek, Israel), trypsin-EDTA from NCM Biotechnology (Suzhou, China), and penicillin-streptomycin from Cytiva (Beijing, China). Mounting medium with DAPI-(Aqueous) and fluoroshield solution were purchased from Abcam (Lot: GR3369395-5; Cambridge, United Kingdom). Ti3C2-MXene was purchased from JiLin Yiyi Technology Co. Ltd. (Changchun, China), 3,3′,5,5′-tetramethylbenzidine (TMB) from Beyotime Biotechnology (Shanghai, China), and H2O2 from Beijing Chemical Works (Beijing, China). InVivoMAb anti-mouse programmed death-ligand 1 (PD-L1) (B7-H1) (BE0101) was acquired from BioXCell (Lebanon, NH, United States). The water used in all experiments was prepared using a Millipore purification device. Cell counting kit-8 (CCK-8) was purchased from Bimake (Beijing, China). Rabbit anti-calreticulin (anti-CRT) and rabbit anti-high mobility group box 1 (anti-HMGB1) antibodies were purchased from Abcam. The ATP measurement kit and calcein-AM/PI kit were purchased from Beyotime Biotechnology. Collagenase, hyaluronidase, and DNase I were purchased from Yuanye Biotechnology (Shanghai, China). The antibodies used for flow cytometry are listed in Supplementary Table S2.
2.2 Preparation of Ti3C2-MnO2-PDA
To prepare Ti3C2-MnO2, 6 mL of Ti3C2-MXene (5 mg/mL) was added to 33 mL of purified water in a 50-mL conical flask and stirred. Thereafter, 6 mL of aqueous KMnO4 (50 mg/mL) and 150 µL of concentrated H2SO4 were added to the mixture, and then stirred for 30 min. The solution was then centrifuged, and the precipitated Ti3C2-MnO2 was resuspended in deionized water. To synthesize Ti3C2-MnO2-PDA, 4 mL of Ti3C2-MXene-MnO2 (5 mg/mL) was added to 26 mL of deionized water. Following sequential addition of 60 mg dopamine and 320 µL of Tris (1 M), the solution was stirred at 2,000 rpm for 6 h. The supernatant was removed by centrifugation at 16,000 rpm and resuspended in deionised water after sonication with an ultrasonicator.
2.3 Characterization of Ti3C2-MnO2-PDA
The morphology of the Ti3C2-MnO2-PDA particles was analyzed using a transmission electron microscope (TEM). Crystal structure analysis was conducted using a Bragg–Brentano diffractometer (D8-Tools; Crystal Impact, Bonn, Germany) equipped with a Cu Kα (λ = 0.15418 nm) emitting source. X-ray photoelectron spectroscopy (XPS) was conducted on an Escalab-250 instrument (Thermo Fisher Scientific, Waltham, MA, United States) equipped with a hemisphere detector and a monochromatic Al Kα radiation source (1,486.6 eV). The morphology analysis was performed using a scanning electron microscope (SEM) (JSM6700F; JEOL Ltd., Tokyo, Japan) and a TEM) (JEM-2000EX; JEOL Ltd.). The UV-Vis spectra were obtained using a spectrophotometer (Tecan Austria GmbH, Grödig, Austria). The zeta potential of Ti3C2-MnO2-PDA was determined using a Nano Zetasizer (Malvern, UK).
2.4 Photothermal conversion efficiency and photothermal stability analyses
Different concentrations of Ti3C2-MnO2-PDA (0, 20, 40, 60, and 80 μg/mL) were irradiated with an 808 nm laser at 1 W/cm2 (Laserwave, LWIRPD-20F, Beijing, China). In addition, 40 μg/mL Ti3C2 -MnO2-PDA was irradiated with the laser at 1.5, 1, 0.8, and 0.6 W/cm2 for 5 min. The temperature changes were recorded using a thermal imager (FOTRIC,322Pro, Shanghai, China).
2.5 Cell culture
Mouse-derived 4T1 cells, human breast cancer cell (MDA-MB-231) and human breast normal epithelial cell (MCF-10A) were (Pricella,Wuhan, China) cultured at 37°C in 5% CO2, using 1,640 media with 10% FBS and 1% penicillin-streptomycin.
2.6 Electron microscopy
The 4T1 cells were cultured for 24 h at 37°C with 5% CO2, and then incubated with or without 40 μg/mL Ti3C2-MnO2-PDA for 24 h. The cells were fixed with pre-cooled 0.5 mL glutaric acid for 4–6 h, sliced, and viewed under an electron microscope.
2.7 CCK-8 assay
MCF-10A cells were seeded into 96-well plates at a density of 1 × 104 cells per well and cultured overnight. Following incubation with different concentrations of Ti3C2-MnO2-PDA (0, 2.5, 5, 10, 20, 40, 60, and 80 μg/mL) for 24 h, CCK-8 reagent was added to each well. After incubating for 1 h, the absorbance of the cells was measured at 450 nm, and the viability was calculated. In another experiment, 4T1 cells (1 × 104 cells per well) and MDA-MB-231 cells (1 × 104 cells per well) were passaged in 96-well plates overnight, and incubated with different concentrations of Ti3C2-MnO2-PDA (0, 5, 10, 20, 40, 60, and 80 μg/mL) for 4 h. The cells were then irradiated with an 808 nm laser (1 W/cm2) for 5 min, and then incubated for 20 h. The CCK-8 assay was performed as described above.
2.8 Immunofluorescence assay
Immunogenic cell death (ICD) was evaluated in vitro by measuring CRT and HMGB1 expression using immunofluorescence. Briefly, 4T1 cells were seeded on coverslips placed in 24-well plates at a density of 2 × 104 cells per well, and then cultured for 24 h. The cells were incubated with phosphate-buffered saline (PBS) or Ti3C2-MnO2-PDA for 6 h, and then irradiated with an 808 nm near infra-red (NIR) laser. Respective non-irradiated controls were also included. After washing three times with cold PBS, the cells were fixed with 300 μL of 4% paraformaldehyde for 30 min at 23°C–25°C. The cells were washed once with cold PBS, and permeabilized with 0.1% TritonX-100 in PBS for 30 min at room temperature. The cells were blocked with 1% BSA (Yuanye, Shanghai,China) at room temperature for 1 h, incubated overnight with the primary antibody at 4°C, and washed three times with PBST. Following incubation with Alexa Fluor 488-labeled secondary antibody at room temperature for 1 h, the coverslips were sealed with DAPI-containing glue, and viewed under a confocal microscope (Olympus).
2.9 ATP measurement assay
The 4T1 cells were seeded in 24-well plates at a density of 5 × 104 cells per well, and then cultured for 24 h. ATP levels in the supernatants were measured using an enzyme-linked immunosorbent assay (luminescence) kit according to the manufacturer’s instructions.
2.10 Peroxidase reaction assay
To measure the peroxidase activity of Ti3C2-MnO2-PDA in vitro, the nanoenzymes (80 μg/mL) were incubated separately with 0.4 mM TMB buffer (pH 6.0), 50 μM H2O2, and a combination of both TMB and H2O2. As a control, TMB and H2O2 were incubated in the absence of the nanoenzyme. The absorbance at 652 nm was measured using a UV spectrophotometer (Tecan).
In addition, the peroxidase-like activity of the nano-enzymes was investigated by the catalytic oxidation reaction of TMB at different pH of 37°C. And the kinetic performance of the catalytic reaction of the nano-enzymes was observed by fixing the concentration of TMB and varying the concentration of H2O2 and fixing the concentration of H2O2 and varying the concentration of TMB, and the actual reaction rate was calculated by the amount of change in absorbance per unit time of the reaction system at 652 nm, and the values of Vmax and Km were calculated based on the Michaelis-Menten equation.
2.11 In vitro ∙OH generation
2 mL of mixture containing H2O2 (50 mM), MB (10 μg/mL) was incubated with various concentrations of Ti3C2-MnO2-PDA (0, 1.25, 2.5, 5, 10, 20, 40 μg/mL) (pH = 6) for 24 h. 2 mL of mixture containing H2O2 (50 mM), MB (10 μg/mL) and Ti3C2-MnO2-PDA (40 μg/mL) (pH = 5, 6, 7.4). After centrifugation, the supernatant was collected and the absorbance was recorded by UV–vis spectrophotometer. The absorbance changes at 670 nm were also recorded.
2.12 ROS assay
ROS generation was measured using a 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescence probe. Briefly, 4T1 cells were seeded into 24-well plates loaded with polylysine-coated crawler sheets (WHB) at a density of 5 × 104 cells per well. Following overnight culture, the cells were incubated with 60 μg/mL Ti3C2-MnO2-PDA for 4 h. DCFH-DA (10 μM) was then added to each well, and the cells were incubated for an additional 30 min. The cells were washed twice with PBS and observed under a laser scanning confocal microscope (FV1000; OLYMPUS, Tokyo, Japan).
2.13 Cell death and viability assay
The 4T1 cells were seeded into 24-well plates loaded with polyline-coated crawler sheets at a density of 5 × 104 cells per well and cultured for 24 h. The following day, the cells were incubated with PBS or 60 μg/mL Ti3C2-MnO2-PDA for 4 h, and then irradiated with an 808 nm laser (1 W/cm2) for 5 min. Non-irradiated controls were also included. The treated cells were then subsequently incubated for 20 h, harvested, and stained using a calcein-AM/PI kit according to the manufacturer’s instructions (Beyotime Biotechnology) to determine viability.
2.14 Apoptosis assay
The 4T1 cells were seeded into 24-well plates at a density of 5 × 104 cells per well and cultured for 24 h. After incubating with PBS or Ti3C2-MnO2-PDA for 6 h, the cells were irradiated with an 808 nm NIR laser (1.5 W/cm2) for 5 min. Non-irradiated controls were also included. The cells were further incubated for 24 h and digested using EDTA-free trypsin (Biosharp). The harvested cells were centrifuged and resuspended in 200 µL of binding buffer, and then sequentially stained with 0.75 µL of annexin-V (Beyotime Biotechnology) for 10 min and 4 µL of 7AAD for 5 min in the dark. The samples were analyzed using flow cytometry (3 × 104/sample,n = 4) to determine apoptosis rates.
2.15 Animal experiments
Six-to-eight-week old female BALB/c mice (weighing approximately 20 g) were purchased from Changchun Yisi Laboratory Animal Technology Co. (Changchun, China). The animal experiments were approved by the Institutional Animal Care and Use Committee of Jilin University (IACUC). The animal ethical clearance project number is SY202309038.
2.15.1 In vivo pharmacokinetics and biodistribution of nanoenzymes
The 4T1 tumor-bearing BALB/C mice (n = 3) were intravenously injected with 10 mg/kg Cy5-labeled Ti3C2-MnO2-PDA in 100 μL of PBS once the tumors grew to approximately 300 mm3. Tumour volume is calculated on the basis of: Volume (V) = Length (L) × Width (W)2/2. Body weight and tumour volume were monitored throughout the experiment, and tumour diameters did not exceed 1.5 cm in the loaded experiments. Euthanasia was performed using inhaled carbon dioxide. The mice were euthanized at different time intervals after injection (1, 3, 6, 9, 12, and 24 h), and the tumors and major organs (heart, liver, spleen, lung, and kidney) were harvested for fluorescence imaging analysis (IVIS Spectrum; Perkin Elmer, Waltham, MA, United States).
2.15.2 In vivo biosafety
The mice were intravenously injected with 100 μL of PBS or the same volume of 10 mg/kg Ti3C2-MnO2-PDA (n = 8). The general status of the mice was evaluated daily, and the body weight was measured on alternate days. All mice were euthanized on day 14 post-injection, and their blood samples and major organs, including heart, liver, spleen, lung, and kidney, were harvested. Systemic toxicity was evaluated by measuring the levels of alkaline phosphatase, alanine aminotransferase, aminotransferase, creatinine, and urea nitrogen in the blood samples (Nanjing Jianjian Bioengineering Institute, Nanjing, China). The organs were fixed in 4% neutral buffered formalin, embedded in paraffin, and cut into 5-μm-thick sections (CITOGLAS). The tissue sections were stained with hematoxylin and eosin (H&E) and take photos using ZEISS (Oberkochen, Germany).
The blood samples were centrifuged (3,000 rpm/min, 5 min), and the sedimented erythrocytes were washed three times with PBS and re-dispersed in 5 mL of PBS. Hemolysis assay was performed by incubating 200 μL of aliquots of the RBC suspension with deionized water (positive control), PBS (negative control), and different concentrations of Ti3C2-MnO2-PDA (5, 10, 20, 40, 60, and 80 μg/mL) at 37°C for 3 h. The samples were centrifuged at 1,000 g for 15 min, and the supernatants were dispensed into a 96-well microtiter plate. The absorbance (A) was measured at 570 nm, and hemolysis rate (%) was calculated as [Asample - Anegative/Awater - Anegative] × 100%.
2.15.3 In vivo imaging
To establish a tumor model, 5 × 105 4T1 cells were inoculated into the left mammary fat pad of each mouse. Tumor growth was regularly monitored, and the volume was calculated as (V) = Length (L) × Width (W)2/2. Once the tumors grew to approximately 100 mm3, the mice were injected into the tail vein with 10 mg/kg Ti3C2-MnO2-PDA in 100 μL of PBS. After laser irradiation (808 nm laser, 1 W/cm2), the in vivo thermal signals were detected at different time points (0, 1, 3, 5 min) using a thermal imager (FOTRIC, 322Pro, Shanghai, China) and the temperature of the thermal signals was measured.
2.15.4 In vivo anti-tumor effect
The tumor-bearing mice were divided into the PBS, Ti3C2-MnO2-PDA (10 mg/kg), anti-PD-L1, Ti3C2-MnO2-PDA + anti-PD-L1, PBS + NIR,Ti3C2-MnO2-PDA + NIR, anti-PD-L1 + NIR, and Ti3C2-MnO2-PDA + anti-PD-L1 + NIR groups (n = 8). One h after injecting the different agents, the mice were irradiated with an 808 nm laser (1 W/cm2) for 5 min as appropriate. The temperature changes in the tumor were recorded in real-time using an infra-red thermal imager (322Pro; Fotric, Beijing, China). All mice were treated daily. The body weight and tumor volume were monitored every 2 d for 14 d. At the end of the treatment period, the mice were euthanized and the tumors were dissected. One part of the tumor specimens was fixed in 4% neutral buffered formalin, embedded in paraffin, and cut into 5-μm-thick sections for Ki-67 and TUNEL staining. The other part was processed for flow cytometry. (GB121141-100,G1501,Servicebio, Wuhan, China).
3 STATISTICAL ANALYSIS
Data were presented as mean ± standard deviations (SDs) or standard error of mean. Statistical significance was calculated by t-test. Statistical analysis was carried out using GraphPad Prism 9.0 and Microsoft Excel 2020. Flowjo 10.0 was used for streaming data analysis. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns stands for not significant.
4 RESULTS AND DISCUSSION
4.1 Preparation and characterization of Ti3C2-MnO2-PDA
XPS analyses was employed to determine the elemental compositions and valence states of Ti3C2-MnO2-PDA. The obtained XPS spectra clearly showed the elements of C, Ti, O, Mn and N from PDA modified Ti3C2-MnO2 nanohybrides Figure 1A (Zhou et al., 2019). The high-resolution XPS spectrum of Ti in Supplementary Figure S1 exhibited two peaks located at 458.5 eV and 464.2 eV were designated as Ti-O 2p3/2 and Ti-O 2p1/2 bonds. The Mn spectrum exhibited two peaks at 652.5 and 641.0 eV, which correspond to the 2p1/2 and 2p3/2 orbitals of O=Mn=O (Supplementary Figure S2). The N 1s peak at 400 eV which corresponded to the occurrence of N element in survey spectra confirmed the successful modification of PDA film (Yuan et al., 2018; Zhang et al., 2022) (Supplementary Figure S3). Furthermore, the morphology of the Ti3C2-MnO2-PDA nanocomposites was characterized by TEM. As shown in Figure 1B, the Ti3C2 nanosheets appeared as thin lamella, and the surface of the nanocomposites showed irregular MnO2 NPs (Figure 1C), along with a shell coating that corresponded to the PDA layer (Figure 1D). We observed that due to the encapsulation of PDA film, the surface of nanoparticles is smooth, flat, and uniform. At the same time, the nanoparticles are uniformly dispersed in flakes. Although the nanoparticles are slightly adhered after coating modification, they exhibit a certain degree of dispersion overall. When encountering an acidic tumor microenvironment, this PDA membrane responsive rupture can release the internal nanoparticles. In order to better understand the morphology of the nanoparticles, we also demonstrated the nanoparticles at pH 6. Moreover, EDS elemental analysis also demonstrated titanium, manganese and nitrogen in Ti3C2-MnO2-PDA nanoparticles at pH 7.4 (Supplementary Figures S28, 29). Surface modification of Ti3C2-MXene with PDA significantly improved its stability and dispersion in external and physiological environments (Supplementary Figures S4–S6). Dynamic light scattering measurements of Ti3C2-MnO2-PDA in different media, including water, PBS, and serum, exhibited a consistent diameter of approximately 350 nm (Figure 1E), indicating its good dispersibility. The ζ-potentials of Ti3C2, Ti3C2-MnO2, and Ti3C2-MnO2-PDA were −20, −36, and −21 mV, respectively (Supplementary Figure S7), which confirmed successful modification with PDA.
[image: a. XPS spectrum showing the presence of O, C, Mn, and N peaks. b-d. TEM images of nanomaterials with scale bars labeled as 200 nm. e. Particle size distribution graph. f. UV-vis absorbance spectra under different pH conditions. g. Absorbance spectra at varying concentrations. h. Absorbance under different conditions with indicators. i-j. Kinetic plots of catalytic activity with R-squared values labeled. k. Decomposition rate comparison over time in different pH conditions. l. Photographs of samples labeled with NIR exposure and pH conditions, showing color differences.]FIGURE 1 | Preparation and characterization of Ti3C2-MnO2-PDA. (A) XPS survey spectra of Ti3C2-MXene-MnO2-PDA sample. (B–D) Representative TEM images of (B) Ti3C2 (200 nm), (C) Ti3C2-MnO2, and (D) Ti3C2-MnO2-PDA. (E) Particle size of Ti3C2-MnO2-PDA during incubation in H2O, PBS, and serum. (F) UV-vis absorbance of TMB in the presence of H2O2 and Ti3C2-MnO2-PDA at different pH levels. Inset shows the corresponding digital photographs of each group. (G) UV-vis absorbance of TMB in the presence of H2O2 and Ti3C2-MnO2-PDA (80 μg/mL, 160 μg/mL, and 240 μg/mL, respectively). (H) Absorbance of (1) TMB + H2O2 (2) TMB + Ti3C2-MnO2-PDA (3) H2O2 + Ti3C2-MnO2-PDA (80 μg/mL), and (4) TMB + H2O2 + Ti3C2-MnO2-PDA (80 μg/mL) in the UV-vis region. Ti3C2-MnO2-PDA nanozyme Michaelis−Menten kinetics using (I) H2O2 and (J) TMB as the substrates. (K) The amount of O2 generated by 0.2 μg/mL Ti3C2-MnO2-PDA in the presence of 10 mm H2O2 at pH 7.4 and pH 6 with or without NIR irradiation. (L) Representative images showing O2 generation in the Ti3C2-MnO2-PDA, Ti3C2-MnO2-PDA + NIR, and Ti3C2-MnO2-PDA + H2O2 groups (pH = 7.4, 6.0, respectively).
4.2 Ti3C2-MnO2-PDA exhibits catalytic activity in acidic conditions
Considering the overexpressed H2O2 and acidic conditions of TME (Uthaman et al., 2018), Ti3C2-MnO2-PDA nanocomposites release MnO2 particles following the rupture of the PDA envelope in the acidic TME (Grant et al., 2022), which exhibited both peroxidase (POD)-like and catalase (CAT)-like activity. The POD-like activity of Ti3C2-MnO2-PDA was analyzed using TMB, which is oxidized in the presence of ∙OH and undergoes a colorimetric change. As shown in Figure 1H, TMB solution at 652 nm showed an evident absorption in the presence of Ti3C2-MnO2-PDA and H2O2. In contrast, the OD652 of TMB did not undergo any significant change in the absence of either H2O2 or Ti3C2-MnO2-PDA, which further confirmed the POD-like activity of the latter. At the same time, we also found that changes in pH can affect the release of ∙OH . As the pH value decreases, the ∙OH released by the nanoenzyme gradually increases, and the TMB color gradually becomes lighter as shown in Figure 1F. We also tested whether the concentration of Ti3C2-MnO2-PDA had an impact on ∙OH production and found that the amount of ∙OH released at pH 6 correlated positively with the nanoenzyme concentration (Figure 1G). Subsequently, the nanoenzymes mediated Fenton-like reaction was evaluated with MB, which could only be degraded by ∙OH (Lin et al., 2018b; Jiang et al., 2022). The absorbance of MB at 670 nm decreases gradually with pH change and nanoenzymes concentration change, which indicates that the released ROS is ∙OH (Supplementary Figure S27). At the same time, we can observe the manganese dioxide nanorods exposed after the gradual rupture of the dopamine membrane when the nano-enzymes are at pH 6, as well as the distribution of Ti, Mn, and N elements in the nano-enzymes Supplementary Figures S28, S29). Furthermore, the kinetic properties of the nanoenzymes were quantitatively analyzed by adjusting the amounts of H2O2 and TMB, and the Km values and Vmax of the two substrates were obtained by fitting the data through the Michaelis−Menten model and double inverse plotting method (Dang and Zhao, 2020) (Figures 1I, J). The Km value for TMB was 0.01275 mM and the Vmax value was 18.78 × 10-5s−1. Meanwhile the Km value of H2O2 was 0.1186 mM and Vmax value was 4.531 × 10-5s−1. Compared with other POD-like nanoenzymes, the proposed Ti3C2-MnO2-PDA nanoenzymes in this work exhibited lower Km value and higher Vmax (Supplementary Table S1), demonstrating its strong affinity and high POD-like catalytic activity.
To further investigate the CAT-like activity of Ti3C2-MnO2-PDA, we determined the generated O2 from mildly acidic (pH 6) and neutral (pH 7.4) H2O2 solutions catalyzed by Ti3C2-MnO2-PDA and photoirradiation via a dissolved oxygen meter (Figure 1K). As shown in Figure 1L, the non-irradiated solutions did not undergo any noticeable change in amount of produced oxygen regardless of pH, although a few bubbles appeared in the acidic buffer solution. However, a large amount of oxygen was generated and an abundance of gas bubbles was observed in the mixture of Ti3C2-MnO2-PDA and H2O2 upon NIR irradiation compared with the non-irradiated control, indicating the photo-enhanced activity of this CAT-like nanoenzyme. Consistent with this, NIR irradiation gradually reduced the intensity of the color of acidic buffer, indicating the release of Mn2+ from the nanocomposite. The photothermal property of the as-achieved Ti3C2-MnO2-PDA was then evaluated by recording the temperature changes in an aqueous solution. Ti3C2-MnO2-PDA exhibited significant photothermal effects depending on the laser power intensity and its concentration (Supplementary Figures S8, S10), along with good photothermal stability (Supplementary Figure S9) and a high photothermal conversion efficiency of 53.5% (Supplementary Figure S11). These results suggest that Ti3C2-MnO2-PDA can act as a versatile photothermal agent and catalyst for the ROS burst and efficient O2 supply to alleviate the hypoxic conditions in the TME (Tang et al., 2021), thus providing a basic environmental condition for the subsequent anti-tumor therapies and the regulation of angiogenesis and immune tolerance (Sun J. et al., 2022; Chen et al., 2023; Gong et al., 2022; Tao et al., 2022; Thienpont et al., 2016).
4.3 Ti3C2-MnO2-PDA induces a ROS burst and ICD in vitro
The bio-TEM images in Figure 2A showed that Ti3C2-MnO2-PDA was effectively endocytosed by the 4T1 cells after chemotaxis, guaranteeing the treatment effectiveness. The cytotoxicity of the proposed nanoenzyme was explored prior to in vitro experiments. No significant cytotoxicity was observed on normal human breast cells (MCF-10A) treated with Ti3C2-MnO2-PDA, even at high concentration of 80 μg/mL (Figure 3A). Ti3C2-MnO2-PDA decreased the viability of 4T1 cells in a concentration-dependent manner upon laser irradiation (Figure 3B). The viability of the 4T1 cells treated with 40 μg/mL Ti3C2-MnO2-PDA decreased by more than 55% upon laser irradiation (808 nm, 1 W/cm2) compared with the non-irradiated control (Figure 3C). Similar results were observed with calcein-AM/PI staining. As illustrated in Figure 3B, the control group exhibited green fluorescence with or without NIR irradiation, demonstrating that NIR irradiation treatment alone had no cytotoxic effect on 4T1 cells. Compared with Ti3C2-MnO2-PDA, widespread 4T1 cell death was observed in the Ti3C2-MnO2-PDA + NIR group characterized by red fluorescence staining with PI. We also examined apoptosis rates in the differentially treated cells using annexin-V/7-AAD staining. The percentage of apoptotic 4T1 cells in the Ti3C2-MnO2-PDA + NIR group reached 90.8% compared with only 1.81% in the PBS control group (Figures 3D, E). These results clearly demonstrate the synergistic therapeutic effect of Ti3C2-MnO2PDA (Sun et al., 2023; Ai et al., 2023; Ming et al., 2022).
[image: Researchers conducted a series of experiments to evaluate various cellular and chemical changes. These are divided into panels a through o. Panel a includes microscopic images showing cellular structures under different conditions. Panels b, c, e, and f display bar graphs comparing intensity levels of CRT, ATP, MMP/JC1, and ROS. Panels d and g depict fluorescence microscopy images of cells stained for CRT and ROS. Panel h presents spectra related to the chemical analysis. Panels i through o illustrate quantitative bar graph results of other relevant data. The graphs and images indicate significant statistical differences marked by asterisks.]FIGURE 2 | Effector functions of Ti3C2-MnO2-PDA in tumor cells. (A) TEM images showing uptake of Ti3C2-MnO2-PDA in tumor cells. (B, E) Fluorescence intensities corresponding to the CRT expression and nuclear translocation of HMGB1 in the differentially treated 4T1 cells. (C) Intracellular ATP levels in the indicated groups. (D) Representative immunofluorescence staining images showing CRT expression and HMGB1 translocation in the differently treated 4T1 cells. Blue and green fluorescence, respectively, indicate the nuclei and CRT/HMGB1 expression (20 μm). (F) Fluorescence intensities corresponding to intracellular ROS levels in the indicated groups as measured by enzyme immunoassay. (G) Representative fluorescence images showing ROS production in 4T1 cells treated as indicated. (H, I) Representative flow cytometry plots showing ROS release in the different treatment groups. Data are expressed as mean ± SD (n = 4). Statistical significance was assessed by a two-tailed Student’s t-test. ***p < 0.001, ****p < 0.0001.
[image: Five-panel scientific image showing experimental results:  a) Bar graph comparing cell detachment among various treatments, highlighting differences at concentrations from 0 to 40 micrograms per milliliter.  b) Fluorescent microscopy images showing merged and separate views of DAPI and PI staining in four experimental groups.  c) Bar graph illustrating relative signal intensity of NR and NIR under different concentrations.  d) Bar graph of apoptotic percentage across four groups, with a significant increase in group IV.  e) Flow cytometry plots displaying distributions of cell populations based on 7-AAD and Annexin V staining for the four experimental groups.]FIGURE 3 | Ti3C2-MnO2-PDA induces a ROS burst and ICD in vitro. (A) Viability of MCF-10A cells treated with different concentrations of Ti3C2-MnO2-PDA. (B) Representative images of calcein-AM/PI staining showing viable and dead cells in the indicated groups. Ⅰ represents PBS group. Ⅱ represents Ti3C2-MnO2-PDA group. Ⅲ represents PBS + NIR group. Ⅳ represents Ti3C2-MnO2-PDA + NIR group.(C) Relative viabilities of 4T1 cells treated with different concentrations of Ti3C2-MnO2-PDA with or without NIR irradiation. (D) Percentage of apoptotic cells in the indicated groups. (E) Representative flow cytometry plots showing annexin V+/7-AAD + apoptotic cells in the indicated groups. Data are expressed as mean ± SD (n = 4). Statistical significance was assessed by a two-tailed Student’s t-test. ****p < 0.0001.
To determine whether Ti3C2-MnO2-PDA can induce intracellular ROS production, the 4T1 cells were treated with 60 μg/mL of the nanocomposites for 6 h and irradiated with NIR laser. ROS levels were detected with the DCFH-DA probe. As shown in Figure 2G, the irradiated cells emitted stronger fluorescence signals compared with the non-irradiated cells, indicating higher ROS production. In contrast, no ROS production was observed in the PBS control, suggesting laser irradiation itself did not induce ROS production. Consistent with the above findings, flow cytometric analysis showed 5-fold higher ROS levels in the Ti3C2-MnO2-PDA + NIR group compared with the control group (Figures 2H, I). We also detected ROS production via an enzyme immunoassay, and the results indicated a 1.2-fold increase in the fluorescence intensity of ROS in the Ti3C2-MnO2-PDA + NIR group, compared with the control group (Figure 2F). Taken together, photothermal and the catalytic activity of Ti3C2-MnO2-PDA synergistically triggered a ROS burst in the tumor cells, and the ensuing oxidative stress induced apoptosis via mitochondrial dysfunction (Tu et al., 2021).
The ROS burst was expected to induce ICD and subsequently an anti-tumor immune response. To this end, we analyzed the expression of the ICD markers, CRT and HMGB1, and then measured the intracellular ATP levels using a chemiluminescent probe. The 4T1 cells in the Ti3C2-MnO2-PDA + NIR group showed a significant increase in the expression of CRT in their membranes (Figures 2B, D), along with the translocation of HMGB1 from the nucleus to the cytoplasm (Figure 2E), which were indicative of ICD. Furthermore, ATP levels decreased significantly following treatment with Ti3C2-MnO2-PDA and NIR irradiation (Figure 2C), which can be explained by the high levels of oxygen produced by the catalytic action of Ti3C2-MnO2-PDA, leading to increased glucose consumption and starvation effects that eventually decreased ATP levels within the tumor. Ti3C2-MnO2-PDA induces ICD, which promotes the maturation of dendritic cells (DCs) and triggers a tumor-specific T cell immunity response that can alleviate an immunosuppressive microenvironment.
4.4 Ti3C2-MnO2-PDA inhibits tumor growth and metastasis in vivo
The anti-tumor effects of Ti3C2-MnO2-PDA observed in vitro were further validated in a murine model of breast cancer. To analyze the in vivo pharmacokinetics of the nanocomposites, each BALB/c mouse was intravenously injected with 100 μL of Cy5-labeled Ti3C2-MnO2-PDA (10 mg/kg), and the fluorescence signals in the tumor site and other major organs (heart, liver, spleen, lung, and kidney) were detected at different time points after injection guided by a small-animal imager. The fluorescence intensity at the tumor site peaked within 1 h after injection and remained higher than that of other organs at 3 h (Figures 4B, C; Supplementary Figure S15), indicating effective accumulation of Ti3C2-MnO2-PDA in the tumor tissues. It was also observed that the dopamine-encapsulated nano-enzymes were mainly metabolised and excreted through the liver and kidneys. After 24 h, only a small amount of fluorescent signal was seen at the tumour site, suggesting that the nano-enzymes have a good retention effect and tumour tropism at the tumour site, whereas they would be cleared very quickly in the normal organs, reducing the impact on the body. To evaluate the potential therapeutic effects of Ti3C2-MnO2-PDA, the tumor-bearing mice were subjected to different treatment protocols (Figure 4A) once the tumor diameter reached approximately 100 mm3, and the outcomes were evaluated on day 14 post-treatment. The tumor volume and weight were significantly reduced in mice treated with Ti3C2-MnO2-PDA + NIR irradiation compared with the control groups. As anticipated, introduction of the anti-PD-L1 antibody significantly inhibited tumor growth compared to that seen with single Ti3C2-MnO2-PDA upon NIR irradiation (Figures 4D, E, Supplementary Figures S16, S17a), most likely because of stronger immune activation following immune checkpoint blockade. Furthermore, H&E staining of the tumor tissues revealed that combination treatment with Ti3C2-MnO2-PDA and anti-PD-L1 largely restored the nuclear morphology in the malignant cells. Consistent with the evident decrease in tumor growth, the proportion of Ki-67+ proliferative cells was significantly lower, whereas that of TUNEL+ apoptotic cells was higher in the Ti3C2-MnO2-PDA + anti-PD-L1 group compared with that in other treatment groups (Figure 4F). The potential toxicity of Ti3C2-MnO2-PDA was evaluated on the basis of histopathological findings and serum biochemical indices, showing no significant differences among the treatment groups (Supplementary Figures S13, S18, S20). In addition, no distinct changes were observed in the body weight of mice in any of the groups (Supplementary Figure S17b). These results confirmed the excellent biosafety of Ti3C2-MnO2-PDA.
[image: Scientific study showing multiple panels of experimental data:   a) Flowchart outlining the study design.  b) Imaging results comparing tumor conditions over time.  c) Additional imaging of mouse models with fluorescence highlighting different regions.  d) Graph of tumor growth over time with various treatment groups.  e) Microtiter plate with stained samples.  f) and subsequent panels show histological analyses with Ki-67, TUNEL, and H&E staining at different magnifications.  Panels potentially demonstrate effects of treatments on tumor cells and tissues.]FIGURE 4 | Ti3C2-MnO2-PDA inhibits tumor growth and metastasis in vivo. (A) Schematic illustration of the establishment of the 4T1 tumor model and treatment protocol. On day 7, BALB/c mice are intravenously injected with Ti3C2-MnO2-PDA and irradiated with NIR laser (1 W/cm2, 5 min) 1 h later. Anti-PD-L1 antibody is injected intraperitoneally 24 h later. (By Figdraw). (B, C) Representative ex vivo and in vivo fluorescence images of the tumors and major organs at different time points following injection of Ti3C2-MnO2-PDA-Cy5(n = 3). (D) Tumor volume treated with different strategies. (E) Representative images of tumors isolated on day 14 from the indicated groups. (F) Representative images of H&E (50 μm), Ki67, and TUNEL (20 μm) staining of tumor tissues from the indicated groups. Data was expressed as mean ± SEM n = 8). (G) Representative images of lungs with metastatic nodules (top) and H&E-stained lung sections (2000 μm) from the indicated groups. The black dotted lines demarcate the metastatic tumor areas (20 μm). Data was expressed as mean ± SEM (n = 8). Statistical significance was assessed by a two-tailed Student’s t-test. **p < 0.01, ***p < 0.001, ****p < 0.0001.
To evaluate the impact of the combination treatment on metastasis, we established a lung metastasis model by inoculating female BALB/c mice with 4T1 cells in-situ. The mice were euthanized 29 d later, and the metastatic nodules were counted and processed for histopathological examination using H&E. The number of lung metastatic nodules was significantly reduced in the Ti3C2-MnO2-PDA + NIR group compared with the other groups that exhibited massive metastatic regions (Figure 4G). Furthermore, the lung tissues in the Ti3C2-MnO2-PDA + NIR + anti-PD-L1 group demonstrated no metastatic nodules, indicating the remarkable suppression of lung metastasis with our strategy. Consistent with this, significant differences in the lung weight were observed among the treatment groups (Supplementary Figure S26). A remarkable pulmonary lymph node metastasis rate (Supplementary Figure S25) toward 4T1 tumor metastasis was also observed in the Ti3C2-MnO2-PDA + NIR treatment, indicating the outstanding anti-tumor immune effect of the nanoenzyme itself. Overall, anti-PD-L1 assisted Ti3C2-MnO2-PDA in promoting a significant inhibitory effect on primary tumor growth, as well as lung metastasis.
4.5 The combination of Ti3C2-MnO2-PDA and anti-PD-L1 blockade enhances the anti-tumor immune response
Extensive evidence has highlighted the crucial roles of the TME in cancer immunotherapy, and the achieved anti-tumor efficiency of the proposed therapy strategy inspired us to assess the immunomodulatory effects of Ti3C2-MnO2-PDA in the TME. Consequently, we analyzed the changes in immune cell populations in the tumor tissues, spleen, and ipsilateral tumor draining lymph nodes using flow cytometry. The proportion of CD8+ T cells in the tumor-infiltrating leukocytes was greatly increased in the Ti3C2-MnO2-PDA + NIR and Ti3C2-MnO2-PDA + anti-PD-L1 + NIR groups (Sun et al., 2023; Ai et al., 2023; Ming et al., 2022; Xia et al., 2024). These references mainly illustrate the mechanisms of activation of CD8+ Tcell immunity by photothermal therapy as well as by combined application in combination with anti-PD-L1 antibodies, as well as the underlying signalling pathways, which are the therapeutic options applied in this manuscript. Furthermore, the combination therapies also increased the expression of CD44 in the CD8+ T cells, which is indicative of T cell activation and subsequent anti-tumor immune response (Figures 5A–C). The gating strategies of the other immune cell subpopulations are shown in Supplementary Figures S21–S24. DCs are the predominant antigen-presenting cells that play a key role in T cell activation. We found that the number of intra-tumoral DCs was significantly higher in the Ti3C2-MnO2-PDA + anti-PD-L1 + NIR group (Figure 5D), indicating that the combination of Ti3C2-MnO2-PDA and anti-PD-L1 effectively promoted DC recruitment and T cell activation. Furthermore, PD-L1 blockade effectively reduced immune escape, which further enhanced the local infiltration of the CD8+ cytotoxic T lymphocytes. Indeed, the tumor tissues in this group showed high in-situ expression of CRT and HMGB1, which was consistent with the in vitro findings, confirming that Ti3C2-MnO2-PDA + NIR treatment induced localized ICD in the tumor (Supplementary Figure S19).
[image: Flow cytometry dot plots and bar graphs showing cell analysis. Panel (a) illustrates the effect of different treatments on CD8+ T cells under conditions with (+NIR) and without (−NIR) near-infrared irradiation. Panels (b) to (k) display quantitative bar graphs for various metrics, comparing PBS, Ti₃C₂-MnO₂-PDA, PD-L1, and Ti₃C₂-MnO₂-PDA+PD-L1 treatments. Each sub-panel includes multiple bars, reflecting data points such as cell counts or expression levels, with error bars indicating variability.]FIGURE 5 | Ti3C2-MnO2-PDA reverses immunosuppression in the TME. (A) Flow cytometry plots showing CD4+ T cells and CD8+ T cells in the tumors of mice from the indicated groups. (B–K) Bar graphs showing (B) proportion of the CD3+/CD8+ T cells and (C) CD44+ CD8+ T cells in tumor tissues, (D) proportion of activated DCs in tumor tissues, (E) proportion of CD4+/CD3+ T cells in the ipsilateral tumor draining lymph nodes, (F) MHC-II expression in the lymph node DCs, (G) proportion of DCs in the spleen, (H–J) expression of CD80, CD86, and MHC II in splenic DCs, and (K) expression of CD44 in splenic CD8+ T cells in the indicated groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 relative to the PBS group.
It has been shown that manganese (Mn2+) is a STING activator, which can directly activate cGAS and enhance the binding affinity between cGAMP and STING, thus stimulating the activation of CD8 T and NK cells. Delivery of Mn2+ to DC cells in the spleen by intravenous injection is expected to significantly enhance DC maturation and antigen presentation in the spleen, thus rapidly activating the anti-cancer immunity of surrounding T cells (Luo Z. et al., 2024). Thus, the presence of Mn2+ in the TME can significantly enhance the efficacy of anti-tumor immunotherapy. We detected an increased proportion of CD4+ T cells (Figure 5E, Supplementary Figure S24), as well as high major histocompatibility complex II (MHC II) expression on the DCs (Figure 5F) in the ipsilateral tumor draining lymph nodes, which were indicative of successful antigen presentation to specific T cells and their activation. The splenocytes in the Ti3C2-MnO2-PDA + anti-PD-L1 + NIR group also had a higher proportion of CD44+ CD8+ T cells (Figure 5K) and DCs (Figure 5G). Furthermore, increased expression of CD80, CD86, and MHC II in the splenic DCs was indicative of an activated state (Figures 5H–J). Taken together, the combination of Ti3C2-MnO2-PDA and anti-PD-L1 blockade not only increased the infiltration of immune cells in the tumor tissues and reversed the immunosuppressive microenvironment but also activated the peripheral immune system, resulting in synergistic anti-tumor action.
5 CONCLUSION
In this study, we successfully fabricated a TME-responsive artificial nanoenzyme with POD and CAT activity. In virtue of high-level H2O2 and the acidic TME, the photo-enhanced CAT/POD activity and photothermal effect of Ti3C2-MnO2-PDA enabled chemodynamic and thermal ablation of the tumor cells with a simultaneous supplement of oxygen. Further combination of Ti3C2-MnO2-PDA nanoenzyme with PD-L1 checkpoint blockade resulted in the synergist inhibition of primary and metastatic tumor growth. Subsequent assessment of the immunogenic TME demonstrated that this combined PTT-PDT-immunotherapy strategy would inhibit tumor growth and exhibit an abscopal effect primarily by reversing the immunosuppressive microenvironment and activating the peripheral immune system. The current potential of nanoenzymes in medicine cannot be ignored, but many challenges need to be overcome to realise their widespread clinical use. For example, the effect of changes in preparation conditions of nanoenzymes on the morphology, size and catalytic activity of the enzyme. There is a lack of uniformity in the process of nanoenzymes preparation. Therefore, the establishment of a standardised preparation process and a standardised evaluation system is the key to promote the clinical application of nanoenzymes. Our work proposes a multifunctional theranostic platform that is responsive to and capable of modulating the TME, holding great promise for anti-tumor immunotherapy. This provides new ideas for the development of nano-enzymatic anti-tumour immunotherapy.
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Periodontitis is a chronic inflammatory condition driven by plaque-associated microorganisms, where uncontrolled bacterial invasion and proliferation impair host immune responses, leading to localized periodontal tissue inflammation and bone destruction. Conventional periodontal therapies face challenges, including incomplete microbial clearance and the rise of antibiotic resistance, limiting their precision and effectiveness in managing periodontitis. Recently, nanotherapies based on polymeric materials have introduced advanced approaches to periodontal antimicrobial therapy through diverse antimicrobial mechanisms. This review explored specific mechanisms, emphasizing the design of polymer-based agents that employ individual or synergistic antimicrobial actions, and evaluated the innovations and limitations of current strategies while forecasting future trends in antimicrobial development for periodontitis.
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1 INTRODUCTION
As a prevalent biofilm-associated oral disease, periodontitis presents a significant public health concern (Sczepanik et al., 2020). This condition, driven by microbial factors and host responses, leads to gingival inflammation, periodontal pocket formation, and alveolar bone loss, ultimately resulting in tooth loss if untreated (Yuan et al., 2023). Early prevention and intervention are essential to slow disease progression and maintain oral health (Janakiram and Dye, 2020; Pattamatta et al., 2024). The primary periodontal treatment methods—mechanical debridement through scaling and root planning—aim to reduce bacterial load, alleviate inflammation, and inhibit bone loss, but its effectiveness is often limited by difficult-to-reach infection sites (Petersilka et al., 2002; Arweiler et al., 2017). Conventional antibiotics, which inhibit bacterial growth by targeting key biological processes (Saikia and Chetia, 2024), face limitations in periodontitis due to the need for high doses to penetrate biofilms, risking microbiome disruption, fungal overgrowth, allergic reactions, and other adverse effects (Nakajima et al., 2021; Yu et al., 2022; Herrera et al., 2023). Additionally, the rise of antimicrobial resistance—through mechanisms such as efflux pump activation and membrane alteration—further complicates treatment efficacy (Abouelhadid et al., 2020; Klenotic et al., 2020; Darby et al., 2022). These challenges underscore the need for innovative periodontal therapies capable of overcoming resistance and enhancing therapeutic outcomes.
Periodontitis arises primarily from the destructive symbiotic relationship between dental plaque biofilms and the immune system of host (Lamont et al., 2018). The bacterial hydrolysis of proteins and the resulting inflammatory response create an acidic microenvironment that selectively promotes the growth of periodontitis-associated bacteria (Xiu et al., 2022; Hsiao et al., 2014). This cycle of bacterial proliferation leads to the characteristic loss of soft and hard tissue in periodontitis, emphasizing the need for targeted antimicrobial therapies to interrupt this pathological progression (Li et al., 2024). This review focused on the latest therapeutic strategies using polymer-based macromolecular materials to combat periodontitis-associated bacteria. We summarized the primary antimicrobial mechanisms of novel agents for periodontitis treatment and discussed innovative polymeric material designs that leverage these mechanisms. Finally, we addressed the challenges in antimicrobial therapy, offering insights for future developments in the field.
2 POLYMER-BASED ANTIMICROBIAL STRATEGIES
Conventional antibiotics kill bacteria by disrupting bacterial membranes and walls or by interfering with protein synthesis and metabolic processes (Lewis et al., 2024). However, pure drugs are prone to isomerization and degradation in aqueous environments, which diminish their antimicrobial efficacy. To overcome this, complexes are introduced to enhance stability and preserve potency (Lam et al., 2018; Kaupbayeva and Russell, 2020; Haktaniyan and Bradley, 2022). For example, metronidazole (MTZ) has been encapsulated in solid lipid nanoparticles (SLN) or electrostatically spun into triple-layered eccentric side-by-side fibrous structures for controlled release, improving the efficacy of periodontitis treatment (Zhao et al., 2024). Polymeric drug delivery systems enhance the solubility, reduce toxicity, and increase the stability of antimicrobial agents. These systems also enable controlled and programmed drug release in response to specific microenvironmental changes. Critical factors in polymer design, such as particle size, surface charge, hydrophobicity, mucosal adhesion, and targeted ligands, influence the ability to penetrate biofilms and effectively kill bacteria (Huo et al., 2016; Jiang et al., 2023; Ju et al., 2023). Novel antimicrobial polymers are strategically designed to target different bacterial mechanisms, and the combination of multiple mechanisms allows for precise bacterial localization and efficient destruction, offering a promising solution for periodontal therapy (Shi et al., 2021a; Zou et al., 2015; De et al., 2022). Below, we discussed novel antimicrobial strategies involving polymers, categorized by the antimicrobial mechanisms.
2.1 Mechanisms of membrane disruption
Membrane integrity is essential for bacterial survival, and electrostatic interactions are key in disrupting bacterial membranes. Various recognition units—such as antibodies, biomolecules, chemical moieties, and functional nanomaterials—have been developed based on biological and chemical characteristics of bacterial surfaces (Yin et al., 2024). These recognition units fall into two main categories: non-specific recognition and ligand-receptor-specific recognition.
2.1.1 Non-specific recognition based on electrostatic interactions
Distinguished from specific recognition that occurs for specific biomolecules, non-specific recognition usually refers to molecules interacting with each other through non-covalent bonds, such as electrostatic interactions. Electrostatic interactions refer to the attraction or repulsion between charged groups. The main advantage of using non-specific interactions is that spatio-temporal controlled release and precise targeting of drugs can be achieved from an antimicrobial platform, ultimately leading to efficient antimicrobials (Adibnia et al., 2020). Bacterial membrane surfaces are rich in negative charges, primarily due to the extracellular glycosylation of phospholipids and membrane proteins. The interaction between nanomedicines and bacterial membranes is more complex than simple electrostatic attraction. Nanomedicines with different charge characteristics exhibit distinct mechanisms of action and endocytosis pathways. Positively charged nanodrugs selectively interact with negatively charged lipids through electrostatic forces, enhancing adsorption and endocytosis. This process effectively crosses the bacterial membrane, inducing tension that leads to membrane deformation and rupture (Yuan et al., 2020).
Polyamino acids exhibit distinct properties dictated by the structure of their side chains (Shen et al., 2018). Three alternating amino acid copolymers—Orn-Ser, Orn-Gly, and Orn-Val—were synthesized using solid-phase peptide technology. The diverse side chains demonstrated excellent biocompatibility, broad-spectrum antimicrobial activity, and selective antimicrobial properties (Ma et al., 2023). ε-Polylysine, a naturally occurring cationic peptide, exerts potent antimicrobial effects by disrupting bacterial membranes, inducing oxidative stress, and modulating gene expression (Li et al., 2019; Dima et al., 2020; Huang et al., 2024; Rao et al., 2024). To enhance antimicrobial efficacy, a novel double-crowned vesicle system, formed by the co-assembly of two block copolymers (PCL-b-P (Lys-co-Phe) and PEO-b-PCL), was designed for periodontitis treatment. The PEO crown imparted protein-repelling properties, enabling penetration of extracellular polymeric substances in biofilms, while the P(Lys-co-Phe) crown provided positive charge, bacterial membrane penetration, and broad-spectrum antimicrobial effects (Xi et al., 2019).
α-Lipoic acid (LA), a mitochondrial coenzyme, confers antioxidant and anti-inflammatory effects via its disulfide ring structure (Yu et al., 2024). LA reduces oxidative stress and apoptosis by promoting osteogenic marker expression through the NOX4, NF-κB, JNK, and PI3K/AKT pathways, ultimately mitigating periodontal bone loss (Lu et al., 2017b). Additionally, LA induces morphological changes and dysfunction in bacterial membranes to achieve antimicrobial effects (Shi et al., 2016; Mu et al., 2022). Wet-reactive PolyLA-GelMA elastic patches exhibited strong adhesion to gingival tissues through intermolecular interactions, making them suitable for filling periodontal defects and promoting alveolar bone regeneration. In vitro studies confirmed the patches’ excellent hemocompatibility, antibacterial properties, and ROS-scavenging ability (Qi et al., 2024). Gelatin, a natural macromolecular polymer that mimics the extracellular matrix (ECM) and contains RGD sequences, is commonly used to create natural gels. Gelatin methacryloyl (GelMA) hydrogels possess intrinsic antimicrobial properties, which are enhanced by quaternary ammonium groups and glycidyl-trimethylammonium chloride (GTMAC), effectively inhibiting bacterial enzymes, such as gingival protease (Vargas-Alfredo et al., 2022). Natural polyphenol microspheres were innovatively fabricated by combining T-NPs and poloxamer to create a pH- and temperature-sensitive antibiotic delivery platform, enabling in situ slow release of T-NPs at periodontitis lesions. This approach mitigated oxidative stress and inhibited oral pathogenic bacteria (Qi et al., 2022).
The suitability of Chitosan for periodontal applications stems from its exceptional biocompatibility, biodegradability, selective permeability, and antimicrobial activity. The positively charged, low-molecular-weight chitosan binds to negatively charged teichoic acid or lipopolysaccharide through electrostatic interactions, enhancing membrane permeability to exert extracellular antimicrobial effects (Ke et al., 2021). Chitosan oligomers cross bacterial cell wall, inhibiting DNA/RNA transcription, protein synthesis, and mitochondrial function, thus demonstrating intracellular antimicrobial activity (Raafat and Sahl, 2009; Kravanja et al., 2019). Furthermore, chitosan interferes with bacterial copolymerization (Tan et al., 2018). Chemically modified chitosan derivatives exhibit enhanced antimicrobial activity and water solubility. The introduction of quaternary ammonium groups enhances the cationic properties of chitosan and improves its solubility in aqueous and alkaline solutions (Tan et al., 2013). These modifications include the attachment of functional groups bind to anionic sites on microbial membrane surfaces, which not only promotes agglutination and inhibits microbial proliferation, but also disrupts bacterial membranes and leads to leakage of intracellular DNA and RNA, thereby improving antimicrobial efficacy (Murotomi et al., 2023). Diabetic patients are particularly vulnerable to periodontal disease due to the immune system suppression caused by hyperglycemia, necessitating effective antimicrobial solutions. A photo-crosslinked chitosan hydrogel self-regulates the release of therapeutic drugs based on glucose levels, enabling both glucose detection and pH-responsive drug release within the periodontal environment. This system provided a controlled drug delivery mechanism for chitosan (CS)-methacrylamide (CM) formulations (Liu et al., 2019). It is well-established that chitosan modified with quaternary ammonium groups demonstrates superior antimicrobial activity compared to unmodified chitosan. TMC-Lip-DOX nanoparticle, which conjugate quaternary ammonium-modified chitosan (N,N,N-trimethylchitosan) with liposomes and doxycycline, forms a pH-responsive system effective against dental biofilms. The nanoparticle accumulates in acidic environments via electrostatic interactions, penetrate biofilms, degrade extracellular polymers, and enhance doxycycline’s antimicrobial effect, offering a promising strategy for preventing and treating periodontitis (Hu et al., 2019).
To achieve precise antimicrobial effects, introducing a local stimulus-response mechanism into drug delivery systems is a common targeted strategy. Streptococcus lactis peptides, with inherent antimicrobial properties, are encapsulated in sodium caseinate (SC) carriers through strong interactions with anionic alginate molecules. This nanocarrier system not only enhances antimicrobial activity but also promotes biofilm elimination and imparts pH responsiveness (Niaz et al., 2020). Liu et al. developed a novel functional peptide module (FPM) consisting of a short antimicrobial peptide (SAMP) flanked by two anchoring peptides containing arginine protease (Rgp)-specific splice sites. This design uses the gingipain secreted by Porphyromonas gingivalis as a responsive stimulus, resulting in both intense gingipain reactivity and potent inhibition of Porphyromonas gingivalis growth (Liu et al., 2021).
Antimicrobial peptides (AMPs) offer significant advantages over traditional antibiotics in oral antimicrobial therapies. Known for their lysine- and arginine-rich properties, as well as their amphiphilic structures, AMPs inhibit bacterial dehydrogenase activity and disrupt bacterial membranes through electrostatic interactions and hydrogen bonding. This leads to membrane rupture and bacterial cell death (Gao et al., 2023). AMPs also interfere with peptidoglycan synthesis by binding to precursor molecules involved in bacterial cell wall formation or by directly interacting with peptidoglycan and amino acids. In particular, for Gram-negative bacteria, AMPs bind to negatively charged lipopolysaccharides in the outer membrane, forming peptide-lipid complexes that generate transmembrane channels, compromising cell membrane integrity. Additionally, acidic phospholipids in the bacterial membrane interact electrostatically with cationic AMPs, while the hydrophobic regions of the peptides accumulate on the amphiphilic phospholipid surface, further disrupting the membrane structure (Yount and Yeaman, 2013; Luo and Song, 2021).
Plant antimicrobial peptides (PMAMPs) with a circular or hairpin structure exhibit enhanced biofilm penetration and antimicrobial activity when combined with matrix-degrading enzymes. These PMAMPs consist of a green fluorescence protein (GFP)-fusion peptide and the protein drug protegrin-1 (PG-1), which rapidly kill bacteria within 1 h of local exposure at low concentrations. The permeabilization mechanism is primarily driven by changes in bacterial surface charge, PG-1 penetration of the lipid bilayer, and interactions with negatively charged teichoic and lipoteichoic acids (Liu et al., 2016). Arginine-rich β-hairpin peptides self-assemble into hydrogels that lyse bacteria through guanidine-mediated interactions with bacterial membranes, independent of antibiotics. The antimicrobial potency of these hydrogels is significantly increased by higher arginine content. To balance antimicrobial activity with reduced cytotoxicity and hemolysis, the PEP6R peptide was synthesized by substituting an arginine residue in the PEP8R peptide. At a concentration of 1.5 wt%, PEP6R self-assembled into a hydrogel of moderate hardness that effectively eradicated bacteria (Veiga et al., 2012). Lysozyme (LYS) effectively kills Gram-positive bacteria by disrupting the β-1,4-glycosidic bonds in the bacterial cell wall and inducing membrane rupture. However, its activity against Gram-negative bacteria is relatively weak. To enhance both the antimicrobial efficacy and stability of LYS, 2,2-pyridinedicarboxaldehyde (PDA) and the initiator ABM were introduced at the N-terminus of LYS, forming a LYS-PDMAEMA conjugate. This conjugate exhibited superior activity against Gram-positive bacteria of M. lysodeikticus and Gram-negative bacteria of E. coli. The distribution of the red fluorescent Cy5-labeled conjugate on the bacterial surface and within the bacteria highlighted the proposed antibacterial mechanism: the positively charged PDMAEMA disrupts the bacterial membrane and enters the interior through strong multivalent electrostatic interactions with the negatively charged membrane, leading to highly efficient and selective antibacterial effects (Figure 1) (Zhang et al., 2022).
[image: (A) Illustration showing the mechanism of electrostatic interaction leading to cell membrane disruption, penetration, and bacterial death. (B) Schematic of the synthesis process for LYS-PDMAEMA using photo-ATRP. (C) Bar graphs displaying inhibition percentages for M. lysodeikticus and E. coli treated with different substances. (D) Microscopy images showing the distribution of nucleus, membrane, LYS, and LYS-PDMAEMA, along with bright field and merged views. (E) Electron micrographs depicting bacterial cells treated with PBS, LYS, and LYS-PDMAEMA, showing structural changes.]FIGURE 1 | (A) Scheme of the antibacterial mechanism of LYS-PDMAEMA. (B) Scheme of the synthesis of LYS-PDMAEMA. (C) Antimicrobial activity of LYS-PDMAEMA against M. lysodeikticus and E. coli. (D) CLSM images of E. coli incubated with Cy5-labeled LYS and LYS-PDMAEMA (red). The nucleus was stained with DAPI (blue). The membrane was stained with Dil (yellow). (E) SEM images of E. coli treated with LYS and LYS-PDMAEMA (Zhang et al., 2022). Copyright © 2022 American Chemical Society.
2.1.2 Ligand-receptor–based specific recognition
The interactions between immune cells, the complement system, and bacterial surface structures are crucial for pathogen recognition and clearance by the immune system (Rivera et al., 2016; Lu et al., 2017a; Askarian et al., 2018). Porphyromonas gingivalis (P. gingivalis), a Gram-negative anaerobic bacterium, produces a variety of virulent factors that facilitate its adhesion, colonization, and nutrient uptake (Mysak et al., 2014). Porphyromonas gingivalis binds to Toll-like receptors (TLRs) through lipopolysaccharide (LPS) on its surface, triggering an inflammatory signaling cascade and the release of proinflammatory cytokines, ultimately leading to an inflammatory response (Tsukamoto et al., 2018). The virulence factors of P. gingivalis trigger localized inflammation, prompting the host’s immune system to restore periodontal health by primarily producing antibodies and engaging in phagocytosis (Lunar Silva and Cascales, 2021; Blasco-Baque et al., 2017). However, P. gingivalis evades immune surveillance by activating mechanisms that impair immune cell function, particularly macrophages. This ability disrupts the homeostasis between the host and its microbiota, altering the composition of the subgingival biofilm, promoting inflammation, tissue damage, alveolar bone loss, and ultimately leading to periodontal disease.
Porphyromonas gingivalis typically inhibits macrophage phagocytosis and bactericidal activity through TLR2/1 and complement C5a receptor (C5aR)-dependent signaling pathways. In response, researchers developed a microenvironmentally responsive nanogel (MZ@PNM@GCP) that mimics macrophage membranes, achieving a stealth effect. MZ@PNM@GCP specifically targets P. gingivalis through the TLR2/1 complex on the macrophage-mimicking membrane, disrupting the bacterial membrane with cationic nanoparticles and releasing metronidazole inside the bacterial cell. Encapsulating the nanoparticles in a responsive hydrogel allows controlled drug release in localized acidic and inflammatory environments, enhancing treatment efficacy. Additionally, the nanogel prevented P. gingivalis from binding to immune cells, restoring local immune function and targeting pathogenic bacteria. This approach has shown promising results in the prophylactic treatment of periodontitis (Figure 2) (Yan et al., 2022). Innate immune cells utilize TLR4 receptors to detect lipopolysaccharide (LPS) from bacteria, triggering an inflammatory response. Leveraging this TLR4 mechanism, researchers designed a novel nanoplatform (MSNCs) that mimics macrophage membrane properties and expresses TLR4, combining antimicrobial and immunomodulatory effects. By engineering immunocompetent cell membranes, MSNCs selectively localize to bacteria through TLR4 and act as molecular decoys, competitively binding to LPS in the microenvironment (Deng et al., 2023). Actin is a critical component of the cytoskeleton, involved not only in sensing and transmitting mechanical signals but also in macrophage phagocytosis of pathogens. To effectively eliminate P. gingivalis hiding within inactivated immune cells, researchers optimized hydrogel stiffness by adjusting the polyvinyl alcohol (PVA) cross-linking degree. This modification enabled targeted delivery of macrophages and C5a receptor antagonists to the gingival sulcus. At the molecular level, the stiffer hydrogel enhanced the expression of the mechanosensor Piezo1, which translates mechanical stimuli into biochemical responses, such as Rac1 activation and cytoskeletal reorganization, resulting in improved endocytosis and phagocytosis (Figure 3) (Gan et al., 2023).
[image: Schematic and experimental data of macrophage-based nanoparticle systems for antibacterial therapy. (A) Steps for creating MZ@PNP involving macrophages and metronidazole. (B) Mechanism of action detailing antibiosis and immune restoration, with fluorescence images showing DAPI, P.g., and MZ staining. (C) Bar chart displays quantitative analysis of antibacterial effects. (D) Petri dish images and microscopic views show bacterial growth with different treatments.]FIGURE 2 | (A) Schematic diagram of the MZ@PNM@GCP hydrogel for periodontitis treatment. (B) Representative fluorescence images of Porphyromonas gingivalis. Incubated with MZ@PNM or MZ and TEM images of the destruction of Porphyromonas gingivalis by MZ@PNM (C) Proportion of Porphyromonas gingivalis inhibited after 24 h of incubation with MZ@NR, PNM, MZ and MZ@PNM, respectively. (D) Colony-forming assay of Porphyromonas gingivalis after treatment with PBS, MZ@NR, PNM, MZ and MZ@PNM, respectively (Yan et al., 2022). Copyright © 2022 American Chemical Society.
[image: Diagram explaining a mechanostimulated macrophage system powered by a hydrogel network for killing activity. Panel A illustrates macrophage interaction and phagocytosis of bacteria in a hydrogel structure. Panel B shows a violin plot comparing bacterial colony-forming units across different conditions with significant differences indicated. Panel C presents a bar graph of mean fluorescence intensities, highlighting differences among groups with statistical significance noted. Panel D contains histograms showing different conditions of macrophages with varying fluorescence intensities, reflecting nitric oxide production.]FIGURE 3 | (A) Schematic illustration of mechanism how the high modulus ROS-sensitive hydrogel encapsulating macrophages and C5aR antagonists (Hgel@C5A/MФ) treats periodontitis. (B) Quantitative analyses showing the colony forming units (CFU) of residual live bacteria (n = 8, mean ± SD). (C) Quantitative analyses and flow cytometry (D) of NO production by RAW264.7 cells receiving different treatments (n = 4, mean ± SD) (Gan et al., 2023).
The early colonization of the oral cavity by Porphyromonas gingivalis (P. gingivalis) is facilitated by interactions between its secondary hair antigens and oral streptococci, culminating in specific bacterial adhesion. Streptococcus gordonii typically serves as the initial colonizer, using its adhesion proteins to establish a foothold. These proteins provide a nutrient supply and a base for the secondary colonization of P. gingivalis, making Streptococcus gordonii an ideal target for therapeutic interventions. Researchers have engineered surface-modified PLGA nanoparticles (BNP) by incorporating a peptide (BAR) derived from S. gordonii surface proteins. This modification enhanced specific adhesion to P. gingivalis and prevents non-specific bioadhesion, leveraging the bacteria’s known interaction to initiate periodontal infections. This approach aimed to enable multivalent targeting and inhibit bacterial adhesion, as well as the formation of early biofilms (Mahmoud et al., 2019). Similarly, nanoparticles (ZnO2/Fe3O4@MV) were developed by encapsulating ZnO2 within Fe3O4 composite core-shell structures and coating them with S. gordonii membranes. This targeted membrane coating enhances nanoparticle internalization, where the combined action of hydrogen peroxide (H2O2) and hydroxyl radicals disrupts bacterial structures, ultimately leading to bacterial cell death and the removal of symbiotic biofilms (Cao et al., 2023).
The introduction of exogenous substances modulate bacterial subcellular organization by inducing intracellular aggregation through ligand-receptor interactions. This aggregation shows a strong affinity for various proteins, thereby disrupting bacterial contents. A novel method has been proposed for global bacterial disruption, based on DNA-induced intracellular aggregation. This method involved synthesizing dAPM-1, a di-arginine peptide mimetic with a specific spacer linkage, to trigger cellular cohesion through nuclear protein-DNA phase separation. This process disrupted subcellular tissues and induced membrane rupture, interfering with bacterial functions and inhibiting drug resistance (Yang et al., 2024).
2.2 Mechanisms of oxidative damage
Reactive oxygen species (ROS) exert antimicrobial effects primarily through oxidative damage, which undermines bacterial antioxidant defenses. ROS initiate lipid peroxidation by reacting with bacterial membrane lipids, increasing membrane permeability and compromising membrane integrity. This disruption leads to the leakage of bacterial contents and cell death (Elian et al., 2024). The H2O2 produced from ROS interactions with unsaturated fatty acids diffuses within the bacterial cell, interacts with proteins, and facilitates the penetration of metal ions or oxidized molecules, exacerbating lipid peroxidation and accelerating bacterial death (Liu et al., 2022a; Wang et al., 2020). Additionally, ROS oxidatively modify amino acid residues in proteins, altering their structure and function, which leads to protein inactivation. ROS also cause DNA strand breaks and base modifications, resulting in genetic mutations and abnormal gene expression, contributing to bacterial death (Pannunzio and Lieber, 2017; Liang et al., 2019; Srinivas et al., 2019).
Photodynamic therapy (PDT) is a promising bactericidal approach that utilizes photosensitizers to generate reactive oxygen species (ROS) for bacterial eradication (Zhang et al., 2020; Yu et al., 2023). ROS production occurs through two primary pathways: type I and type II (Liu et al., 2022b). The type I pathway generates superoxide anion radicals (O2•−) and hydroxyl radicals (OH•) through electron transfer, while the type II pathway produces singlet oxygen (1O2) through energy transfer between the photosensitizer and oxygen, with H2O2 as an intermediary (Chen et al., 2021). These highly reactive species interact with biological macromolecules, such as purine bases, specific amino acids, and mitochondrial membranes in DNA, resulting in oxidative damage that ultimately causes bacterial cell death (Di Mascio et al., 2019; Ran et al., 2022).
Advancing photosensitizer development is crucial for enhancing antimicrobial effectiveness. Under laser irradiation, the high density of positive charges on the brush layer of star-shaped polycationic brushes (sPDMA) significantly enhanced the binding of the photosensitizer indocyanine green (ICG) to bacterial membranes and its ability to penetrate biofilms. sPDMA@ICG NPs effectively killed Porphyromonas gingivalis, inhibited alveolar bone resorption, and reduced the inflammatory response in both in vivo and in vitro models (Shi et al., 2021b). Inspired by the abalone’s unique suction cup structure, Song et al. employed microfluidic electrospray technology to create a novel, adhesive, light-responsive particle (MP) delivery system for periodontitis treatment. The concave structure of the disc-shaped MPs confers enhanced adhesion and stability in the presence of saliva, while controlled release of minocycline hydrochloride and black phosphorus under near-infrared irradiation provides potent antimicrobial effects against P. gingivalis (Figure 4) (Song et al., 2022). Type I photosensitizers are not constrained by the periodontium’s local anoxic environment, reducing the dependence on oxygen during treatment. In the presence of light, the purine-based C^N ligand in the Ir(III) complex undergoes an n-π* transition, transferring energy to the Ir core and facilitating strong spin-orbit coupling. This mechanism promoted excited state transitions, enhancing the ROS-generating capability of the complex to kill anaerobic bacteria (Ding et al., 2024). An anaerobic cationic polymer (HQRB-SS-Dex) containing the photosensitizer rose Bengal (RB) and dextran, functions through both type I and type II mechanisms. The positively charged quaternary ammonium salts and dextran improved the photosensitizer’s surface adhesion and permeability to bacterial biofilms, particularly against anaerobic periodontal pathogens. The introduction of disulfide bonds significantly improved the biosafety of this complex, making it a promising candidate for clinical treatment of periodontal infections (Qian et al., 2023).
[image: Diagram and results on antibacterial treatment using abalone-inspired biomaterials. Section A illustrates the process of using abalone-inspired microparticles for bacteria eradication. Section B shows microscopy images comparing bacterial presence under different treatments: Control, MH, BP, and MH+BP, with and without NIR. Graphs C, D, and E display quantitative analyses of antibacterial effectiveness, showing absorption levels, percentage inhibition, and bacterial colony lengths, respectively, across different treatment groups.]FIGURE 4 | (A) Schematic illustration for the preparation and the anti-periodontitis mechanism of abalone-inspired microparticles. (B) Confocal images of the plaque biofilms stained with SYTO-9 and PI after various treatments. (C) The quantitative analysis of fluorescent images in (B) through Fiji. (D) The quantitative analysis of colony formation. (n = 3. ***p < 0.001). (E) The quantitative analysis of CEJ-ABC. (n = 3. **p < 0.01, *p < 0.05) (Song et al., 2022).
Photothermal therapy (PTT) is a hyperthermic treatment that utilizes near-infrared (NIR) light absorbers to generate heat, effectively killing bacteria through laser-induced temperature elevation (Li et al., 2020). The antimicrobial mechanisms of PTT include: (1) the conversion of absorbed light energy into thermal energy by nanomaterials, which rapidly raise the temperature and create a localized high-temperature environment; and (2) the high temperature increasing bacterial cell membrane permeability and directly damaging the bacterial cell wall, facilitating the penetration of antimicrobial drugs or photosensitizers, and leading to cellular content leakage. By designing nanomaterials with specific binding properties to the bacterial surface, PTT enhances therapeutic efficacy while minimizing host cell damage. Moreover, PTT may synergize with antimicrobial agents by promoting immune cell infiltration through thermal effects, thereby boosting the host immune response. Due to its physical mode of action, PTT presents a reduced risk of bacterial resistance, positioning it as a promising antimicrobial strategy, particularly against drug-resistant strains.
Zhang et al. developed an innovative nano-antibiotic delivery system that integrates gold nanocages (GNCs) with two temperature-sensitive components: phase change materials (PCMs) and the heat-sensitive polymer poly (N-isopropylacrylamide-co-bis-diethylaminomethyl methacrylate) (PND). This hybrid system formed a novel, light-triggered antibiotic platform, TC-PCM@GNC-PND. The heat-responsive properties of GNCs enable in situ formation of injectable hydrogels, enhancing local retention of tetracyclines (TCs) after their release at the infection site. Furthermore, the incorporation of positively charged tertiary amine groups in the PND facilitates targeted delivery to negatively charged bacterial surfaces. The efficient photothermal conversion of GNCs induced bacterial damage through heat-mediated membrane disruption and protein denaturation under near-infrared (NIR) irradiation, demonstrating potent antimicrobial activity. This process also triggered phase transitions in the PCM and contraction of the PND, providing precise control over the on-demand release of TCs. In vitro and in vivo studies confirmed the platform’s high bactericidal efficacy and low toxicity, offering valuable insights for the design of new antimicrobial materials (Zhang et al., 2024).
Sonodynamic therapy (SDT) employs ultrasound (US) to activate reactive oxygen species (ROS) generated by acoustic sensitizers, producing toxic effects on a broad spectrum of bacteria. This non-invasive technique offers deep tissue penetration, excellent time precision, and avoids the development of bacterial resistance. A novel acoustic sensitizer was developed by incorporating titanium dioxide (TiO2) onto dendritic mesoporous silica nanoparticles (DLMSNs), reinforcing the structure with silver (DT-Ag) and modifying it with quaternary chitosan (DT-Ag-CS). Upon returning to the ground state, TiO2 transfers energy to oxygen and water, generating ROS that serve as antimicrobial agents. Additionally, the collapse of cavitation bubbles produced localized high temperatures, promoting water pyrolysis and generating more hydroxyl radicals (Xin et al., 2023). This mechanism enhanced the antimicrobial efficacy of the sensitizer. Furthermore, the novel acoustic sensitizer TPP-TeV, a combination of tetraphenylporphyrin and telluric violet alkaloids, produced a substantial number of cationic radicals and ROS through electron transfer under ultrasonic radiation. This effectively killed anaerobic P. gingivalis, improving the local periodontal microbial environment and offering a promising new approach for SDT in the treatment of periodontitis.
The bacterial antioxidant system maintains the balance of ROS levels. When ROS production surpasses the scavenging capacity, oxidative stress ensues, potentially damaging cell membranes and proteins (Redza-Dutordoir and Averill-Bates, 2016). In some cases, dynamic regulation of ROS is essential to preserve physiologically necessary ROS while eliminating cytotoxic ones. For example, on-demand regulation of ROS can be achieved by modulating the surface state of carbon dots, allowing for efficient and precise treatment of chronic inflammation and infection (Nie et al., 2024). As a traditional antimicrobial agent, copper’s contact-killing mechanism plays a critical role in its antimicrobial effect, disrupting bacterial cell membranes. Furthermore, exposure to high concentrations of copper surfaces results in copper ions penetrating the membrane, where they rapidly kill bacteria by impairing respiratory activity and DNA integrity—causing DNA fragmentation and inhibiting respiration (Portelinha et al., 2021; Mahmoudi et al., 2022; Xue et al., 2023). The novel TM/BHT/CuTA hydrogel system integrated antioxidant properties with the antimicrobial activity of tannin-ligated copper nanosheets. This system efficiently delivered therapeutics to inflamed periodontal areas through electrostatic adsorption and physical adhesion. The intelligent release mechanism endowed the material with multiple ROS-scavenging capabilities and robust antimicrobial properties, showing great potential for periodontal treatments (Xinyu et al., 2023). In addition to its direct antimicrobial effects, copper ions generated harmful hydroxyl radicals through a Fenton-like reaction. ROS production not only covalently damages biomolecules but also depletes bacterial antioxidants. To enhance efficacy, amino groups were introduced into mesoporous silica (MSN)-coated citrate-grafted copper sulfide (CuS) nanoparticles (CuS@MSN), imparting a positive charge. These nanoparticles then interacted electrostatically with sulfated chitosan (SCS) to form CuS@MSN-SCS nanoparticles. Cu2+-mediated activation of the ROS signaling pathway enabled efficient bacterial eradication. The initiation of oxidative stress within Fusobacterium nucleatum—including DNA damage, protein oxidation, and lipid peroxidation—induced bacterial apoptosis and biofilm inhibition (Chen et al., 2024).
Nitric oxide (NO) plays a pivotal antimicrobial role in organisms, primarily through the generation of nitroso compounds and the induction of oxidative stress. These reactions disrupt bacterial functions while protecting host cell membranes. Notably, low concentrations of NO, which are not toxic to bacteria, effectively prevent biofilm formation and depolymerize established biofilms via cell signaling mechanisms. Moreover, macromolecule-based NO release systems exhibit superior antimicrobial effects due to enhanced NO loading and stronger binding affinity to bacteria. Under aerobic conditions, NO release significantly boosted the anti-biofilm activity of hyperbranched polymers. This enhancement is evident not only in reduced biofilm metabolic activity but also in the effective killing of bacteria isolated from the biofilm. NO’s excellent aqueous solubility, coupled with its dose-dependent anti-biofilm properties, presents the potential for incorporation into oral rinses, gels, or ointments, opening new avenues for the treatment of oral diseases (Yang et al., 2020).
2.3 Synergistic antibacterial effect
Single antimicrobial mechanism has a certain inhibitory effect against bacteria, but for multiple mechanisms synergistic antimicrobial can overcome the shortcomings of single antimicrobial to achieve more efficient antimicrobial effect. The synergistic antimicrobial action of bacterial membrane disruption and oxidative stress mechanisms against different bacterial targets not only increases the antimicrobial spectrum, but also prolongs the duration of action and reduces the likelihood of bacterial target escape (Hu et al., 2022).
Porphyromonas gingivalis acquires essential iron and heme from hemoglobin through hemagglutinin-mediated erythrocyte aggregation and protease hydrolysis, both crucial for its growth and virulence. Some heme is degraded by P. gingivalis proteases and transported to the bacteria via HmuR or HmuY receptors, while the excess accumulates on the bacterial surface. This excess heme contributes to the bacterium’s oxidative stress resistance through its peroxidase activity (Cao et al., 2024; Olczak et al., 2005; Aleksijević et al., 2022). To exploit this mechanism of adhesion to erythrocytes and heme utilization, Tang et al. engineered GLR (an erythrocyte membrane liposome loaded with gallium porphyrin) nanovesicles mimicking erythrocytes, loaded with gallium porphyrin to target the bacteria. Gallium ions from GLR disrupted bacterial metabolism, while surface-deposited porphyrins generate ROS through photodynamic therapy. This results in a synergistic antimicrobial effect both inside and outside the bacterium through distinct mechanisms (Figure 5A). Additionally, the increased sensitivity to oxygen enhanced antimicrobial effects. SEM revealed that P. gingivalis exhibited stronger adhesion to erythrocytes (Figure 5B). Treatments of P. gingivalis with this material maintained robusted antimicrobial efficacy even at low hydrogen peroxide concentrations, significantly reducing bacterial resistance to oxidative stress. The combination of GLR and photoirradiation (Hv) demonstrated a synergistic antimicrobial effect, effectively eliminating both suspended bacteria and biofilms (Figure 5C). SEM images confirmed the disruption of the bacterial membrane structure by GLR (Figure 5D). In animal studies, the treated rats exhibited a significant reduction in bone resorption, confirming the in vivo antimicrobial efficacy and the practical application potential of this approach (Figure 5E) (Tang et al., 2024).
[image: Illustration depicting the antibacterial mechanism of GLR and its effects on P. gingivalis, alongside graphs and data visualizations. Panel A shows the process of bacterial degradation. Panel B displays microscopy images of P. gingivalis interactions. Panel C includes bar graphs illustrating bacterial numbers, PI percentages, and residual biofilm area under different conditions with annotations indicating statistical significance. Panel D provides images of bacterial cultures under various treatments. Panel E shows a bar graph comparing absorption distances with different treatments, highlighting statistical differences.]FIGURE 5 | (A) GLR combined with Porphyromonas gingivalis and was cleaved, loading gallium porphyrin resulted in bacterial death through photodynamic therapy as well as disruption of bacterial metabolism, weakening bacterial invasion of epithelial cells. (B) SEM image of Porphyromonas gingivalis adhesion with RBCs and illustration of GLR. (C) Comparison of the antibacterial effect of GLR against Porphyromonas gingivalis. Under different treatments and relative quantification of the area of human subgingival biofilm residue. (D) SEM images of Porphyromonas gingivalis under different treatments. (E) Quantification of the distance of periodontal bone resorption (from the alveolar crest to the enamel-osteum junction) after periodontitis treatment in rats (Tang et al., 2024). Copyright © 2024 American Chemical Society.
The combination of bacterial membrane disruption, oxidative stress, and antimicrobial mechanisms exhibited enhanced antibacterial and anti-biofilm effects. Surfactin, an amphiphilic biosurfactant derived from Bacillus subtilis, contains a cyclic heptapeptide and β-hydroxy fatty acid structure. Nanoparticles loaded with various concentrations of surfactin inhibited periodontal pathogens and oral bacteria by modifying bacterial membrane hydrophobicity and inducing oxidative stress (Johnson et al., 2020; Johnson et al., 2021). Amphiphilic cationic polymers with guanidine groups readily interact with proteins, nucleic acids, and phospholipids, facilitating deep penetration and efficient bacterial adhesion. A charge reversal strategy temporarily neutralized the positive charge of these polymers to minimize toxicity, while the polymer’s acid-responsive release of the guanidine group reactivates its antimicrobial function when accumulated in biofilms. Upon near-infrared laser irradiation, photothermal agents (CS) encapsulated in the polymer generate heat, effectively eliminating bacterial biofilms.
Similarly, combining various pathways to generate oxidative stress has a more than twofold synergistic effect. Novel Bi2 S3/Cu-TCPP Z-type nanocomposites exhibited superior light absorption and efficient electron-hole separation. Theoretical calculations showed that the heterogeneous structure of Bi2 S3/Cu-TCPP facilitates the adsorption of oxygen molecules and hydroxyl radicals at its interface, enhancing ROS generation. PTT with Bi2S3 nanoparticles promoted Cu2+ ion release, augmenting the chemodynamic therapy (CDT) effect. Moreover, released Cu2+ ions deplete intracellular glutathione, weakening the bacterial antioxidant defense. The combination of PDT/PTT/CDT synergistically enhanced antimicrobial activity against periodontal pathogens and promotes biofilm eradication (Kong et al., 2023). By leveraging the catalytic effects of nano-enzymes and the photosensitization of self-oxygenating PDT materials, Sun et al. developed hybrid nanoplatforms that selectively target anaerobic bacteria, demonstrating exceptional antimicrobial activity and therapeutic selectivity. Additionally, the MnO2 nanolayer was modified to provide a continuous oxygen supply, addressing the challenges posed by the anaerobic microenvironment. This modification alleviated the hypoxic conditions in periodontal pockets and boosts the production of reactive oxygen species (ROS), significantly enhancing the therapeutic efficacy of PDT (Sun et al., 2021).
2.4 Other strategies
Embelin (Emb), a plant-derived compound, was successfully released in a controlled manner using a carboxymethyl chitosan oxidized dextran (CMCS-OD) hydrogel as a drug carrier. This was achieved through a dual dynamic network formed by ligand and Schiff base bonds. Molecular docking studies revealed that Emb interacts with efflux pump proteins, inhibiting their function by hydrogen bonding to their active sites. This interaction reduced the efflux of antimicrobial drugs, thereby influencing bacterial DNA gyrase/topoisomerases. Furthermore, Emb was shown to disrupt bacterial quorum sensing (QS), inhibiting the synthesis of virulence factors and biofilm formation. This reduced bacterial pathogenicity and enhanced the efficacy of antimicrobial drugs, potentially advancing a targeted antimicrobial strategy for the treatment of periodontitis (Cai et al., 2024a).
Bacteria within biofilms are organized in a structured extracellular matrix and interact through quorum sensing (QS) mechanisms. Intercellular communication regulates bacterial behavior and plays a pivotal role in biofilm formation (Bodelón et al., 2016; Su et al., 2023). Co-polymerization among pathogenic bacteria disturb the oral microbiota’s physiological balance, and the proliferation of biofilms is a significant contributor to microbiota dysbiosis. To restore ecological balance, cationic dextran was utilized to induce disruptions in the extracellular polymeric substances (EPS) matrix, promoting phase separation within 2 h and disrupting the matrix’s structural integrity (Li et al., 2023). Furazone C-30 acts as a disruptor of bacterial communication. When combined with Ca2+-coated PLGA particles and PBMP polymers, a novel PLGA/PBMP particle was developed. The sustained release of furazone C-30 from this particle effectively prevented biofilm formation, offering a promising strategy for preventing bacterial infections in periodontitis (Kang et al., 2019).
Probiotics offer a promising approach to address biofilm ecological dysregulation, with their antimicrobial action attributed to direct competition with pathogens for nutrients and adhesion surfaces. Beneficial strains isolated from the oral microbiota of healthy individuals were screened via genome sequencing for genes linked to antimicrobial and immunomodulatory activities, virulence factors, and antibiotic resistance transfer. The selected probiotics target specific periodontal pathogens without exhibiting cytotoxicity (Grilc et al., 2023). The application of oxygen to periodontal tissues exerts a toxic effect on anaerobic pathogens, significantly reducing bacterial colonization in both floating cultures and biofilms. Importantly, this process does not induce side effects or resistance. Oxygen also plays a critical role in energy production and cellular metabolism. Therefore, moderate oxygenation not only inhibits the growth of anaerobic bacteria but also stimulates angiogenesis, cell proliferation, collagen synthesis, and ultimately, periodontal regeneration. Ming et al. developed a biocompatible, oxygen-releasing thermosensitive hydrogel encapsulating small extracellular vesicles (sEVs) and calcium peroxide nanoparticles secreted by bone marrow mesenchymal stem cells (BMMSCs). This system enabled controlled release of sEVs and oxygen, effectively inhibiting the growth of anaerobic periodontal bacteria, alleviating anaerobic infections in periodontal pockets, and promoting the regeneration of periodontal defects (Ming et al., 2024).
3 CONCLUSIONS AND FUTURE PERSPECTIVES
This review examined polymer-based antibacterial strategies for treating periodontitis. By leveraging various antibacterial mechanisms—either individually or in combination—these strategies reduce the risk of drug resistance, providing insights for the development of future innovative therapies. While polymer-based antimicrobial therapeutics show significant potential in laboratory settings, their clinical efficacy remains to be fully validated. This step is crucial for optimizing and advancing novel therapeutic strategies.
Currently, most antimicrobial treatments for periodontitis focus on eradicating all bacteria within periodontal tissues. However, certain beneficial bacteria, such as lactobacilli and specific streptococci, can counteract or inhibit periodontal disease promoters (Wang et al., 2022). Therefore, developing targeted nanosystems or biomimetic strategies with selective antimicrobial effects is critical. These strategies must protect beneficial flora and normal tissue cells from harm. Given the complex interactions between microbial communities and the immune system, future antimicrobial therapies using nano-delivery systems should aim to restore the oral microbiota’s homeostasis rather than eliminate all microorganisms. Similarly, while current treatments focus on generating ROS to induce oxidative damage, excessive ROS accumulation contributes to periodontal tissue damage. Moderate ROS levels, however, activate c-Jun N-terminal kinase, which in turn activates the transcription factor AP-1 and anti-apoptotic genes, aiding cell survival (Mittal et al., 2014; Tan and Suda, 2018). Thus, maintaining low ROS levels in periodontal tissues is vital for promoting tissue regeneration and optimizing antimicrobial efficacy.
Innovative approaches for periodontitis treatment are advancing rapidly, although most remain in preclinical stages. In vitro and ex vivo models do not fully replicate the complexity of human periodontitis. Combining polymers with drug delivery systems can extend drug residence time in the periodontal pocket and increase local drug concentrations, offering a promising route for clinical application. As effective adjunctive periodontitis therapies, treatments such as photodynamic photothermal are expected to improve periodontal health indicators and reduce the risk of drug resistance when combined with routine periodontal scaling in the clinic, thus creating a more comfortable and convenient periodontitis diagnosis and treatment process (Joshi et al., 2020). Currently, differences in experimental design such as different photosensitizers and laser wavelengths can lead to differences in the clinical indicators of the samples, and there is a need to further standardize the parameters and treatment specifications in order to achieve controlled and visualized efficient diagnosis and treatment (Chiang et al., 2020; Sukumar et al., 2020). Moreover, periodontitis is often associated with a range of comorbidities, including diabetes and hypertension (Bosi et al., 2013; Cai et al., 2024b). Therefore, future antimicrobial therapeutic strategies must consider the treatment of these comorbidities to ensure that new therapies are effective for patients with conditions associated with periodontitis.
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Glioblastoma (GBM) remains one of the most aggressive and treatment-resistant brain tumors, necessitating innovative therapeutic approaches. Polymer-based nanotechnology has emerged as a promising solution, offering precise drug delivery, enhanced blood-brain barrier (BBB) penetration, and adaptability to the tumor microenvironment (TME). This review explores the diverse applications of polymeric nanoparticles (NPs) in GBM treatment, including delivery of chemotherapeutics, targeted therapeutics, immunotherapeutics, and other agents for radiosensitization and photodynamic therapy. Recent advances in targeted delivery and multifunctional polymer highlight their potential to overcome the challenges that GBM brought, such as heterogeneity of the tumor, BBB limitation, immunosuppressive TME, and consideration of biocompatibility and safety. Meanwhile, the future directions to address these challenges are also proposed. By addressing these obstacles, polymer-based nanotechnology represents a transformative strategy for improving GBM treatment outcomes, paving the way for more effective and patient-specific therapies.
Keywords: glioblastoma, nanoparticles, polymer, drug delivery, treatment

1 INTRODUCTION
Glioblastoma (GBM) is the most common and aggressive primary malignant brain tumor in the central nervous system (CNS), known for its complex treatment challenges and poor prognosis. Characterized by marked cellular heterogeneity, rapid proliferation, invasive growth, extensive angiogenesis, and necrosis (Zlokovic, 2008), GBM originates from malignant astrocytic transformation, exhibiting high cellular polymorphism, elevated mitotic rates, and significant microvascular proliferation. The World Health Organization (WHO) classifies GBM as a grade IV glioma, the most malignant category. Based on molecular profiling, GBM is further categorized into subtypes—classical, mesenchymal, neural, and proneural—each with distinct molecular and clinical features (Murphy and Rabkin, 2013). Epidemiologically, GBM accounts for roughly 15% of all brain and CNS tumors, with an incidence rate of 3.2 per 100,000 people, primarily affecting adults aged 45–70 (Ling et al., 2023). Although rare, GBM can also occur in children and adolescents, with a slightly higher prevalence in males. Despite current standard treatments, including surgery, radiotherapy, and chemotherapy, prognosis remains poor: median survival is limited to 14–16 months, and the 5-year survival rate is less than 10%. Prognostic factors include patient age, tumor size and location, extent of surgical resection, and tumor-specific genetic markers. For instance, methylation of the MGMT (O6-methylguanine-DNA methyltransferase) gene promoter is a strong predictor of response to temozolomide (TMZ) therapy (Kumari et al., 2023). However, even with optimized treatment, long-term survival in GBM patients remains extremely low (Huang et al., 2024).
The treatment of GBM is fraught with significant challenges, primarily stemming from its aggressive invasiveness and the protective role of the blood-brain barrier (BBB) (Figure 1) (Zlokovic, 2008). GBM cells readily infiltrate adjacent brain tissue, making complete surgical resection nearly unachievable. Despite advancements in microsurgical and imaging techniques, recurrence remains a frequent outcome. Furthermore, the high degree of heterogeneity within GBM cells complicates treatment, as variations in cellular structure and molecular characteristics lead to inconsistent therapeutic responses and increased drug resistance (Le Rhun et al., 2019). As a result, conventional approaches—including surgery, radiotherapy, and chemotherapy—often yield limited efficacy. The BBB compounds these challenges by restricting the delivery of therapeutic agents to the brain (Le Rhun et al., 2019). Comprised of tightly joined endothelial cells, the BBB serves a protective role but simultaneously impedes the passage of chemotherapeutic agents and emerging therapies, such as immunotherapy and targeted treatments (Liu et al., 2022a). To overcome this barrier, researchers have explored methods such as hyperosmotic agents, ultrasound-assisted drug delivery, and nanoparticle (NP)-based design. While these techniques can enhance drug penetration to a degree, clinical implementation remains challenging (Xiao et al., 2022). In summary, the invasive properties of GBM and the restrictive nature of the BBB substantially limit treatment outcomes. Although current therapies modestly extend survival, high recurrence rates and limited long-term survival highlight the urgent need for innovative approaches.
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Nanotechnology presents significant potential for overcoming the challenges of GBM treatment, particularly in circumventing the BBB and enabling targeted drug delivery (Kane et al., 2015). NPs have demonstrated the capacity to cross the BBB due to their small size and customizable surface properties, allowing for enhanced penetration and accumulation within the brain (Xiao et al., 2022). Polymeric NPs, specifically, offer unique benefits in GBM treatment. These particles exhibit excellent biocompatibility, reducing the likelihood of adverse immune responses, and their degradation rates can be engineered by selecting or modifying specific polymers, such as poly(lactic-co-glycolic acid) (PLGA) or polylactic acid (PLA). This adjustability allows for controlled drug release tailored to the GBM tumor environment, maintaining therapeutic levels over extended periods. Furthermore, the versatility of polymeric NPs supports multifunctional designs, enabling simultaneous drug delivery, imaging, and potentially synergistic therapies. Together, these properties highlight the promise of polymer-based nanotechnology in advancing GBM treatment.
The primary aim of this review is to summarize and evaluate recent advancements in the application of polymeric NPs for drug delivery in GBM treatment. By examining various types of polymeric NPs, targeted delivery strategies, and multifunctional approaches, this review highlights how these innovations address critical challenges posed by GBM, such as the BBB and tumor heterogeneity. Additionally, this review aims to identify future directions for polymeric NP-based therapies, exploring emerging strategies to enhance delivery efficiency, specificity, and safety, thus offering insights into potential avenues for clinical translation in GBM treatment.
2 POLYMERIC NPS DRUG DELIVERY SYSTEM
Polymeric NPs represent a versatile and promising drug delivery platform, particularly for challenging applications such as GBM treatment. These nanoscale carriers are formed from biodegradable polymers that allow for controlled and sustained release of therapeutic agents, which is essential in maintaining effective drug concentrations within the tumor over time (Miranda et al., 2017). By enhancing drug stability and reducing degradation, polymeric NPs significantly improve bioavailability (Abbasi et al., 2024; Beirampour et al., 2024). Furthermore, surface modifications with targeting ligands—such as antibodies, peptides, or small molecules—allow polymeric NPs to bind specifically to tumor cells, thereby enhancing drug accumulation in tumors while minimizing toxicity to healthy tissues (Murphy and Rabkin, 2013). Physical and chemical modifications also enhance polymeric NPs’ ability to penetrate the BBB, increasing drug distribution and concentration in brain tissues (Kumari et al., 2023). Due to their excellent biocompatibility and tunable properties, polymeric NPs have been explored widely in GBM treatment.
2.1 Types of polymeric NPs
Diverse range of polymeric NPs have been studied in drug delivery systems for GBM treatment. These NPs vary in structure, composition, and functional capabilities, each offering unique benefits for targeted therapeutic applications (Table 1). Common types include micelles, dendritic polymers, polymer vesicles, hydrogels, and metal-organic frameworks (MOFs) (Figure 2).
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TABLE 1 | Comparison of different types of polymeric NPs.
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Micelles are self-assembled structures characterized by a hydrophobic core and hydrophilic shell, which impart amphiphilic properties (Kreuter, 2001). These properties enable micelles to encapsulate hydrophobic drugs and release them under specific conditions, with controlled release influenced by factors such as pH, temperature, or enzymatic activity (Xiao et al., 2022). Such controlled release enhances drug efficacy at the target site. Additionally, micelles offer distinct advantages, including improved solubility and targeted delivery for hydrophobic drugs (Ferraro et al., 2024). Studies indicate that polymeric micelles facilitate effective drug release and cellular uptake, thus enhancing therapeutic outcomes (Mora-Cabello et al., 2024). Their high biocompatibility further allows stable in vivo presence, minimizing toxic side effects.
Micelle properties—such as size, shape, and surface characteristics—can be tailored by selecting different polymers and synthesis conditions to suit various applications (Shishlyannikov et al., 2024). Beyond drug delivery, micelles can also be functionalized to carry imaging agents or diagnostic reagents, broadening their applications in fields such as cosmetics, biomedical imaging, and targeted drug delivery (Sun et al., 2008). pH-sensitive micelles, for instance, are amphiphilic polymers that undergo structural changes in response to pH fluctuations (Ali et al., 2021). In different pH environments, ionic groups on the polymer chains become protonated or deprotonated, causing the micelles to disassemble or re-aggregate, thereby controlling drug release (Almoustafa et al., 2021). This mechanism enables drug release in specific pathological environments, such as tumor microenvironments (TMEs), enhancing therapeutic effects while minimizing harm to healthy cells.
Reduction-responsive micelles are nanoscale structures composed of polymer surfactants, designed to release drugs or active ingredients through reduction reactions under specific conditions (Dugas et al., 2019). In the presence of reductants, these micelles undergo structural changes that facilitate controlled release (Franco et al., 2023). By concentrating drugs at the target site, they enhance therapeutic effects while minimizing side effects and limiting damage to healthy cells (Gad et al., 2016). With their high biocompatibility and tunable release properties, reduction-responsive micelles offer an effective system for targeted drug delivery.
Photosensitive micelles are formed by the self-assembly of zwitterionic polymers that respond to specific wavelengths of light (Geszke-Moritz and Moritz, 2024). Composed of both hydrophilic and hydrophobic segments, these micelles encapsulate drugs and release them upon light exposure. Photosensitizers within the micelles initiate photochemical reactions, leading to either drug release or micelle depolymerization (Heon Lee et al., 2019). Light intensity and wavelength can be adjusted to control release rates precisely, minimizing potential impact on healthy tissues (Hickey et al., 2015). Furthermore, when combined with imaging techniques, photosensitive micelles facilitate real-time monitoring of drug release and therapeutic efficacy.
2.1.2 Dendritic polymers
Dendritic polymers are highly branched structures synthesized via polymerization techniques and are typically classified into dendrimers and dendritic polymer networks (Ho et al., 2012). These polymers, characterized by repetitive branching units, create highly symmetrical and versatile platforms with wide-ranging applications in drug delivery, gene transfer, imaging, and sensing (Xiao et al., 2022). As drug carriers, dendritic polymers deliver therapeutics directly to target cells or tissues, enhancing efficacy while minimizing side effects. Their surfaces can be modified with functional groups for targeted delivery, and their small size and surface characteristics facilitate efficient cellular uptake through endocytosis (Karim et al., 2016). Furthermore, their porous structure allows controlled drug release under specific conditions, such as pH fluctuations or enzymatic presence, which contributes to effective therapeutic outcomes (Kauser et al., 2023). Research has demonstrated that the tunable structure and biocompatibility of dendritic polymers improve drug bioavailability and therapeutic effects, with potential for enhanced DNA transfection efficiency in gene transfer (Kim et al., 2021).
Divergent dendritic polymers are synthesized in a stepwise manner, resulting in precise molecular structures with multiple functional sites (Koti et al., 2024). Their highly branched architecture provides a large surface area for binding drugs or genes, forming stable carriers that improve solubility and bioavailability while preserving therapeutic activity in vivo (Li et al., 2017a). These polymers can also integrate multiple therapeutic or imaging functionalities within a single carrier, enhancing targeting capabilities.
Convergent dendritic polymers, constructed via convergent synthesis methods, also feature multi-branched structures (Liu et al., 2018). Compared to linear or crosslinked polymers, these dendritic polymers exhibit unique spatial configurations and functional versatility (Marshall et al., 2022). Their surfaces can be modified with targeting groups to facilitate binding with specific cells or tissues, allowing sustained release triggered by environmental factors (e.g., pH or temperature changes). This dendritic structure promotes cell membrane penetration and enhances drug endocytosis (Muhtadi et al., 2020). Through surface modifications, convergent dendritic polymers support diverse functionalities, improving drug delivery efficiency and bioavailability beyond traditional carriers (Nance et al., 2014).
2.1.3 Polymer vesicles
Polymer vesicles are self-assembled structures formed from amphiphilic polymers, with a structure resembling that of liposomes (Naser et al., 2024). Their formation involves selecting suitable polymers and employing methods such as solvent evaporation or solution self-assembly to produce stable vesicles (Xiao et al., 2022). This structural stability helps maintain drug efficacy in vivo by protecting against degradation (Niza et al., 2021). Polymer vesicles can enter cells through endocytosis to release their contents intracellularly. Additionally, surface modifications enable targeted delivery to specific cells or tissues, enhancing therapeutic efficacy (Nozohouri et al., 2019). Beyond drug delivery, polymer vesicles serve as gene carriers for DNA or RNA and as vaccine carriers to boost immune responses.
Thermo-sensitive polymer vesicles are polymer particles that respond to temperature changes by altering their physical or chemical properties (Ou et al., 2024). Typically, their mechanism involves conformational shifts in the polymer chains at a critical temperature, affecting solubility and biomolecular interactions (Pillai et al., 2020). For instance, poly(N-isopropylacrylamide) is a commonly used thermo-sensitive polymer that transitions from hydrophilic to hydrophobic above its critical temperature, enabling controlled drug release (Raman et al., 2020). Drugs can be loaded at temperatures below this threshold, and upon reaching the critical temperature, the polymer collapses, releasing the drugs (Ramírez-García et al., 2019). This rapid thermal response allows for precise control over drug release rates, enhancing therapeutic effects and reducing side effects in non-target tissues (Sabit et al., 2022). Thermo-sensitive polymers are also employed in bioimaging and sensor development.
pH-sensitive polymer vesicles are carriers that alter their physical or chemical properties in response to environmental pH changes (Ramírez-García et al., 2019). Composed of polymers with acidic or basic groups, these vesicles exhibit reversible solubility or aggregation under specific pH conditions, facilitating controlled drug release (Cheng et al., 2019). At designated pH levels, their solubility changes, triggering release in targeted environments, such as the acidic TME (Sartaj et al., 2021). pH-sensitive vesicles are also valuable in bioimaging as contrast agents and in biosensors for biomarker detection (Song et al., 2024). Additionally, they can be combined with other functionalities, such as temperature or light sensitivity, to enable more complex therapeutic applications.
2.1.4 Hydrogels
Hydrogels consist mainly of hydrophilic polymers that form three-dimensional networks in water, endowing them with excellent biocompatibility (Qin et al., 2014), flexibility, and moisture retention properties. Their structural stability arises from mechanisms such as physical adsorption, chemical bonding, and reversible expansion or contraction (Wu et al., 2021). These features make hydrogels highly suitable for various biomedical applications, including drug delivery, tissue engineering, and biosensing (Xu et al., 2023). In drug delivery, hydrogels encapsulate drugs efficiently and control their release, thereby enhancing bioavailability (Yang et al., 2024). As scaffolds, they support cell growth and tissue regeneration, while their high hydration capacity and conductivity make them ideal for biosensor development (Zhang and Tung, 2017).
Temperature-sensitive hydrogels are polymer networks that change their hydration state and structure within specific temperature ranges (typically near the critical dissolution temperature), allowing them to absorb or release water as needed (Zubris et al., 2012). As temperature increases, these hydrogels undergo phase transitions or chemical interactions that compact the polymer chains, leading to water expulsion and volume reduction (Zu et al., 2021). Polymer composition and crosslinking density can be adjusted to tune their properties. Temperature-sensitive hydrogels are biocompatible and non-toxic, commonly used to regulate drug release rates and facilitate drug delivery at targeted temperatures (Zhang et al., 2018). They are also applied in tissue engineering and biosensing.
pH-sensitive hydrogels respond to environmental pH changes by altering their physical and chemical properties (Ramírez-García et al., 2019). The functional groups on the polymer chains (e.g., acidic or basic groups) undergo ionization or deionization at different pH levels, causing changes in hydrophilicity and swelling, which in turn modulates the release rates of encapsulated substances (Xu et al., 2023). Their responsiveness can be fine-tuned by modifying polymer chemical structures and compositions. pH-sensitive hydrogels enable controlled drug release in specific pH environments (such as TMEs or the gastrointestinal tract) and are widely used in tissue engineering (Zhang et al., 2021), biosensors, and environmental protection due to their biocompatibility and adjustable release characteristics.
2.1.5 Metal-organic frameworks (MOFs)
Metal-organic frameworks (MOFs) are porous materials created through the coordination of metal ions or clusters with organic ligands (Amin et al., 2024), yielding high surface areas and adjustable pore sizes suited for diverse applications. The porous structure and surface functional groups of MOFs facilitate interactions with drug molecules, enabling efficient drug adsorption, release, and targeted delivery—properties valuable in drug delivery systems (Gandhi et al., 2024). Their biocompatibility and low toxicity further enhance their potential for medical applications (Harwansh et al., 2024).
MOFs are highly ordered and customizable, with tunable pore sizes and chemical environments that can be optimized by selecting specific metals and ligands for various uses (Choi et al., 2020). Their high surface areas provide numerous active sites, increasing adsorption capacity and enhancing drug loading and release efficiency (Silva et al., 2024). Beyond drug delivery, MOFs are employed in gas capture (e.g., carbon dioxide and hydrogen storage) and as catalysts or catalyst supports, improving reaction selectivity and activity (Gawel et al., 2024). Additionally, most MOFs exhibit stable physicochemical properties under humid or high-temperature conditions and can be synthesized from renewable materials (Bhanja et al., 2023), offering environmentally friendly advantages.
Stimuli-responsive MOFs, assembled from metal ions and organic ligands, offer tunable porosity and can adjust their properties in response to external stimuli (Caverzan and Ibarra, 2024). For example, changes in pH can protonate organic ligands, modifying pore size and influencing drug release rates. In biomedical applications, these MOFs enable targeted, controlled drug delivery, reducing side effects (Chang et al., 2024). Furthermore, they are advantageous for gas storage and separation, as well as in sensing and catalysis, with specific functionalities achievable through simple chemical modifications.
2.2 Targeted delivery strategies and multifunctionality of polymeric NPs
Targeted delivery strategies using polymeric nanodrugs in GBM treatment provide innovative approaches to enhance therapeutic efficacy (Ullah et al., 2024). Through ligand modification and environment-responsive designs, these strategies allow for precise tumor targeting and localized drug release (Chang et al., 2024). Multifunctional nanodrugs, particularly those that integrate chemotherapy, radiotherapy, and immunotherapy, have shown further improvements in treatment outcomes (Kreuter, 2001).
2.2.1 Targeted nanodrug design
The targeted delivery of polymeric nanodrugs involves designing nanocarriers that selectively target tumor cells while minimizing effects on normal cells. Key strategies include targeted ligand modification and environment-responsive designs. Targeted ligand modification decorates nanodrug surfaces with specific ligands that bind to receptors overexpressed on tumor cells, such as transferrin receptor (TfR), folate receptor (FR), and epidermal growth factor receptor (EGFR) (Dhar et al., 2022). For instance, polymeric NPs modified with EGF can target GBM cells overexpressing EGFR, while VEGF-modified polymeric NPs can enhance targeting of the TME, specifically within the tumor vasculature (Khan et al., 2022). Moreover, antibody modification is another common method for enhancing polymeric NP targeting specificity. Antibodies provide high specificity by recognizing unique antigens on tumor cells, directing NPs precisely to tumor sites (Kreatsoulas et al., 2022). For example, anti-PD-L1 antibodies conjugated to NPs can selectively target cells within the TME that express PD-L1, which is beneficial for improving the specificity of immunotherapy (Lee et al., 2022). Modifications using aptamers and peptides also enhance targeting specificity (Dhayalan et al., 2024). Aptamers and short peptides are small-molecule targeting ligands with high specificity, cost-efficiency, and stability. Aptamers are specific DNA or RNA sequences, while peptides are composed of specific amino acid sequences, both of which can recognize and bind to unique tumor cell markers (Morales and Mousa, 2022). RGD peptides, for example, can bind to integrin receptors on tumor-associated blood vessels in GBM, facilitate GBM targeting (Kreatsoulas et al., 2022). Furthermore, multivalent ligand modification, involving multiple ligands on a single nanodrug, improves binding affinity and drug accumulation at tumor sites through interactions with multiple receptors. In short, these diverse targeting strategies modify the NP surface with specific ligands to enhance accumulation at tumor sites and improve therapeutic efficacy.
Environment-responsive nanodrugs are designed to release drugs in response to conditions within the TME, including pH, enzyme presence, temperature, or oxygen levels (Zhang et al., 2024b). This approach takes advantage of the unique properties of tumor sites to achieve selective drug release and enhance targeted drug delivery (Mu et al., 2024). For instance, TMEs often exhibit slightly acidic pH values (around 6.5–6.8) compared to normal tissues. pH-responsive polymeric NPs are designed to release their payload when exposed to these acidic conditions, ensuring drug release occurs primarily within the tumor site (Chen et al., 2020). These NPs can be engineered with acid-sensitive linkages or polymers that undergo structural changes in acidic conditions, and polymers containing groups like poly(β-amino esters) or imidazole undergo protonation in acidic environments, leading to destabilization and drug release. What’s more, many tumors overexpress specific enzymes, such as matrix metalloproteinases (MMPs), cathepsins, and hyaluronidases, which play roles in tumor invasion and metastasis. Enzyme-responsive NPs are engineered to degrade or release drugs in response to these enzymes, targeting the TME specifically (Gallego and Ceña, 2020). For instance, polymeric NPs containing MMP-sensitive linkers have been developed for selective release in tumor tissue, while hyaluronic acid-based polymeric NPs degrade in the presence of hyaluronidase, releasing the drug near cancer cells overexpressing this enzyme (Senobari et al., 2024). In addition, Temperature-responsive nanodrugs are designed to release drugs in response to elevated temperatures, a property that can be exploited by externally applied heat or hyperthermia in cancer treatment. Temperature-sensitive polymers, such as poly(N-isopropylacrylamide) (PNIPAM), undergo a phase transition at specific temperatures, releasing the drug in response to hyperthermic conditions (Shaibie et al., 2023). Lastly, oxygen-responsive nanodrugs release drugs under hypoxic conditions typical of TMEs, often utilizing redox-sensitive groups for controlled release. These NPs are engineered with disulfide linkages or redox-sensitive polymers that cleave in the presence of high GSH levels, leading to controlled drug release inside tumor cells. Once the NPs are internalized by tumor cells, the high GSH concentration triggers the breakdown of disulfide bonds, releasing the drug specifically in the tumor cells (Li et al., 2017b). For example, redox-responsive micelles or nanovehicles with disulfide linkages in their core have shown efficient intracellular drug release in cancer cells with elevated GSH levels, while remaining stable in the bloodstream.
2.2.2 Multifunctionality of polymeric NPs
Multifunctional nanodrugs integrate therapeutic agents and functional modules to enable multi-targeted combination therapy, providing comprehensive effects against tumors (Ghasempour et al., 2022). These nanodrugs co-deliver multiple therapeutics such as chemotherapeutics, radiotherapy sensitizers, and immune modulators to improve GBM treatment outcomes. Moreover, they can also be engineered to function as theranostic agents, combining therapeutic and diagnostic functions within the same particle.
Polymeric NPs are well-suited for the co-delivery of multiple therapeutic agents within a single carrier. This strategy allows for synergistic effects, where drugs with complementary mechanisms can enhance overall efficacy. The combination of chemotherapy and radiotherapy involves loading both chemotherapeutic drugs and radiotherapy sensitizers into nanodrugs to enhance tumor cell sensitivity and boost therapeutic efficacy. For instance, nanodrugs encapsulate chemotherapeutics such as doxorubicin, cisplatin, or TMZ to improve drug stability and bioavailability (Kang et al., 2018). Radiotherapy sensitizers like gold NPs or cisplatin can also be incorporated to increase tumor radiosensitivity. For example, gold-based NPs enhance radiation absorption due to their high atomic number, thereby amplifying radiation-induced damage to tumor cells (Karlsson et al., 2021). Another application involves the co-delivery of immunotherapy agents, such as PD-L1 inhibitors, along with chemotherapeutics, aiming to enhance immune response against GBM cells. Beyond the above therapeutics, polymeric NPs are capable of delivering gene therapy agents and anti-angiogenic drugs (Formica et al., 2021). Gene therapy NPs carrying siRNA or antisense oligonucleotides enhance transfection efficiency in tumor cells, enabling selective oncogene silencing (Lansangan et al., 2024). Moreover, loading anti-angiogenic drugs onto gold-PLGA composite NPs improves targeting of tumor blood vessels, inhibiting angiogenesis and reducing tumor blood supply.
In addition to co-delivery of multiple therapeutics, polymeric NPs can also be engineered to function as theranostic agents, combining therapeutic and diagnostic functions within the same particle. This dual functionality enables simultaneous treatment and real-time monitoring of therapeutic outcomes, which is particularly useful in aggressive cancers like GBM (Morales and Mousa, 2022). Certain NPs can be co-loaded with drugs and imaging agents, such as MRI contrast materials or fluorescent markers, allowing for the visualization of drug distribution and tumor response (Khan et al., 2022).
Overall, polymeric NPs offer a highly adaptable and multifunctional platform for GBM drug delivery. By exploring various polymeric NP types—including micelles, dendritic polymers, vesicles, and hydrogels—each structure provides distinct advantages for encapsulating and delivering therapeutics. Targeted delivery strategies, through ligand modification and environment-responsive designs, further enhance specificity, allowing NPs to precisely release drugs within the TME. Additionally, multifunctional NPs facilitate the co-delivery of therapeutics, achieving synergistic effects that improve therapeutic efficacy. Moreover, theranostic applications of NPs enable real-time monitoring of treatment and disease progression. Together, these attributes make polymeric NPs a promising avenue for advancing targeted, controlled, and effective GBM treatments, addressing the complex challenges posed by tumor heterogeneity and the BBB.
3 APPLICATION OF POLYMERIC NPS IN GBM TREATMENT
Traditional treatments for GBM, including surgery, radiotherapy, and chemotherapy, have shown limited efficacy (Lim et al., 2024). The development of polymeric NPs offers new possibilities for GBM therapy by providing multifunctional NPs with strong biocompatibility, efficient drug delivery, and targeting abilities (Lim et al., 2023). These NPs enable precise drug delivery, targeted therapy, and combination therapies by delivering chemotherapeutics, targeted therapeutics, immunotherapeutics, and other agents, addressing the limitations of conventional treatments (Table 2).
TABLE 2 | Examples of NP delivery for different types of therapeutic drugs.
[image: Table listing various treatment types with corresponding payloads, nanoparticle (NP) types, advantages, and references. It includes chemotherapy, targeted therapy, immunotherapy, and other therapies, each showing specific NPs and their benefits like improved drug delivery, enhanced chemotherapy, and radiotherapy sensitivity. References are provided for each entry.]3.1 Polymeric NPs deliver chemotherapeutic agents
Chemotherapy is a cornerstone in GBM treatment, with TMZ being the most widely used agent. However, its efficacy is limited by challenges such as the BBB, systemic toxicity, and acquired drug resistance. These limitations reduce the therapeutic index, making novel delivery systems essential. Polymeric NPs offer a promising approach by improving drug stability, reducing off-target effects, and enhancing accumulation in the TME. Polymeric NPs provide a protective shell around chemotherapeutic drugs, shielding them from enzymatic degradation and premature clearance. Biodegradable polymers such as PLGA and PLA are commonly used to encapsulate drugs, ensuring sustained delivery and prolonged circulation time. PEGylation, or the addition of polyethylene glycol (PEG) to the NP surface, further extends systemic circulation by reducing immune clearance. These modifications improve the bioavailability of drugs like TMZ, enabling them to cross the BBB more effectively (Ramalho et al., 2023).
Recent studies highlight the potential of polymeric NPs in enhancing chemotherapeutic delivery for GBM. TMZ, a first-line chemotherapeutic drug for GBM, was loaded in NPs to improve therapeutic effect. A kind of polyethyleneimine (PEI)-based polymeric NP was reported to treat GBM by combining macrophage membrane-coated NPs with low-frequency ultrasound (LFU) irradiation (Figure 3A) (Lin et al., 2024b). The NPs, synthesized using PEI modified with angiopep-2, were coated with macrophage membranes to improve biocompatibility and immune evasion. Encapsulating TMZ, the NPs demonstrated a drug loading efficiency of 44.2%. LFU irradiation was used to temporarily open the BBB, and angiopep-2, which binds to LRP receptors, was utilized for targeting glioma cells. This system exhibited improved tumor inhibition, reduced systemic toxicity, and increased survival rates in animal models (Figure 3B).
[image: Diagram showing a three-part experimental setup: (A) Illustrates the process of using macrophage membranes to create TMZ-loaded nanoparticles with PEI and Angiopep-2 for targeted delivery. (B) Displays imaging results of mice treated with different TMZ formulations over 13 and 21 days, highlighting tumor size changes. (C) Depicts the self-assembly of nanoparticles with components like DOX and fisetin, and their responsiveness to GSH, leading to targeted drug release.]FIGURE 3 | Polymeric NPs Deliver Chemotherapeutic Agents. (A) Schematic illustration of the design of An-BMP-TMZ. (B) Luminescence images of U87-Luc+ tumor-bearing C-NKG mice following different treatments and monitored on days 13 and 21 (Lin et al., 2024b). (C) Schematic illustration of the system co-loading DOX and fisetin by cRGD-decorated NPs (Wang et al., 2023a).
Other chemotherapeutic agents have also been explored by polymer NPs loading for GBM treatment. Wang et al. designed a nano-drug delivery system (Fis-DOX/cRGD-NPs) to enhance GBM chemotherapy by overcoming drug resistance and the BBB (Figure 3C) (Wang et al., 2023a). The NPs were synthesized using PEG-SS-PLA and cRGD-PEG-PLA, loaded with fisetin and doxorubicin via the thin-film hydration method. The functionalization with cRGD enabled active targeting of glioma cells through integrin αvβ3 binding, while the redox-responsive disulfide bonds facilitated tumor-specific drug release in the high-glutathione environment. In vitro studies demonstrated enhanced cellular uptake, G2/M phase arrest, and apoptosis induction through caspase activation and BAX/BCL-2 modulation. The NPs also suppressed glioma cell proliferation, migration, and angiogenesis by inhibiting AKT and STAT3 pathways. In vivo, the Fis-DOX/cRGD-NPs showed superior antitumor efficacy in both subcutaneous and orthotopic glioma models, reducing tumor growth without significant toxicity. Based on these studies, polymer NPs loaded chemotherapeutic drugs show a good application prospect in the treatment of GBM.
3.2 Polymeric NPs deliver targeted therapeutic agents
Targeted therapy in GBM focuses on disrupting molecular pathways essential for tumor growth and survival. Polymeric NPs offer an effective strategy to deliver targeted therapeutic agents, enhancing specificity and reducing systemic toxicity. These agents often include tyrosine kinase inhibitors, monoclonal antibodies, and small molecules designed to interfere with oncogenic pathways, such as EGFR, VEGF, or PD-L1 signaling. EGFR-targeted polymeric NPs loaded with gefitinib have demonstrated increased tumor accumulation and improved therapeutic outcomes in preclinical studies (Paranthaman et al., 2020). Similarly, VEGF-targeted NPs carrying bevacizumab efficiently target tumor angiogenesis, reducing vascularization and enhancing drug delivery (Fatima et al., 2024). In addition to targeting GBM cells, polymeric NPs can address components of the TME, such as stromal cells, vasculature, and extracellular matrix. Agents like anti-angiogenic drugs delivered via NPs inhibit VEGF signaling, normalizing the tumor vasculature and improving drug penetration. And NPs encapsulating MMP-inhibiting drugs can suppress extracellular matrix remodeling, reducing tumor invasion (Islam et al., 2020).
Some studies have explored the therapeutic efficacy of utilizing polymeric NPs to deliver drugs targeting specific sites, such as STAT3, in the treatment of GBM. Lipid-polymer hybrid NPs were reported for targeted CRISPR/Cas9-based gene editing in GBM (Figure 4A) (Zhang et al., 2024a). The NPs were designed with a cationic ROS-responsive polymer core for sgRNA condensation and Cas9 coordination, and a 4F-angiopep-2-functionalized lipid membrane to enhance BBB penetration and glioma specificity. Targeting STAT3, a key regulator of tumor angiogenesis and immunosuppression, the NPs achieved gene knockout efficiency (∼50%) in tumor models. This editing downregulated VEGF, IL-6, and IL-10 levels, resulting in tumor vasculature normalization and immune reprogramming. The system’s ROS-responsive mechanism allowed selective release of Cas9 and sgRNA in the TME. The therapy reduced tumor size and enhanced survival in orthotopic glioma models, with improved immune infiltration and activation of antitumor responses.
[image: Schematic illustrating a multi-step process for a genetic modification and drug delivery system using CRISPR and nanoparticles. Panels A and B depict the chemical processes and preparation of the bionically modified system, including CRISPR/Cas9 and template removal steps. Panel C shows the inhibition of angiogenesis and tumor growth, highlighting pathways within an endothelial cell. Panel D presents a graph comparing tumor volume over time in different treatment groups, showing significant differences with markers including PBS and anti-VEGF nanobody.]FIGURE 4 | Polymeric NPs Deliver Targeted Therapeutic Agents. (A) Schematic illustration of Cas9ARLP/sgRNA fabrication (Zhang et al., 2024a). (B) Schematic of the synthesis route of anti-VEGF nanoMIP. (C) Schematic of using anti-VEGF nanoMIP to inhibit angiogenesis and tumor growth through binding VEGF and blocking VEGF-VEGFR2 signaling pathway. (D) Change of tumor volumes in different treatment groups (Zhao et al., 2023).
Polymeric NPs prepared using inorganic nanomaterials as substrates have also been explored for the treatment of GBM. A study presented a molecularly imprinted polymer NP (nanoMIP) for targeted anti-angiogenic cancer therapy, focusing on VEGF signaling (Zhao et al., 2023). The nanoMIPs were synthesized using silica-coated magnetic NPs (Fe3O4@SiO2) as a substrate, functionalized via boronate-affinity epitope anchoring, and imprinted with monomers to create selective binding pockets for VEGF isoforms (VEGF165 and VEGF121). Template removal ensured high-affinity, specific binding to VEGF (Figure 4B). These NPs blocked the VEGF/VEGFR2 interaction, disrupting downstream signaling pathways essential for angiogenesis (Figure 4C). In vitro assays demonstrated significant inhibition of endothelial cell proliferation, migration, and tube formation. In vivo studies showed reduced microvascular density and tumor growth suppression in xenograft models (Figure 4D). Therefore, the targeted therapeutic strategies for GBM using polymeric NPs offer a new paradigm in targeted cancer therapy.
3.3 Polymeric NPs deliver immunotherapeutic agents
Immunotherapy aims to harness the body’s immune system to recognize and eliminate GBM cells. Despite its success in some cancers, the highly immunosuppressive microenvironment of GBM poses significant challenges to immunotherapy. Polymeric NPs have emerged as promising tools to enhance the delivery of immunotherapeutic agents by improving their stability, targeting efficiency, and localized delivery within the TME. The TME of GBM is characterized by immune cell dysfunction, high levels of regulatory T cells (Tregs), and macrophages polarized towards an immunosuppressive M2 phenotype (Mu et al., 2024). By reprogramming the TME—such as polarizing macrophages to the M1 phenotype and suppressing Tregs—the NPs can stimulate robust antitumor immunity.
Semiconducting polymer-based materials have been reported to deliver immunotherapeutic agents. Ding et al. designed a neutrophil-based “Trojan horse” nanosystem for the treatment of GBM, combining ferroptosis and immunotherapy (Ding et al., 2024). The NPs were engineered with a semiconducting polymer, Fe3O4 NPs, and PD-L1 siRNA, encapsulated within a singlet oxygen-cleavable nanocarrier. The surface was functionalized with sialic acid-modified DSPE-PEG for neutrophil targeting (Figure 5A). The system leveraged neutrophils’ natural migration across the BBB to achieve targeted delivery to glioma sites. Upon ultrasound activation, the polymer generated singlet oxygen (1O₂), triggering the release of Fe3O4 and siRNA. Fe3O4 induced ferroptosis by promoting lipid peroxidation and depleting GSH, resulting in immunogenic cell death. Simultaneously, siRNA downregulated PD-L1 expression, boosting anti-tumor immune responses. The combined action of ferroptosis and immunotherapy restricted glioma growth, reduced Tregs, and prolonged survival in mouse models.
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Enhancing the anti-tumor immune response by promoting the phagocytosis of macrophages has also been investigated for the treatment of GBM. A study explored the development of BAMPA-O16B lipid NPs (LNPs) for brain-targeted siRNA delivery and GBM immunotherapy (Figure 5B) (Liu et al., 2022a). The therapeutic payload included siRNAs targeting CD47 and PD-L1, two key molecules in immune suppression. In vivo, the dual silencing of CD47 and PD-L1 synergistically enhanced both innate and adaptive anti-tumor immunity by increasing macrophage phagocytosis, T-cell activation, and cytokine secretion. These immune modulations led to significant tumor growth inhibition and improved survival in orthotopic GBM mouse models (Figures 5C, D), which highlighted the potential of BAMPA-O16B-based LNPs for targeted CNS drug delivery and immunotherapy. In short, polymeric NPs delivering immunotherapeutic agents address critical challenges in GBM treatment, including BBB penetration, immune evasion, and effective gene silencing, paving the way for clinical translation.
3.4 Polymeric NPs deliver other therapeutic agents
Beyond traditional therapeutic drugs, polymer NPs can also deliver other therapeutics, such as radiotherapy sensitizers, photothermal and photodynamic agents, as well as autophagy modulation agents for GBM treatment.
Radiotherapy is a cornerstone in GBM treatment, but its efficacy is often limited by the radioresistance of tumor cells and the inability to deliver high doses without damaging healthy tissue. Polymeric NPs have emerged as effective carriers for radiosensitizing agents, enhancing the therapeutic effects of radiation. Radiosensitizers amplify DNA damage induced by radiation by increasing reactive oxygen species (ROS) production or inhibiting DNA repair mechanisms. For example, a study presented a platform utilizing selenium-engineered mesoporous silica nanocapsules (SeMSNs) for addressing radiotherapy-resistant GBM (Figure 6A) (Tang et al., 2023). The NPs were designed to deliver siRNA targeting cofilin-1 (CFL1), a key protein implicated in GBM invasion and radiation resistance. The SeMSNs were synthesized using a sol-gel process, functionalized with a hypoxia-responsive polymer coating (P(MNs)Ang2) for radiosensitization, and surface-modified with angiopep-2 for BBB penetration. Upon low-dose X-ray irradiation, ROS production triggered the disintegration of SeMSNs, releasing siRNA and radiosensitizing agents. This strategy enhanced apoptosis and inhibits GBM cell migration and invasion. The combination of RNAi and radiation sensitization achieved prolonged survival in orthotopic GBM models.
[image: Diagram illustrating a dual treatment strategy using nanoparticles. Panel A depicts the composition and mechanism of SeMSNs nanoparticles loaded with chemotherapy drugs, detailing their ROS burst effect under X-ray radiation and hypoxia conditions. Panel B shows an ICG and TMZ co-loaded nanogel scaffold responsive to near-infrared laser, leading to ROS generation and controlled drug release. Chemical structures, synthesis processes, and action mechanisms are elaborated in detail, demonstrating how these strategies aim to enhance targeted cancer treatment through responsive drug delivery and environmental triggers.]FIGURE 6 | Polymeric NPs Deliver Other Therapeutic Agents. (A) Chemical structure of the main component of P(MNs)Ang2 and schematic showing the synthesis of SeMSN(siCFL1)@P(MNs)Ang2 (Tang et al., 2023). (B) Schematic illustration of the synthesis of the nanogels and their NIR-induced disintegration (Zhang et al., 2022).
Photothermal therapy and photodynamic therapy are emerging modalities in GBM treatment, leveraging light-induced mechanisms to destroy tumor cells. Polymeric NPs are ideal carriers for photothermal agents and photosensitizers due to their stability, biocompatibility, and tunability. Polymeric NPs loaded with photothermal agents, such as polydopamine, gold NPs, or carbon dots, absorb near-infrared (NIR) light and convert it into localized heat. This selective heating induces hyperthermia, causing tumor cell death without damaging surrounding healthy tissue, therefore allowing precise targeting and controlled heat generation, which is especially beneficial in the complex brain microenvironment (Sun et al., 2022). Photodynamic therapy uses light-activated photosensitizers to generate ROS, leading to oxidative damage and cell death in tumor cells. Polymeric NPs can encapsulate photosensitizers such as porphyrins or Ce6, stabilizing them in circulation and improving tumor-specific delivery. For instance, Zhang et al. designed a nanogel system constructed from pullulan and PDDA, and loaded with the chemotherapeutic agent TMZ and the photosensitizer ICG for GBM treatment (Figure 6B) (Zhang et al., 2022). ApoE peptide-functionalized erythrocyte membranes were used to camouflage the nanogels, enabling prolonged blood circulation and active tumor targeting. NIR irradiation was applied after the nanogels accumulate in tumor lesions. The activation of ICG produced ROS, leading to nanogel deformation and controlled release of both therapeutic agents. This strategy achieved deep tumor penetration and synergized photodynamic and chemotherapeutic effects.
Autophagy, a cellular process for degrading and recycling cellular components, plays a dual role in GBM. It can either promote tumor cell survival under stress or trigger cell death when excessively activated. Polymeric NPs provide a platform for modulating autophagy to enhance GBM therapy. By delivering autophagy inhibitors, such as chloroquine or 3-methyladenine, the NPs block autophagic flux, sensitizing tumor cells to chemotherapy and radiotherapy. By preventing the protective effects of autophagy, these inhibitors enhance the cytotoxicity of standard treatments (Walweel and Aydin, 2024). In contrast, excessive autophagy can lead to programmed cell death in GBM cells. Polymeric NPs loaded with agents such as rapamycin or ceramide induce autophagy, disrupting tumor growth and progression (Agarwal and Maekawa, 2020).
In all, polymeric NPs offer innovative strategies for delivering therapeutic agents to treat GBM, addressing limitations of traditional therapies. These multifunctional systems address the complex challenges of GBM, providing targeted, controlled, and synergistic therapeutic effects while minimizing systemic toxicity, thus representing a promising direction for personalized and effective cancer treatment.
4 CHALLENGES AND FUTURE DIRECTIONS OF POLYMER-BASED NANOTECHNOLOGY IN GBM TREATMENT
Due to limited treatment options, GBM remains one of the most difficult malignant tumors to treat clinically. While polymer-based nanotechnology offers transformative potential in overcoming the barriers of GBM, several challenges persist, including the heterogeneity of the tumor, BBB, TME, biocompatibility and safety consideration of polymeric NPs.
4.1 Heterogeneity of GBM
GBM is characterized by extreme inter- and intra-tumoral heterogeneity, including variations in cellular composition, genetic mutations, and signaling pathways. This complexity poses significant challenges for designing polymeric NPs that can effectively target all tumor cells. Certain GBM cells, such as GBM stem-like cells (GSCs), exhibit resistance to conventional therapies and are challenging to target with NPs. Moreover, differences in the TME across patients further complicate the design of universal therapeutic strategies (Lauko et al., 2022). Therefore, the heterogeneity of GBM presents significant challenges for polymer-based nanotechnology, particularly in achieving uniform targeting and efficacy.
Innovative future directions about GBM heterogeneity include personalization, adaptability, and combination approaches to overcome these barriers. Personalized nanomedicine is at the forefront, leveraging multi-omics data (genomics, transcriptomics, and proteomics) to design tailored polymeric NPs targeting patient-specific tumor profiles (Roque et al., 2023). Multifunctional NPs capable of co-delivering chemotherapy, gene therapy, and immunotherapy offer potential for addressing diverse tumor subpopulations. Furthermore, adaptive and stimuli-responsive NPs are being developed to dynamically respond to the TME (e.g., hypoxia, pH, and enzymatic activity) for precise and localized drug release (Jena et al., 2020). To overcome the challenge of GSCs, polymeric NPs functionalized with ligands targeting markers such as CD44 and CD133 are under investigation. Enhanced delivery systems incorporating BBB-targeting ligands like angiopep-2, along with penetration-enhancing strategies, aim to improve uniform drug distribution across heterogeneous tumor regions. Additionally, advanced preclinical models, including patient-derived xenografts and organoids, are being developed to better simulate GBM heterogeneity, enabling more predictive testing and optimization of polymer-based therapies (Jacob et al., 2020). These strategies collectively hold promise for addressing GBM’s heterogeneity and improving treatment outcomes.
4.2 BBB
The BBB remains one of the most formidable obstacles in GBM treatment, limiting the delivery of therapeutic agents to the brain. Although advances in polymeric NP engineering have improved BBB penetration, achieving sufficient drug concentrations at the tumor site remains a challenge.
Overcoming the BBB remains a significant challenge in GBM treatment. Nanotechnologies such as convection-enhanced delivery (CED), focused ultrasound (FUS), and intranasal delivery have shown promise in addressing this barrier (Lim et al., 2024). CED infuses drugs directly into brain tissue under convection pressure, enhancing local drug concentration and reducing systemic toxicity. Studies indicate that combining CED with NPs enhances drug distribution and efficacy in GBM (Lim et al., 2023). FUS temporarily opens the BBB by focusing ultrasound energy, which increases drug permeability in brain tissue; for instance, combining FUS with drug-loaded NPs raises local drug concentration (Liu et al., 2022b). Intranasal delivery, a non-invasive method that transports drugs to the brain via the nasal cavity, bypasses the BBB to achieve rapid, efficient drug delivery. Studies suggest that intranasal delivery of NPs enhances drug distribution and therapeutic effects in brain tissue (Maher et al., 2023). In addition, future strategies focus on engineering polymeric NPs with enhanced BBB-crossing capabilities, such as ligand-functionalized NPs targeting receptors overexpressed on endothelial cells, including TfR and LDLR (Kang et al., 2018). Bioinspired approaches, such as coating NPs with cell membranes (e.g., red blood cells or macrophages), improve biocompatibility and leverage natural transcytosis mechanisms to cross the BBB efficiently. Additionally, personalized delivery systems tailored to patient-specific BBB integrity and tumor profiles are under development, aiming to optimize therapeutic efficacy. Advanced imaging and theranostic capabilities integrated into NPs also allow real-time monitoring of BBB crossing and drug distribution, accelerating the translation of these nanotechnologies into clinical practice (Tang et al., 2019). These innovations are critical for overcoming BBB-associated challenges in GBM treatment.
4.3 TME
The TME of GBM is highly complex and dynamic, presenting significant challenges for polymer-based nanotechnology. The TME is characterized by hypoxia, acidic pH, dense extracellular matrix (ECM), and immunosuppressive components such as Tregs and M2-polarized macrophages. Hypoxia limits the effectiveness of therapies reliant on ROS generation, such as photodynamic therapy or radiation sensitizers delivered via polymeric NPs. Additionally, the acidic pH of the TME can destabilize some NP formulations, leading to premature drug release. The ECM creates a physical barrier, hindering the penetration and distribution of polymeric NPs throughout the tumor. Furthermore, the immunosuppressive environment reduces the efficacy of immune-modulating agents delivered by NPs, as it suppresses anti-tumor immune responses. Variability in the TME across different patients and tumor regions adds another layer of complexity, making it challenging to design universally effective NP systems (Wolf et al., 2019). These obstacles necessitate innovative approaches to optimize NP performance within the TME.
In order to address the challenges posed by the TME, innovative strategies have been explored. The development of stimuli-responsive polymeric NPs capable of adapting to TME conditions, such as hypoxia or acidic pH, is a promising direction. For example, hypoxia-responsive NPs can release therapeutic agents only in oxygen-deprived regions, enhancing localized treatment while minimizing systemic side effects (Kumari et al., 2020). To overcome the physical barrier of the ECM, NPs can be functionalized with ECM-degrading enzymes, such as hyaluronidase, to improve tumor penetration (Mohiuddin and Wakimoto, 2021). For immunosuppressive TMEs, polymeric NPs can deliver immune checkpoint inhibitors or cytokines to reprogram immune cells, shifting macrophages from the M2 phenotype to the pro-inflammatory M1 phenotype and enhancing T-cell activation (Liu et al., 2022a). Additionally, bioinspired approaches, such as coating NPs with tumor-derived vesicles, can enable better navigation through the TME.
4.4 Biocompatibility and safety
Biocompatibility and safety remain critical challenges in the application of polymer-based nanotechnology for GBM treatment (Mu et al., 2024). Although many polymeric NPs are designed using biocompatible materials, such as PEG or PLGA, their degradation products can still pose risks, including inflammation or toxicity in surrounding tissues (Ozdemir-Kaynak et al., 2018). Immunogenicity is another concern, as some surface modifications, such as PEGylation, may induce hypersensitivity reactions or accelerate immune clearance upon repeated administration. Additionally, the long-term accumulation of polymeric NPs in the brain or other organs, such as the liver or spleen, may lead to off-target toxicity or unforeseen side effects. The release of therapeutic payloads in an uncontrolled manner, such as premature drug release, can exacerbate systemic toxicity while reducing efficacy. These challenges highlight the need for careful material selection, improved surface engineering, and comprehensive preclinical safety evaluations before clinical translation.
To address the challenges of biocompatibility and safety in polymer-based nanotechnology for GBM treatment, future advancements focus on designing safer and more efficient NPs (Lim et al., 2024; Khan et al., 2022). The use of fully biodegradable and FDA-approved polymers, such as PLGA and polycaprolactone, can minimize toxicity concerns (Jena et al., 2020). Incorporating bioinspired materials, such as cell membrane coatings or extracellular vesicle-like NPs, can enhance biocompatibility and reduce immune responses (Wang et al., 2023b). Advanced surface engineering strategies, such as zwitterionic coatings, can improve NP stability while minimizing hypersensitivity reactions and immune clearance. Stimuli-responsive NPs capable of precise, localized drug release can mitigate systemic toxicity by ensuring therapeutic agents are delivered only within the TME. Comprehensive preclinical studies using advanced models, such as organoids or patient-derived xenografts, will help predict long-term safety profiles. Regulatory frameworks must also adapt to accommodate the unique properties of nanomedicines, ensuring robust and consistent safety evaluations for clinical applications. These strategies aim to ensure that polymeric NPs are both effective and safe for GBM patients.
In conclusion, addressing these challenges requires multidisciplinary approaches and collaborative efforts between material scientists, biologists, and clinicians. Other innovative solutions, such as personalized NP systems tailored to patient-specific tumor profiles, advanced manufacturing techniques for scalable production, and improved preclinical models for evaluation, are essential for overcoming these barriers (Liu et al., 2022b). Successfully addressing these issues will pave the way for translating polymer-based nanotechnology into effective and accessible treatments for GBM.
5 CONCLUSION
Polymer-based nanotechnology has emerged as a transformative approach in GBM treatment, addressing critical challenges associated with conventional therapies. By leveraging the unique properties of polymeric NPs, such as biocompatibility, tunable drug release, and multifunctionality, this technology enables precise and targeted delivery of therapeutic agents. Polymeric NPs have demonstrated potential across diverse applications, including the delivery of chemotherapeutic drugs, targeted drugs, immunotherapeutic agents, and other therapeutic agents like radiosensitizers. Advanced designs, such as stimuli-responsive systems and bioinspired coatings, further enhance the ability of polymeric NPs to overcome the BBB and adapt to the TME.
Despite these advancements, challenges remain. The heterogeneity of GBM, the complexity of the BBB, and the immunosuppressive TME continue to hinder treatment efficacy. Future research should prioritize personalized nanomedicine, innovative targeting strategies, and combination therapies to maximize therapeutic potential. Interdisciplinary collaborations will be essential to accelerate the development of clinically viable polymer-based NPs. In conclusion, polymer-based nanotechnology holds significant promise for revolutionizing GBM treatment. By addressing current challenges and embracing future innovations, this approach offers a path toward more effective and patient-specific therapies for one of the most aggressive and treatment-resistant cancers.
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Background: Lipids are vital biomolecules involved in the formation of various biofilms. Seizures can cause changes in lipid metabolism in the brain. In-depth studies at multiple levels are urgently needed to elucidate lipid composition, distribution, and metabolic pathways in the brain after seizure.Methods: In this research, a cutting-edge targeted quantitative lipidomics study was conducted on the hippocampal tissues of six rats with temporal lobe epilepsy and six normal rats. Accurate lipid quantification based on linear equations was calculated using an internal standard. The lipids were quantitatively and qualitatively analyzed by ultra-high performance liquid chromatography (UPLC) and mass spectrometry (MS).Results: A total of 21 lipid classes were identified. Among them, the most abundant were triacylglycerol (TG), phosphatidyl ethanolamine (PE-P), and fatty acids (FA). Cholesteryl ester (ChE) exhibits the most considerable difference between the normal and epileptic samples. ChE was found to be the most significantly upregulated lipid, while FA was observed to be the most significantly downregulated lipid.Conclusion: Based on the absolute quantitative analysis of lipids in rat hippocampal specimens, the contents and change trends of different lipids were observed. Upregulation of ChE and dihydroceramide (DHCer) was observed, and an analysis of the distribution changes elucidated the causes and possible molecular mechanisms of lipid accumulation in temporal lobe epilepsy. The results and methods described provide a comprehensive analysis of lipid metabolism in temporal lobe epilepsy and a new therapeutic target for the treatment of epilepsy.Keywords: targeted lipidomics analysis, epilepsy, temporal lobe epilepsy, molecular mechanism, therapeutic target
1 INTRODUCTION
Epilepsy is one of the most common neurological disorders affecting more than 50 million people. Temporal lobe epilepsy (TLE) is the most common focal epilepsy in adults (Engel and International League Against Epilepsy ILAE, 2001). It is characterized by unprovoked recurrent focal seizures in the temporal lobe, resulting in a wide range of clinical manifestations (Cavarsan et al., 2018). Approximately 30% of patients eventually progress to drug-resistant epilepsy with unpredictable recurrent seizures, for which treatment options are limited, besides surgery (Löscher et al., 2020; Thijs et al., 2019). Hippocampal morphological changes such as neuronal death, gliosis, dendritic alterations, and mossy fiber sprouting are the major pathohistological features of drug-resistant epilepsy (Verkhratsky and Nedergaard, 2018; Vezzani et al., 2019).
Lipids are important biomolecules involved in the building up of various biological membranes and represent 60% of the human brain content (Dawson, 2015). By analyzing the magnetic resonance spectroscopy data from TLE patients, Yan et al. found that lipid signaling was significantly increased in TLE participants’ epileptogenic focus compared to the contralateral normal side of the same participant, indicating abnormal lipid accumulation in the epileptic brain. They then used lipid-detecting antibodies to label cortical samples from TLE participants and “normal” controls (participants undergoing surgery for benign brain tumors or trauma surgery), and the results indicated that TLE patients had significantly increased lipid droplet levels in neurons and astrocytes in the cortex (Chen et al., 2023). Previous studies have shown that certain anti-seizure medications (ASMs) adversely impact lipid concentrations in people with epilepsy. When we analyzed the impact of individual ASMs used by more than 15% of the cohort on the lipid levels, participants using valproic acid (VPA) showed lower high-density lipoprotein and higher triglyceride levels compared to participants not using VPA (Pylvänen et al., 2003). These findings suggest that lipid metabolism plays an important role in epilepsy.
Therefore, understanding lipid changes after seizures may lead to a better understanding of lipid metabolic alterations, which could provide clues for further control of neurons affected by lipid changes. Although lipidomics has been widely used in recent years and the role of lipid decomposition and oxidation has been extensively studied, lipid metabolism in epilepsy, especially in hippocampal neurons in temporal lobe epilepsy, has been poorly studied. Therefore, the purpose of this study is to use targeted lipidomics to quantitatively record the changes in various lipid levels after epileptic seizure and provide a new idea for the study of the treatment of epilepsy through lipid metabolism.
2 MATERIALS AND METHODS
2.1 Animals and chemicals
A total of 12 healthy adult male Wistar rats (280–300 g) were purchased from Beijing Weitong Lihua Experimental Animal Technology Co., Ltd. The animals were uniformly raised in the animal room of the Department of Neurology, Translational Medical College, Jilin University, with the temperature maintained at 23 ± 3°C and provided free access to food and water. Kainic acid (KA) was purchased from Sigma-Aldrich (Shanghai Trading Co., Ltd.).
A total of six rats were assigned to the healthy control group. The other six rats were used to construct the models of status epilepticus (SE) by injecting KA into the amygdala. A total of six rats were successfully constructed as SE models. Epilepsy group rats were sacrificed at 24 h after the amygdala-kindling surgery, and the healthy control group rats were killed to collect the hippocampus tissues.
2.2 KA-induced epileptic rat model
The rats were anesthetized with inhalational isoflurane gas (3% for induction and then 1.5% for maintenance). The head of the rat was fixed on the stereotaxic instrument with the horizontal scales of the two external auditory canals maintained at the same level. The incisor brackets were adjusted so that the anterior and posterior fontanelles of the rat were parallel to the desktop, that is, the head of the rat was kept horizontal. Then, the skin of the head of the rat was prepared and disinfected, and a longitudinal incision 2–3 cm long was made along the middle of the head to separate the skin, fascia, and other soft tissues to expose the coronal suture as well as the anterior and posterior fontanelles. An electric cranial drill for small animals was used to drill through the skull, and it was positioned at 2.5 mm behind the bregma and 4.5 mm on the right side of the surface of the dura mater. Then, the microinjector was fixed, with the needle slowly inserted to the depth of 8.5 mm from the skull, and 0.6 μg KA (in 0.6 μL of 1 μg/μL KA solution) was slowly injected. The needle was maintained inside for 10 min after the injection and then slowly withdrawn. The skin incision was aseptically sutured, with the rat ear tag used to mark the animals that had undergone surgery. The rats were kept warm after the surgery until they were fully awake. The successful construction of the rat model of SE was evaluated according to the Racine scales that is, grade 0: no behavioral changes; grade 1: facial clonus, including blinking, whiskers, and rhythmic chewing; grade II: grade I behaviors plus rhythmic nodding or tail flicking; grade III: grade II behaviors with myoclonus of the forelimbs but no hindlimb upright position; grade IV: grade III behaviors as well as hindlimb erection; and grade V: generalized tonic–clonic seizures and loss of postural control with fallings. The successful establishment of the rat model of SE was determined based on the occurrence of seizures categorized as grade IV or above within 1 h after the surgery. These seizures of grade IV and above were terminated by intraperitoneal injection of diazepam (8 mg/kg).
2.2.1 Sample pretreatment method
Lipids were extracted according to the MTBE method. Briefly, samples were first mixed with 200 µL methanol, and then 10 µL internal lipid standards and 800 µL MTBE were added. The mixture was adequately vortexed, sonicated for 20 min at 4°C, and then kept for 30 min at room temperature. After that, 200 µL of MS-grade water was added, and the mixture was vortexed and centrifuged at 14,000 rpm for 15 min at 4°C. The upper organic solvent layer was obtained and dried under nitrogen. For LC–MS analysis, the samples were re-dissolved in 200 µL of IPA/ACN (9:1, v/v) solvent and centrifuged at 14,000 rpm at 4°C for 15 min, and then the supernatant was injected.
2.3 LC–MS/MS method for lipid analysis
The analysis was performed on a UHPLC system (LC-30AD, Shimadzu) coupled with QTRAP MS (6500+, Sciex). The analytes were separated on HILIC (Phenomenex, Luna NH2, 2.0 mm × 100 mm, 3 µm) and C18 column (Phenomenex, Kinetex C18, 2.1 × 100 mm, 2.6 μm). For C18 separation, the column temperature was set at 45°C. Mobile phase A: 70% acetonitrile + 30% H2O + 5 mM ammonium acetate; mobile phase B: IPA solution. A gradient (20% B at 0 min, 60% B at 5 min, 100% B at 13 min, and 20% B at 13.1–17 min) was then initiated at a flow rate of 0.35 mL/min. The sample was placed at 10°C during the whole analysis process. For amino separation, the column temperature was set at 40°C. Mobile phase A: 2 mM ammonium acetate +50% methanol + 50% acetonitrile; mobile phase B: 2 mM ammonium acetate +50% acetonitrile +50% water. A gradient (3% B at 0–3 min, from 3% to 100% B at 3–13 min, 100% B at 13–17 min, and 3% B at 17.1–22 min) was then initiated at a flow rate of 400 μL/min. 6500+QTRAP (AB SCIEX) was performed in the positive and negative switch modes. The ESI positive source conditions were as follows: source temperature: 400°C; ion source gas 1 (GS1): 50; ion source gas 2 (GS2): 55; curtain gas (CUR): 35; ion spray voltage (IS): +3,000 V. The ESI negative source conditions were as follows: source temperature: 400°C; ion source gas 1 (GS1): 50; ion source gas 2 (GS2): 55; curtain gas (CUR): 35; ion spray voltage (IS): -2,500 V. The MRM method was used for mass spectrometry quantitative data acquisition. The MRM ion pairs are shown in the attached file. The polled quality-control (QC) samples were set in the sample queue to evaluate the stability and repeatability of the system.
2.3.1 Data processing
Sciex OS software was used to extract the peak of the original MRM data, the ratio of the peak area and the internal standard peak area of each substance was obtained, and then the content of each substance was further calculated. The extracted data were analyzed. The data analysis included identification quantity statistics, lipid composition analysis, and lipid difference analysis. Lipid composition analysis included lipid subclass composition and lipid content distribution analysis. Lipid difference analysis included lipid content, chain length, chain saturation analysis, and KEGG analysis. The analysis of lipid content changes involves the analysis of the whole, subclass, molecule, and other dimensions.
2.4 Statistical analysis
The data were explored by SIMCA (Version 16.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden) for multivariate statistical methods, including principal component analysis and partial least square discriminant analysis. The orthogonal partial least squares discriminant analysis (OPLS-DA) can filter out noise unrelated to classification information and improve the analytical ability and effectiveness of the model. The data were further analyzed using one-way ANOVA. The univariate analysis (p-value and fold changes) and multivariate analysis (variable importance in projection, VIP values) were performed. The screening criteria were as follows: p < 0.05, VIP >1, and FC > 1.5 or FC < 0.67. For visualization of the metabolic pathway analysis, MetaboAnalyst based on database sources including the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database was used for the lipid pathway analysis. The SPSS software (version 20.0, SPSS Inc., Chicago, IL, United States) was used for the statistical analyses. Duncan’s multiple range test was used to compare the mean differences of TBARS, TVC, and lipid molecular species during refrigerated storage. A p-value <0.05 was determined to be a significant difference.
3 RESULTS
3.1 Overall lipidomic analysis
The International Lipid Classification and Nomenclature Committee divides lipid compounds into eight major categories. Each category can be further subdivided into different subclasses (lipid classes) based on the variations in their polar head groups. Within each subclass, further differentiation into specific molecular species (lipid species) is made based on factors such as carbon chain saturation or length. This forms a three-tier classification system of lipid compounds: category–subclass–molecular species. A total of 21 lipid classes and 1201 lipid species were detected and tentatively identified in the hippocampus of rats with TLE using UHPLC–MS/MS, as shown in Figure 1. In the hippocampus of epileptic rats, there were differences in six of 21 lipid classes, with increased levels of ChE and DHCer and decreased levels of FA, LPA, PE, and PE-O (Table 1).
[image: Bar chart displaying UFO sightings by location. Notable figures: DHCC at 145, KS at 359, RE.O at 135, and RE.C at 103. Most other locations have fewer than 50 sightings.]FIGURE 1 | Statistical chart of lipid subclasses and lipid molecules (the horizontal coordinate of the figure indicates the detected lipid subclasses, and the vertical coordinate is the number of lipid molecules under the subclasses).
TABLE 1 | Impact of epileptic seizures on lipid metabolism in the rat hippocampus: quantitative analysis and differential expression of lipid classes.
[image: Table comparing mean concentrations (ng/g) of different classes between epilepsy and control groups. Classes include ChE, DHCer, FA, LPA, PE, and PE-O. ChE shows the highest ratio of 2.061 with a p-value less than 0.001, indicating significant difference. Other classes show varying ratios and p-values, with DHCer having a ratio of 1.158 and p-value of 0.039, FA with 0.588 and 0.005, LPA with 0.800 and 0.019, PE with 0.673 and 0.020, and PE-O with 0.580 and 0.048.]The content of all quantified lipid molecules in the same sample is added to obtain the total content of lipid molecules in the sample. Then, the total contents of the blank control group and the epilepsy group can be compared, and the difference of the total lipid molecule content can be visually displayed in the form of a bar chart, as shown in Figure 2. Compared with the control group, the content of lipid molecules in the hippocampus of the TLE group was significantly reduced.
[image: Bar chart comparing lipid levels between epilepsy and control groups. The epilepsy group has a lower mean lipid level than the control group. Error bars indicate variability. Y-axis labeled "Lipid (ng/g)".]FIGURE 2 | Total lipid molecule content.
3.2 Class analysis
The composition of lipid subclasses of the samples in each group is shown in a ring diagram (Figure 3). A circular graph corresponds to a set of samples. The first few lipid subclasses with a higher proportion are the main lipid components of the sample. In Figure 3, compared with that in normal rats, the lipid contents of FA, LPA, PE, and PE-O in the hippocampus of epileptic rats were decreased, and the lipid contents of ChE and DHCer were increased.
[image: Two donut charts compare control and epilepsy groups. Different colors represent various taxa, with dominant sections in green and pink. The control chart has one green segment larger than in the epilepsy chart, where pink and blue segments are more prominent. Legends list taxa names and percentages.]FIGURE 3 | Composition of lipid classes.
3.3 Species-level analysis
When all the detected lipid molecules were analyzed for differences, a total of six lipid subclasses (including 31 species) showed significant differences in the content. The detailed data are shown in Supplementary Figures S1–S6. We display the results in the form of a volcano map (Figure 4). Differential lipid molecules that meet fold change (FC) > 1.5 or FC < 0.67 and p-value <0.05 are represented by different colors. The top 10 lipid molecules with upregulated FC and the top 10 with downregulated FC were selected for labeling.
[image: Volcano plot depicting log2 fold change against -log10 p-value for genes in an epilepsy versus control study. Points are colored based on significance, with pink indicating significant genes. Some points are labeled for specific genes.]FIGURE 4 | Volcano map. In the volcano map, lipid molecules with a p-value less than 0.05 are shown in red, while other metabolites are depicted in black. The lipid molecules highlighted in the figure represent the top 10 metabolites with the most significant upregulated and downregulated fold changes (FC).
We then aimed to elucidate the relationship between the samples and differences in the expression patterns of lipids in different samples (VIP>1). The p-values <0.05 were used for hierarchical clustering (Figure 5A). In the clustering heat map, the significantly differentially expressed lipid molecules in the epilepsy group were highly expressed when compared with that in the control group in the red region and less expressed in the blue regions. The associations between the lipids with significant difference were analyzed using the correlation analysis method. The results of correlation analysis are visualized as a correlation clustering heat map (Figure 5B). Red indicates a positive correlation, and blue indicates a negative correlation. Lipids with correlational expression may jointly participate in biological processes; in addition, a positive correlation between lipids may also indicate that they originate from the same synthetic pathway, and a negative correlation may indicate that they are broken down for the synthesis of other lipids.
[image: Panel A shows a heatmap with hierarchical clustering using red and green colors indicating gene expression changes. Panel B shows a correlation matrix heatmap with red and blue colors representing different correlation levels. Both images include scales on the right-hand side.]FIGURE 5 | (A) Clustering heat map; (B) Correlation clustering heat map.
3.4 Lipid chain length analysis
On taking the lipid molecule DG (16:0/16:0/0:0) as an example, the chain length is the sum of the C atoms of the fatty acid chain possessed by the lipid molecule, that is, the length is 32 carbon atoms. In addition to the lipid content and lipid function, lipid chain length is also an influential factor that cannot be ignored: the chain length affects the thickness of the cell membrane, and then it affects the fluidity of the cell membrane and the activity and function of the related lipid transporters and target proteins. According to the statistical differences in the number of carbon atoms in different subclasses, we found that there were 10 classes of lipids with different carbon atom content, namely, Cer (1), ChE (2), DG (2), FA (4), LPG (1), PC (1), PE (8), PG (1), PI (1), and TG (3).
3.5 Lipid saturation analysis
On taking the lipid molecule TG (18:1/18:1/18:1) as an example, chain saturation is the sum of the number of double bonds of the fatty acid chain possessed by the lipid molecule, that is, the unsaturation is 3. In addition to the above lipid content and chain length, lipid saturation is also an important factor affecting lipid function. According to the statistical difference of chain saturation of different subclasses, we found that there were 13 types of lipids with different carbon atom contents, namely, ChE (3), DG (4), FA (5), LPA (1), LPG (1), MG (2), PA (2), PC (2), PE(7), PE-O (2), PE-P (1), PG (1), and TG (7).
3.6 Lipid KEGG analysis
KEGG pathway enrichment analysis is based on the KEGG pathway as a unit and the metabolic pathways involved in this species or closely related species as the background. Fisher’s exact test is used to analyze and calculate the significance level of metabolite enrichment in each pathway. The p-value was used to identify the metabolic and signal transduction pathways that are significantly affected: the smaller the p-value, the more significant the difference of the metabolic pathway. The results of the metabolic pathway enrichment analysis are shown in the form of a bubble diagram, as shown in Figure 6.
[image: Dot plot displaying enriched KEGG pathways with the x-axis labeled as "Rich factor" and pathways listed on the y-axis. Each dot represents a pathway, with colors indicating the p-value (red for lower, green for higher) and sizes showing the metabolite number. Key pathways include autophagy, Fc gamma R-mediated phagocytosis, and insulin resistance.]FIGURE 6 | Bubble diagram illustrating KEGG pathway enrichment.
3.7 Analysis of the overall changes of the KEGG metabolic pathway
The differential abundance score is a pathway-based method for analyzing metabolic changes. The differential abundance score can capture the average and overall changes of all metabolites in a pathway. Using the example comparison group as an example, the differential abundance scores for all the differential metabolic pathways are shown (Figure 7A). All the differential metabolic pathways are classified according to their upper level Pathway_Hierarchy2, and then rehierarchy2 are displayed, and the results are shown in Figure 7B.
[image: Two detailed graphs compare microbial abundance in sample groups. Graph A illustrates the differential abundance of microbes, with a color scale for significance and markers for pathway scores. Graph B displays a similar analysis with additional pathways and species, highlighting changes with color-coded significance. Both use horizontal axes for abundance scores and legends for clarity.]FIGURE 7 | (A) Graph depicting differential abundance scores across various metabolic pathways. (B) Differential abundance scores for all metabolic pathways, categorized by Pathway_Hierarchy2. (The larger the dot, the greater the number of metabolites).
In Figure 7B, the size of the dot at the end of the line segment indicates the number of metabolites in the pathway, and larger dots indicate more metabolites. Darker red indicates upregulated expression of the pathway, and darker blue indicates downregulated expression. We found that the largest number of metabolites was involved in the biosynthesis of unsaturated fatty acids in the hippocampus of epileptic rats, and the overall expression of this pathway tended to be upregulated. The overall expression of the pathway tended to be upregulated, and the autophagy pathway involved the most metabolites.
4 DISCUSSION
In this study, the targeted lipidomics method based on UHPLC–MS/MS technology was used to perform absolute quantitative analysis of the lipidomics of the samples. The results of the quality control evaluation show that the instrument analysis system of this experiment is stable and reliable. Data analysis at multiple levels, such as lipid content, chain length, saturation, and KEGG analysis, systematically, comprehensively, and deeply revealed the differences between the groups, which could be further revealed by combining the lipid function molecular mechanisms of related biological processes and phenotypes.
Previous clinical studies have found that abnormal metabolism of TG, cholesterol, sphingolipid, phospholipid, and bile acids is a key factor in the progression of epilepsy (Wei et al., 2022; Walimbe et al., 2024; Guo et al., 2023). The differential lipid results in the above studies may differ from ours due to several reasons. First, the samples of these studies were derived from the serum or plasma of patients, and our study was mainly based on the hippocampus of epileptic rats. Second, the patients in these studies included the elderly and children, and our study was based on adult male rats. Finally, these patients were already taking antiepileptic drugs, some of which may affect plasma or serum lipid levels (Okada et al., 2020). Using mass spectrometry imaging of 39 freshly frozen human hippocampal surgical specimens, Ajith et al. found reduced expression of various important lipids in TLE hippocampus, especially PC and PE (Ajith et al., 2021), which is consistent with some of our findings.
Our previous study identified damage to the hippocampal CA3 region of epileptic rats 24 h after seizure, so we chose 24 h after seizure as the time point for sampling (Zhao et al., 2023). These differentially expressed lipids may not return to normal levels in the short term. Studies have shown that after epileptic seizures, lipid metabolism in the brain may undergo reprogramming, leading to lipid accumulation in astrocytes, which may persist for a certain period. For example, in a study conducted by Chen et al. in 2023, it was found that apolipoprotein E-mediated lipid transfer occurs from hyperactive neurons to astrocytes in the brains of epilepsy patients, resulting in lipid metabolism reprogramming and the formation of lipid-accumulated reactive astrocytes (LARA). These astrocytes exacerbate abnormal discharges in neighboring neurons, aggravate seizure symptoms in mice, and contribute to disease progression (Chen et al., 2023). In addition, neuroinflammation is often associated with seizures, and certain inflammatory factors may continue to alter lipid metabolism. TNF-α is a typical pro-inflammatory factor that promotes the breakdown of triacylglycerol by activating hormone-sensitive lipase (HSL) in adipose tissue (Sharma and Puri, 2016). IL-6 reduces lipid synthesis in the liver by down-regulating the expression of fat synthase enzymes (e.g., fatty acid synthases) and genes involved in lipid synthesis (e.g., SREBP-1c). During acute inflammatory responses, elevated IL-6 may promote changes in fat metabolism, which subsequently affects lipid accumulation and metabolic function in the liver (Dumas et al., 2019; Farhadi et al., 2021; Li et al., 2015). TNF-α and IL-6 induce reprogramming of lipid metabolism in the brain, leading to the accumulation of lipids in astrocytes, further exacerbating inflammation (Chen et al., 2023).
Abnormal lipid metabolism may be present for extended periods after a seizure. Chen et al. found that LARA may reduce glutamate reuptake in the brains of patients with temporal lobe epilepsy by upregulating the expression of the adenosine 2A receptor, thus increasing the excitability of neurons. Repeated seizures may further lead to abnormal lipid metabolism (Chen et al., 2023). Research on the regulation of lipid metabolism by microglia in epilepsy is relatively limited. Microglia and astrocytes secrete associated inflammatory factors (TNF-α, IL-6, etc.) after seizures. Moreover, the release of TNF-α promotes the activation of astrocytes, which in turn affects their ability to process lipids. We found that TNF-α not only promoted glutaminase expression in astrocytes but also increased the release of extracellular vesicles containing lipids and signaling molecules, which may play a role in neuroinflammation and intercellular communication (Wang et al., 2017). For patients with epilepsy, long-term monotherapy with antiepileptic drugs can affect blood lipid levels. A study showed that carbamazepine and phenytoin sodium had a significant effect on blood lipid levels, especially total cholesterol and low-density lipoprotein cholesterol (LDL-C) levels. However, the effects of valproic acid and lamotrigine monotherapy on total cholesterol and LDL-C levels were not significant (Chuang et al., 2012).
Our study found that ChE and DHCer expression increased, while that of FA, LPA, PE, and PE-O decreased in the hippocampus of epileptic rats. These lipids may be related to neuronal injury and cell membrane repair. Epileptic seizures can trigger inflammation in the brain, and activated microglia and astrocytes secrete cholesterol esters through cholesterol metabolism pathways to respond to inflammation and repair cell membranes. Epilepsy causes neuronal membrane damage; ChE and DHCer are major components of the membrane and neuronal membrane stability, respectively. Increases in both may be related to the remodeling of synapses and membranes and neuronal repair. During seizures, energy requirements increase. Seizures may lead to impaired mitochondrial function, affecting the normal metabolism of fatty acids, which in turn leads to reduced energy production. In addition, during seizures, neuronal activity is abnormally heightened, leading to sharp increases in energy requirements. To meet this demand, cells may accelerate the oxidation of FA to provide more ATP, leading to decreased fatty acid levels. Studies have shown that in some neurological diseases, energy metabolism may shift from glucose metabolism to FA oxidation. For example, in the hippocampus that lacks sortilin-related receptor 1, energy metabolism shifts from glucose to fatty acid oxidation, which subsequently leads to elevated ROS levels, potentially triggering further cell damage (Wang et al., 2024). LPA plays an important role in regulating neuronal activity and inflammatory responses. Epilepsy may inhibit its production and alter the balance of phospholipid metabolism. Epilepsy may lead to membrane destruction, and PE and PE-O are consumed in large quantities to repair damaged nerve membranes, which affects the activity of metabolic enzymes related to PE synthesis (such as ethanolamine phosphotransferase) and reducing PE production (Vance, 2008).
According to the KEGG pathway analysis, lipid metabolism in the hippocampus of epileptic rats primarily occurred through the autophagy, gonadotropin-releasing hormone (GnRH), and glycosylphosphatidylinositol (GPI) pathways. Autophagy begins with the formation of an isolated membrane structure called a phagocytic mass, which expands by acquiring lipids and eventually closes to form an autophagosome. Various organelles, including endoplasmic reticulum, mitochondria, plasma membrane, and Golgi apparatus, have been implicated in providing membrane lipid sources for autophagosomes (Shibutani and Yoshimori, 2014; Gómez-Sánchez et al., 2021). A recent study showed that phagophore expansion requires local fatty acid channeling into phospholipid synthesis during the autophagic process (Schütter et al., 2020). In mammalian cells, the patatin-like phospholipase domain-containing protein 5 (PNPLA5) TAG lipase and several enzymes involved in phospholipid biosynthesis are positive regulators of autophagy, implying that neutral lipid stores are the key lipid source for autophagic membrane formation (Dupont et al., 2014). A transmembrane protein TMEM41B may also be involved in lipid exchange between lipid droplets (LDs) and autophagosomes (Moretti et al., 2018). This study also showed that LDs are not required as a membrane lipid source for autophagosome biogenesis but function in autophagy regulation by buffering fatty acid-induced lipotoxic stress to maintain ER lipid homeostasis, intact autophagy, and cell viability (Shpilka et al., 2015). A recent study showed that the synthesis of autophagic membranes requires an activation of CTP:phosphocholine cytidylyltransferase (CCT) on autophagy-derived LDs (Ogasawara et al., 2020). Overall, available data indicate that further research is required to define the exact role of fatty acid metabolism in autophagy and cellular homeostasis and the potential function of LDs in autophagy.
GnRH is a decapeptide hormone secreted by the hypothalamus. Its sequence is highly conserved in mammals, and its main physiological function is to promote the synthesis and secretion of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) by activating the GnRH receptor in pituitary cells, which in turn act on reproductive organs such as ovaries or testes to regulate gametogenesis and sex hormone secretion, finally forming the hypothalamus–adenopituitary–gonad axis (Wu et al., 2021; Gründker and Emons, 2021). Women with epilepsy using antiepileptic drug VPA often suffer from reproductive endocrine disorders, menstrual disorders, and polycystic ovaries (Røste et al., 2005; Svalheim et al., 2003). Valproic acid exerts anticonvulsive effects via the gamma amino butyric acid (GABA) neurotransmitter system, which also acts as a neurochemical regulator of GnRH neurons and suggests the possibility of valproic acid-mediated interruption in gonadotropin-releasing hormone pulse generator in the hypothalamus. Lakhanpal et al. observed GnRH and GABA expression, neural cell adhesion molecule, and ovarian histological changes in female rats, suggesting that VPA treatment disrupts the hypothalamic–pituitary–gonadal axis (HPG) at the level of the hypothalamic GnRH pulse generator (Lakhanpal and Kaur, 2007). The GnRH receptor is expressed in fat cells. As fat cells mature, the GnRH receptor expression increases gradually. Multiple studies have found significant differences in the prevalence of obesity between women with epilepsy and healthy controls (Li et al., 2024; El-Khayat et al., 2004; Ayyagari et al., 2012). Due to the limited number of studies on GnRH and epilepsy, the mechanism of GnRH’s involvement in epilepsy needs more research.
GPI is a glycolipid, which anchors 150 or more types of proteins to the cell surface (Kinoshita, 2020). Phosphatidylinositol glycan biosynthesis class A protein (PIGA) catalyzes the very first step of GPI anchor biosynthesis. Patients carrying a mutation of the PIGA gene usually suffer from inherited glycosylphosphatidylinositol deficiency (IGD) with intractable epilepsy and intellectual developmental disorder. Developmental and epileptic encephalopathies include a range of severe epilepsies in which intractable seizures are accompanied by the impairment of motor and cognitive functions (Scheffer and Liao, 2020). Early infantile epileptic encephalopathy-55, a severe form of epilepsy with frequent tonic seizures or spasms beginning in infancy and developmental delay or regression, has been linked to several genes that are important for GPI biosynthesis and attachment. For example, PIGB, PIGQ, PIGP, and PGAP1 have all been linked to novel autosomal recessive IGDs (Murakami et al., 2019; Martin et al., 2014; Johnstone et al., 2017). Kandasamy et al. generated three mouse models with PIGA deficits, specifically in telencephalon excitatory neurons (Ex-M-cko), inhibitory neurons (In-M-cko), or thalamic neurons (Th-H-cko). Both Ex-M-cko and In-M-cko mice showed impaired long-term fear memory and were more susceptible to kainic acid-induced seizures (Kandasamy et al., 2021). It has been commonly assumed that an imbalance between the excitatory and inhibitory synaptic transmission in the brain initiates seizure activity. Future studies will delve into the morphological, molecular, and physiological changes of excitatory and inhibitory neurons in these mutants to better understand the disease.
This research has some limitations. First, the study performed lipidomics analyses only at a single point in time (24 h after KA induction), which limits our understanding of changes in lipid metabolism over time. Future efforts to observe changes at multiple time points will better reveal the dynamics of lipidomics after seizures, including differences in short- and long-term effects. Second, using only normal rats as a control group did not adequately control for the effects of the injection procedure itself. The introduction of a sham operation group as a control group can better rule out inflammation and metabolic reactions that may be triggered during the injection process and thus more accurately assess the specific effects of KA-induced epilepsy on lipid metabolism. Finally, this study only focused on the changes of lipid metabolism in hippocampal neurons, and attention should be paid to the metabolic changes of astrocytes and microglia and their effects on lipid metabolism in neurons in future studies.
5 CONCLUSION
In this project, 21 subclasses of lipids were detected using the UPLC–MS/MS detection platform. Different lipid changes in focal epilepsy hippocampus tissues, such as increased ChE and DHCer levels and a decrease in FA, LPA, PE, and PE-O, may be related to an increase in the components constituting the membrane structure required for cell proliferation and the rearrangement of events in energy metabolism; this aspect warrants further in-depth verification.
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Currently, few symptomatic and palliative care options are available for patients with Parkinson’s disease (PD). Interdisciplinary research in materials engineering and regenerative medicine has stimulated the development of innovative therapeutic strategy for patients with PD. Hydrogels, which are versatile and accessible to modify, have garnered considerable interests. Hydrogels are a kind of three-dimensional hydrophilic network structure gels that are widely employed in biological materials. Hydrogels are conspicuous in many therapeutic applications, including neuron regeneration, neuroprotection, and diagnosis. This review focuses on the advantageous applications of hydrogel-based biomaterials in diagnosing and treating the patients with PD, including cell culture, disease modeling, carriers for cells, medications and proteins, as well as diagnostic and monitoring biosensors.
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Keywords: hydrogels, neural tissue engineering, Parkinson’s disease, delivery systems, biosensing

1 INTRODUCTION
PD is a discernible clinical syndrome characterized by various etiologies and clinical symptoms. Although the pathological changes in PD are complicated, they all entail α-synuclein aggregation (Morris et al., 2024). The current treatment strategies used in clinical practice mainly focus on creating new dopamine (DA) pathways and increasing DA levels. With the development of interdisciplinary studies, the combination of regenerative medicine and biomaterials engineering may provide solutions to the problems faced by current treatment strategies and provide new ideas for new treatment strategies (Pai et al., 2024). Engineering cells and tissue structures has always been employed to enhance the regeneration and/or function restoration after injury, disease or aging in regenerative medicine field. Also, biomaterials coupled with cell replacement technologies are often employed to treat central nervous system (CNS) illnesses by creating a three-dimensional environment for tissue regeneration and repair as well as medication administration. This strategy has been used to circumvent the constraints of dopaminergic neuron repair and regeneration in treating the patients with PD. Hydrogels are a promising therapeutic tool in the field of biomaterials (Harris et al., 2020). In addition to acting as a scaffold for the proliferation of transplanted cells, the hydrogel can also act as a carrier to deliver various active molecules and cells that can treat PD. Additionally, hydrogels have garnered extensive interest in the field of bioelectronic interface materials owing to their resemblance to the extracellular matrix and their versatility in electrical, mechanical, and bioengineering aspects (Han et al., 2018; Jia and Rolandi, 2020; Liang et al., 2021; Lyu et al., 2023; Chen et al., 2024; Li et al., 2024). As a result, hydrogel-based sensors for monitoring and diagnosing PD have become a new research focus in recent years. This review focuses on new hydrogel-based biomaterials for diagnosing and treating PD. Following a summary of hydrogel-based biological materials role in cell transplantation, drug delivery and other therapeutic methods in treating the patients with PD, this review presents the recent researches on biomaterial sensors monitoring and diagnosing PD. Finally, this review identifies the emerging trends, such as new strategies for designing hydrogel-based biomaterials and optimizing existing treatment methods, aiming to provide valuable references for scholars working on the design and development of biomaterials for diagnosing and treating PD, particularly hydrogel-based biomaterials.
2 PARKINSON’S DISEASE
PD is a chronic clinical syndrome that ranks second in morbidity only to Alzheimer’s disease as a prevalent neurodegenerative disorder (Feigin et al., 2019; Ben-Shlomo et al., 2024). The incidence and prevalence of PD have increased dramatically over the last 2 decades, for reasons scientists do not entirely understand the pathogenesis (Bloem et al., 2021).
Currently, PD is usually defined as bradykinesia with rigidity, resting tremor, or both. However, PD has multiple subtypes, and the clinical manifestations are diverse, even multi-systematic, including various non-motor symptoms (Chahine et al., 2020; Lancet, 2024). The major pathological characteristics of PD include accelerated loss and death of dopaminergic neurons in the substantia nigra pars compacta (SNpc) induced by complicated interaction mechanisms such as aberrant α-synuclein aggregation, dysfunction of mitochondria, lysosomes or vesicle transport, synaptic transport issues, and neuroinflammation (see Figure 1) (Ben-Shlomo et al., 2024; Lancet, 2024). Due to these complications, there are presently no generally recognized pathologic diagnostic criteria for PD, and efforts to create biomarkers (clinical, imaging, pathological, biochemical, and genetic biomarkers) are continuing (Morris et al., 2024).
[image: Illustration depicting the process of Parkinson's disease development. It starts with a person showing symptoms, leading to synaptic dysfunction and neuron loss. Lewy bodies form, alpha-synuclein fibrils and oligomers appear, and aggregates form. Mitochondrial damage occurs, reduced ATP and increased ROS levels are noted, and lysosomal damage is shown. Genetic mutations are indicated. Autophagy impairment is emphasized. Arrows connect each stage, creating a cycle.]FIGURE 1 | The mechanism of Parkinson’s disease.
While medications and surgery may alleviate symptoms of PD to some extent, as the illness exacerbates, they often become less effective and cause varying degrees of adverse effects. The drugs primarily comprise neuroprotective agents that target one or more functionally damaged molecular pathways, as well as others that increase DA concentrations in the brain or activate DA receptor activity (Armstrong and Okun, 2020). Since the pathology of PD mainly involves the loss of dopaminergic neurons, cell transplantation was once considered a viable therapy. However, the low usability, variable functional recovery causing significant movement problems, the undecided optimal cell source, and ethical concerns conspire against cell therapy for PD presently (Parmar et al., 2020).
Regrettably, there is currently no available therapeutic method that may halt or reverse the progression of PD (Dexter and Jenner, 2013). The treatment strategies for patients with PD should now be personalized, and management approaches integrated, i.e., multidisciplinary interventions and cares created by experts with the ultimate objective of assisting patients in meaningful activities and self-management.
3 HYDROGEL-BASED BIOMATERIALS IN TREATING THE PATIENTS WITH PD
3.1 The advantages of hydrogel-based biomaterials in treating the patients with PD
The use of biomaterials is critical throughout the whole diagnostic and therapeutic process for PD, from diagnosis through medication administration, cell transplantation, in vitro illness simulation, and even disease progression monitoring (Krishnan, 2021). Many biomaterials are critical for growth factor and gene delivery, as well as cell culture and cell transplantation procedures. For instance, some biocompatible materials that promote neuroprotection and regeneration are commonly employed in pharmacological therapy, cell transplantation, and even surgery when treating the patients with PD. These biomaterials have the potential to be employed to carry medications and cells, to generate a three-dimensional physiological environment inside the body, and to serve as implanted electrodes during surgery. The use of biomaterials, as it were, pervades the whole process of treating the patients of PD therapy (Hsieh et al., 2015; Eftekhari et al., 2020; Hejazi et al., 2020; Jarrin et al., 2021).
Hydrogels, an available biomaterial, are recognized as having the best flexibility, convenience and adaptability in meeting many requirements for treating patients with PD. Hydrogel is a porous three-dimensional network structure composed of highly hydrated polymer chains that have been cross-linked by chemical or physical means. The physical cross-linking process is mainly manifested by hydrogen bonding, phase transition, hydrophobic interaction, complex condensation and ionic contact. Chemical crosslinking mechanisms include the Michael addition, the Schiff base reaction, click chemistry, aldehyde crosslinking, photo-crosslinking, and enzyme crosslinking, among others (Fernandez-Serra et al., 2020). The crosslinking method is critical in the formation of the stability and ultimate performance of hydrogels. Electrospinning, biological 3D printing, patterning, freeze-drying, salt immersion, and acellular methods can all be used to design hydrogels for different application (Niemczyk et al., 2018). At present, the polymers formed by hydrogels used in the CNS in clinical practice mainly include three types: self-assembling peptides, synthetic polymers, and natural polymers. Synthetic polymers mainly include poly (ethylene glycol) (PEG), poly (lactic-co-glycolic acid) (PLGA), polylactic acid (PLA), and non-biodegradable methacrylate hydrogels. Non-biodegradable methacrylate hydrogels include poly (hydroxypropyl methacrylate) (pHPMA) and poly (2-hydroxyethyl methacrylate) (pHEMA). Natural polymers are mainly divided into two categories: polysaccharide-based polymers (hyaluronic acid (HA), alginate, chitosan, agarose, and methylcellulose) and protein-based polymers [matrigel, gelatin, and collagen (COLL)] (Xie et al., 2024; Zhu et al., 2024).
Designing, researching, and developing biomaterials that can be well applied in brain tissue faces huge challenges due to the complexity and fragility of brain tissue, and the application of hydrogels significantly alleviates these challenges. Hydrogels may be utilized as an implanted scaffold for minimally invasive surgery by injection, allowing for in-situ gelation and precise filling (Rose et al., 2017). With its variable pore size and porosity, excellent biocompatibility, low immunogenicity, low toxicity, adequate biodegradability, and superior electrical and mechanical properties, hydrogels may also simulate extracellular matrix to some degree (Madhusudanan et al., 2020). This enables the development of neuropathy-related environmental models in vitro, as well as the culture and delivery of nerve grafts. Additionally, hydrogels offer an appealing delivery system for unstable medicinal compounds across the blood-brain barrier. Due to their environmental responsiveness and customizable swelling and release characteristics, hydrogels have exhibited promise for developing controlled-release and modified-release dosage carrier agents for CNS disorders (Li and Mooney, 2016). Furthermore, the application of conductive hydrogels prepared from mixed conductive chemicals such as polyaniline, polypyrrole (PPy), and poly (3,4-ethylenedioxythiophene) has significantly stimulated the proliferation, differentiation, development, and extension of neuronal axons (Zhou et al., 2018). Hydrogels may also be used as electrode-related materials for neuromodulation devices, such as flexible and wearable sensors or implants for deep brain stimulation surgery (Kim et al., 2010; Liu et al., 2019). Due of the merits stated above, hydrogels may lead a research path in the biomedical areas of PD-related medication and growth factor administration, bio-sensing, and tissue engineering, among others, see Figure 1.
3.2 Hydrogels in treating the patients with PD
3.2.1 Hydrogels constructing 3D microenvironment to promote cell proliferation and differentiation
The paucity of knowledge about the brain organ precludes the efficacy of therapies for neurodegenerative diseases such as PD. The three-dimensional organoid culture system is now regarded as the most promising technology to recreate the complex function and structure of the human brain (Murphy et al., 2017). Traditional monolayer culture cannot accurately simulate tissue structure, mechanical and biochemical stimuli, and information exchange between cells. However, an organoid culture system can provide a more physiologically relevant in vitro environment, more accurately simulating the interaction of cell-cell, cell-matrix, and cell-surrounding physical environment (mechanical stress and induction, neural cytoskeletal dynamics, and others) (Rammohan et al., 2019; Madhusudanan et al., 2020). Thus, the most genuine neural tissues or organs may be generated in vitro, facilitating the knowledge of the brain’s structure and function.
Along with organoid construction, the use of hydrogels to create a three-dimensional microenvironment that promotes stem cell proliferation and differentiation is critical for treating the patients with PD. Currently, cell transplantation is the primary therapy option for patients with PD who lack compact part of substantia nigra (SNc) dopaminergic neurons (Fan et al., 2020). Induced pluripotent stem cells (iPSCs), embryonic stem cells (ESCs), and neural stem cells (NSCs) are the most often transplanted cells (Takahashi, 2019). The capacity of these cells to proliferate and differentiate after transplantation into the recipient is critical to the treatment’s effectiveness. Hydrogel-based three-dimensional cell matrix creates an optimal milieu for stem cells to proliferate and differentiate effectively. For example, the development of neural networks and the differentiation of NSCs were significantly promoted after transplantation into hydrogels modified with RGD peptide sequences or cationic moieties (Glotzbach et al., 2020). Additionally, the study showed that iPSCs aggregates could be differentiated into functional dopaminergic neurons after being encapsulated in alginate-Ca2+ hydrogels, and these functional dopaminergic neurons could subsequently be integrated into the host brain by implanting the hydrogels into the host brain (Komatsu et al., 2015). The researchers prepared hydrogels scaffolds to generate cerebral organoids from human pluripotent stem cells (hPSCs) using a medium derived from HA and other particular components. Immunostaining and quantitative reverse transcription-polymerase chain reaction revealed protein and gene expression indicative of forebrain, midbrain, and hindbrain development, and physiological investigations demonstrated that the cells also exhibited neurobehavior as well (Lindborg et al., 2016). This suggests that iPSCs and 3D cell culture are the initial steps toward developing more trustworthy models, like organoids, to aid in research on neurodegenerative disorders. The combination of iPSCs, 3D organoids and bioprinting will also help create novel therapeutics (Bordoni et al., 2018). Neuroinflammation and neurodegeneration are also prominent features of PD, and the activation of microglia and astrocytes plays a significant role in these pathological processes. By culturing microglia and astrocytes in 3D culture media composed of alginate saline hydrogels or COLL hydrogels, important clues for PD research and drug development may be obtained (Watson et al., 2017). As well, by culturing organogenic brain slices from the dorsal striatum and ventral midbrain (VM) in a variety of different biomaterials, the researchers found that dopaminergic fibers grew in culture media containing glialcellline-derivedneurotrophicfactor (GDNF) -loaded COLL hydrogels (Ucar and Humpel, 2019; Ucar et al., 2021). Its ability to progress to both target and non-target brain regions is significantly stimulated. This findings make it possible to preserve or restore connections between the striatum and the SNc in the brain.
Hydrogels may be an advantageous means for regulating cells’ microenvironment and, ultimately, cell assembly and organ development. The cell aggregates generated by these techniques may aid in the development of PD treatments through drug screening, disease modeling, and cell replacement therapy. Although the current research is in its infancy and some issues remain, such as determining which component of the interaction is dominant and determining the critical value of the interaction, the amalgamation of organoid and biomaterial technologies heralds the start of a promising trend in tissue engineering (Wan, 2016).
3.2.2 Delivering drugs and protein molecules
There have been some successful cases of using polymers to construct drug controlled release systems. Among them, the drug controlled release system constructed by hydrogel is a notable case. Hydrogels can significantly increase the ability of drug adsorption, retention, and brain distribution and have unique pharmacokinetic (PK) (Fernandez-Serra et al., 2020). Except for oral, cutaneous, intranasal, and other administration routes, hydrogels can also be administered by in situ injection, thereby efficiently avoiding the obstruction of the blood-brain barrier (Vissers et al., 2019; Del Campo-Montoya et al., 2022; Comini et al., 2024; Comini and Dowd, 2025). Indeed, hydrogels have been widely applied to incorporating medicines, small molecules, extracellular matrix proteins, and even gene vectors to improve and treat chronic illnesses such as PD (Woerly et al., 2008; Singh et al., 2019; Di Stefano and Marinelli, 2021), (see Table 1).
TABLE 1 | Hydrogels used for drug and protein delivery in the treatment of PD.
[image: Chart listing various hydrogels and their features for therapeutic applications. Columns are: Hydrogel, Therapeutic agent, Noticeable features, PD model, References. Examples include dextran dialdehyde cross-linked gelatin hydrogel with DA for behavioral biases in PD, and PVP/PAAc with DA for crossing the blood-brain barrier. Noticeable features and references for each hydrogel are provided.]How to effectively deliver DA is the key to treating PD. However, DA can’t penetrate the blood-brain barrier owing to its high hydrogen-bonding potential and hydrophilic properties, posing significant challenges for drug administration to brain tissues (Trapani et al., 2011; Sulzer et al., 2016). Senthilkumar and colleagues (Senthilkumar et al., 2007) utilized self-crosslinked dextran dialdehyde crosslinking gelatin as an injectable DA carrier. The study demonstrated that morphine-induced contralateral rotations were significantly reduced in the 6-hydroxydopamine (6-OHDA) PD animal model after injection of the hydrogel carrier. Another research prepared a DA -loaded nano hydrogel in vitro, whose main component is polyvinylpyrrolidone-polyacrylic acid (PVP/PAAc). This nano hydrogel agent has great potential in brain DA delivery. The findings indicated that the nano- DA administration significantly improved rigor stiffness in the rat model of PD induced by hematoxylin and rotenone, with a significant DA increase in the striatum. Additionally, this method of DA delivery may have disease-modifying effects, as mitochondrial function in brain tissue was significantly enhanced after multiple dosing (Rashed et al., 2015). Ren and colleagues (Ren et al., 2017) developed various injectable and biocompatible hydrogels as local release systems using quaternized chitosan, gelatin, and DA. These hydrogels can administer DA and inflammatory medicines in a slow-release manner. Hence, using hydrogels systems to deliver DA may be a therapeutic strategy for treating patients with PD.
L-DOPA has been the cardinal treatment option for the patients with PD in recent decades (Olanow et al., 2021). However, its low oral bioavailability and low brain absorption need the incorporation with carbidopa to prevent peripheral circulation degradation. As early as 1998, researchers utilized an alcoholic hydrogel containing L-menthol to achieve percutaneous drug administration of L-DOPA to increase brain absorption and enable independent medication usage. L-DOPA and norepinephrine plasma concentrations rose with time. DA levels increased and plateaued thereafter, with no change in adrenaline level (Sudo et al., 1998). Sharma and colleagues prepared chitosan nanoparticles and loaded L-DOPA into them, and then mixed and dispersed the chitosan nanoparticles evenly in a thermoreversible gel made of Pluronic PF127. The intranasal route of administration significantly increases the rate of drug distribution in the brain (Sharma et al., 2014). Additionally, recent research has shown that supramolecular gels composed of glutamine derivatives and benzaldehyde may be employed as delivery vectors for L-DOPA, achieving intranasal administration. The gel has a high degree of biocompatibility with nasal epithelial cells. Animal tests demonstrated that intranasal L-DOPA with a 3H label given through gel was superior to a standard intranasal L-DOPA solution. This is because the gel remained in the nasal cavity longer, resulting in higher blood and brain concentrations (Wang et al., 2021). Combining inorganic particles with hydrogels can give the material additional properties, thereby building a more effective drug delivery system. The optical characteristics, large surface area, biocompatibility, low density, low toxicity, adsorption capacity, and encapsulating ability have garnered considerable interest for silica nanospheres (SiO2). Recently, a study reported that a pH-responsive hydrogel could be synthesized by mixing silica nanospheres with chondroitin sulfate polymer and casein. When this material was used to deliver L-DOPA, L-DOPA could be released continuously by this cell-compatible hydrogel for 87 h (Simão et al., 2020). In addition, in another study, researchers used N, N’-methylenebisacrylamide as a cross-linker and prepared hydrogels with acrylamide (AAm)/methacrylamide (MAAm) and dietary fiber psyllium as raw materials. This hydrogel was found to be able to continuously release neurotransmitter precursors in experiments and can therefore be used to treat the patients with PD (Singh and Chauhan, 2010).
Ropinirole (RP) is one latest DA agonist that works by activating the striatum’s DA receptors to generate DA to treat the patients with PD. RP is effective both as monotherapy and in conjunction with L-DOPA, allowing for a dosage reduction of L-DOPA. However, the oral bioavailability of RP is low, only about 50%, and its short half-life necessitates regular dosing (Azeem et al., 2012). Lipid nanoparticles and their enriched hydrogels formulations are considered to be effective RP delivery systems. Some researchers synthesized nanostructured lipid carriers (RP-NLC) and solid lipid nanoparticles (RP-SLN) and loaded RP into these nanomaterials. The team further synthesized formulations of hydrogels constructed using RP-loaded nanomaterials (RP-SLN-C and RP-NLC-C). The pharmacodynamics (PCD) and PK indicators of these materials were evaluated and optimized. According to the results of PK tests, the bioavailability of RP-loaded nanomaterials and their hydrogel preparations was significantly improved when the administration routes were transdermal and oral. The pharmacodynamics experiments exhibited the recovery of biochemical changes in the rat PD model (Dudhipala and Gorre, 2020). Additionally, many potential therapeutic agents, such as progesterone (Cardia et al., 2019), the chaperone Hsp70 (Tunesi et al., 2019), nicotine (Iresha and Kobayashi, 2021), activins (Li et al., 2016a), and other neuroprotective medicines, are severely restricted by inadequate brain uptake. To a certain degree, the hydrogels delivery system may overcome the restriction of inadequate brain intake. Simultaneously, Chen and colleagues (Chen et al., 2021)established a new PD mouse model. The research team synthesized a thermosensitive hydrogel, the main components of which are poloxamer 188 and poloxamer 407. Due to the temperature-sensitive properties of this drug carrier, they constructed the new animal model by administering paraquat to mice through the nasal cavity. This study provides a new idea for the establishment of PD animal models and makes the operation of establishing PD animal models more convenient.
Many diseases, including PD, have been linked to neurotrophic factors which can regulate nerve cell growth and survival, to influence glial development, and even to function in the systemic system. The delivery of neurotrophic factors to the site of disease and injury presents therapeutic potential in applications, often in conjunction with cell transplantation (Chang and Wang, 2021; Lara-Rodarte et al., 2021). Lampe et al. (2011) used spatially oriented degradable PEG hydrogel as a matrix to encapsulate PLGA particles. This material was used to deliver GDNF and brain-derived neurotrophic factor BDNF to brain regions such as the SNc and striatum. A minimally invasive single penetrating implant design placed the BDNF end into the striatum, and the GDNF end in the SNc. This system demonstrated coordinated medication delivery and decreased immunological and inflammatory responses at the application site. Advances in the manufacturing and processing of hydrogel systems may result in developing novel techniques for the administration of drugs and neurotrophic factors.
3.2.3 Cell transplantation
Dopaminergic neurons in the SNc constitute the majority of the damaged tissue in PD. Although this homogeneous damage makes cell repair treatment an ideal option, the low survival rate of transplanted cells precludes cell repair therapy from extensive clinical application (Sortwell et al., 2000; Schweitzer et al., 2020; Jarrin et al., 2021). In recent years, hydrogels have been widely used in tissue engineering. The main function of hydrogels is to act as scaffolds to encapsulate cells (Oliveira et al., 2018). The injectability, environmental responsiveness, biodegradability, biocompatibility, and ability to simulate the nerve cells environment have garnered considerable interest for hydrogels, particularly in nervous system. Additionally, the porosity of hydrogels promotes cell survival and nerve axon elongation growth (Fernandez-Serra et al., 2020; Pravin and Nivedita, 2020).
When stem cells were cultured using some amyloid hydrogels, they could significantly differentiate toward the neural lineage. The researchers found that this phenomenon was mainly due to the hydrogel’s unique mechanical strength and high-order arrangement (Jacob et al., 2015). By leveraging the self-assembly and physical properties of amyloid protein, Das et al. (2016) prepared a series of hydrogels based on -synuclein (-syn) with the self-recognition sequence motif. In vitro, using this hydrogel to co-culture with mesenchymal stem cells (MSCs), the cultured MSCs can clearly differentiate into the neural lineage. The results showed that after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mice were implanted with hydrogels encapsulating MSCs, the survival rate and differentiation rate of MSCs were significantly increased due to the hydrogels. A growing number of studies have demonstrated the merits of conducting hydrogels in bioelectric conductivity, including improving the bioelectrical signals communication between cells, assisting in the restoration of disrupted conductive neural pathways, and preserving the endogenous electrical microenvironment necessary for nerve regeneration. Electrical stimulation of injured nerve tissue alters the regeneration and healing processes significantly (Guo and Ma, 2018; Vijayavenkataraman et al., 2019). Therefore, conductive hydrogels appear critical for both in vitro and in vivo cell culture and implantation. Xue et al. (2019) developed an injectable hydrogel whose main component is Gelatin-PANI. Stereotactic injection of this hydrogel into the SNc region of PD mice can deliver bone marrow stromal cells (BMSCs). The results of this experiment showed that after PD mice received stereotactic injection of hydrogel, the BMSCs in them significantly increased the production of nerve growth factor, nerve fiber fibers and dopaminergic neurons. The behavioral performance of PD mice was also significantly improved. These results suggest that BMSCs can be effectively delivered to the SNc via hydrogels for the treatment of PD. Furthermore, self-assembled peptide hydrogels promote cell survival by providing structural support for functioning, adherent neural networks. Francis et al. (2019) implanted RADA16-I-based self-assembling peptide nanofiber scaffolds (SAPNS) in the striatum of a unilateral 6-OHDA-damage PD mouse model as iPSC-derived human DA Neuronal culture substrates and supports. The results showed that after scaffold implantation, the motor function of the PD mouse model was restored and the long-term survival of cells was significantly promoted. Additionally, modifications to the hydrogels, such as combining them with other materials or adding adhesive peptides, provide physical barriers and adhesion sites for the cells encapsulated in the hydrogels and reduce the mechanical and/or immune pressure experienced by the cells during and after implantation, thereby increasing cell survival (Nakaji-Hirabayashi et al., 2008; 2013; Kang et al., 2014; Adil et al., 2017; Liu et al., 2023) (see Table 2).
TABLE 2 | Hydrogels used for cell transplantation in the treatment of PD.
[image: Table comparing various hydrogels, detailing the hydrogel types, cell types used, noticeable features, Parkinson's disease models, and references. Hydrogels include α-Syn derived peptide, Gelatin-PANI, peptide-based nanofibrous, RGD and heparin functionalized HA, COLL with integrin-binding, keratin, and Ormocomp 3D scaffold. Features range from toxicity levels and immune responses to cell survival rates and mechanical strength, tested in models such as MPTP and 6-OHDA. References cite various studies from 2008 to 2019.]While conventional hydrogels have many benefits, they are a theoretical success. However, it is often discovered in practice that their mechanical qualities are insufficient to structurally safeguard transplanted cells. If the mechanical strength of the hydrogels is increased by the changing hydrogels parameters such as concentration, crosslinking density, and crosslinking distance, the hydrogels’ pore size and transport properties are altered. 3D hydrogels were suggested as a result of this. In other investigations, 3D Ormocomp scaffolds were employed for mechanical enhancement of alginate brine hydrogels, culminating in the formation of 3D mixed scaffolds, which enhanced the mechanical qualities of the composite without altering the pore size of the gel matrix, therefore shielding the encapsulated exogenous cells from the host immune system and enabling them to survive (Kang et al., 2014).
By and large, hydrogels provide an optimal microenvironment for the survival and proliferation of neural lineage cells. Also, given their accessible modification and recombination, the use of hydrogel-coated cells for upgrading the efficacy of stem cell transplantation has enormous promise.
3.2.4 Combined transplantation
Long-term animal and clinical studies on PD have demonstrated that the survival and proliferation of transplanted cells are not always associated with an improvement in clinical symptoms, necessitating guidance and modification to optimize further DA release and DA neuron connectivity (Li et al., 2016b; Kordower et al., 2017; Moriarty et al., 2017). After cell transplantation, hydrogels have been shown to significantly improve the efficacy of PD cell transplantation therapy because they can suppress the host’s immune system and provide the microenvironment required for the growth of transplanted cells. Hydrogels can also be used to carry neurotrophic factors and perform a controlled release. These neurotrophic factors can guide cell behaviors, such as cell survival, growth, scattering, adhesion, proliferation, differentiation, and others (see Table 3). In the future, hydrogels may be designed to transport medicines, gene carriers, and other bioactive ligands for combined transplantation with cells, enhancing the integration of the graft and PD brain, and thus enabling the whole system to more effectively treat the patients with PD.
TABLE 3 | Hydrogel used in combined transplantation for PD.
[image: Table comparing different hydrogels and their combinations, noticeable features, Parkinson's disease (PD) models, and references. Hydrogels include biomimetic self-assembly peptides, COLL, Zn-HA, HA, and thermo-sensitive xyloglucan hydrogels. Combinations involve various cells and factors like hPSCs, GDNF, and BDNF. Notable features cover neuronal improvement, functional recovery, low toxicity, and enhanced graft survival. PD models include 6-OHDA and apomorphine induction. References list studies by Hunt et al. (2021), Moriarty et al. (2019), Nakaji-Hirabayashi et al. (2009), Adil et al. (2018), and Wang et al. (2016).]3.3 Hydrogels in PD diagnosis and monitoring - biosensor
Currently, the diagnosis of PD is made mostly on the basis of clinical symptoms and signs, in the absence of accurate imaging and laboratory evaluation. As a result, quantifying early diagnosis and dynamic monitoring of patients with PD is challenging. In recent years, as material engineering science has advanced, researchers have progressively discovered that sensors may be utilized to monitor many indicators of PD patients in order to accomplish early diagnosis and dynamic monitoring. Many ancillary tests are available for diagnosis and monitoring, such as Dopaminergic neuroimaging, Transcranial ultrasound of the SNc, Genetic testing, Copper (serum, 24 h urine), plasma ceruloplasmin, Kayser-Fleischer rings in peripheral cornea, Autonomic function tests, Polysomnography, Olfactory tests, and Tremor analysis (e.g., neurophysiology, accelerometers, wearables) (Guan et al., 2016; Cho et al., 2020; Kim et al., 2020; Lee et al., 2020b).
Wearable sensors are already extensively employed in many medical and non-medical applications. Electrochemical sensors were progressively phased out in favor of flexible optical waveguide sensors, due to their susceptibility to electromagnetic interference and associated electrical safety issues. Apart from optical transmission, waveguides may be built and functionalized for high-sensitivity sensing by altering light intensity, phase, wavelength, or polarization. These devices can achieve wearable/implantable physiological monitoring (e.g., heart rate, body temperature), mechanical monitoring (e.g., pressure, strain, torsion), and biochemical monitoring of the body (e.g., glucose, sweat, oxygen saturation) (Nag et al., 2017; Guo et al., 2019). This sensor is a simple, non-invasive, and stress-free method of monitoring and diagnosing PD patients. Due to their superior optical and mechanical capabilities, hydrogels have become an essential biological material for use in these sensors (Guimarães et al., 2021). DA is a central monoamine neurotransmitter. Blocked DA transmission is strongly associated with the onset and development of PD. Zhou et al. (2020) developed a soft and biocompatible optical DA sensor based on doped hydrogels optical fiber (HOF) with upconversion nanoparticles (UCNPs). The detection of DA molecules is accomplished via the luminous energy transfer between UCNPs and the oxidation products of DA, while photoconductive HOF could collect UCNPs during excitation and emission. Due to its high linearity, selectivity, and sensitivity, the polyethylene glycol diacrylate (PEGDA) hydrogel-based sensor UCNPS-HOF can reliably detect DA in the 0–200 M range (LOD at 83.6 nM).
This hydrogel-based optical sensor may be utilized as a bedside sensor probe for quantitative and in-situ monitoring of DA. It has clinical use in the study and diagnosis of DA-related disorders. Additionally, several studies concentrate on the dynamic monitoring of patients with PD after therapy. Transient fingertip perspiration was collected using a highly permeable hydrogel in a study of customized therapeutic medication monitoring in the patient with PD after oral L-DOPA administration. The hydrogels transported perspiration to a biocatalytic tyrosinase-modified electrode, which finally transformed into a fingertip L-DOPA biosensor capable of monitoring the dynamic features of the patient with PD while they are on L-DOPA (Moon et al., 2021). Similar investigations include combinatorial biophysical cue sensor developed by Jong MinLee et al. utilizing conductive PEG hydrogels. The sensor and topographical/geometrical cues were fused together via electrical stimulation, and could be used to study the proliferation and differentiation of NSCs, as well as a monitoring and intervention tool for stem cell transplantation treatment for the patients with PD (Lee et al., 2020a).
Kim et al. (2021) demonstrated the use of a highly stretchy and self-healing hydrogels conductor (CCDHG) composed of catechol, chitosan, and diatom as stretchable triboelectric nanogenerators (TENG). TENG is used to harvest energy from human motion and apply a self-powered tremor sensor to the skin for long-term monitoring of the health status of PD patients. Using machine learning algorithms, m-shaped Kapton film and a specifically developed ccDHG-Teng self-powered tremor sensor were utilized to detect and track low-frequency vibration movements in PD patients. This research introduces a novel method for constructing stretchy TENGs utilizing conductive hydrogels. These materials can be utilized in many applications, including stretchable power supply, wearable electronics, and artificial intelligence-enabled health monitoring systems.
Additionally, Bin Yao and colleagues developed a highly sensitive wireless rehabilitation training ball with a piezoresistive sensor array for patients with PD. The piezoresistive material used in the rehabilitation training ball is a conductive hydrogels with a low permeability threshold, generated by conductive PPy nanofibers (NFs) grown from a polydopamine (PDA) template. Conductive hydrogels are capable of discriminating between 15.40 Pa slight pressures. The use of very sensitive piezoresistive sensors enables the monitoring of hand grip strength, which is poorly regulated in patients with PD. The rehabilitation training ball is equipped on the surface with a sensor array and a wireless chip assembly for internal communication, which enables real-time pressure monitoring (Yao et al., 2022). The use of hydrogels on different sensors, as it were, has aided in the research and development of monitoring equipment for PD patients, delivering good news for their treatment and rehabilitation, and perhaps facilitating the early quantitative diagnosis of PD (see Table 4).
TABLE 4 | Application of hydrogel-based biosensors in PD.
[image: Table listing sensors, their composition, and function. Sensors include UCNPs-HOF, Fingertip L-DOPA Biosensor, Catechol-chitosan-diatom hydrogel nanogenerator, Combinatorial biophysical cue sensor, and Piezoresistive sensor array. Compositions range from hydrogels to nanowires. Functions involve monitoring neurotransmitter levels, tracking vibrations, examining neuronal behaviors, and assessing hand-grip force in Parkinson's disease patients.]4 CONCLUSION AND OUTLOOK
Through long-term and effective control of the cell microenvironment, hydrogels can effectively manage the process of cell assembly and organ development. Problems faced in drug screening, the use of cell replacement therapy to treat PD patients, and the development of new PD models may be solved by the introduction of hydrogels and related cell aggregates. In addition to the advantage of being able to respond quickly and effectively to stimuli generated by various environmental conditions, hydrogels also have the obvious advantage of having multiple forms (multi-channels, nanohydrogels, microbeads, etc.). At the same time, hydrogels can be effectively combined with nanoparticles to achieve better results. At present, in the treatment of PD proteins, drugs, cells, genes, etc., there is a lot of data proving that hydrogels can be used as an excellent delivery carrier. Hydrogels may serve as an ideal bioelectronic interface medium, especially in contact with the human body, by combining their electrical conductivity with the bioelectric conductivity of nerve tissue. Thus, hydrogels serve as the interface material for electrical stimulation and recording brain activity, enabling the development of sensors and neural prostheses to monitor and treat PD-related movement deficits (see Figure 2).
[image: Illustration of CNS tissue engineering techniques. A: Drug release to brain and spine. B: Cell carriers for delivery. C: Aligned microgels for bridging. D: Granular hydrogels for brain and spine bridging. E: Layered models. F: Synthetic and developmental models featuring engineered neural cysts and organoids. Central figure symbolizes the human brain and spine connection.]FIGURE 2 | Hydrogels applied to the modeling and treatment of neurological diseases. (A) Hydrogels applied to drug and soluble factor delivery (B) Hydrogels as delivery carrier for transplanted cells (C, D) Hydrogels is as scaffolds to promote the nerve cells growth (E, F) Hydrogels aiding in the in vitro modeling of the nervous system and CNS organoid.
Although significant progress has been made in the research of hydrogels in recent years, hydrogels still have certain challenges in the diagnosis, treatment and detection of PD. For example, for hydrogels that will be implanted in tissues for a long time, how to accurately simulate the physical properties and mechanical properties of natural tissues is an urgent problem to be solved. These properties include the long-term stability, bioelectric conductivity and strength of the material. At the same time, after the hydrogels are implanted in tissues and organs for a long time, it may age over time, and its performance will decline, which may even make it difficult for the implant to maintain its original form. These problems may weaken the ability of hydrogels to support the attachment, proliferation and migration of co-transplanted cells. These abilities are essential for effective tissue repair and functional recovery, so how to balance the biological function and physical properties of hydrogels may be one of the focuses of future hydrogels research.
Another challenge faced by the application of hydrogels in the treatment of PD is how hydrogels can accurately simulate the signals of extracellular matrix. When stem cells are co-transplanted to treat PD, the proliferation, differentiation and integration of stem cells in tissues are important ways for it to play a role. How to accurately simulate the signals of extracellular matrix to accurately control the behavior of stem cells may also be the future research direction of hydrogels for the treatment of PD.
In addition, with the further development of the field of materials science, bioink and 3D printing technology are gradually used, which makes the design of hydrogels tend to be customized separately for each patient. At the same time, these technologies can form a more complex hydrogels structure and adapt to the intricate environment in the brain.
To summarize, the use of hydrogels in diagnosing and treating the patients with PD is an interesting and fast-evolving area.
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Photothermal therapy (PTT), a popular local treatment that uses heat to ablate tumors, has limited efficacy in addressing metastatic and deeply located tumors when used alone. Integrating PTT with immunotherapy not only yields a synergistic effect but also promotes cancer regression and confers the benefit of immune memory, which can surmount the challenges faced by PTT when used in isolation. Metal-based nanomaterials, renowned for their superior photothermal conversion efficiency and distinctive photochemical properties, have been extensively researched and applied in the field of PTT. This review summarizes the latest developments in combination therapies, with a specific focus on the combination of PTT and immune checkpoint therapy (ICT) for cancer treatment, including a comprehensive overview of the recent advancements in noble metal-based and 2D transition metal chalcogenides (TMDCs)-based photothermal agents, and their anticancer effect when combining PTT with immune checkpoint blockades (anti-CTLA-4 and anti-PD-L1) therapy. The goal of this review is to present an overview of the application, current challenges and future prospects of metal-based photothermal agents in PTT combined with ICT for cancer treatment.
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1 INTRODUCTION
Cancer is one of the most leading causes of death worldwide, in 2022, nearly 20 million new cancer cases were diagnosed, and approximately 10 million people died from the disease (Bray et al., 2024). It is projected that about one in five individuals will develop cancer, with one in nine men and one in twelve women succumbing to it. The primary therapeutic approaches for cancer management include surgery, chemotherapy, radiotherapy, and other methods (Debela et al., 2021; Liu B et al., 2024). However, these traditional treatments have several limitations and can cause significant side effects, which make it necessary to explore more safety and effective treatment strategies for cancer treatment.
Photothermal therapy (PTT) is a local treatment that uses photothermal agents (PTAs) to harvest energy from near-infrared (NIR) light and convert the energy into heat, which leads to an increase in the temperature surrounding the tumor tissue ultimately inducing the death of cancer cells (Yang et al., 2016; Liu et al., 2018; Nam et al., 2018; Gao et al., 2022). At present, the photothermal agents mainly include noble metal nanomaterials (Wang et al., 2012; Ding et al., 2021), graphene (Lin et al., 2020; Li L et al., 2024), two-dimensional transition metal chalcogenides (TMDCs) (Gong et al., 2017), semiconducting polymer nanoparticles (Zhang Y et al., 2018), organic small molecule dyes and so on, some of these summarized in Table 1. Among these photothermal agents, noble metal-based and TMDCs-based photothermal agents possess numerous advantageous characteristics, including high photothermal conversion efficiencies and unique electronic and optical properties (Hernández and Galarreta, 2019; Zhang X. et al., 2019). Moreover, their large surface area and low cytotoxicity facilitate the entry of biomolecules and drugs into cells, which is crucial for effective cancer therapy (Gong et al., 2017; Yang F et al., 2024). This treatment modality has a high degree of controllability in the treatment of tumors, and can also produce a large number of relevant antigens when eliminating the primary tumor. At the same time, as a non-invasive therapeutic method, PTT has the advantages of high specificity, low side effects, and high photothermal conversion efficiency, exhibiting a good ablation effect on solid tumors (Ban et al., 2017; Zhang et al., 2021; Kong and Chen, 2022). Therefore, it is widely favored by scientific researchers.
TABLE 1 | The types of metal-based photothermal agents that have been reported.
[image: Table listing various photothermal agents with their main elements, wavelength, power, cancer cell types tested, and references. Examples include Cu@Cu\(_2\)O@polymer NPs with Cu tested on HeLa cells, MoS\(_2\)-PEG with Mo and S on 4T1 cells, and others including agents like Bi-MoSe\(@PEG\)-Dox, Au@Se NPs, and Pt-Mn-PEI, each associated with different cancer cell types and power levels, referenced from various studies.]However, due to the limited penetration of light in tissues and inefficacy target ability to tumor site, the use of photothermal therapy alone will face problems such as low thermal ablation efficiency of primary tumors in deep tissues and unsatisfactory treatment effect for diffuse metastatic tumors (Chu and Dupuy, 2014; Deng et al., 2021). Therefore, scientists are working on strategies to combine photothermal therapy with other treatments. At present, the combination of PTT with photodynamic therapy (PDT), chemotherapy and immunotherapy are widely studied (Li et al., 2020; Huang et al., 2021; Liu et al., 2022; Li S et al., 2024). The absorption spectra of photodynamic and photothermal agents often do not align, which requires the use of two different lasers for long-term combination treatments involving PTT and PDT, further complicating the treatment process (Yang et al., 2017; Younis et al., 2019). The combination of PTT with immunotherapy effectively addresses the aforementioned issues while also overcoming the challenges of possible resistance to chemotherapy drugs. Therefore, researchers are committed to studying the combination of photothermal therapy and immunotherapy.
In recent years, immunotherapy has emerged as a promising cancer treatment option for individuals seeking to leverage their own immune system against diseases, particularly for those with uncontrollable cancers (Tan et al., 2020; Zhang and Zhang, 2020; Li et al., 2023; Liu Y et al., 2024). Tumors utilize multiple strategies to avoid immune detection, including the activation of regulatory T cells and the induction of inhibitory checkpoint receptors (Gajewski et al., 2013). Immune checkpoint proteins, including cytotoxic T lymphocyte-associated molecule-4 (CTLA-4) and programmed cell death ligand-1 (PD-L1) which are able to cause T cells with tumor-killing inactivation and promotion of cancer cell growth and invasion. Thus, the immune checkpoint blockades (ICBs), anti-CTLA-4 and anti-PD-L1, have been employed to suppress malignant tumors and have significantly improved patient survival rates (Doroshow et al., 2021; Matias et al., 2021). However, the eradication of the primary tumor through single immunotherapy remains a significant challenge, especially due to the considerable antigenic variation observed across different cancers (Copier and Dalgleish, 2006; Shao et al., 2015). In addition, PTT not only generates endogenous tumor-associated antigens (TAAs) during thermal ablation of primary tumors, but also generates damage-associated molecular patterns (DAMPs) and induces immunogenic cell death (ICD) in tumors. TAAs enable personalized and specific immunotherapy, and ICDs can awaken the immune system and enhance the immunogenicity of tumors (Guo et al., 2022; Zhuang et al., 2023). Therefore, the combination of immunotherapy with PTT is the most promising strategy to overcome the limitations of monotherapy (Wu et al., 2022b). In this review, we will summarize the recent application in the synergistic treatment of cancer with mental-based PTT and immune checkpoint therapy (ICT). We hope this review can provide a comprehensive status of mental-based PTT combined ICT for further development, and contribute to the early clinical translation of metal-based photothermal agents.
2 IMMUNE CHECKPOINT BLOCKADES (ICBS)
Over the past decades, a multitude of immune checkpoint proteins have been identified and studied, including programmed cell death protein-1 (PD-1)/PD-L1, CTLA-4, lymphocyte-activation gene 3 (LAG3), T cell immunoglobulin and mucin domain containing-3 (TIM3), T cell immunoreceptor with Ig and ITIM domains (TIGIT), and B- and T-lymphocyte attenuator (BTLA) (He and Xu, 2020). Normally, these immune checkpoints could protect normal cells from damage through activating the immune system to resist the malignancies and infections (Marin-Acevedo et al., 2018). However, in tumor cells, PD-1/PD-L1 and CTLA-4, the most broadly studied immune checkpoints, lead to T cells with tumor-killing inactivation and promote tumor cells growth and invasion (Figure 1A) (Jiang et al., 2021; Liu et al., 2021; Song et al., 2021; Sun S et al., 2021; Yang et al., 2024). As shown in Figure 1B, CTLA-4 combines with CD80 and CD86 ligands on dendritic cells (DCs) to deliver an inhibitory signal, which regulates the expression of Treg cells, an immunosuppressive T cell, and inhibits T cell immune response activation. Besides, the PD-L1 in cancer cells combines with PD-1, expressed on T cells, prevents the T cells from killing cancer cells, causing the immune escape of tumor cells (Filin et al., 2020). Therefore, the immune checkpoint blockades (ICBs), anti-CTLA-4 and anti-PD-L1, can enhance antitumor immunity through disrupting the tumor co-inhibitory immune cells. Although ICT is an effective strategy to activating T cells and promoting anti-tumor immune responses, if the number of immune cells is low or non-existent in the tumor microenvironment, it will diminish the therapeutic effect of ICBs (He and Xu, 2020). Photothermal therapy (PTT), using photothermal agents to generate heat under laser irradiation, can induce ICD in tumors to promote T cells infiltration. Therefore, combining PTT with ICB treatment can enhance immune cells infiltration in tumor and prevent tumor metastases. A comprehensive summary of the noble metal-based and 2D TMDCs-based photothermal agents in PTT combined with ICT are showed in Table 2.
[image: Diagram illustrating immune checkpoints' roles in cancer immunotherapy. Panel A shows interactions among CD4 T-cells, APCs, CD8 T-cells, and tumor cells with various receptors and molecules. Panel B depicts immune response activation and inhibition, emphasizing the effects of anti-CTLA-4 and anti-PD-1/PD-L1 antibodies on T-cells and tumor cells.]FIGURE 1 | Immune checkpoints blockade (anti-CTLA-4 and anti-PD-L1) enhanced the immune cells activation and eradicate tumor cells. (A) The schematic illustration of the multi-signal processes of T-cell activation and inactivation. Reproduced with permission from Ref (Jiang et al., 2021). Copyright 2019 Chongqing Medical University. Production and hosting by Elsevier B.V. (B) The schematic illustration of anti-CTLA-4 blocks the binding of CD80/CD86 in APC cells, thus activated CD8⁺ CTLs can inhibit tumor cells proliferation, and the anti-PD-L1 blocks the binding, leading to tumor cells be killed by CD8+ T cells. Reproduced with permission from Ref (Filin et al., 2020). Copyright 2020 by the authors.
TABLE 2 | The summary of noble metal-based and TMDCs-based photothermal agents in PTT combined with ICT.
[image: Table detailing various therapy types with corresponding photothermal agents, immune checkpoints, effector cells, power and time settings, temperatures, and references. Different therapies include combinations of PTT, ICT, CT, and RT with agents like Au@Pt-LM^Pp and MoSe₂-DPEG. Key immune checkpoints are PD-L1 and CTLA-4. Effector cells include CD8⁺ and CD4⁺ T cells. Power ranges from 0.5 to 2.0 W/cm², and temperatures from 43.0°C to 61.0°C. Various studies and their publication years are cited as references.]3 NOBLE METAL-BASED PHOTOTHERMAL AGENTS
Noble metals, primarily consisting of gold, silver, platinum and palladium, not only possess synthetic tunability and strong localized surface plasmon resonance (LSPR) effects (Jahangiri-Manesh et al., 2022; Yu et al., 2024) but also have superior optical and photothermal properties. Based on the aforementioned outstanding properties of noble metal, noble metal-based nanomaterials are widely used in PPT for cancer treatment.
3.1 Gold-based nanomaterials
Gold nanomaterials are the most widely studied noble metal photothermal agents, due to their outstanding photostability, high biocompatibility, and considerable photothermal conversion efficiency (Gui et al., 2021; Shuai et al., 2023). In order to endow gold-based nanomaterials with targeting and controlled drug release, Yang et al. combined Au@Pt nanoparticles with the antagonist LMDP peptide to form a multifunctional nanosystem (Au@Pt-LMDP) (Yang et al., 2019). As shown in Figures 2A, B, the LMDP peptide consists of a three-part combination including a PD-L1 antagonist short D-peptide (DPPA-1), a MMP2-reactive peptide (PLGVRG) and LyP-1 (CGNKRTRGC) sequence identical to tumor homing ligand, which endow Au@Pt-LMDP with high tumor inhibition and the alleviation of metastasis, especially the lung metastasis, via enhancing population of the CD8+ T cells and downregulating the Treg activity when combination with PTT. Besides, He et al. prepared AuNDs@aPD-1, which not only exhibits long-term retention of drugs and enhancing the tumor-targeting ability, but also efficiently promotes the activation of antitumor CD4+ and CD8+ T cells, and inhibit the Treg cells activity in tumor when combined with PTT, showing significant anticancer ability to local as well as distant tumors (Figures 2C, D) (He et al., 2022).
[image: Diagram showing cancer therapy processes. Panel A illustrates macrophage activity and tumor treatment with photothermal therapy. Panel B displays a graph and MRI images highlighting tumor sizes. Panel C depicts macrophage-mediated drug delivery and immune response, labeled "Photothermal therapy" and "Immunotherapy." Panel D presents bar graphs comparing cell populations across different treatments.]FIGURE 2 | Gold-based nanomaterials combined with PTT and ICBs enhanced the anticancer ability. (A) The schematic illustration of Au@Pt-LMDP combined with photothermal and immunotherapy. (B) The weights of tumors and the bioluminescent imaging of the metastatic foci of 4T1 lung metastatic tumors at the end of treatments. Reproduced with permission from Ref (Yang et al., 2019). Copyright 2019, Elsevier B.V. All rights reserved. (C) The schematic illustration of AuNDs@aPD-1 in photothermal therapy combined with immune checkpoint therapy in vivo. (D) The quantitative analysis of CD4+ T cells, CD8+ T cells, Treg cells and Teff cells in tumor at the end of treatments were detected by Flow cytometry. Reproduced with permission from Ref (He et al., 2022). 2022, Elsevier Ltd. All rights reserved.
3.2 Silver-based nanomaterials
Silver nanomaterials have been used in the field of PTT for their low toxicity, easy preparation, tunable SPR band, and superior thermal conductivity compared to other metals (Boca et al., 2011). Jin et al. found that a corn-like Au/Ag nanorod (NR) combination with 1,064 nm laser irradiation obviously increased the tumor infiltration of T cells after the injection of anti-PD-1 or anti-CTLA4, indicating a strong immunological memory effect and high anticancer ability (Figures 3A, B) (Jin et al., 2021). Moreover, in order to effective target the tumor site and realize the controllable TME-responsive drug release, Xiong et al. constructed Ag2S QDs/PTX/α-PD-L1@PLGA@membrane (AgPP@P@M) NPs, which exhibited superior antitumor ability and lung metastases inhibition for primary TNBC by enhancing ICD and activating the activity of CD4+ and CD8+ T cells, suggesting excellent synergistic therapeutic effects combined PTT with ICB (Figure 3C) (Xiong et al., 2024).
[image: Diagram illustrating tumor microenvironments. Panel A shows "cold" and "hot" tumors with cell types and immune responses. Panel B displays tSNE plots of immune cell populations before and after various treatments, such as surgery and photothermal therapy. Panel C diagrams nanogels targeting microenvironments for enhanced tumor immunity, including therapy mechanisms and interactions with tumor cells.]FIGURE 3 | Silver-based nanomaterials combined with PTT and ICBs enhanced the anticancer ability. (A) Schematic illustration of anticancer immune responses induced by Au/Ag NR combined with NIR-II PTT/PDT. (B) t-SNE analysis of immune cells in tumors at the end of treatment. Reproduced with permission from Ref (Jin et al., 2021). Copyright 2020, Elsevier Ltd. All rights reserved. (C) Schematic illustration of AgPP@P@M NPs enhanced immunotherapy in vivo. Reproduced with permission from Ref (Xiong et al., 2024). Copyright 2024, Wiley-VCH GmbH.
3.3 Platinum-based nanomaterials
Platinum nanoparticles with properties including DNA damage (Manikandan et al., 2013), antioxidant activity (Wang et al., 2023) and light absorption in the biological range (Depciuch et al., 2020) show high potential for use as effective photosensitizers in PTT. In addition, platinum nanoparticles can also be used in combination with photoacoustic imaging, magnetic resonance imaging and immunotherapy due to its excellent photo and thermal stability (Zhao et al., 2017). As demonstrated in Figures 4A, B, Wang et al. constructed AuPtAg-PEG-GOx nanozyme by a one-step method, which showed a broad absorption band in the near-infrared (NIR) region and higher CAT-like activity (Wang et al., 2022). More importantly, AuPtAg-PEG-GOx can effectively reprogram “cold” tumors into “hot” tumors through enhancing the expression of M1 macrophages in tumors after combination with 1,064 nm laser irradiation and anti-PD-L1, and increasing the ratio of DC maturation in lymph nodes, CD4+ and CD8+ T cells activation in spleen as well as inhibiting the proportion of Treg cells, showing high tumors inhibition.
[image: Diagram illustrating a cancer treatment approach. Part A shows gold nanoparticles interacting with cancer cells, affecting macrophage polarization and PD-L1 expression, leading to immune response activation with different immune cell types. Part B displays graphs detailing the expression of various markers, such as CD80 and CD83, on different immune cell subsets, highlighted in different colors across six panels.]FIGURE 4 | Platinum-based nanomaterials combined with PTT and ICBs enhanced the anticancer ability. (A) Schematic illustration of the AuPtAg-PEG-GOx nanozyme combined with 1,064 nm laser irradiation and anti-PD-L1 in vivo. (B) Flow cytometric analyses of the populations of M2 and M1 macrophages in tumor, DC cells in lymph nodes as well as CD4+ T cells, CD8+ T cells, and Treg in spleen. Reproduced with permission from Ref (Wang et al., 2022). Copyright 2022, The Authors. Advanced Science published by Wiley-VCH GmbH.
3.4 Palladium-based nanomaterials
Palladium-based nanomaterials have been used in chemotherapy (CT), photodynamic therapy (PDT) and PTT due to its high catalytic activity in the presence of hydrogen peroxide, which facilitates the formation of oxygen molecules, thereby enhancing the efficiency of various cancer treatment (Wei et al., 2018; Zhang J et al., 2018; Singh et al., 2023; Yin et al., 2023; Lakkakula et al., 2024). Moreover, it has been demonstrated that palladium-based nanomaterials used in synergy with PPT and ICT can effectively activate the immune response to suppress tumor growth and metastasis. For instance, Wen et al. constructed Pd-Dox@TGMs NPs with an excellent inhibitory effect on CT26 tumor cells due to the synergistic therapy of CT and PTT, which cause ICD in CT26 cells (Figure 5A) (Wen et al., 2019). In addition, as shown in Figures 5B, C, the nanosystem could effectively trigger CD8+ T cells and suppress the tumor growth in the CT26 lung metastatic model when combining with anti-PD-L1. The Pd-Dox@TGMs NPs demonstrate remarkable antitumor properties of palladium-based photothermal agents when combining with PTT and ICT, however, there is still a dearth of research in this area for other palladium-based photothermal agents.
[image: Diagram consisting of three parts: (A) illustrates the delivery and cellular interaction of PC-Dox@TGMs-NPs targeting tumor cells, showing nano-particle uptake and immune response activation. (B) displays histological sections from six treatment groups, with visible differences in tissue morphology across treatments. (C) provides fluorescence microscopy images showing cellular responses for each group. Various treatment interventions are listed below, detailing different nanoparticle and immune agent combinations.]FIGURE 5 | Palladium-based nanomaterials combined with PTT and anti-PD-L1 enhanced the anticancer ability. (A) Schematic illustration of the Pd-Dox@TGMs NPs nanozyme combined with 808 nm laser irradiation and anti-PD-L1 in vivo. (B) The pictures of lungs and staining of H&E and Ki67 in lung sections at the end of treatment. (C) The infiltration of CD8+ T cells and Tregs in lung sections after treatment. Reproduced with permission from Ref (Wen et al., 2019). Copyright 2019, American Chemical Society.
In conclusion, although the gold, silver, platinum and palladium-based metal photothermal agents have exhibited effectively anticancer ability in vitro and in vivo when combined PTT with ICT, high price, poor targeting specificity to tumor tissue, complex synergistic therapy processes and other shortcomings remain to be overcome.
4 TWO-DIMENSIONAL TRANSITION METAL DICHALCOGENIDES
Two-dimensional nanomaterials exhibit high NIR absorption ability, photothermal conversion efficiency and surface area, which hold huge potential for drugs delivery and photothermal tumor treatment (Wu et al., 2022a). Among many two-dimensional nanomaterials, the extremely high surface area of two-dimensional transition metal disulfide compounds (2D TMDCs) is able to attach a variety of nanoparticles and fluorescent probes for integration with other functional moieties, giving them richer properties than other 2D nanomaterials. The structure of TMDCs is mainly composed of two chalcogen atoms X (such as S, Se, Te) and a transition metal atom M (such as V, Ti, Nb, Mo, Zr, Co., Hf, Mn, Ta, etc.) to form a sandwich-like X-M-X (MX2) structure (Gong et al., 2017; Jiang et al., 2022; Mondal and De, 2024). In recent years, the combined anticancer advantage of 2D TMDCs have also gained more attention in the area of biomedicine because of its excellent properties with low toxicity, improving therapeutic efficacy and overcoming multi-drug resistance (MDR), which was shown in Figure 6 (Gong et al., 2017). So far, 2D TMDCs, such as MoS2, WS2, MoSe2 and WSe2 have been extensively studied for synergistic therapy, including photothermal therapy/photodynamic therapy (PTT/PDT) (Liu et al., 2014; Jia et al., 2017; Liu et al., 2020; Zhao et al., 2024), photothermal therapy/chemotherapy (PTT/CT) (Long et al., 2020; Gao et al., 2021; Chen et al., 2023; Xie et al., 2023), photothermal therapy/radiation therapy (PTT/RT) (Wang et al., 2016; Qi and Liu, 2019) and photothermal therapy/gene therapy (PTT/GT) (Kim et al., 2016; Zhang et al., 2016). However, there are relatively few studies focusing on PTT combined with ICT using 2D TMDCs as photothermal agents. Therefore, three 2D TMDCs (MoSe2, MoS2 and WSe2), which have demonstrated a high capacity to activate immune cells and realize effective tumor eradication, are introduced as follow.
[image: Illustration on cancer therapy. Left side lists combined cancer therapy advantages: synergistic effects, reduced damage and side effects, reduced toxicity, and overcoming MDR. Center shows 2D TMDCs with a diagram of transition metal atoms and chalcogen atoms, plus a mouse icon. Right side highlights photothermal combination therapy with icons for photodynamic therapy, chemotherapy, radiation therapy, gene therapy, and image-guided therapy.]FIGURE 6 | The advantages of 2D TMDCs combined with photothermal therapy. Reproduced with permission from Ref (Gong et al., 2017). Copyright 2017, Royal Society of Chemistry All rights reserved.
4.1 MoSe2-based nanomaterials
MoSe2 is considered as a promising 2D TMDCs for its narrow band gap (∼1.05 eV), considerable layer spacing (∼0.65 nm), excellent biocompatibility and highly efficient NIR-II absorption (Yuwen et al., 2016; Jiang et al., 2022). He et al. developed two-dimensional MoSe2 nanosheets with high photothermal conversion efficiency through employing a liquid exfoliation method (He et al., 2019). As shown in Figures 7A–C, hemocompatibility and circulation time were enhanced by coating two-dimensional MoSe2 nanosheets with red blood cell (RBC) membranes, which had excellent photothermal conversion efficiency to prevent macrophage phagocytosis. In addition, the RBC-MoSe2 combined with 808 nm laser irradiation and PD-1 checkpoint-blockade exhibited higher tumor ablation through CD4+ T cells activation in primary tumor and reprogramming the tumor-associated macrophages to tumoricidal M1 phenotype. Similarly, Huang et al. constructed MoSe2-DPEG nanosheets, which performance high PTT synergizing with anti-PD-L1, thus efficient depleting GSH, improving the response of ICB and stimulating CD8+ T cell-mediated systemic antitumor immune responses (Figures 7D, E) (Huang Z et al., 2024). However, circulating tumor cells (CTCs), detaching from the primary tumor tissue and entering bloodstream, are vital for the development and progression of lung cancer, based on this, Huang et al. constructed a PD-L1-MFP NS nanosystem, which is based on MoSe2 as a core and Fe3O4 as a functional magnetic material encapsulated with PDA coating in combination of anti-PD-L1 (Huang H et al., 2024). The nanosystem is able to enrich CTCs by an outer magnetic field and killing the captured CTCs under the irradiation of NIR laser. Furthermore, the nanosystem was also able to activate the expression of the surface ligands of NKG2D, enabling NK cells to kill CTCs, further preventing CTCs from undergoing immune escape.
[image: Diagram illustrating a multi-panel scientific study. Panel A shows an overview of macrophage-mediated cancer immunotherapy with labeled cellular interactions. Panels B and C feature flow cytometry data with plots showing cell populations under different conditions: Control, Saline/Laser, RBC-Mo@Cu, RBC-Mo@Cu/Laser. Panel D illustrates the synthesis and application of nanoparticles in cancer cells. Panel E presents bar graphs comparing treatment effectiveness, with statistical significance indicated.]FIGURE 7 | MoSe2-based nanomaterials combined with PTT and ICBs enhanced the anticancer ability. (A) Schematic illustration of RBC-MoSe2 nanosheet combined with 808 nm laser irradiation and anti-PD-L1, which efficiently enhanced photothermal-triggered cancer immunotherapy. Flow cytometric analyses of the CD8+T cells in primary tumor (B) and the CD4+ T cells in spleen (C) at the end of different treatment. Reproduced with permission from Ref (He et al., 2019). Copyright 2019, WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim. (D) Schematic illustration of MoSe2-DPEG combined with 1,270 nm laser irradiation and anti-PD-L1 in vivo. (E) The quantitative analysis of CD8+ T cells in primary and distant tumor, and the Treg cells in distant tumor. Reproduced with permission from Ref (Huang H et al., 2024). Copyright 2024, American Chemical Society.
4.2 MoS2-based nanomaterials
In recent years, MoS2 has been reported and rapidly employed as a photosensitizer carrier or photothermal agent due to its excellent biocompatibility and high photothermal properties (Wang et al., 2024). For example, Zhang et al. designed multifunctional FPMF@CpG ODN NCs, which was consist of folic acid (FA), FePt, MoS2, oligodeoxynucleotides containing cytosine-guanine (CpG ODNs) and anti-CTLA4 antibody (Zhang D. et al., 2019). The FPMF@CpG ODN NCs exhibited higher synergistic photo-chemo-immunotherapy for cancer due to the highly effective photothermal conversion of MoS2 nanosheets, overproduction of ROS induced by FePt, and the increase immune cells activated by CpG ODNs and CTLA4 (Figures 8A, B). In addition, in order to monitor the tumor treatment real time, Hu et al. constructed 1-MT-Pt-PPDA@MoS2 complexes, with excellent multimode complementary CT/PA/thermo imaging. Furtherly, the complexes could obviously inhibit the tumor growth via the synergistic photothermo-chemotherapy and activation of T cell-mediated immunotherapy to realize complete tumor eradication (Figures 8C, D) (Hu et al., 2021).
[image: A multi-panel scientific illustration depicting a study on nanoparticles for cancer imaging and therapy. Panel A shows a schematic of the working mechanism. Panel B displays graphs and flow cytometry plots illustrating the nanoparticles’ efficacy and tumor targeting. Panel C provides a detailed pathway map of the nanoparticle interactions within cells. Panel D contains ultrasound images and corresponding flow cytometry data highlighting in vivo imaging results. Various scientific elements like cells, arrows, and graphs are included to explain the processes and results.]FIGURE 8 | MoS2-based nanomaterials combined with PTT and anti-CTLA4 or 1-methyl-tryptophan (1-MT) enhanced the anticancer ability. (A) Schematic illustration of the FPMF@CpG ODN nanocomposites combined with chemotherapy, 808 nm laser irradiation and anti-CTLA4 in vivo. (B) The volume of tumors, the percentage of CD4+ and CD8+ T cells in tumor, and the percentage of maturation of DCs in lymph nodes after different treatments. Reproduced with permission from Ref. (Zhang D. et al., 2019) Copyright 2019, Royal Society of Chemistry. (C) Schematic illustration of the 1-MT-Pt-PPDA@MoS2 combined with 808 nm laser irradiation and 1-MT in vivo. (D) PA images of tumors at different time points after the 1-MT-Pt-PPDA@MoS2 complexes injection, and flow cytometric analyses of the CD4+ and CD8+ T cells in tumor. Reproduced with permission from Ref (Hu et al., 2021). Copyright The Authors. Advanced Science published by Wiley-VCH GmbH.
4.3 WSe2-based nanomaterials
WSe2, an excellent member of the p-type TMD semiconductors and having sizable bandgap, has been widely used in building CMOS circuits (Xue et al., 2024). Furtherly, WSe2-based nanomaterials have exhibited high biosafety than graphene-like nanomaterials, showing enormous potential for biomedical applications (Altalbawy et al., 2025). Dong et al. designed WO2.9-WSe2-PEG nanoparticles, semiconductor heterojunction structure, to realize a synergistic RT/PTT/CBT for enhanced antimetastatic and anticancer effect (Dong et al., 2020). As shown in Figure 9A, the WO2.9-WSe2-PEG nanoparticles not only showed excellent ROS overproduction in highly expressed H2O2 TME under X-ray irradiation, but also could enhance RT outcome under the 808 nm laser irradiation via inducing hyperthermia. More importantly, the CD8+ T and CD4+ T cells in distant tumors were significantly activated in distant tumor when WO2.9-WSe2-PEG nanoparticles combined with RT/PTT and anti-PD-L1 antibody, indicating powerful immunological memory-killing and efficiently antimetastatic and anticancer effect (Figure 9B).
[image: Diagram illustrating immunogenic cell death and cancer therapy. Panel A shows a mouse model where primary tumors are targeted using near-infrared (NIR) radiation, enhancing therapy. This leads to antigen release, T cell activation, and migration to tackle metastatic tumors. Panel B presents flow cytometry data for CD8+ and CD4+ T cells in various treatment groups: Saline, X, WSP+X, X+P, WSP+X+N, and WSP+X+N+P. Data displays variations in T cell activation across treatments.]FIGURE 9 | WSe2-based nanomaterials combined with Radiotherapy (RT), PTT and anti-PD-L1 enhanced the anticancer ability. (A) Schematic illustration of the WO2.9-WSe2-PEG nanoparticles combined with RT, 808 nm laser irradiation and anti-PD-L1 in vivo. (B) Flow cytometric analysis of CD8+ T and CD4+ T cells in distant tumors at the end of treatment. Reproduced with permission from Ref (Dong et al., 2020). Copyright 2020, American Chemical Society.
These results clearly illustrate that, due to their excellent physical and chemical properties, MoSe2/MoS2/WSe2-based nanomaterials showed high capacity to activate the CD8+ T and CD4+ T cells, thereby achieving an effective antitumor effect when combining PTT with ICT. However, the mechanisms underlying the activation of immune responses and synergistic effects of PTT in antitumor treatments remain to be elucidated.
5 PHOTOTHERMAL AGENTS IMPACT THE IMMUNE RESPONSE
5.1 Photothermal temperature
Evaluating the superior performance of a photothermal agent usually focuses on its photothermal stability and photothermal conversion efficiency. Cancer cells release heat shock proteins (HSP) under heat stress, and the expression of HSP facilitates the repair of cells that have been damaged by heat, contributing to the development of heat resistance in tumor cells (Jin et al., 2018). Consequently, the aforementioned property of heat resistance in tumor cells compromises the efficacy of thermal ablation at relatively low temperatures. (Toraya-Brown and Fiering, 2014; Tang X et al., 2018). In addition, an appropriate increase in temperature can increase the permeability of the tumor vasculature, thereby promoting immune cells transport to the tumor and changing the visibility of the tumor to immune cells. Therefore, the heat dose (a function of temperature and time of exposure to that temperature) has an important impact on obtaining the desired level of immune stimulation (Nomura et al., 2020). However, the exact amount of heat required to stimulate the immune system is still being explored, while small changes in heat dose may lead to gaps in the efficacy of immune stimulation (Moy and Tunnell, 2017).
Sweeney et al. explored the optimal temperature window for PTT-induced ICD with an animal model of neuroblastoma and demonstrated that too high and too low heat doses are not more favorable for ICD activation (Figure 10A) (Sweeney et al., 2018). Prussian blue nano-particles (PBNPs) was used as the photothermal agent, and three different heat dose groups were set up (low, <40°C; medium, <60°C and high, ≈90°C). Although higher PTT was more effective in tumor inhibition suggested by slower tumor growth and highest survival, thermal dose (3.3–5.6, log (CEM43)) initiated the innate immune responses against tumor challenge (Figures 10B, C). In addition, Sekhri et al., found that thermal doses >5 log (∑CEM43) could efficient induced ICD in SH-SY5Y cells, and thermal doses≥10 log (∑CEM43) in LAN-1 cells, which was consistent with the result that compared with LAN-1 cells, at equivalent thermal doses, cytotoxicity T cells exhibited significantly higher cytotoxicity toward SH-SY5Y cells (Figures 10D–F) (Sekhri et al., 2022).
[image: Illustration depicting a scientific experiment involving nanoparticle photothermal therapy (PNP-PTT) for tumor treatment. Panel A outlines the process, highlighting the progression from nanoparticles to cell death. Panel D shows thermal and non-thermal effects, emphasizing immune responses. Graphs in panels B and C display survival rates and cell interactions with PTT, with various conditions represented by different lines. Panels E and F present bar charts of cellular responses in SH-SY5Y and LAN-1 cell lines under varying PTT conditions, with significant differences marked. The illustration conveys the impact and efficiency of PNP-PTT in cancer treatment.]FIGURE 10 | Optimal thermal window of ICD generated by PBNP-based PTT. (A) Schematic illustration of middle thermal dose increasing the ICD. (B) The tumor temperatures and survival of Neuro2a tumor-bearing mice treated with low, medium and high thermal dose PBNP-PTT. (C) Thermal dose [3.3–5.6, log (CEM43)] improved long-term survival of Neuro2a tumor-bearing mice. Reproduced with permission from Ref (Sweeney et al., 2018). Copyright 2018 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim. (D) Schematic illustration of middle thermal dose, determined by laser power and PBNP concentration, enhanced tumor cell killing and ICD. PBNP-PTT generates a thermal dose window of ICD in SH-SY5Y (E) and LAN-1 (F) cell. Reproduced with permission from Ref (Sekhri et al., 2022). Copyright 2022 by the authors.
5.2 Size of photothermal agents
It is well established that the size of nanoparticles influences their accumulation and retention time in vivo, as well as their diffusion within tumor tissues. Studies indicate that nanoparticles smaller than 5 nm are quickly cleared by the kidneys, while those larger than 100 nm may be removed by the mononuclear phagocytic cell system (Blanco et al., 2015). The size of nanomaterials used in combination PTT and ICT can influence the immune response, including cellular uptake of nanomaterials, the maturation of antigen-presenting cells (APCs), and the balance between Th2 and Th1 immune responses. Nanoparticles that are similar in size to pathogens are more readily identified and effectively internalized by APCs to trigger immune responses. Dendritic cells (DCs) preferentially internalize particles in the range of 20–200 nm, while macrophages tend to internalize larger particles (0.5–5 μm) (Zhao et al., 2014). Additionally, the photothermal conversion efficiency of nanomaterials must be considered. For instance, in the case of plasmonic nanoparticles with LSPR, the absorption, scattering, and extinction coefficients are all size- and shape-dependent (Jain et al., 2006; Kim et al., 2019). The optimal size of nanoparticles for maximizing the efficacy of PTT and ICT varies and depends on specific conditions.
The above studies suggest that different metal-based photothermal agents and their sizes may have the most suitable thermal doses for efficiently addressing the issue of cancer cells escaping immune recognition when combined PTT with and ICT.
6 CONCLUSION AND FUTURE PERSPECTIVE
This review outlines recent developments in metal-based photothermal therapy in conjunction with immune checkpoint therapy. Noble metal-based and 2D TMDCs-based photothermal agents showed high capacity to activate the CD8+ T and CD4+ T cells to realize complete tumor inhibition and inhibit cancer cells metastasis when combined PTT with ICT. Nevertheless, metal-based photothermal therapy encounters several challenges that hinder its potential synergistic application with ICT and clinical translation, which are as follows: 1) Most metal-based photothermal agents were low photothermal conversion efficiency and biocompatibility; 2) Tumors in situ were little used to evaluate synergistic effects in vivo; 3) Noble metal-based photothermal agents and ICBs are expensive; 4) The tumor thermotolerance triggered by photothermal therapy has been established; 5) Even with NIR-II light, the irradiation sources used for most metal-based photothermal agents often struggle to penetrate the deep-seated solid tumors; 6) Current research has been limited to preclinical studies in mice and has yet to be corroborated by large-scale clinical trials (Sun et al., 2024).
As mentioned above, although the combination of PTT and ICT effectively addresses the limitations of monotherapy and brings breakthrough in cancer treatment, the development of a photothermal agent with low toxicity, high photothermal effect and cost-effective remains a bottleneck in its clinical translation. Moreover, the mechanisms underlying the activation of immune responses and synergistic effects of PTT in antitumor treatments remain to be elucidated.
Overall, the development of safe and efficient metal-based photothermal agents for enhanced synergistic ICBs therapy in cancer treatment presents both challenges and opportunities.
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Introduction: Urethral injury caused by various reasons usually leads to urethral stricture. And severe urethral stricture can further induce complications such as bladder stones, fistulas, sepsis, and even renal failure. At present, surgical methods such as urethral reconstruction and end-to-end anastomosis are commonly used to solve this problem. But this treatment method often has a high recurrence rate. So simply relying on the repair of surrounding autologous tissue cells to reconstruct the urethra is difficult to achieve long-term stability, and constructing a suitable urethral graft is an effective and feasible solution.Methods: Here, we designed and prepared a double-layer PLGA/CoI-MeHA tissue engineering scaffold to better simulate the natural anatomy of the urethra and achieve urethral tissue regeneration and reconstruction in patients with urethral stricture and Hypospadias caused by various reasons. The double-layer tissue engineering scaffold was generated using electrospinning and light curing technology.Results: Through electrospinning and light curing technology, we successfully screened the PLGA/CoI (7:3) electrospun membrane and MeHA (40.72%) hydrogel. Furthermore, we successfully prepared PLGA/CoI-MeHA bilayer urethral stents loaded with rabbit urethral smooth muscle cells and rabbit urethral epithelial cells, respectively, and achieved favorable results for urethral defect repair and urethral reconstruction in rabbits. The mechanical characterization of the scaffold indicates that it has sufficient mechanical strength to meet experimental and clinical needs. In addition, it showed satisfactory biocompatibility in cell experiments and in the in vitro degradation experiments. The double-layer urethral stents demonstrated exceptional performance in repairing urethral defects in rabbits.Discussion: We had successfully designed and prepared a double-layer PLGA/CoI-MeHA tissue engineering scaffold. The stent displayed sufficient mechanical strength, good biocompatibility and degradation characteristics, and effectively simulated the natural anatomy of urethra, achieving satisfactory urethral defect reconstruction results.Keywords: urethra, urethral injury, scaffold, reconstruction, tissue engineering
1 INTRODUCTION
Factors leading to urethral injury include malformations, inflammation, and trauma, which can often lead to urethral stricture, resulting in bladder stones, fistula, sepsis, and kidney failure (Lumen et al., 2021; Wessells et al., 2023). At present, different repair strategies based on the length, location, and causes of urethral injury are used (Marshall et al., 2015; Casarin et al., 2022). Until now, urethral injuries involving the corpora cavernosa tissue can be cured by surgical intervention. And the commonly used surgical procedures include urethroplasty and end-to-end anastomosis. However, the recurrence rate is high (Wang et al., 2024; Sedigh et al., 2023). Long term urethral injury greatly reduces the repair potential of surrounding tissues. The proliferation and migration of self cells make it difficult to achieve urethral reconstruction (Cheng et al., 2018). Thus, it is imperative to fabricate fitting urethral grafts to achieve efficient urethral restoration (Li et al., 2024).
Numerous medical procedures for treating urethral injuries involve the use of the patient’s own tissue, such as skin flaps or tissue from the inside of the cheek (Chapple et al., 2014; Tan et al., 2022; Fuehner et al., 2021; Barratt et al., 2021; Sánchez et al., 2023a; Sterling et al., 2024). However, flap harvesting and transplantation is a technically complex procedure, and this treatment option is not always available (Versteegden et al., 2017). These treatments, however, come with their own set of drawbacks, including damage to the area from which the tissue is taken, the formation of abnormal connections between body parts (fistulas), and a high likelihood of the injury recurring in the area that was fixed (Xu et al., 2015; Kurtzman et al., 2021). The fusion of cells with scaffolds allows the tissue-engineered urethra to emulate the characteristics of a natural urethra (Guo and Ma, 2018; Song et al., 2022; Wang et al., 2022; Hu et al., 2023; Meng et al., 2023). Consequently, urethral scaffolds are designed to be conducive to cell proliferation and provide the necessary mechanical strength. And it acts as a bridge for cell proliferation and migration (Farzamfar et al., 2022). The architecture of the graft is pivotal to the urethral reconstruction process, influencing both the microscopic and macroscopic aspects of the procedure (Huang et al., 2023; Xuan et al., 2022). Properly designed grafts can foster tissue regeneration that more closely resembles the natural urethra, which in turn can expedite the healing process and enhance the likelihood of a successful outcome.
Therefore, we designed a double-layer polylactic-co-glycolic acid (PLGA)/collagen type I (CoI)-methacrylated hyaluronic acid (MeHA) tissue engineering scaffold, which simulates the urethra’s natural microenvironment through the integration of cells with a supportive scaffold, effectively solving the abovementioned problems (Figure 1). This scaffold serves a dual purpose: it offers essential mechanical support while also fostering an optimal environment conducive to cell growth and proliferation. As a result, the regeneration of urethral tissue tends to approach the natural urethra, and the success rate of repair will be significantly improved.
[image: Diagram showing the process of urethral reconstruction using MeHA hydrogel and PLGA/Collagen I electrospun membrane. Urethral epithelial and smooth muscle cells are cultured, then integrated onto the scaffold. The scaffold is implanted in vivo, leading to successful urethral reconstruction. An illustration of a rabbit is included to indicate the animal model used.]FIGURE 1 | Synthesis of hydrogel scaffolds and in vivo repair process.
2 MATERIALS AND METHODS
2.1 Materials
PLGA was purchased from Changchun Shengboma Biomaterials Co., Ltd. Hyaluronic acid (HA) was purchased from Bloomage Freda Co., Ltd. Methacrylic anhydride (MA) was purchased from Shanghai Macklin Biochemical Technology Co., Ltd. Hexafluoroisopropanol (HFIP) was purchased from Shanghai Yuanye Biotechnology Co., Ltd. Phenyl-2,4,6-trimethylbenzoylphosphite was purchased from Shanghai Yuanye Biotechnology Co., Ltd. Lithium acid (LAP) and hyaluronidase (HAase) were purchased from Shanghai Yuanye Biotechnology Co., Ltd. Sodium hydroxide was purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd. Collagen type I (CoI) was purchased from Beijing Suo Laibao Technology Co., Ltd. Paraformaldehyde was purchased from Beijing Aobosen Biotechnology Co., Ltd. Aetna was purchased from Xiamen Demeco Biotechnology Co., Ltd. Absolute ethanol was purchased from Sinopharm Group Pharmaceutical Co., Ltd. Gentamicin sulfate injection was purchased from Hebei Rongrun Biotechnology Co., Ltd. Compound diatrizoate meglumine injection was purchased from Xi’an Hanfeng Pharmaceutical Co., Ltd. The complete culture medium of rabbit urethral smooth muscle cells was purchased from Wuhan Punuosai Life Technology Co., Ltd. The complete culture medium of rabbit urethral epithelial cells was purchased from Beijing Beina Chuanglian Biotechnology Research Institute. Trypsin was purchased from Sigma United States. Phosphate buffered saline (PBS) was purchased from Boster China. The CCK-8 kit was purchased from Shanghai Biyuntian Biotechnology Co., Ltd. The live cells/dead cells staining kit was purchased from Shanghai Beibo Biotechnology Company.
2.2 Preparation of the PLGA/CoI electrospun membrane
The PLGA particles (molecular weight: 100,000 g/mol) and CoI (mass ratio of the two: 7:3/8:2) were dissolved in HFIP to a solution concentration of 15%w/v. Under normal temperature conditions, the mixed solution was stirred for 8 h on a magnetic stirrer to achieve a stable spinning solution. Then it was aspirated into a 1 mL syringe, and a 19-G copper blunt needle was used for electrospinning. The spinning parameters were as follows: spinning voltage 25 kV, injection speed 1 mL/h, and copper foil receiving distance 15 cm. The PLGA/CoI electrospun membrane obtained after spinning for 5 h was subjected to vacuum drying for 24 h to remove non-volatile solvents, and then transferred to a conventional drying oven for later use.
2.3 Surface morphology of the PLGA/CoI electrospun membrane
The PLGA/CoI electrospun membrane was cut into a 5 × 5 mm sheet. The membrane was stuck to a conductive adhesive with the copper foil receiving surface as the upper surface, and the surface of the Gold 30 s electrospun membrane was sprayed. The surface morphology of the electrospun membrane was examined using Zeiss73447 scanning electron microscope operated.
2.4 Density and porosity test of the PLGA/CoI electrospun membrane
The PLGA/CoI electrospun membrane was cut into sheets of a similar size. The initial mass of a single electrospun membrane was defined as M. The membrane was immersed in ethanol of a known volume (V1) and soaked for 5 min. At this point, the total volume of ethanol and the electrospun membrane was defined as V2. The electrospun membrane was removed, and the volume of the residual ethanol was defined as V3. Subsequently, the total volume of the electrospun membrane was calculated as V = V2 – V1. The density and porosity of the electrospun membranes were calculated by the following formulas:
Density (g/cm3)
[image: Density formula: ρ equals M divided by the difference between V2 and V3.]
Porosity (%)
[image: The formula shows epsilon equals the fraction V1 minus V3 over V2 minus V3, multiplied by one hundred percent.]
2.5 Tensile mechanical properties test of the PLGA/CoI electrospun membrane
The PLGA/CoI electrospun membrane was cut into 4 × 1 cm thin slices. The property of electrospun membrane was tested using a mechanical experiment analyzer equipped with a 50 N mechanical sensor. A stretching jig was used to clamp 1 cm above and below the sheet, which was stretched at a loading rate of 0.5 mm/min until the sheet was torn.
2.6 In vitro degradation performance of the PLGA/CoI electrospun membrane
Artificial urine and PBS solution were used for in vitro degradation. The PLGA/CoI electrospun membrane was dried in a vacuum drying oven and weighed, followed by immersion in urine and PBS, respectively, before placing in a constant temperature oscillator adjusted to 37°C. The liquid was replaced every 3 days. Three parallel samples were obtained at the 1st, 2nd, 4th, 6th, 8th, and 10th week. The residual weight rate was measured after observing the general shape as follows:
Residual weight rate (%)
[image: Residual weight rate formula: residual weight divided by first weight, multiplied by one hundred percent.]
2.7 Biocompatibility of the PLGA/CoI electrospun membrane
The electrospun membrane was cut into several thin slices, 1.5 × 1.5 cm in size, and sterilized overnight in an ozone ultraviolet disinfection cabinet to ensure that they are fully sterilized. Three thin slices were placed in a 24-well plate, fixed with polytetrafluoroethylene gaskets that had been sterilized in ethanol overnight, and 1 mL of complete medium with 50,000 rabbit urothelial cells/urethral smooth muscle cells were added into each well. Within the control group, complete medium and cells were directly added to the well plate. After 24, 48, and 120 h, the cells were treated with the CCK-8 mixture (medium: CCK-8 = 9:1) for 2 h. And measuring the absorbance to calculate the biocompatibility of the electrospun membrane. Three parallel samples were tested in each group.
2.8 Preparation of MeHA
A total of 500 mg of HA (molecular weight: 1.5 million g/mol) was added to 100 mL of deionized water and then stirred for 12 h. Three samples were prepared. Under ice-bath conditions, 1.5, 2, or 2.5 mL of MA was added to the solution. The reaction was continued under ice-bath conditions for 24 h. Then it was dialyzed in deionized water for 3 days with the water changed every 8 h. Subsequently, the dialyzed solution was dehydrated using a freeze dryer to obtain a white flocculent product.
2.9 MeHA hydrogel compression mechanical performance test
The universal mechanical experiment analyzer equipped with a 50 N mechanical sensor was used to perform the compression test. The MeHA hydrogel pre-polymerization liquid was placed in the polytetrafluoroethylene mold and combined into a cuboid shape. Following blue light irradiation for 10 s, a gel sample was obtained. Compression experiments were performed at a loading rate of 5 mm/min.
2.10 MeHA hydrogel rheological properties
The MeHA hydrogel pre-polymerization solution was placed in a quartz mold. And after blue light irradiation, the acquired gel specimen was positioned within the rheometer’s fixture. Set the test parameters to frequency (1 Hz) and strain (0.5%).
2.11 In vitro degradation performance of the MeHA hydrogel
A total of 300 μL of hydrogel pre-polymerization solution was added to a quartz bottle, and blue light irradiation for 10 s was used to obtain a gel sample. The sampled were placed in in 1 mL of PBS (without enzyme) and PBS solution containing 0.075 mg/mL of hyaluronidase (HAase). Continuous shaking at 37°C was performed in a constant temperature shaking box. The next day, the quartz bottle containing the hydrogel sample was removed, the upper solution was carefully absorbed on the surface of the hydrogel with absorbent paper. Once the residual water was removed, the gel was weighed, and the percentage of the gel weight of the original weight at every time point was calculated.
2.12 MeHA hydrogel biocompatibility
MeHA was sterilized overnight using an ozone ultraviolet (UV) sterilizer. MeHA was then dissolved at a concentration of 1% w/v using complete medium. Rabbit urothelial cells/urethral smooth muscle cells were planted in a 96-well plate. Each well was supplemented with 200 μL of complete medium and then incubated for a period of 24 h. The MeHA solution was serially diluted seven times to obtain eight concentration gradients. The upper medium was aspirated, and 200 μL of each MeHA solution with different concentration gradients were sequentially added to the wells. Complete medium was added to the control group. The cells were subjected to the CCK-8 mixture at intervals of 24, 72, and 120 h. And measuring the absorbance to calculate the biocompatibility of the MeHA. Each group tested five parallel samples. Subsequently, the cells were digested and counted with trypsin. And then added to the hydrogel pre-polymerization solution, vortexed for 30 s, mixed evenly, and added dropwise to a 24-well plate. The polymerization solution was irradiated with blue light for 10 s to allow it to solidify, and 1 mL of complete medium was added to submerge the cells. The plates were incubated in a cell culture chamber overnight. The next day, the culture medium was aspirated off the upper layer of the gel, the live/dead staining solution diluted with dPBS was added to every well. The viability and mortality of the cells were assessed using a fluorescence microscope.
2.13 Extraction of rabbit urothelial cells and rabbit urethral smooth muscle cells
Male New Zealand white rabbits were anesthetized using acetylene and kept under anesthesia using 2% isoflurane. An incision was performed superior to the pubic symphysis to reveal the bladder. A biopsy specimen measuring 2 by 2 cm was excised from the bladder wall. The sample was rinsed with PBS solution containing antibiotics. It was subsequently incubated overnight at 4°C with the application of Dispase type 2 enzyme. The inner layer’s epithelium was removed, then the tissue was sectioned into smaller fragments and soaked in a 0.25% trypsin solution for a duration ranging from 15 to 30 min. The final solution with bladder epithelial cells was cultured rabbit urothelial cell complete medium.
Fresh bladders were obtained from male New Zealand White rabbits after euthanasia with chloral hydrate using a sterile scalpel. The muscular part of the tissue was subsequently dissected under microscopic guidance. It was finely chopped and then treated with a 0.5% (weight/volume) solution of Type I collagenase for a period of 30 min. The isolated cells were placed in a 10 cm tissue culture dish with rabbit urethral smooth muscle cell complete medium (Pernosai, Wuhan, China).
2.14 Identification of rabbit urothelial cells and rabbit urethral smooth muscle cells
Immunofluorescence identification of rabbit urothelial cells was performed using cytokeratin 19 (CK-19). After the cells climbed onto the slices, the culture medium was aspirated, fixed with 4% PFA. And washed three times for 5 min with PBS. The slides were dehydrated and placed on petri dish supports. TritionX-100 (0.5%) was mixed with PBS at a 1:1 ratio, and 10% serum was added form the blocking solution. Next, 50 μL of membrane rupture sealing solution was dropped onto the waterproof membrane, and the side of the slide with cells was covered for 2 h. Anti-CK-19 was diluted with PBS (1:100). And 50 μL was added to the waterproof membrane (in a wet box), followed by incubation at 4°C. Next, cells were incubated with secondary antibody in the dark for 2 h, followed by washing three times with PBS. The cells were then stained with DAPI. Subsequently, the samples were rinsed with PBS for a total of three times, with each rinse lasting for 5 min. One drop of Fluoromount-G was added to each slide, which was covered and the imaged using a fluorescent inverted microscope.
Immunofluorescence identification of rabbit urethral smooth muscle cells was performed using alpha smooth muscle actin (α-SMA). The slides with cell adhesion on them underwent a series of washing steps with PBS, three times for 3 min each, followed by fixation with 4% PFA. And then they were washed again with PBS, three times for 3 min each. TritionX-100 (0.5%) was mixed with PBS at a 1:1 ratio, which was added to the cells to permeate, followed by washing with PBS. Excess PBS was blotted, then serum was added in a dropwise manner on the plectrum. Cells were blocked for 30 min. After the removal of the blocking solution, an adequate volume of the diluted primary antibody solution, specifically targeting α-SMA, was applied to each slide. On the following day, the cells underwent a washing process with PBS, which was repeated three times. The excess liquid was absorbed. And the fluorescent-labeled secondary antibody was added in a dropwise manner. These cells were incubated in a wet box at 37°C during 1 h. Cells were incubated with DAPI in the dark for a period of 5 min to facilitate the staining of their nuclei. Excess DAPI was washed off with PBS four times for 5 min each time. Excess liquid on the slide was blotted. The slide was covered with a sealing medium. Cells were imaged using a fluorescence microscope.
2.15 Preparation of the PLGA/CoI-MeHA urethral scaffold
The PLGA/CoI electrospun membrane was cut into 2 × 1.5 cm thin slices and placed on a box-shaped polytetrafluoroethylene mold. A circular polytetrafluoroethylene mold was used to press and fix the electrospun membrane. Two MeHA pre-polymerization solutions were prepared, and the rabbit urothelial cells and rabbit urethral smooth muscle cells were incorporated into the pre-polymerization mixture at a density of 1 × 108/mL, followed by vortexing for 30 s to evenly distribute the cells. A 100 μL pipette was used to inject 60 μL of the prepolymer solution containing rabbit urethral smooth muscle cells into the hollow part of the mold, which was then irradiated with blue light for 1 s before adding 40 μL of the prepolymer solution containing rabbit urethral epithelial cells, and irradiating with blue light for 10 s. The electrospun membrane’s surface became coated with a gel as the polymer solution solidified. The mold was then removed to obtain the PLGA/CoI-MeHA urethral scaffold.
2.16 Rabbit urethral defect model establishment and scaffold implantation
Forty male New Zealand white rabbits were equally divided into four groups: the PLGA/CoI-MeHA urethral scaffold implanted with cells, PLGA/CoI-MeHA urethral scaffold without implanted cells, autologous tissue suture after urethrotomy (gold standard), and no treatment after urethrotomy (blank control). All animals were anesthetized by intramuscular injection of Antai and maintained with 2% isoflurane. The anterior urethra of the rabbits was fully separated, and the ventral urethral defect model was established by resecting the ventral side at 1 cm and 0.5 cm. A 5–0 suture was used to match the scaffold with the defect. A 6Fr catheter was inserted into the urethra in all groups, and free urination was performed 7 days after operation. Gentamicin (0.5 mL) was injected intramuscularly 3 days after the operation. Three months later, retrograde urethrography was performed with contrast agent (meglumine diatrizoate), and the repaired urethra was removed for histopathological characterization.
2.17 Statistical analysis
Each test was carried out independently a minimum of three times, with results shown as mean ± standard deviation (s). Data analysis was conducted using SPSS (version 13.0, United States); measurement data were compared using the t-test, while group differences were assessed through variance analysis. Levels of significance were noted as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
3 RESULTS
3.1 Preparation and characterization of PLGA/CoI electrospun membranes
PLGA and CoI are both materials with good biocompatibility, so this work used electrospinning technology to prepare PLGA/CoI electrospun membranes. Scanning electron microscopy (SEM) showed that the nanofiber diameter of the PLGA/CoI (7:3) electrospun film was 144.13 ± 38.22 nm (mean ± variance), and that of PLGA/CoI (8:2) electrospun film was 129.39 ± 69.71 nm. Compared with PLGA/CoI (8:2) electrospun film, PLGA/CoI (7:3) electrospun film had fewer spindle-shaped lumps, and the diameter and distribution of nanofibers were more uniform and stable (Figure 2A). Therefore, for the subsequent experiments of this research, the PLGA/CoI (7:3) electrospun membrane was chosen.
[image: Scanning electron microscope (SEM) images display PLGA-Co materials at varying magnifications. Bar charts (B, C) compare density and porosity of different materials. Graphs (D, E, G, H, J, K) show mechanical and degradation properties over time and strain changes. Chart (F) presents chemical shifts. Graph (M) tracks retention over time with various PBS concentrations. Image (N) provides high-magnification views showing material structure.]FIGURE 2 | Characterization of the double-layer polylactic-co-glycolic acid (PLGA)/collagen type I (CoI)-methacrylated hyaluronic acid (MeHA) urethral tissue engineering scaffold. (A) Morphology of the PLGA/CoI electrospun membranes with different ratios observed by scanning electron microscopy. (B) Density of PLGA/CoI (7:3) electrospun film. (C) Porosity of the PLGA/CoI (7:3) electrospun membrane. (D) Tensile properties of the PLGA/CoI (7:3) electrospun film. (E) In vitro degradation characteristics of the PLGA/CoI (7:3) electrospun membrane in PBS and artificial urine. (F) Proton nuclear magnetic resonance (1H-NMR) with different grafting rates of MeHA hydrogels. (G–I) The rheological properties of MeHA hydrogels with grafting rates of 23.26%, 31.55% and 40.72%, respectively. (J–L) The compression properties of MeHA hydrogels with grafting rates of 23.26%, 31.55% and 40.72%, respectively, were tested. (M) In vitro degradation characteristics of the MeHA hydrogels with or without hyaluronidase. (N) The morphology of the PLGA/CoI-MeHA urethral tissue engineering scaffold at the membrane-glue interface under scanning electron microscopy.
The density and porosity of the PLGA/CoI (7:3) electrospun membrane were obtained by measurement and calculation. The density of the electrospun membrane was 1.135 ± 0.09 g/cm3 and the porosity was 90.99% ± 3.39% (Figures 2B,C). The density of electrospun film was higher than that of water, and the reticular structure of the nanofibers was compact. The high porosity was favorable for the MeHA prepolymer, enabling it to penetrate into the electrospun membrane and firmly combine with the electrospun film after light curing. The mechanical tensile properties test showed that the tensile force of the electrospun film exceeded 0.4 Mpa, which could fully meet the needs of surgical sutures, and provided a mechanical strength basis for subsequent animal experiments (Figure 2D). The degradation rate of the PLGA/CoI (7:3) electrospun membrane in urine was faster than that in PBS. The electrospun membrane had degraded in artificial urine after 52 days, which provides a sufficient urethral repair time (Figure 2E).
3.2 Preparation and characterization of MeHA
HA and MeHA were characterized by proton nuclear magnetic resonance (1H-NMR). A comparison of MeHA and HA NMR showed that after the reaction with methacrylic anhydride, HA has two new signal peaks at δ = 6.05 ppm and 5.65 ppm, and a bifurcated peak at δ = 1.8 ppm. These three peaks were the nuclear magnetic peak of double bond hydrogen on the methacrylate group and the nuclear magnetic peak of methyl hydrogen, respectively. The nuclear magnetic peak at δ = 1.9 ppm was the nuclear magnetic peak of methyl hydrogen on the side chain of HA. Furthermore, with the increase in the MA input content, the intensity of the NMR peaks at δ = 6.08 ppm, 5.65 ppm, and 1.8 ppm also increased. When comparing the integral area of methacrylate hydrogen with that of HA methyl hydrogen, the degree of methacrylate esterification of HA can be obtained. Therefore, the grafting rates of MeHA-1, MeHA-2, and MeHA were calculated as 23.26%, 31.55%, and 40.72%, respectively (Figure 2F). To summarize, with the increase in the MA content, the grafting rate of MeHA increased obviously. On the other hand, the degree of double bonding in HA will influence the physical and chemical properties of the subsequent UV-cured hydrogel.
The rheological properties of MeHA hydrogels with different grafting ratios were tested. Once the hydrogel had formed following UV-curing for 10 s, the storage modulus G′ and energy dissipation modulus G″ were tested under the conditions of constant frequency (1 Hz) and constant strain (0.5%). As can be seen from the figure, the hydrogel with a grafting rate of 40.72% has the highest G′, which proves that the increase in the grafting rate can increase the elasticity of the hydrogel. Similarly, with the significant increase in G″, it shows that the increase in the grafting rate may increase the viscosity of the hydrogel to a certain extent (Figures 2G–I).
To meet the needs of subsequent animal experiments, the hydrogel must have a certain mechanical strength to support its structure and cell survival. Therefore, the compression properties of MeHA hydrogels with different grafting ratios were tested. When the content of MeHA was 0.5%, the maximum strain of the MeHA hydrogel with a 23.26% grafting ratio was 66.75%, and the maximum compressive strength was 28.43 kPa (Figure 2J). When the grafting rate was 31.55%, the maximum strain of the MeHA hydrogel was 65.85%, and the maximum compressive strength was 32.76 kPa (Figure 2K). Furthermore, when the grafting rate was 40.72%, the maximum strain of the MeHA hydrogel was 63.73%, and the maximum compressive strength was 38.13 kPa (Figure 2L). Therefore, with the increase in the grafting ratio of MeHA, the maximum compressive strength of the hydrogel gradually increased and the maximum strain gradually decreased.
We performed in vitro degradation experiments on the MeHA hydrogels with different grafting ratios, which showed that the degradation rate of hydrogels in PBS solution containing 0.075 mg/ML HAase was significantly faster than that in PBS. Furthermore, the degradation rate of hydrogels with a high grafting rate of MeHA was faster than that of those with a low grafting rate. In the PBS solution containing HAase, the hydrogel was degraded in 36 days, which could fully meet the needs of animal experiments (Figure 2M). To summarize, under the condition of ensuring sufficient mechanical strength, we chose MeHA with a grafting rate of 40.72% for follow-up experiments.
Urethral tissue repair scaffolds were successfully fabricated with selected the PLGA/CoI electrospun membrane and MeHA hydrogel, and their microstructure was characterized by SEM. The composite urethral tissue engineering scaffold was successfully prepared, and the hydrogel prepolymer fully immersed the electrospun membrane to form a stable scaffold structure (Figure 2N).
3.3 Immunofluorescence staining of rabbit urethral epithelial cells and rabbit urethral smooth muscle cells
In order to better simulate the natural urethra of rabbits, we extracted urethral epithelial cells and urethral smooth muscle cells from the same group of rabbits for the construction of scaffolds. And the primary rabbit urethral epithelial cells and rabbit urethral smooth muscle cells were identified by immunofluorescence staining. As shown in Figure 3A, most cells expressed CK-19, which is characteristic of epithelial cells. In addition, Figure 3B shows that most cells expressed α-SMA, which is characteristic of smooth muscle cells. The primary cells of rabbits were successfully extracted and used in follow-up experiments.
[image: (A) Three-panel image showing DAPI-stained nuclei, CK-19 in green, and the merged image combining both. (B) Three-panel image showing DAPI-stained nuclei, α-SMA in red, and the merged image. (C) Bar graph depicting cell viability at 24, 48, and 120 hours, showing a slight increase over time. (D) and (E) Bar graphs showing cell viability percentages at various concentrations for 24, 72, and 120 hours, with values remaining around 100 percent. (F) Four-panel image displaying cells with green fluorescent staining at 24 and 48 hours, showing differences in fluorescence intensity.]FIGURE 3 | Characterization of the biocompatibility of the double-layer polylactic-co-glycolic acid (PLGA)/collagen type I (CoI)-methacrylated hyaluronic acid (MeHA) urethral tissue engineering scaffolds. (A) CK-19 immunofluorescence staining of rabbit urethral epithelial cells. (B) α-SMA immunofluorescence staining of rabbit smooth muscle cells. (C) The proliferation characteristics of rabbit urethral smooth muscle cells on the PLGA/CoI electrospun membrane were measured by the CCK-8 assay. (D, E) The proliferation characteristics of rabbit urethral epithelial cells and smooth muscle cells in the MeHA hydrogel were tested with the CCK-8 assay. (F) Rabbit urethral epithelial cells were implanted with MeHA hydrogel and living cells were stained at 24 and 48 h.
3.4 Biocompatibility of the PLGA/CoI electrospun membrane and the MeHA hydrogel
The ability of cells to grow and proliferate in transplants is an important factor affecting the effectiveness of urethral tissue repair. Therefore, we conducted biocompatibility experiments on PLGA/CoI electrospun membrane and MeHA hydrogel in vitro. The PLGA/CoI electrospun membrane was only in contact with rabbit urethral smooth muscle cells; therefore, these cells were used to test the biocompatibility of the electrospun membrane. As shown in Figure 3C, at 24 h, the survival rate of the cells implanted in the electrospun membrane did not exceed that of the control group, which is likely because the cells did not adapt to the new growth environment. At 48 h, the cell survival rate on the electrospun membrane was close to the control group. At 120 h, the survival rate had significantly surpassed that of the control group. To summarize, the PLGA/CoI electrospun membrane showed good biocompatibility with rabbit urethral smooth muscle cells and could support cell adhesion, growth, and proliferation.
The biocompatibility test of the MeHA hydrogel with rabbit urethral epithelial cells is shown in Figure 3D, and the biocompatibility test of the MeHA hydrogel with rabbit urethral smooth muscle cells is shown in Figure 3E. After 120 h of culture, when the maximum concentration of MeHA was 1%, the higher the concentration, the better the cell growth. Therefore, MeHA can obviously promote the growth and reproduction of cells. We also stained the rabbit urethral epithelial cells implanted in the MeHA hydrogel at 24 h and 48 h. As shown in Figure 3F, after 24 h culture, the cells were spherical because they were growing in the three-dimensional environment of hydrogel; the survival rate was calculated to be >99% in the live/dead cell staining. After 48 h culture, most of the cells were still spherical, but the cell density had increased greatly; the cell survival rate was still >99%, which indicated that the MeHA hydrogel had good biocompatibility with the cells, which could survive and proliferate in the MeHA hydrogel.
3.5 Evaluation of the effect of urethral tissue repair in vivo
To further validate the repair effect of PLGA/CoI-MeHA tissue engineering scaffold, we implanted the scaffold into rabbits and verified its urethral reconstruction effect 3 months later. The study rabbits were divided into four groups: PLGA/CoI-MeHA urethral scaffold implanted with cells, PLGA/CoI-MeHA urethral scaffold without implanted cells, autologous tissue suture after urethrotomy (gold standard group), and no treatment after urethrotomy (blank group). The urethral defect was established by fully separating the anterior urethra of the rabbits. Figure 4B shows the photos before and after the implantation of the urethral scaffolds. After the operation, a 6Fr catheter was inserted into the urethra and gentamicin was injected continuously for 3 days. The catheter was removed 7 days after the operation. Three months later, retrograde urethrography was performed and the repaired urethra was taken for histopathological characterization and compared with the normal New Zealand white rabbit urethra (Figure 4A). Finally, among the 40 male New Zealand white rabbits who participated in the experiment, except for the gold standard group, one rabbit died in each group; the cause of death was deemed to be infection.
[image: Diagram detailing a surgical study on rabbits. A shows a timeline including experimental grouping, catheter injection, and urethrography. B depicts preoperative and postoperative images of a rabbit's abdomen. C presents histological sections comparing normal, scaffold plus cells, gold standard, scaffold, and control groups using HE, Masson, α-SMA, and AE1 stains, alongside radiographic images showing differences in tissue structure and density.]FIGURE 4 | In vivo repair effect of the double-layer polylactic-co-glycolic acid (PLGA)/collagen type I (CoI)-methacrylated hyaluronic acid (MeHA) urethral tissue engineering scaffold. (A) Schematic diagram of the experimental flow chart for repairing urethral defects in rabbits. (B) Comparison of pictures before and after stent implantation in rabbits with the urethral defect. (C) Three months later, retrograde urethrography was performed in rabbit urethral defect models, and the sections were stained with hematoxylin and eosin (HE), Masson’s, anti-α-SMA, and anti-AE1.
The retrograde urethrography of the normal rabbit urethra and the different urethral defect models after 3 months is shown in Figure 4C. It can be clearly seen that the PLGA/CoI-MeHA urethral scaffold group with cells and the gold standard group had the best therapeutic effect; the urethral repair effect was close to that of the natural urethra. Partial stricture occurred in the urethral repair site of the PLGA/CoI-MeHA urethral scaffold group without cells, while obvious stricture or fistula occurred in the untreated blank control group. As shown in Figure 4C, the hematoxylin and eosin (HE) staining results show that the urethral epithelial cells in the PLGA/CoI-MeHA with cells treatment group and the gold standard treatment group are arranged continuously and regularly, which is very similar to the normal urethra. On the other hand, in the simple scaffold treatment group, some epithelial cells were interrupted, and the arrangement of the cells was chaotic. In the blank control group, not only were the cells disordered, an unclosed urethral fistula also appeared. Masson’s staining makes muscle fibers red and collagen fibers blue. The staining results of PLGA/CoI-MeHA with cells group and gold standard group were similar to those of the normal urethra, and the collagen fibers and muscle fibers were intertwined and evenly distributed. The scaffold treatment group and the blank control group showed different degrees of collagen fiber agglomeration, suggesting that there may have been a fibrous scar causing urethral stricture or obstruction. α-SMA and AE1 were used to label smooth muscle cells and epithelial cells, respectively, which were consistent with the results of the above sections. The therapeutic effect observed in the PLGA/CoI-MeHA with cells treatment group and gold standard treatment group was close to that of the normal urethra, and the arrangement of smooth muscle cells and urethral epithelial cells was regular. However, the arrangement of cells in the scaffold treatment group and blank control group was complicated, which was significantly different from that of normal urethra.
In summary, PLGA/COI-MeHA tissue engineering scaffold has a significant effect on urethral repair in vivo. The reconstructed rabbit urethra is close to the natural urethra in terms of imaging representation and slice data, making it a very promising urethral repair graft.
4 DISCUSSION
Our research illustrates that the double-layer PLGA/COI MeHA scaffold for tissue engineering effectively facilitates urethral reconstruction. Utilizing hydrogel, the arrangement of urethral cells is significantly enhanced. Both electrospinning and hydrogel contribute substantially to support and stabilization.
In treating urethral repair, some researchers now employ engineered nanofiber scaffolds to efficiently promote the development of nearby blood vessels, achieving beneficial outcomes (Niu et al., 2020; Wan et al., 2020). Additionally, the engineered urethral scaffold helps stimulate the proliferation of epithelial and smooth muscle cells, thereby supporting urethral repair (Liu et al., 2020). Its interaction with stem cells represents another promising avenue for advancement (Zhu et al., 2022). Unlike oral mucosal grafts (Sánchez et al., 2023b), tissue engineering scaffolds eliminate damage to the donor site and are generally easier to procure. Their favorable tissue compatibility and effectiveness in urethral reconstruction are crucial for clinical implementation. However, current techniques for urethral restoration primarily involve surgically implanting grafts, which unavoidably inflicts a certain degree of trauma on patients. Consequently, the challenge lies in refining treatment techniques to minimize both complexity and injury while maintaining effective therapeutic outcomes.
5 CONCLUSION
Through electrospinning and light curing technology, we successfully screened the PLGA/CoI (7:3) electrospun membrane and MeHA (40.72%) hydrogel. Furthermore, we successfully prepared PLGA/CoI-MeHA bilayer urethral scaffolds loaded with rabbit urethral smooth muscle cells and rabbit urethral epithelial cells, respectively, and achieved favorable results for urethral defect repair and urethral reconstruction in rabbits. The mechanical characterization of the scaffold indicates that it has sufficient mechanical strength to meet experimental and clinical needs. In addition, it showed satisfactory biocompatibility in cell experiments and in the in vitro degradation experiments. The excellent performance of the PLGA/CoI-MeHA double-layer urethral scaffold in repairing urethral defects in rabbits suggests that it may be effective for clinical repair of the human urethra.
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Exosomes released from cells have been shown to play an important role in health and disease due to their potential application in therapy and diagnosis. First of all, we extracted the exosome from Phascolosoma esculenta, and studied the lipid lowering and antioxidant activity of Phascolosoma esculenta exosome. It was found that Phascolosoma esculenta exosomes could significantly decrease the lipid accumulation caused by oleic acid, and improve triglycerides (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C) and low density lipoprotein (LDL-C). The exosomes of Phascolosoma esculenta also exhibit antioxidant activity, which can decrease the amount of reactive oxygen species (ROS) and malondialdehyde (MDA), and raise the level of superoxide dismutase (SOD) and total antioxidant capacity (T-AOC). The exosomes of Phascolosoma esculenta have the function of reducing lipid and antioxidation.
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1 INTRODUCTION
Hyperlipidemia (HLP) is a chronic metabolic disease characterized by an increase in the circulating levels of lipids or lipoproteins (Liu et al., 2023). It mainly consists of TC, TG, LDL, and HDL, all of which may be excessively expressed in the blood. The level of LDL is positively correlated with atherosclerosis, heart disease, and coronary artery indices, making it a crucial factor in cardiovascular diseases [(Joint Committee on revision, 2017; Zokaei et al., 2020; Zeljković et al., 2019; Zhao, 2019; Zhang et al., 2018)]. Dyslipidemia can stimulate ROS production, weaken antioxidant defenses, increase lipid peroxidation, and lead to redox imbalance, oxidative stress, and metabolic alterations (Yue et al., 2023). Long-term oxidative stress further consumes fatty acids in the livers of individuals with hyperlipidemia, promoting fatty liver degeneration and resulting in tissue cell damage, injury, and even death (Jiang et al., 2024). Recent studies have shown that there is a close relationship between oxidative stress and pathophysiology in cardiovascular diseases (Yan et al., 2018). Oxidative stress is considered a plausible mechanism underlying hyperlipidemia. Antioxidants are increasingly recognized as potential hypolipidemic drugs (Wu et al., 2019).
Phascolosoma esculenta is a marine invertebrate endemic to China, also known as Haiding and bamboo coral. It is produced in China’s coastal areas, such as Fujian, and Taiwan Province (Wu, 2020). Phascolosoma esculenta is recognized as ‘marine cordyceps sinensis’ and can be used as food and medication. Research suggests that Phascolosoma esculenta exhibits the effects of relaxing smooth muscle, lowering blood pressure as well as antithrombotic, antioxidant, antibacterial, antiviral, anti-aging, anti-inflammatory, and anti-tumor properties [(Peng, 2022; Zhou et al., 2006; Zhou et al., 2007; Jiang et al., 2004; Shen et al., 2003)].
Exosomes are a type of extracellular vesicles that possess a lipid bilayer membrane with a saucer-like shape, and the diameters generally range from 30 nm to 200 nm (Johnstone et al., 1987). Almost all cells can secrete exosomes, which are widely distributed in bodily fluids such as plasma and urine and have the function of cellular messengers, participating in cellular communication (Banliat et al., 2020). Exosomes contact target cells via floor molecules and switch the contents to the cytoplasm of target cells, thereby altering the physiological state of recipient cells (Colombo et al., 2014; Thery et al., 2002). It naturally has corrected target-homing specificity and can move the organic barrier in vivo (Skryabin et al., 2020). Due to these characteristics, exosomes play a widespread role in treatment. In addition, various proteins in exosomes, such as antioxidant enzymes and anti-inflammatory factors, have been demonstrated to regulate and enhance the management of hyperlipidemia, to protect vascular endothelial cells, and to decrease the formation of atherosclerotic plaques [(Kobayashi et al., 2018; Li et al., 2020; Palazzolo et al., 2020; Gardiner et al., 2016)]. However, there is no study on the extraction of exosomes from Phascolosoma esculenta. The effect and mechanisms of its anti-hyperlipidemia are uncertain and need further study.
In this paper, the exosomes of Phascolosoma esculenta was treated as the research object, using differential and ultracentrifugation strategies to extract exosomes [(Cvjetkovic et al., 2014; Konoshenko et al., 2018; Zeringer et al., 2015)]. Using TEM and NTA techniques to identified the morphology and structure of exosomes, the lipid-lowering effect and antioxidant activity of Phascolosoma esculenta exosomes in vitro was also measured, which furnished a foundation for subsequent hypolipidemic mechanism research (Herrera-Balandrano et al., 2021; Ferramosca et al., 2019). This study provides a new approach to promote the prevention and treatment of hyperlipidemia, and offers new ideas for discovering anti-hyperlipidemia drugs.
In addition, we also studied mice fed a high-fat diet in vivo. It provides additional insights for understanding the anti-hyperlipidemia effect of Phascolosoma esculenta exosomes. This study will further understand the role of Phascolosoma esculenta exosomes in promoting health, and lay a foundation for the future development of food rich in this kind of function.
2 MATERIALS AND METHODS
2.1 Materials and chemicals
Phascolosoma esculenta was bought from Fuzhou Minji Sea Worm Jelly Co. Ltd. (China, Fuzhou). Procurement of HepG2 cells fromXiamen Medical College. Oxidative stress index MDA, T-AOC, and SOD detection kit, Lipid index TG, TC, HDL-C and LDL-C detection kits were purchased from Solarbio Technology Co, Ltd. (China, Beijing). All other analytical chemicals are from Yuanye Biotechnology Co, Ltd. (China, Shanghai).
2.2 Extraction and identification of exosomes of Phascolosoma esculenta
2.2.1 Extraction
A working solution was prepared by mixing 0.25% trypsin digestive enzyme and type IV collagenase in a 1:1 volume ratio. The body wall tissue was cut, placed in the working solution, and digested for 20 min. An equal volume of DMEM medium was added to the working solution to terminate the digestion process. The mixture was then centrifuged for 10 min at 300 g, then centrifuged for an additional 15 min at 2,000 g, and finally for 30 min at 10,000 g. After the last centrifuging step, the sediment is removed and the supernatant is kept. The supernatants were collected by passing through a filter membrane of 0.22 µm diameter. Transfer the filtrate into an EP tube and centrifuged for 20 min at 2,700 rpm at 4°C to enrich the exosomes. The enriched solution was then centrifuged for 70 min at 120 000 g at 4°C. After this last centrifuging step, the precipitate is the desired exosome.
2.2.2 Identification
2.2.2.1 Transmission electron microscopic identification of exosomes (TEM)
Take the exosome sample from −80°C, dissolve it on ice, and gently blow it with a pipette to make the sample thoroughly mixed. 20 μL of exosome suspension was dropped into the copper mesh of the electron microscope and keep the suspension on the copper mesh for 5 min. Using 2% uranyl acetate solution for negative dyeing and fixation for 5 min, absorbing excess liquid with filter paper, and naturally drying at room temperature. Finally, the copper mesh with the fixed sample was put under a 120 kv transmission electron microscope to observe and take photos.
2.2.2.2 Nanoparticle tracking analyzer (NTA)
Take 20 µL of exosome suspension and dilute it to 1,000 µL with deionized water. Use a 1 mL syringe to load the sample. Set the cycle time and operate according to the instructions of the NS300 NTA. Start the test on the computer and record the results.
2.2.2.3 Lipidomic analysis of exosomes
A lipid sample extracted from Phascolosoma esculenta was submitted to theXiamen Life Internet Technology Co., Ltd. for analysis. Data for lipid molecular specie were presented as mol% of the total lipids analyzed.
2.3 Hypolipidemic and antioxidant activities of exosomes of Phascolosoma esculenta in vitro
2.3.1 Cell culture
After mixing HepG2 cells with cell culture medium (DMEM medium containing 10% FBS and 1% double antibiotic), add them to a Petri dish. Incubate the culture dish in a cell incubator with 37°C and 5% CO2. Change the medium every 48 h, and conduct passage when the cell growth density reaches 80%–90%.
2.3.2 In Vitro cytotoxicity activity
The CCK-8 approach was used to detect the toxicity of Phascolosoma esculenta exosomes to HepG2 cells. HepG2 cells (5 × 103 cells/plate) were seeded into a 96-well plate and incubated for 24 h. Then, the supernatant was removed, add concentrations of exosomes (0, 10, 50, 100, 200, 300, 400, 500 μg/mL) of Phascolosoma esculenta, and tradition for 24 h beneath the above conditions. To the plate was added 4 μL of serum free medium containing 10% CCK8. After incubation for 2 h, the absorbance at 450 nm was measured with an enzyme labelled apparatus. Through the calculation of the survival ratio of HepG2 cells, the optimum concentration of Phascolosoma esculenta was obtained.
2.3.3 Induction high-fat HepG2 cells
The excessive accumulation of lipids in HepG2 cells was induced by oleic acid as a model fat source. HepG2 cells (2 mL, 1 × 106 cells) were inoculated on a 6-well culture plate and incubated for 24 h. Cell adhesion changes the culture medium and induces excessive lipid accumulation in HepG2 cells with 0.2 mmol/L oleic acid. The exosomes with different concentrations were added and cultured for 24 h.
2.3.4 Oil red O staining
After incubation, HepG2 cells were subjected to OROS staining kit, and the results were as follows: Observed under an inverted microscope.
2.3.5 Detection of lipid indexes
The induction and treatment methods of high-fat HepG2 cells are described in Section 2.3.3. Then, the cells were collected and lysed on ice bath. Lipid indexes (TC, HDL-C, TG, and LDL-C) were detected according to detection kits method.
2.3.6 Detection of oxidative stress indexes
According to the ROS kit instructions, cells have been inoculated into a 6-well plate. After establish a model and administer medication, 200 µL/well of DCFH-DA (diluted 1:1,000) was added and further diluted in a serum-free medium. The cells were then cultured at 37°C for 20 min. Afterward, the cells were washed with serum-free medium three times and images were captured under a fluorescence microscope. Each group had three replicate wells, and for each well, three non-overlapping fields were selected for imaging. The ImageJ software was used to quantitatively analyze the ROS levels. Additionally, we detected SOD, MDA, T-AOC, and other biomarkers in the cells following the manufacturer’s instructions.
2.4 Hypolipidemic and antioxidant activities of exosomes of Phascolosoma esculenta in vivo
2.4.1 Animal hyperlipidemia model
C57BL/6J mice were obtained from Basic Medical College of Xiamen Medical College (n=72). The mice were adaptively fed in a standard cage for one week, with the ambient humidity of 60% and the temperature of 25°C ± 1°C, and provided with standard diet and water. Mice were randomly divided into 64 mice and 8 normal controls. In the present study, the hyperlipemia animal model was established with a high fat diet for 6 weeks. The serum lipid index (TC, TG) of hyperlipemia model group was significantly higher than that of normal controls (P < 0.01) which met the modeling conditions. The normal control group (n = 8) during the follow-up intervention. HFD was administered to the model (n = 8), 6 treatment groups (n = 8), and simvastatin control. Based on the experimental results, the dosage of Phascolosoma esculenta exosome was 750 μg/ml, 1,000 μg/ml, 1,500 μg/ml, 2,000 μg/ml, and 2,500 μg/ml respectively. Simvastatin positive drug group was given simvastatin 5 mg/kg by gavage. To eliminate the effect of the method of administration on the experiment, the control group (PBS group) received PBS by gavage. At the end of the intervention, eye blood samples were collected Serum was obtained by centrifugation at 4°C (3,000 rpm/10 min), and the lipid and oxidative. The stress index of serum was analysed. Liver samples were taken, and the liver weight was measured with normal saline solution. A portion of the liver was used for HE staining and oil red O staining, and the remainder of the liver was used for the analysis of lipid and oxidative stress. The experimental design was approved by Xiamen Medical College’s Experimental Animal Ethics Committee.
2.4.2 Imaging of small animals in vivo
The distribution of exosomes in mice was studied by in vivo imaging technology of small animals, and its changing law in vivo and in vitro was explored, so as to provide basis for further clarifying its mechanism of action. Exosomes labeling uses lipophilic dye Dio to dye exosomes.
2.4.3 Drug toxicity experiment
Serum biochemical indexes (AST and ALT levels) were analyzed with appropriate commercial kits (Beijing Solaibao Technology Co., Ltd.).
2.4.4 Blood lipids determination of the serum
Serum lipid indexes (including TG, TC, HDL-C and LDL-C levels) were analyzed with an appropriate commercial kit (Beijing Suolaibao Technology Co., Ltd.).
2.4.5 Oxidative stress indicator determination of the serum
Oxidative stress indicators, including SOD, T-AOC activities, as well as MDA content in the serum, were analyzed using appropriate kits (Solarbio Science and Technology Co., Ltd., Beijing).
2.4.6 HE and oil red o staining of liver tissue
The mouse liver was soaked in 4% neutral paraformaldehyde, washed with distilled water, and then placed in 70% ethanol overnight, Paraffin embedding, 4 μm slicing, sealing and HE staining. Liver tissue was embedded in OCT and frozen for 8 mm, and stained with oil red. The pathological changes of liver in each group were observed under 200 times optical microscope.
2.5 Data analysis
Data were analyzed by means of a one-way analysis of variance or unpaired t-tests to determine Group differences (Graph Pad Prism 9.0). Results were considered When P < 0.05, statistical significance was observed. All data in this paper are means ± standard Deviation of more than or equal to three separate experiments.
3 RESULTS
3.1 Identification of Phascolosoma esculenta exosomes
In this study, differential centrifugation was used to separate the exosomes of Phascolosoma esculenta, Further characterization of exosomes such TEM, NTA and Lipidomic Analysis was also performed. Result showed that the exosomes of Phascolosoma esculenta can be separated and enriched through differential centrifugation, and the giant particles, fibers, and insoluble components in the uncooked substances can be eliminated simultaneously. The image acquired with the aid of TEM confirmed that the exosomes of Phascolosoma esculenta were nearly saucer in shape and evenly disbursed (Figure 1A). The common particle dimension of the exosomes of Phascolosoma esculenta measured by means of NTA was in the range of 100–200 nm (Figure 1B). The types of lipids contained in exosomes determined by ultra-high performance liquid chromatography-mass spectrometry and the result showed that exosomes contained TG (∼29.7% of total lipids), Ceramide (Cer, ∼12.9% of total lipids), DG (∼12.9% of total lipids). (Figure 1C). The morphology, particle dimension and lipid components met the definition preferred of exosomes.
[image: Panel A shows three electron microscope images of particles, each with different diameters. Panel B displays a distribution graph with particle diameter on the x-axis and relative number on the y-axis, showing a peak around 200 nanometers. Panel C is a pie chart with various categories, each represented by a different color, with the largest slices being 29.7%, 26.7%, 12.9%, and 12.9%.]FIGURE 1 | The image of exosomes taken by transmission electron microscope with a scale (A). The particle size distribution of exosomes was measured by nanoparticle tracking analysis (B). The types of lipids contained in exosomes determined by ultra-high performance liquid chromatography-mass spectrometry (C).
3.2 Hypolipidemic effect of Phascolosoma esculenta exosomes in cells
3.2.1 Cytotoxicity of Phascolosoma esculenta exosomes
We assessed the cytotoxicity of Phascolosoma esculenta exosomes and the viability of HepG2 cells using the CCK-8 assay. HepG2 cells were treated for 24 h with Phascolosoma esculenta exosomes (0, 10, 50, 100, 200, 300, 400, 500 μg/mL). The results demonstrated a dose-dependent influence of Phascolosoma esculenta exosomes on the survival rate of HepG2 cells. The cell survival rate was above 90% at concentrations below 100 μg/mL, suggesting that the concentration was no cytotoxicity (Figure 2). Consequently, the concentration of Phascolosoma esculenta exosomes was determined to be 0–100 μg/mL in further studies.
[image: Bar chart showing cell viability percentages for various concentrations: Control, 10, 50, 100, 200, 300, 400, 500 micrograms per milliliter. Viability decreases from near 100% at lower concentrations to below 50% at 500 micrograms per milliliter.]FIGURE 2 | Evaluation of HepG2 cells survival rate incubated with Phascolosoma esculenta exosomes for 24 h. Note: Compared with the control group, *p < 0.05, **p < 0.01.
3.2.2 Effect of Phascolosoma esculenta exosomes on lipid accumulation
We characterized intracellular lipid accumulation using lipid index and OROS to confirm the successful establishment of the high-fat HepG2 cell model. Compared the model group with the control group, we found that although HDL-C contents dramatically dropped, TC, TG, and LDL-C contents greatly increased. Furthermore, the increase of intracellular lipid droplets was also noted by OROS. The high-fat model was successfully established in HepG2 cells, as these data verified. Then, to ascertain the oil concentration that will provide the greatest reduction of fat accumulation, a preliminary screening investigation was conducted to evaluate the impact of Phascolosoma esculenta exosome concentration 0–100 μg/mL on HepG2 cells stimulated by oleic acid. According to OROS data, the amount and intensity of lipid droplets in HepG2 cells treated with Phascolosoma esculenta exosomes were reduced in comparison with the model group. Compared with the model group, the results showed that the HDL-C in the treatment group increased and the TG and TC levels decreased. The lipid-lowering impact becomes more pronounced with an increase in exosome concentration, indicating that the effectiveness of Phascolosoma esculent exosomes on hyperlipidemia is dose-dependent. The Phascolosoma esculenta exosomes-treated cells exhibited a considerable reduction in the quantity of lipid droplets and a lighter color intensity compared to the model group, as determined by the OROS method. These findings demonstrated that in high-fat HepG2 cells, the accumulation of lipid droplets was decreased by the Phascolosoma esculenta exosomes.
An imbalance in the metabolism of triglycerides and cholesterol is the primary sign of hyperlipidemia (Figure 3). Consequently, an analysis was conducted on the TC and TG levels in HepG2 cells. The group treated with Phascolosoma esculenta exosomes had significantly lower TG and TC levels (P < 0.01, respectively) in comparison to the model group (Figures 4A, B). This demonstrates the ability of these two drugs to prevent hyperlipidemia. Furthermore, high-fat HepG2 cells' LDL-C content was lowered by Phascolosoma esculenta exosome treatment (Figure 4C). It can lessen the symptoms of hyperlipidemia by raising the HDL-C level (Figure 4D).
[image: Six microscopic images display cellular structures with varying densities and staining intensities. The top row includes layered, dark-stained clusters. The bottom row shows lighter, dispersed patterns. Black scale bars indicate size.]FIGURE 3 | Oil red O staining image in oleic acid-induced high-fat HepG2 cells.
[image: Four bar graphs labeled A to D show relative content of TC, TG, LDL-C, and HDL-C. Each graph compares Control, OA, 10, 50, 100 μg/mL, and simvastatin groups. Significant differences are marked with asterisks.]FIGURE 4 | Effects of different concentrations of exosomes of Phascolosoma esculenta on TC (A) TG (B) LDL-C (C) HDL-C (D). Note: compared with the control group, #P < 0.05, ##P < 0.01. Compared with the OA group, *P < 0.05, **P < 0.01.
3.3 Effects of Phascolosoma esculenta exosomes on oxidative stress in vitro
ROS was significantly reduced by the exosomes than in the model cells (P < 0.01) (Figure 5B). Superoxide dismutase (SOD) activity was measured to avoid oxidative stress caused by free radicals in cells. It was found that the SOD activity in model cells was obviously decreased (P < 0.01). Compared with the control group, the SOD activity was obviously higher in the treatment group than in the model group. It shows how both of these compounds enhance the antioxidant potential of cells (Figure 5C). Since MDA is a secondary reaction product produced in the last step of lipid peroxidation, the evaluation of MDA concentration may provide additional information on cellular oxidation status. Higher levels of MDA lead to more free radicals that can destroy vital metabolism and physiology. As shown in the graph, lipid peroxidation was observed in the model cells, which indicated that the MDA content was significantly higher (P < 0.01). Compared to model cells, MDA levels were lower after treatment with Phascolosoma esculenta (Figure 5D). High levels of fat in the blood will also decrease T-AOC’s total antioxidant ability, so that the body cannot effectively eliminate oxygen free radicals. As can be seen in the diagram, the T-AOC in the model group was reduced, suggesting that HepG2 was under oxidative stress. On the other hand, the level of T-AOC in the exosomes was higher than that in the model group (P < 0.01) (Figure 5E). The results showed that PHC could reduce the lipid peroxidation of HepG2 cells with high fat content. Thus, Phascolosoma esculenta exosome has the potential to regulate the antioxidative enzyme system, increase the antioxidative effect, and reduce the oxidative stress induced by oleic acid in high fat HepG2 cells.
[image: Six fluorescence microscopy images display cells with green fluorescence under different treatments: control, OA, varying concentrations of 10, 50, 100 micrograms per milliliter, and simvastatin. Below, bar charts labeled A to E show quantitative data on ROS, SOD, MDA, and TAOC levels for each treatment group, indicating biochemical changes with significant markers.]FIGURE 5 | Antioxidant effects of exosomes of Phascolosoma esculenta on the levels of reactive oxygen species (ROS) (A) ROS fluorescence intensity (B) superoxide dismutase (SOD) (C) malondialdehyde (MDA) (D) and total antioxidant capacity (T-AOC) (E) in high-fat HepG2 cells induced by oleic acid. Note: compared with the control group, #P < 0.05, ##P < 0.01. Compared with the OA group, *P < 0.05, **P < 0.01.
3.4 Hypolipidemic effect of phascolosoma esculenta exosomes in vivo
3.4.1 Imaging of small animals in vivo
In order to analyze the distribution of exosomes in the body, we tracked the exosomes labeled by Dio. In vivo imaging system (IVIS) showed that exosomes labeled with Dio were mainly sent to liver, liver, spleen and lung (Figure 6).
[image: Seven infrared images of mice show varying levels of fluorescence under different conditions. The control image depicts a normal mouse, while the others display increasing intensity of fluorescence from the model to 2500 µg/mL, indicating higher activity or concentration. A scale on the right shows fluorescence intensity from low (blue) to high (red).]FIGURE 6 | Representative IVIS images of mice injected with Dio labeled Exo. IVIS imaging was performed 24 h after injection.
3.4.2 Effect of Phascolosoma esculenta exosomes on drug toxicity in mice
After the high-fat mouse model was established by feeding high-fat feed, the Phascolosoma esculenta exosomes were injected into the tail vein for administration. After 4 weeks of continuous administration, blood samples were taken to detect AST and ALT indexes in liver. Figure 7 shows that there is no statistical difference between the administration group and the blank group. It is preliminarily concluded that the selected concentration gradient of Phascolosoma esculenta exosomes has no toxic effect on mice.
[image: Bar graphs comparing AST and ALT levels in U/ml across different doses: control, 6 mg/kg, 8 mg/kg, 12 mg/kg, 16 mg/kg, and 20 mg/kg. Both graphs show slight variations with generally stable enzyme levels across all groups.]FIGURE 7 | Effect of Phascolosoma esculenta exosomes on drug toxicity in mice.
3.4.3 Effect of Phascolosoma esculenta exosomes on lipid accumulation in serum and liver of mice
In this study, the effects of Phascolosoma esculenta exosomes on lipid metabolism were studied in mice. To study the preparation of high-fat animal model by feeding high-fat diet with high-fat feed. On this basis, its therapeutic effect on hyperlipidemia mice was discussed. The results showed that TC, TG and LDL-C in the model group were higher than those in the control group (P < 0.01), but HDL-C was significantly reduced (P < 0.01), which showed that the rat model of hyperlipemia was established successfully. Moreover, high fat diet can also influence the lipid metabolism in mice. After four weeks of treatment with different doses of Phascolosoma esculenta exosomes, the mice were euthanized for serum analysis. The results indicated that TC, TG, LDL-C and HDL-C were significantly lower than those in model group (Figure 8). Furthermore, the effect of the high dose group on the exosome of PHASCOLOSOMA esculenta was lower than that of simvastatin group, but it was significantly different from the control group. It is suggested that Phascolosoma esculenta exosomes can improve the lipid and glucose metabolism of high fat diet.
[image: Bar charts labeled A, B, C, and D compare different treatments on cholesterol levels.   A: Total cholesterol (TC) shows varying reductions with treatments; the bar for the highest concentration (160 mg/kg) shows significant decrease.  B: Triglycerides (TG) are reduced by each treatment compared to the model.  C: Low-density lipoprotein cholesterol (LDL-C) decreases with treatment, especially at higher concentrations.  D: High-density lipoprotein cholesterol (HDL-C) increases with higher treatment doses.   Each chart includes significance markers, such as asterisks and number signs.]FIGURE 8 | Effects of different concentrations of exosomes of Phascolosoma esculentaon TC (A) TG (B) LDL-C (C) HDL-C (D). Note: Compared with the control group, #P < 0.05, ##P < 0.01, Compared with the model group, ns P > 0.05, *P < 0.05, **P < 0.01. Compared with PBS group, ΔP < 0.05, ΔΔ P < 0.01.
3.4.4 Effect of Phascolosoma esculenta exosomes on serum oxidative stress in mice
Hyperlipidemia will lead to dysfunction of multiple organs of the body and trigger oxidative stress. Therefore, this study analyzed the indexes of oxidative stress in serum. The activities of SOD and T-AOC in serum of mice in high-fat diet group decreased significantly, and the level of MDA increased significantly, which may be related to high-fat diet (Figure 9). Different doses of Phascolosoma esculenta exosomes can significantly increase the levels of SOD and T-AOC in serum, and it is dose-dependent. Similarly, compared with the model group, the MDA level in the Phascolosoma esculenta exosomes treated with different doses decreased gradually. Therefore, we speculate that the Phascolosoma esculenta exosomes can play a role in reducing blood lipid by reducing the oxidative stress of the body.
[image: Bar graphs A, B, and C display biochemical measurements across different groups: Control, 100 mg/mL, 200 mg/mL, 400 mg/mL, isotonic saline, and PBS. Graph A shows SOD units, B shows MDA nmol/mL, and C shows T-AOC mM. Statistical significance is indicated by asterisks and delta symbols.]FIGURE 9 | Antioxidant effects of exosomes of Phascolosoma esculenta on the levels of superoxide dismutase (SOD) (A) malondialdehyde (MDA) (B) and total antioxidant capacity (T-AOC) (C) in hyperlipidemia mouse model. Note: Compared with the control group, #P < 0.05, ##P < 0.01. Compared with the model group, ns P > 0.05, *P < 0.05, **P < 0.01. Compared with PBS group, ΔP < 0.05, ΔΔP < 0.01.
3.4.5 HE and oil red o staining of liver tissue
Dyslipidemia is a common disease in patients with hyperlipidemia. In this experiment, the cell structure of the liver in the control group is normal, as shown in Figure 10. Conversely, the liver tissue of hyperlipemia model mice showed cytoplasm vacuole and steatosis In the model group, there was a significant increase in the area of fat injury compared with the control group. Along with the increasing of the intervention dosage, the lipid lesions decreased gradually, and eventually disappeared. The liver, on the other hand, tends to maintain a normal structure. In Figure 11, we found that the lipid was reduced and the lipid droplets distributed uniformly. The results showed that there was no significant accumulation of red fat drops in the liver of the control group, but the liver fat drops in the model group were significantly increased, and the majority of them were flake. Compared with the model group, the liver morphology of exosomes and treated with simvastatin was significantly decrease in lipid deposition in liver.
[image: Nine microscopic images of liver tissue stained with hematoxylin and eosin, arranged in a 3x3 grid. Each image is labeled individually: Control, Model, 50 mg wt, 100 mg wt, 200 mg wt, Silymarin, 50 mg pt, 200 mg pt, and PBS. Each shows varying characteristics of cell structures and tissue density.]FIGURE 10 | Effects of Phascolosoma esculenta exosomes and simvastatin on liver H&E staining in induced high-fat mice.
[image: Nine microscopy images showing tissue samples stained with different techniques. Each image features varying colors and patterns, indicating differences in cell density and structure. The top row includes three samples, labeled TRF1 deletion, displaying diverse shades of red and purple. The middle row features control samples with varied staining intensities. The bottom row is not labeled, showing similar staining variations. Each image highlights a distinct aspect of the tissue composition.]FIGURE 11 | Representative images of Oil Red O staining of the liver samples from indicated groups.
4 DISCUSSION
This study used differential centrifugation and ultracentrifugation to extract Phascolosoma esculenta exosomes for the first time. In vitro experiments have been performed to investigate the hypolipidemic impact of Phascolosoma esculenta exosomes. The results received from in vivro and vivo experiments exhibit that the lipid-lowering impact of Phascolosoma esculenta exosomes is associated to oxidative stress relief. In addition, our in vitro findings also established the remarkable lipid-lowering effect of Phascolosoma esculenta exosomes. It was additionally found that treatment with Phascolosoma esculenta exosomes can alleviate oxidative stress in a dose-dependent manner. Further hypolipidemic mechanism study is ongoing.
Phascolosoma esculenta is a dual-purpose resource for both medication and food, rich in nutrients and possessing genuine pharmacological activity. It has the potential to be developed into practical foods and even medicines. If successfully developed into lipid-lowering health foods or medicines, it could have significant financial and social value, particularly in the prevention and treatment of atherosclerotic cardiovascular and cerebrovascular diseases. This would mark an impressive transformation from being a “Fujian-famous food” to a “world-renowned medicine”.
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Indroduction: The rotator cuff tendon-bone interface exhibits a gradient histological composition, including graded mineral content and interwoven collagen fibers. Following rotator cuff injury repair, the lack of a compositional, structural, and functional gradient at the interface results in stress concentration and a high rate of postoperative re-tears. Piezoelectric materials, known for modulating cellular functions and promoting stem cell proliferation and differentiation, have garnered increasing attention in tissue repair applications.Methods: In this study, a biomimetic piezoelectric patch with progressive compositional and structural variations was designed and fabricated. The patch, composed of gelatin/PLGA/nHA/BTO, integrates aligned and random fiber structures. The aligned layer mimics the tendon-side structure of the rotator cuff tendon-bone interface, while the random layer replicates the bone-side structure.Results: The bioinspired patch exhibits excellent biocompatibility. The piezoelectric signals generated under ultrasound stimulation can induce osteogenic and tenogenic differentiation of stem cells, as well as regulate M2 polarization of macrophages, thereby promoting the repair and regeneration of supraspinatus tendon injury in a rabbit model of rotator cuff injury.Discussion: This study highlights the potential of biomimetic piezoelectric patches in orthopedic rotator cuff repair and offers new possibilities for developing advanced materials to regenerate the rotator cuff tendon-bone interface.Keywords: rotator cuff, tendon-bone interface, electrospinning, biomimetic piezoelectric patch, sonodynamic therapy
1 INTRODUCTION
Rotator cuff injuries are among the most common musculoskeletal disorders. Data indicate that the prevalence of rotator cuff injuries ranges from 5% to 39%, with a significantly higher incidence observed in individuals over the age of 60 and in those engaged in repetitive high-intensity shoulder joint activities over prolonged periods (McElvany et al., 2015; Rothrauff et al., 2017). Rotator cuff tears or injuries often result in persistent shoulder pain and restricted mobility. In severe cases, surgical intervention is required to reattach the tendon to the humerus. However, rotator cuff tears frequently exhibit poor healing, and the recurrence rate following surgical intervention remains high. The retear rate after rotator cuff repair is estimated to be as high as 94%. Consequently, rotator cuff injuries continue to pose a longstanding challenge in orthopedic medicine (Lee et al., 2016).
The tendon-to-bone interface of a normal rotator cuff exhibits a unique transitional zone comprising tendon, unmineralized fibrocartilage, mineralized fibrocartilage, and bone. Each region is characterized by specific cell types and distinct extracellular matrix compositions, demonstrating progressive variations in tissue composition, structure, and mechanical properties (McElvany et al., 2015; Angeline and Rodeo, 2012; Wu et al., 2017; Wang et al., 2006; Rossetti et al., 2017; Apostolakos et al., 2014; Benjamin et al., 2002; Shaw and Benjamin, 2007; Smith et al., 2012). This complex gradient tissue structure results in a gradual transition in mechanical properties, enabling load transmission and reducing stress concentration, thereby maintaining the function and homeostasis of the tendon-to-bone interface. In the aftermath of rotator cuff injury, a combination of diminished cell density and inadequate vascular supply impedes the synthesis of the extracellular matrix, thereby inducing a protracted healing process. The repaired interface often develops scar tissue rich in type I collagen (Patel et al., 2018), which compromises biomechanical properties and increases the risk of retear (Angeline and Rodeo, 2012).
Currently, various biomaterials have been utilized to design biomimetic scaffolds with gradient structures and functions resembling the rotator cuff. These scaffolds aim to enhance the repair strength of the tendon-to-bone interface and promote in situ regeneration of rotator cuff tissue (Lin et al., 2018). Decellularized tendon/fibrocartilage scaffolds exhibit excellent biodegradability, high biocompatibility, low immunogenicity, and a close resemblance to the structure and composition of the extracellular matrix, making them suitable for enhancing tendon-bone healing at the rotator cuff interface (Chen et al., 2020; Lu et al., 2019; Ning et al., 2015). Kim et al. (2014) constructed a four-layer tendon-to-bone structure scaffold using different biomaterials, including collagen, collagen with chondroitin sulfate, collagen with low-calcium HA, and low-calcium HA. The study highlighted that scaffold composition and structure, particularly the mineral content gradient, are critical parameters influencing scaffold performance and biological behavior. Sun et al., 2016 incorporated collagen and nano-hydroxyapatite into PLGA fibers and PCL fibers, respectively, to fabricate co-electrospun PLGA-PCL dual nanofiber scaffolds, which demonstrated enhanced collagen integration and osteogenic effects. Chen et al. (2019) processed natural fibrous cartilage tissue into a book-shaped structure, creating a book-shaped acellular scaffold with excellent cell loading capacity and in vitro chondrogenic induction potential. Based on the heterogeneous structure and composition of the rotator cuff tendon-to-bone interface, Liu et al. (2019) and Tang et al. (2020) developed a gradient book-shaped decellularized tri-phase (bone-fibrocartilage-tendon) scaffold, which demonstrated enhanced osteogenic, chondrogenic, and tenogenic inductive capacities. However, its clinical application is limited by stringent processing requirements and the need to establish secondary injuries during its preparation. Dai et al. (2024) developed a biomimetic gradient-structured scaffold incorporating type I collagen (COL1) and hydroxyapatite (HAp) loaded with human amniotic mesenchymal stem cells (hAMSCs), which demonstrated enhanced capacity to orchestrate stem cell lineage commitment and facilitate interfacial tissue regeneration. Zhang Y. et al. (2024) engineered a three-dimensional biomimetic chitin scaffold leveraging the multiscale structural hierarchy and surface bioactivity of organic matrices derived from cuttlefish bone, demonstrating enhanced mechanobiological competence for tendon-bone interface reconstruction. However, the absence of preclinical validation in rotator cuff injury models necessitates systematic evaluation of its spatiotemporal therapeutic efficacy, particularly regarding long-term fibrocartilage regeneration and biomechanical integration under physiological loading conditions. Current research on biomimetic scaffolds mainly focuses on mimicking the structure of the rotator cuff, but it has not given sufficient attention to the various physiological signals required for tendon-bone interface repair and regeneration, including biochemical, electrical, and mechanical signals.
Piezoelectric materials are a class of materials that generate an electric charge (or voltage) when subjected to external forces or undergo deformation when an electric field is applied. The piezoelectric effect in these materials arises from the asymmetric arrangement of internal electric dipoles, leading to a redistribution of charge under external stress, resulting in the formation of surface charge. The mechanical forces required for the self-activation of piezoelectric biomaterials can be derived from the interactions between cells and scaffolds or from the physiological activities of the organism (Yang et al., 2021; Chen et al., 2021; Xia et al., 2022; Liu et al., 2021a). Additionally, external stimuli such as ultrasound (Font et al., 2015; Dolai et al., 2022) can controllably activate piezoelectric materials in a wireless and non-invasive manner. Therefore, piezoelectric materials have the potential to mimic the mechanoelectric energy conversion systems found in rotator cuff tissues. Currently, most related studies are focused on bone, cartilage, neural, and other tissues (Liu et al., 2023; Nain et al., 2024; Shlapakova et al., 2024; Wu et al., 2024). The tendon-bone interface of the rotator cuff contains a transitional zone from bone to tendon, exhibiting distinct piezoelectric properties (Liu et al., 2021b). Piezoelectric materials can reconstruct the piezoelectric network at the tendon-bone interface, promoting tendon-bone healing. Liu et al. (2023) incorporated antioxidant polydopamine-modified HA and BaTiO3 into a biodegradable PHBV polymer matrix. Under piezoelectric stimulation and the action of bioactive components, the biomimetic piezoelectric periosteum exhibited excellent biocompatibility, osteogenic activity, and immunomodulatory functions in vitro. Baumgartner et al., 2022 fabricated a piezoelectric core-shell structure (i.e., a structure composed of a polydimethylsiloxane (PDMS) core and a piezoelectric polyvinylidene fluoride (PVDF-HFP) shell) using coaxial electrospinning. Their study demonstrated that tendon differentiation is influenced not only by the morphology of nanofibers but also by dynamic mechanical stimuli and the associated electrical signals generated. Zhang Q. et al. (2024) designed and constructed a dual-sided nanofiber scaffold, with one side composed of poly (L-lactic acid)/zinc oxide (PLLA/ZnO) fibers and the other of poly (L-lactic acid)/barium titanate (PLLA/BTO) fibers. This scaffold exhibited outstanding piezoelectric properties, effectively converting mechanical forces into electrical signals during movement. It demonstrated excellent potential for tendon and bone repair while promoting cell growth and differentiation through electrical stimulation. Huang et al. (2025) developed a novel Janus asymmetric piezoelectric adhesive hydrogel that effectively promotes tendon-bone interface healing under ultrasound irradiation by leveraging anisotropic charge distribution and mechanoelectrical coupling. Building on the “muscle–electrical signal coupling” paradigm, Li X. et al. (2025) engineered an injectable piezoelectric hydrogel PVA/CNF/BTO@PDA for interfacial regeneration. However, achieving spatiotemporally controlled in vivo hydrogel deformation to generate localized electrical microcurrents with therapeutic precision remains a critical challenge. To date, no prior studies have reported the integration of piezoelectric materials into biomimetic scaffolds for rotator cuff repair. Motivated by this technological gap, we pioneered the synergistic combination of piezoelectric composites with anisotropic scaffold architectures, establishing a novel therapeutic modality that leverages ultrasound-activated electromechanical coupling for sonodynamic augmentation of tendon-bone interface regeneration.
In this study, we developed a biomimetic piezoelectric patch with a compositional and structural gradient, Gelatin/PLGA/nHA/BTO, using electrospinning technology. This patch incorporates both aligned and non-aligned fiber structures to simulate the compositional and structural gradients of the tendon-bone interface. Combined with in vitro ultrasound stimulation, the patch reconstructs the piezoelectric network at the injury site to promote tendon-bone integration. Biodegradable PLGA, known for its biocompatibility, is a commonly used material in tendon engineering and has demonstrated effectiveness in repairing rotator cuff injuries (Ruiz-Alonso et al., 2021). The natural polymer gelatin enhances hydrophilicity and cell compatibility (Guillén-Carvajal et al., 2023). Nano-hydroxyapatite (nHA), which is analogous to the inorganic components of bone tissue, has been shown to exhibit excellent biocompatibility and osteoconductivity. It is widely recognised as a leading bone substitute material (Angeline and Rodeo, 2012; Hoveidaei et al., 2024; Lowe et al., 2020). Barium titanate (BTO), a piezoelectric ceramic, has been demonstrated to show good biocompatibility, bioactivity, and osteogenic potential. The piezoelectric potential of BTO promotes apatite deposition, cell differentiation, and bone formation (Wu et al., 2023; Khare et al., 2020; Swain et al., 2023). Both in vitro and in vivo studies have shown that the biomimetic piezoelectric patch, Gelatin/PLGA/nHA/BTO, exhibits excellent piezoelectric properties and biocompatibility. Under ultrasound stimulation, it facilitates the repair of the rotator cuff tendon-bone interface and modulates the inflammatory environment to further promote tissue regeneration. This study provides strong experimental evidence for the development of novel electrically stimulated scaffold materials for tendon-bone repair, offering significant theoretical insights and potential applications.
2 METHODS
2.1 Preparation of biomimetic rotator cuff patches
Pure PLGA Solution: A total of 2.780 g of PLGA was weighed into a dry sample vial, followed by the addition of 10 mL hexafluoroisopropanol (HFIP) solution. The mixture was stirred using an LC-UMS-6 magnetic stirrer until a homogeneous solution was obtained, resulting in an electrospinning solution with a PLGA mass concentration of 15%.
PLGA/Gelatin Solution: A total of 0.309 g of gelatin was weighed into a dry sample vial, followed by the addition of 10 mL HFIP solution. The mixture was subjected to ultrasonic treatment for 30–60 min until the gelatin was fully dissolved, after which 2.780 g of PLGA was added. The vial was placed on a thermostatic magnetic stirrer and stirred until a homogeneous solution was formed, resulting in an electrospinning solution with a PLGA-to-gelatin mass ratio of 9:1.
PLGA/nHA Solution: A total of 0.185 g of nano-hydroxyapatite (nHA) was weighed into a dry sample vial, followed by the addition of 10 mL HFIP solution. The mixture was subjected to ultrasonic treatment for 30–60 min to ensure uniform dispersion of nHA, after which 2.780 g of PLGA was added. The vial was placed on a thermostatic magnetic stirrer and stirred until a homogeneous solution was formed, resulting in an electrospinning solution with a PLGA-to-nHA mass ratio of 15:1.
BTO Solution: A total of 1.300 g of nano-barium titanate (BTO) was weighed into a dry sample vial, followed by the addition of 10 mL of anhydrous ethanol. The mixture was subjected to ultrasonic treatment for more than 60 min to achieve uniform dispersion, resulting in an electrospinning solution with a BTO mass concentration of 7%.
Electrospinning Process: The above-prepared solutions were combined and processed using a dual-nozzle electrospinning setup. After achieving a stable electrospinning process, the fibers were continuously collected for 8 h. The resulting electrospun fiber membranes were air-dried for 24–48 h to remove residual HFIP solvent from the membrane surface.
2.2 Characterization of biomimetic rotator cuff patches
The microstructure of the biomimetic rotator cuff patches was observed using a scanning electron microscope (SEM, S-4800). The chemical structure of the patches was analyzed using a Fourier transform infrared spectrometer (FTIR, Bruker Tensor-37). The phase structure of the patches was characterized with an X-ray diffractometer (XRD-6000, Shimadzu). Energy-dispersive spectroscopy (EDS) was performed using the SEM (S-4800) equipped with an EDS attachment. The swelling ratio of the patches was evaluated by measuring their water absorption capacity. The static contact angle of different rotator cuff patches was determined using a static contact angle analyzer (SL200A). The mechanical properties of the patches were characterized using a universal testing machine (TSC1000M).
The piezoelectric constants (d33) of various rotator cuff patches were measured using a quasi-static d33 tester (ZJ-3A, Institute of Acoustics, Chinese Academy of Sciences). The open-circuit voltage and short-circuit current of the patches were measured using an electrometer (Keithley 6517B). The piezoelectric properties of the biomimetic piezoelectric rotator cuff patch (Gelatin/PLGA/nHA/BTO) were characterized using a Bruker Multimode 8 atomic force microscope.
2.3 Cellular experiments
2.3.1 Cultivation of bone marrow mesenchymal stem cells (BMSCs)
The BMSCs were obtained from iCell Bioscience Inc. (Shanghai, China). The third-generation rat BMSCs were seeded into T25 culture flasks or plates containing DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The cells were cultured at 37°C with 5% CO2.
2.3.2 In Vitro cell proliferation assay
Cell proliferation on the scaffolds was evaluated using the CCK8 assay (Beyotime Biotechnology). Bone marrow mesenchymal stem cells (BMSCs) were seeded onto 24-well plates containing scaffolds (2 × 10^4 cells per well) in each group, with three replicates per group. After 24 h, when cells had adhered and stabilized, the ultrasound group was treated with ultrasound (40 kHz, 0.43 W/cm2, 20 min/day). On days 1, 3, and 7 of co-culture, the medium was replaced with the basal medium containing 10% CCK-8 solution (Beyotime Biotechnology), and the cells were incubated for an additional 1.5 h at 37°C. Then, the medium was transferred to a 96-well plate (100 µL per well) and the absorbance was measured at 450 nm by Microplate Reader (TECAN, INFINITE 200 PRO).
After 1 day of culture on the scaffolds, BMSCs were stained with FITC-labeled cyclic RGD peptide at room temperature for 60 min, followed by Hoechst 33,258 staining for 10 min. After thorough washing with PBS, the cell attachment and spreading morphology were observed under a laser confocal microscope (Leica SP8).
2.3.3 In Vitro cell migration assay
A horizontal line was drawn on the back of 12-well plates with a marker. Scaffolds from each group were cut into circular discs (20 mm in diameter), sterilized, and placed into the 12-well plates. BMSCs were adjusted to a concentration of 2 × 10^5 cells per well and seeded into the plates. After culturing in a 5% CO2, 37°C incubator until the cell density reached approximately 90%, the cells were serum-starved for 6 h using a serum-free medium. A vertical scratch was made in each well using a 200 µL pipette tip. After washing with PBS, the medium was replaced with a fresh base culture medium. The width of the scratch was observed and photographed under a microscope. After incubation in the 37°C incubator for 24 h, Calcein-AM and PI staining were performed. After thorough washing, the scratch width was observed and recorded using a laser confocal microscope (Leica SP8) to assess cell migration.
2.3.4 Alkaline phosphatase activity
BMSCs were seeded into 24-well plates preloaded with biomimetic scaffolds for each group (2 × 104 cells per well), with three replicates per group. After culturing in a 37°C incubator for 24 h, the medium was replaced with Osteogenic Induction Medium (OIM), and the ultrasound group was treated with ultrasound (40 kHz, 0.43 W/cm2, 20 min/day). On days 7 and 14 of co-culture, alkaline phosphatase (ALP) activity in each group was evaluated using an ALP assay kit (Beyotime Biotechnology).
2.3.5 Quantitative polymerase chain reaction (qPCR)
BMSCs were seeded into 24-well plates preloaded with biomimetic scaffolds for each group (2 × 104 cells per well), with three replicates per group. After culturing in a 37°C incubator for 24 h, the medium was replaced with osteogenic/tendinogenic differentiation medium, and the ultrasound group was treated with ultrasound (40 kHz, 0.43 W/cm2, 20 min/day). At days 7 and 14 of co-culture, total RNA was extracted from each group. After determining the RNA concentration and purity using a nanodrop spectrophotometer, reverse transcription was performed. The expression levels of osteogenic marker genes OPN, OCN, and RUNX2 (Supplementary Table S1) and tendinogenic marker genes SCX and TNMD (Supplementary Table S2) were analyzed by qPCR. The relative expression levels of target genes were normalized to reference gene levels using the 2−ΔΔCT method and are presented as the mean ± SD.
2.3.6 In vitro macrophage polarization assay
The RAW 264.7 macrophages were obtained from Cell-Lab SysTech (Shanghai, China). RAW 264.7 cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 1% penicillin-streptomycin solution and 10% FBS at 37°C in an atmosphere containing 5% CO2.
RAW264.7 cells were seeded into 24-well plates pre-coated with the respective patches (2 × 104 cells per well), with 3 replicate wells per group. After 24 h, when cells adhered and stabilized, the ultrasound group was treated with ultrasound (40 kHz, 0.43 W/cm2, 20 min/day). After 3 days of co-culture, qPCR analysis was performed to measure the expression of M1 macrophage markers iNOS and TNF-α, and M2 macrophage marker Arg-1. Additionally, an enzyme-linked immunosorbent assay (ELISA) was used to quantify the secretion of the inflammatory cytokines IL-1β and IL-10.
2.4 Animal experiment
2.4.1 Animal model building and patch implantation
We adhered to the Animal Research: Reporting In Vivo Experiments (ARRIVE) 2.0 guidelines. This study was approved by the Animal Management and Use Committee of Beijing Jishuitan Hospital (Ethical Approval No: Jilun Dong Shen Zi No. 2023-07-01). A total of 36 adult male New Zealand white rabbits were randomly divided into three groups: the control group (simple suturing), the piezoelectric patch group, and the piezoelectric patch + ultrasound group. After anesthesia, the deltoid muscle was separated, the supraspinatus tendon insertion was severed, and residual tissue was removed to expose the bone marrow, thus creating a rabbit rotator cuff injury model. Ultrasound stimulation (1 MHz, 0.86 W/cm2, 10 min/day) was applied starting 1 day after surgery for the ultrasound group.
2.4.2 MicroCT evaluation and histological staining
Specimens from the supraspinatus tendon-humeral head complex were harvested at 6 and 12 weeks post-surgery for analysis. Macroscopic observation of supraspinatus tendon healing at the humeral greater tuberosity insertion site, as well as any surrounding inflammation or adipose accumulation, was conducted. The newly formed bone at the insertion site was assessed using a Quantum FX high-resolution small animal Micro-CT scanner. Tissue samples were fixed, decalcified, embedded, sectioned, and stained with H&E, Oil Red O-Safranin O, Masson’s trichrome, and Sirius Red. Biomechanical testing of the supraspinatus tendon-humerus complex was also performed.
2.5 Data analysis
Data were analyzed using SPSS Statistics 27.0 and are presented as mean ± standard deviation. One-way ANOVA with Tukey’s post hoc test was used for statistical analysis, with a significance level set at P < 0.05. Values of *P < 0.05, **P < 0.01, or ***P < 0.001 were considered statistically significant.
3 RESULT AND DISCUSSION
3.1 Morphology and characterization
Bionic piezoelectric patches of Gelatin/PLGA/nHA/BTO were fabricated using a dual-nozzle electrospinning system, as shown in Figure 1A. The simulated morphology of the patches is shown in Figure 1B. Scanning electron microscopy (SEM) images revealed that nHA and BTO appeared as spherical particles attached to the smooth, uniform surface of the Gelatin/PLGA fibers. The cross-sectional microstructure exhibited a transition from oriented to random arrangement, achieving the desired bionic structural effect (Figure 1C; Supplementary Figure S1A). Fiber diameter analysis indicated that the final diameter of the patches was approximately 2.102 μm (Figure 1D; Supplementary Figure S1B).
[image: Diagram shows composite scaffolds for bone tissue engineering: (A) Schematic of material setup. (B) Schematic of bone integration. (C) Electron microscope image of nanofibers. (D) Fiber diameter distribution graph. (E, F) FTIR and XRD spectra of materials: PLGA, PLGA/BHA, PLGA/BTO, PLGA/MB. (G) Elemental mapping. (H) Protein adsorption graph. (I) Water contact angles of samples. (J) Cumulative drug release profiles of different samples over time.]FIGURE 1 | Preparation and Characterization of Biomimetic Gelatin/PLGA/nHA/BTO Piezoelectric Patches. (A) Dual-spinneret electrospinning apparatus for patch preparation; (B) Biomimetic patch simulated structure; (C) SEM image; (D) Fiber diameter of the patch; (E) Infrared absorption spectrum; (F) XRD pattern; (G) Elemental distribution map; (H) Swelling ratio; (I) Contact angle; (J) Tensile strength.
Fourier-transform infrared spectroscopy (FTIR) revealed that the introduction of gelatin and hydroxyapatite did not significantly affect the positions of the diffraction peaks corresponding to the functional groups of PLGA, likely due to their low content and encapsulation within the fibers (Figure 1E; Supplementary Figure S2A–C). The X-ray diffraction (XRD) results demonstrated the presence of the primary diffraction peaks of the tetragonal crystal system of barium titanate (BTO), accompanied by the observation of a double peak phenomenon at 2θ = 45°, thereby substantiating its advantageous piezoelectric properties (see Figure 1F; Supplementary Figure S2D). Elemental distribution maps for carbon (C), nitrogen (N), calcium (Ca), and titanium (Ti) indicated that the components of the patch were tightly integrated, and a gradient distribution of nitrogen (N) and calcium (Ca) elements was observed, resembling the mineral content and collagen fibre tissue changes from tendon to bone in the rotator cuff structure (see Figure 1G; Supplementary Figure S2E).
Natural macromolecular gelatin, known for its excellent hydrophilicity, played a dominant role in the swelling behavior of the patches. The incorporation of nHA and BTO affected the surface roughness of the fibers, resulting in a lower swelling rate compared to the unmodified patch, with a final swelling rate of 133.9% (Figure 1H). The variations in contact angle after the addition of each component exhibited a consistent trend with the swelling ratio (Figure 1I). The random and aligned layers of the patch demonstrated contact angles of 123.2° ± 0.7° and 55.5° ± 4.4°, respectively, indicating that the aligned layer possesses significantly higher hydrophilicity. This phenomenon arises from the smoother surface of the aligned fiber membrane (with lower anisotropic roughness), which reduces air entrapment beneath the droplet (i.e., diminishing the Cassie-Baxter superhydrophobic state) and facilitates liquid infiltration into the surface (transitioning to the Wenzel wetting state) (Liao et al., 2024; Zhai et al., 2024). Due to the reinforcing effect of nanoparticles within the polymer matrix, the incorporation of gelatin, hydroxyapatite, and barium titanate improved the ultimate strength of the original PLGA. The fracture strength of the bionic Gelatin/PLGA/nHA/BTO piezoelectric patch was 1.34 ± 0.08 MPa, demonstrating favorable biomechanical properties (Figure 1J).
The piezoelectric coefficient d33 of the biomimetic piezoelectric patch Gelatin/PLGA/nHA/BTO was measured to be 4.8 pC/N, which results from the combined effects of gelatin, hydroxyapatite (nHA), and barium titanate (BTO). Gelatin, a product of collagen hydrolysis, has lost part of its three-dimensional helical structure, but its piezoelectricity remains higher than that of PLGA (Fan et al., 2024). Nano-hydroxyapatite, as the main mineral phase of bone, inherently possesses some piezoelectric properties (Ahn and Grodzinsky, 2009; Heng et al., 2023). BTO, with its tetragonal crystal structure, exhibits high asymmetry and can undergo spontaneous polarization (Suzana et al., 2023; Li S. et al., 2025). Under mechanical stress, it is more prone to generating electrical signals, thus demonstrating excellent piezoelectric properties and significantly enhancing the piezoelectricity of electrospun rotator cuff patches. Moreover, the interaction between BTO and hydroxyapatite can generate a higher piezoelectric potential, improving the piezoelectric characteristics of the patch (Figure 2A). Open-circuit voltage and short-circuit current of the patch were measured using an electrometer. A 1 Hz, 20 N stable and uniform impact force was applied to the rotator cuff patch by a modal shaker, with a force area of 4 cm2. The observed results were consistent with the piezoelectric coefficient d33 data (Figures 2B,C). The patch’s microscopic piezoelectric effect was characterized using a piezoresponse force microscope (PFM), where a “butterfly curve” was observed. The curve was symmetric at about 0 V, with minimal offset, and at a voltage of approximately ±5 V, a 180° phase reversal occurred, indicating that the biomimetic piezoelectric patch Gelatin/PLGA/nHA/BTO exhibited good piezoelectric and ferroelectric properties, meeting the performance requirements for repair (Figures 2D–G).
[image: (A) Bar chart showing surface roughness values for various polymer blends with Alginate-GO having the lowest at 0.7 nanometers and Alginate-PVA the highest at 4.5 nanometers. (B) Voltage versus time graph for polymer samples with distinct colored regions indicating different polymers. (C) Current versus time graph similar to B, showing stable current levels for different polymers. (D), (E), (F) Atomic force microscopy images displaying height, amplitude, and phase data for polymer surfaces, respectively. Color bars indicate nanometer scales. (G) Current-voltage graph with curves representing switching behaviors of polymer films.]FIGURE 2 | Characterization of the piezoelectric properties of the biomimetic Gelatin/PLGA/nHA/BTO piezoelectric patch. (A) Piezoelectric coefficient; (B) Open-circuit voltage; (C) Short-circuit current; (D) Surface morphology of the piezoelectric force microscopy; (E) Piezoelectric amplitude map; (F) Piezoelectric phase map; (G) Voltage-amplitude curve and voltage-phase curve.
3.2 In vitro cell viability and migration
To evaluate the in vitro biocompatibility of the biomimetic piezoelectric rotator cuff patch Gelatin/PLGA/nHA/BTO, BMSCs were seeded on both sides of the patch (Figure 3A). The effect of the patch on BMSC proliferation was assessed using the CCK-8 assay (Figures 3B,C). As the co-culture time of the cell-patch complex increased, the absorbance values of both the random and aligned sides of the biomimetic piezoelectric patch showed a significant increase compared to the control group. Additionally, ultrasonic activation stimulated cell growth and promoted cell proliferation. CLSM images showed that after co-culturing rat BMSCs with the random and aligned surfaces of the biomimetic piezoelectric patch, the cells exhibited good morphology and various degrees of elongation, indicating that the Gelatin/PLGA/nHA/BTO biomimetic piezoelectric patch had no apparent toxicity and did not affect the normal morphology of the cells, demonstrating good biocompatibility (Figure 3D).
[image: Illustration of composite materials and their applications in bone and tendon/ligament repair. Chart (B) shows cell viability over time with different materials. Chart (C) depicts cell proliferation comparisons. Panel (D) displays fluorescence microscopy images at 20x magnification, comparing control, random, and aligned PLGA and gelatin materials. Panel (E) shows cell viability under similar conditions over time (0, 4, 24 hours).]FIGURE 3 | In vitro cell viability and migration. (A) Cell culture groups; (B) Random side cell proliferation; (C) Aligned side cell proliferation; (D) CLSM images of cell proliferation; (E) CLSM images of cell migration. All data represent mean ± SD (n ≥ 3). *P < 0.05 vs. time-matched PLGA, **P < 0.01 vs. time-matched PLGA, ***P < 0.001 vs. time-matched PLGA.
In vitro, cell migration experiments showed that the cell migration rate in the biomimetic piezoelectric patch group was enhanced, with a wound healing rate of approximately 50%. In the group exposed to ultrasonic irradiation, most of the migrated BMSCs covered the wound area, with the wound area change reaching 62%, whereas other groups still showed a large wound width. This indicates that the Gelatin/PLGA/nHA/BTO biomimetic piezoelectric patch can accelerate cell migration, and the effect is more pronounced after ultrasound activation (Figure 3E).
3.3 In Vitro cellular differentiation
The osteogenic differentiation of the scaffold under ultrasonic stimulation was evaluated by measuring ALP activity (Figure 4A). The results show that the scaffold group under ultrasound stimulation exhibited the highest ALP activity, indicating that ultrasound activation of the biomimetic piezoelectric scaffold effectively promotes osteogenic differentiation. Osteopontin (OPN), a secreted phosphoprotein synthesized by osteoblasts, belongs to the Small Integrin-Binding Ligand N-linked Glycoprotein (SIBLING) family and serves as a critical regulator of bone matrix mineralization, osteoblast-osteoclast cross-talk, and calcium homeostasis during skeletal maturation (Li X. et al., 2025). Runt-related transcription factor 2 (RUNX2), a master transcriptional activator, governs the osteogenic commitment of bone marrow-derived mesenchymal stem cells (BMSCs) through direct binding to osteoblast-specific cis-regulatory elements (e.g., OCN, BSP promoters) (Gargalionis et al., 2024). Further analysis of the expression of osteogenic differentiation-related genes, including OPN, OCN, and RUNX2, validated the scaffold’s osteogenic promotion effect (Figures 4B–D). The biomimetic piezoelectric scaffold likely initiates early gene expression of OPN and RUNX2, with significant expression observed as early as day 7 of culture, and the effect was enhanced upon ultrasound activation. The normal expression time of the OCN gene corresponds to the mid-to-late stage of osteogenic differentiation, and on day 14 of culture, the relative expression level of OCN significantly increased, with the ultrasound-activated biomimetic piezoelectric scaffold group showing the highest expression. This suggests that the non-oriented scaffold promotes bone formation and has enhanced osteogenic potential when activated by ultrasound. Emerging studies have demonstrated that piezoelectric scaffolds can promote osteogenic differentiation of osteoblasts through the generation of low-intensity electrical cues. Furthermore, electrical stimulation (ES) activates the Ca2+/CaMKII/CREB signaling axis, triggering calcitonin gene-related peptide (CGRP) biosynthesis and pulsatile release. This neuropeptide-mediated mechanism enhances bone defect repair by coupling angiogenesis and osteoclast-osteoblast coupling (Li X. et al., 2025; Wu et al., 2023; Mi et al., 2022).
[image: Graphs A to F display various experimental results measured at seven and fourteen days. Each graph compares data for Random-PLA, Random-PLA/Gn-P3, Random-PLA/Gn-P3/Lumbrokinase/TP, and Random-PLA/Gn-P3/Lumbrokinase/TP plus US. Graphs show trends in cell proliferation, stiffness, and gene expressions including BMP-2, Collagen I, OCN, VEGF, SPP-1, and TNMD. The Random-PLA/Gn-P3/Lumbrokinase/TP plus US group often displays higher values, indicating enhanced performance under certain tests. Error bars indicate data variability.]FIGURE 4 | In vitro Cellular Differentiation (A) ALP activity during osteogenic differentiation; (B) OPN gene expression during osteogenic differentiation; (C) OCN gene expression during osteogenic differentiation; (D) RUNX2 gene expression during osteogenic differentiation; (E) SCX gene expression during tenogenic differentiation; (F) TNMD gene expression during tenogenic differentiation. All data represent mean ± SD (n ≥ 3). *P < 0.05 vs. time-matched PLGA, **P < 0.01 vs. time-matched PLGA, ***P < 0.001 vs. time-matched PLGA.
Tendon lineage markers Scleraxis (Scx), a basic helix-loop-helix transcription factor, and Tenomodulin (TNMD), a type II transmembrane glycoprotein, orchestrate tenogenic differentiation by coordinating extracellular matrix (ECM) remodeling (via MMP2/9 modulation) and mechanoresponsive signaling pathways (YAP/TAZ activation) (Yamamoto et al., 2022). The tendon differentiation-promoting effect of the oriented scaffold under ultrasound stimulation was verified by analyzing SCX and TNMD, tendon differentiation-related genes (Figures 4E,F). The results show that the biomimetic piezoelectric scaffold promoted SCX gene expression as early as day 7 of culture, with the promotion effect significantly enhanced after ultrasound activation. The relative expression level of TNMD exhibited a similar trend on day 14. These findings indicate that the oriented scaffold promotes tendon formation, and its tendonogenic potential is enhanced upon ultrasound activation, consistent with the results for osteogenic differentiation. Existing studies have proved that calcium activity and endogenous electric fields related to tissue damage can reactivate the signaling pathways involved in embryonic development, thereby promoting tissue regeneration. Moreover, tendon cells can sense environmental mechanical and electrical signals and convert them into the activation of downstream signaling pathways, thereby regulating their functions and participating in the repair process at the tissue level (Fernandez-Yague et al., 2021).
3.4 In vitro inflammatory regulation
The effects of the patch on macrophage polarization were assessed by analyzing the expression of M1 macrophage marker genes iNOS and TNF-α, as well as the M2 macrophage marker gene Arg-1 (Figures 5A–C). In the absence of ultrasound treatment, the expression of iNOS and TNF-α in macrophages co-cultured with the patch was suppressed, while the expression of Arg-1 was enhanced. After ultrasound activation, the expression of M1 marker genes was further inhibited, while the expression of M2 marker genes was further increased. Further analysis of the secretion of the inflammatory cytokines IL-1β and IL-10 revealed the following (Figures 5D,E). Without ultrasound treatment, the secretion of the pro-inflammatory cytokine IL-1β was reduced, while the secretion of the anti-inflammatory cytokine IL-10 was increased in the macrophages co-cultured with the patch. Following ultrasound activation, the secretion of pro-inflammatory IL-1β was significantly reduced, while the secretion of anti-inflammatory IL-10 was significantly increased, consistent with the gene expression results. Local inflammation and the immune microenvironment play a significant role in bone homeostasis and healing. Macrophages are pivotal in immune regulation due to their high degree of plasticity, which typically leads to their classification into pro-inflammatory (M1) and anti-inflammatory (M2) subtypes based on their functions (Wu et al., 2023). Macrophages are electrophysiologically active cells capable of responding to electric fields, which promote electrical conduction and aid in the repair of tissues such as myocardium, skin, and bone. Macrophage-mediated immune regulation can result in sustained responses to implants by secreting a range of anti-inflammatory cytokines and other mediators, while inhibiting the secretion of pro-inflammatory cytokines, thereby modulating macrophage polarization (downregulating the pro-inflammatory M1 phenotype and/or upregulating the anti-inflammatory M2 phenotype) (Sun et al., 2023). It suggests that local electrical stimulation from the bionic piezoelectric patch (Gelatin/PLGA/nHA/BTO) activated by ultrasound can significantly promote M2 macrophage polarization, which is more favorable for cellular repair and regeneration. Studies have shown that ultrasound-induced piezoelectric stimulation promotes Ca 2+ influx by activating transient receptor potential vanalic acid channel 1 (TRPV1), thereby activating the cAMP signaling pathway, and ultimately achieving anti-inflammatory and tissue repair promotion effects (Huang et al., 2025; Shi et al., 2024).
[image: Grouped bar charts labeled A through E compare different conditions across samples A to G. The legend lists conditions like Control, Random-PLGA, Aligned-PLGA, US variations, and others, differentiated by colored bars. Each chart presents a specific data set, illustrating variations in measurement values under each condition.]FIGURE 5 | In vitro inflammation regulation. (A) iNOS expression level; (B) TNF-α expression level; (C) Arg-1 expression level; (D) IL-1β expression level; (E) IL-10 expression level. All data represent mean ± SD (n ≥ 3). *P < 0.05 vs. control, **P < 0.01 vs. control, ***P < 0.001 vs. control.
3.5 In-Vivo rotator cuff repair
A rabbit supraspinatus tendon injury model was established (Supplementary Figure S3A). The experimental rabbits in all three groups remained in good condition, with no signs of functional impairment, wound infection, loss of appetite, or weight loss. The wounds exhibited a robust recovery process. Upon examination of the right shoulder surgical region and surrounding tissues, it was observed that the rotator cuff structures in all three groups were intact, with the repaired supraspinatus tendon closely connected to the greater tuberosity of the humerus, with no displacement or rupture, and no signs of inflammatory responses in the surrounding tissue (Supplementary Figure S3B).
Three-dimensional reconstructions of the groups are shown in Figure 6A. At 6 and 12 weeks, both the Gelatin/PLGA/nHA/BTO and Gelatin/PLGA/nHA/BTO + US groups exhibited more newly formed bone tissue at the tendon-bone interface, with the bone being relatively dense after patch implantation. At 12 weeks post-surgery, a substantial amount of new bone formation was observed at the injury site in all groups, with the group receiving the piezoelectric patch showing more complete and dense new bone. Furthermore, the new bone volume (BV) and bone mineral density (BMD) at the tendon-bone interface were quantitatively analyzed (Figures 6B,C), showing consistent trends across the groups. The implantation of the bioinspired piezoelectric patch Gelatin/PLGA/nHA/BTO significantly increased the bone volume and density of the newly formed bone at the injury site, with further enhancement following ultrasound activation of the piezoelectric patch. The quantitative analysis results were consistent with the CT three-dimensional reconstruction images.
[image: (A) Series of labeled MRI images showing different views of bone healing at 6 and 12 weeks. (B) Bar chart illustrating bone volume changes over time. (C) Bar chart displaying bone healing efficacy. (D) Bar chart comparing tensile strength across different conditions at 6 and 12 weeks. Each section shows control and experimental groups, marked by different colors and patterns.]FIGURE 6 | Tendon-bone interface Micro-CT images, quantitative analysis, and biomechanical analysis. (A) Micro-CT images (I: Control group; II: Gelatin/PLGA/nHA/BTO group; III: Gelatin/PLGA/nHA/BTO + US group); (B) Bone volume; (C) Bone density; (D) Biomechanical analysis. All data represent mean ± SD (n ≥ 3). *P < 0.05 vs. control, **P < 0.01 vs. control, ***P < 0.001 vs. control.
The native tendon-bone interface enables gradual stress dissipation from compliant tendon to rigid bone through its fibrocartilaginous enthesis, effectively mitigating interfacial stress concentration via its graded composition. However, post-traumatic scar healing in rotator cuff injuries results in mechanically incompetent fibrovascular tissue formation, creating abrupt stiffness transitions that localize tensile stresses at the repair site. This biomechanical mismatch predisposes to recurrent tearing. Consequently, reconstructing the hierarchical architecture of the tendon-bone junction–particularly restoring its tri-layered transitional structure (tendon → fibrocartilage → calcified cartilage) is recognized as a critical objective in next-generation biomaterial design (Li X. et al., 2025). The tensile strength of the supraspinatus tendon-humerus complex after rotator cuff repair was assessed (Figure 6D). From 6 to 12 weeks post-surgery, the tensile strength increased in all groups, indicating that the tendon-bone interface healing was not yet complete at 6 weeks post-surgery. The Gelatin/PLGA/nHA/BTO + US group demonstrated the highest tensile strength, confirming that the piezoelectric patch, when activated by ultrasound, exhibited superior in vivo repair performance. This further validates that the piezoelectric patch Gelatin/PLGA/nHA/BTO can induce new bone formation at the tendon-bone interface, promote integration between the new bone and tendon, and significantly enhance the bone regeneration capacity at the tendon-bone interface after ultrasound activation.
The supraspinatus tendon-humerus complex specimens were subjected to histological analysis (see Figure 7). Hematoxylin and eosin (HE) staining revealed that at 6 weeks, the graft had begun to be absorbed, and the tissue at the repair interface started to align in an organized manner. The number of fibroblasts decreased, and collagen fibers grew in an orderly fashion. By the 12th week, no significant residual piezoelectric graft material was observed. Modified Safranin O-fast green (SO/FG) staining differentiated cartilage and bone tissues, with cartilage stained red, which was used to assess the regeneration of fibrocartilage at the tendon-bone interface of the rotator cuff. The Gelatin/PLGA/nHA/BTO + US group exhibited the largest area of fibrocartilage metachromasia, and at 12 weeks, both tendon-bone interfaces in the grafted groups were connected by new mineralized tissue. Masson staining was used to observe collagen fiber formation at the rotator cuff tendon-bone interface. At 6 weeks post-surgery, collagen fibers were generated at the tendon-bone interface in all groups, but the arrangement was disordered. By the 12th week, the number of collagen fibers had increased, with Gelatin/PLGA/nHA/BTO and Gelatin/PLGA/nHA/BTO + US groups showing more regular collagen fiber alignment, especially in the Gelatin/PLGA/nHA/BTO + US group, where the fibers were more densely packed. Sirius Red staining was used to differentiate collagen types; under bright-field microscopy, collagen fibers appeared red, while other tissue components were stained yellow. Under polarized light, different collagen fibers exhibited varying optical properties, and type I collagen fibers appeared yellow or red. Under bright-field microscopy, at 6 weeks, collagen fiber generation was observed at the tendon-bone interface in all groups, with the fibers arranged in a disordered manner. The two grafted groups had significantly more collagen fibers than the control group. By the 12th week, the collagen fiber count increased in all groups, with the Gelatin/PLGA/nHA/BTO + US group showing the most densely and orderly arranged collagen fibers. Under polarized light, at both 6 and 12 weeks, the new collagen fiber bundles at the tendon-bone interface in the Gelatin/PLGA/nHA/BTO + US group were most orderly arranged, forming a continuous and parallel fiber structure along the interface, while the control group showed continuous, irregular fibrous tissue at the interface. These findings suggest that both the Gelatin/PLGA/nHA/BTO and Gelatin/PLGA/nHA/BTO + US groups exhibited greater type I collagen production, with the piezoelectric graft combined with ultrasound showing the most superior results. This demonstrates that the bionic piezoelectric graft Gelatin/PLGA/nHA/BTO, under ultrasound stimulation, can promote bone and cartilage regeneration at the rotator cuff tendon-bone interface, enhance collagen fiber maturation and alignment, and particularly promote the generation of type I collagen with high biomechanical strength, effectively facilitating rotator cuff tendon-bone healing in vivo.
[image: Histological analysis grid depicting tissue samples at different magnification levels. Rows represent different staining methods: HE, SO/FG, Masson, and SR. Columns are divided into two time points, 6 weeks and 12 weeks, each with three columns labeled I, II, III. Each cell contains a microscopic image showing distinct textures and colors corresponding to each staining technique.]FIGURE 7 | Histological analysis (I: Control; II: Gelatin/PLGA/nHA/BTO; III: Gelatin/PLGA/nHA/BTO + US). From top to bottom: HE staining, Orange G-fast green staining, Masson staining, Sirius Red staining (observed under optical microscope and polarized light). T-Tendon; B-Bone; I,: Tendon-Bone Interface. All data represent mean ± SD (n ≥ 3).
4 CONCLUSION
This study developed a bionic piezoelectric patch Gelatin/PLGA/nHA/BTO with a compositional gradient structure, incorporating both aligned and non-aligned fiber configurations, using a dual-nozzle electrospinning technique. The patch has been developed for the purpose of repairing rotator cuff injuries in the presence of ultrasound stimulation. In comparison to conventional rotator cuff patches, the following properties are exhibited: i) a biomimetic structure that simulates the rotator cuff tendon-bone interface, thereby promoting layered repair of different tissues; ii) excellent piezoelectric properties, which provide a suitable microenvironment for biological repair under ultrasound stimulation; and iii) enhanced macrophage polarization, anti-inflammatory factor generation, and modulation of the immune microenvironment, thus effectively promoting tissue regeneration under ultrasound. This research provides important insights for the design and future development of intelligent functionalized biomaterials and their application in rotator cuff interface tissue engineering. However, the specific mechanisms of smart electrostimulation biomaterials require further detailed investigation. Moreover, in practical biomedical applications, more research is needed to precisely and appropriately control smart electrostimulation in rotator cuff repair and regeneration. This remains a clear long-term research focus with significant implications for the clinical application of novel intelligent biomaterials that promote rotator cuff tendon-bone interface regeneration.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was approved by Beijing Jishuitan Hospital Animal Management and Use Committee. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
RS: Conceptualization, Resources, Writing – review and editing. FL: Data curation, Visualization, Writing – original draft. QQ: Formal Analysis, Writing – original draft. PL: Investigation, Writing – original draft. ZH: Methodology, Writing – original draft. YZ: Software, Writing – original draft. CJ: Funding acquisition, Supervision, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by The Innovation Team Program of Jinan City (202333029) and the National Natural Science Foundation of China (22405023).
ACKNOWLEDGMENTS
The authors gratefully acknowledge National Center for Orthopaedics; Beijing Jishuitan Hospital, Capital Medical University; Beijing Research Institute of Traumatology and Orthopaedics.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2025.1565347/full#supplementary-material

REFERENCES
	 Ahn, A. C., and Grodzinsky, A. J. (2009). Relevance of collagen piezoelectricity to “Wolff’s Law”: a critical review. Med. Eng. Phys. 31 (7), 733–741. doi:10.1016/j.medengphy.2009.02.006
	 Angeline, M. E., and Rodeo, S. A. (2012). Biologics in the management of rotator cuff surgery. Clin. Sports Med. 31 (4), 645–663. doi:10.1016/j.csm.2012.07.003
	 Apostolakos, J., Durant, T. J., Dwyer, C. R., Russell, R., Weinreb, J., Alaee, F., et al. (2014). The enthesis: a review of the tendon-to-bone insertion. Muscles Ligaments Tendons J. 4 (3), 333–342. doi:10.32098/mltj.03.2014.12
	 Baumgartner, W., Wolint, P., Hofmann, S., Nüesch, C., Calcagni, M., Brunelli, M., et al. (2022). Impact of electrospun piezoelectric core-shell PVDFhfp/PDMS mesh on tenogenic and inflammatory gene expression in human adipose-derived stem cells: comparison of static cultivation with uniaxial cyclic tensile stretching. Bioeng. Basel Switz. 9 (1), 21. doi:10.3390/bioengineering9010021
	 Benjamin, M., Kumai, T., Milz, S., Boszczyk, B., Boszczyk, A., and Ralphs, J. (2002). The skeletal attachment of tendons--tendon “entheses.”. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 133 (4), 931–945. doi:10.1016/s1095-6433(02)00138-1
	 Chen, C., Chen, Y., Li, M., Xiao, H., Shi, Q., Zhang, T., et al. (2020). Functional decellularized fibrocartilaginous matrix graft for rotator cuff enthesis regeneration: a novel technique to avoid in-vitro loading of cells. Biomaterials 250, 119996. doi:10.1016/j.biomaterials.2020.119996
	 Chen, C., Liu, F., Tang, Y., Qu, J., Cao, Y., Zheng, C., et al. (2019). Book-shaped acellular fibrocartilage scaffold with cell-loading capability and chondrogenic inducibility for tissue-engineered fibrocartilage and bone–tendon healing. ACS Appl. Mater Interfaces 11 (3), 2891–2907. doi:10.1021/acsami.8b20563
	 Chen, P., Wu, P., Wan, X., Wang, Q., Xu, C., Yang, M., et al. (2021). Ultrasound-driven electrical stimulation of peripheral nerves based on implantable piezoelectric thin film nanogenerators. Nano Energy 86, 106123. doi:10.1016/j.nanoen.2021.106123
	 Dai, X., Yuan, M., Yang, Y., Dang, M., Yang, J., Shi, J., et al. (2024). Dual cross-linked COL1/HAp bionic gradient scaffolds containing human amniotic mesenchymal stem cells promote rotator cuff tendon–bone interface healing. Biomater. Adv. 158, 213799. doi:10.1016/j.bioadv.2024.213799
	 Dolai, J., Biswas, A., and Jana, N. R. (2022). Piezoelectric nanoparticles for ultrasound-based wireless therapies. ACS Appl. Nano Mater 5 (10), 14038–14050. doi:10.1021/acsanm.2c03421
	 Fan, P., Fan, H., and Wang, S. (2024). From emerging modalities to advanced applications of hydrogel piezoelectrics based on chitosan, gelatin and related biological macromolecules: a review. Int. J. Biol. Macromol. 262 (Pt 1), 129691. doi:10.1016/j.ijbiomac.2024.129691
	 Fernandez-Yague, M. A., Trotier, A., Demir, S., Abbah, S. A., Larrañaga, A., Thirumaran, A., et al. (2021). A self-powered piezo-bioelectric device regulates tendon repair-associated signaling pathways through modulation of mechanosensitive ion channels. Adv. Mater 34, e2201543. doi:10.1002/adma.202201543
	 Font, T. S., Balmayor, E. R., and Van Griensven, M. (2015). Strategies to engineer tendon/ligament-to-bone interface: biomaterials, cells and growth factors. Adv. Drug Deliv. Rev. 94, 126–140. doi:10.1016/j.addr.2015.03.004
	 Gargalionis, A. N., Adamopoulos, C., Vottis, C. T., Papavassiliou, A. G., and Basdra, E. K. (2024). Runx2 and polycystins in bone mechanotransduction: challenges for therapeutic opportunities. Int. J. Mol. Sci. 25 (10), 5291. doi:10.3390/ijms25105291
	 Guillén-Carvajal, K., Valdez-Salas, B., Beltrán-Partida, E., Salomón-Carlos, J., and Cheng, N. (2023). Chitosan, gelatin, and collagen hydrogels for bone regeneration. Polymers 15 (13), 2762. doi:10.3390/polym15132762
	 Heng, B. C., Bai, Y., Li, X., Meng, Y., Lu, Y., Zhang, X., et al. (2023). The bioelectrical properties of bone tissue. Anim. Models Exp. Med. 6 (2), 120–130. doi:10.1002/ame2.12300
	 Hoveidaei, A. H., Sadat-Shojai, M., Mosalamiaghili, S., Salarikia, S. R., Roghani-shahraki, H., Ghaderpanah, R., et al. (2024). Nano-hydroxyapatite structures for bone regenerative medicine: cell-material interaction. Bone 179, 116956. doi:10.1016/j.bone.2023.116956
	 Huang, M., Li, W., Sun, Y., Dong, J., Li, C., Jia, H., et al. (2025). Janus piezoelectric adhesives regulate macrophage TRPV1/Ca2+/cAMP axis to stimulate tendon-to-bone healing by multi-omics analysis. Bioact. Mater 50, 134–151. doi:10.1016/j.bioactmat.2025.03.029
	 Khare, D., Basu, B., and Dubey, A. K. (2020). Electrical stimulation and piezoelectric biomaterials for bone tissue engineering applications. Biomaterials 258, 120280. doi:10.1016/j.biomaterials.2020.120280
	 Kim, B. S., Kim, E. J., Choi, J. S., Jeong, J. H., Jo, C. H., and Cho, Y. W. (2014). Human collagen-based multilayer scaffolds for tendon-to-bone interface tissue engineering. J. Biomed. Mater Res. A 102 (11), 4044–4054. doi:10.1002/jbm.a.35057
	 Lee, W. H., Do, H. K., Lee, J. H., Kim, B. R., Noh, J. H., Choi, S. H., et al. (2016). Clinical outcomes of conservative treatment and arthroscopic repair of rotator cuff tears: a retrospective observational study. Ann. Rehabil. Med. 40 (2), 252–262. doi:10.5535/arm.2016.40.2.252
	 Li S., S., Shan, Y., Chen, J., Su, R., Zhao, L., He, R., et al. (2025). Piezoelectricity promotes 3D-printed BTO/β-TCP composite scaffolds with excellent osteogenic performance. ACS Appl. Bio Mater 8 (3), 2204–2214. doi:10.1021/acsabm.4c01754
	 Li X., X., Liu, Y., Yang, Q., Zhang, W., Wang, H., Zhang, W., et al. (2025). Injectable piezoelectric hydrogel promotes tendon–bone healing via reshaping the electrophysiological microenvironment and M2 macrophage polarization. ACS Appl. Mater Interfaces 17 (15), 22210–22231. doi:10.1021/acsami.4c21011
	 Liao, J., Li, X., Yang, H., He, W., Wang, B., Liu, S., et al. (2024). Construction of a curcumin-loaded PLLA/PCL micro-nano conjugated fibrous membrane to synergistically prevent postoperative adhesion from multiple perspectives. Adv. Funct. Mat. 34. doi:10.1002/adfm.202407983
	 Lin, J., Zhou, W., Han, S., Bunpetch, V., Zhao, K., Liu, C., et al. (2018). Cell-material interactions in tendon tissue engineering. Acta Biomater. 70, 1–11. doi:10.1016/j.actbio.2018.01.012
	 Liu, H., Shi, Y., Zhu, Y., Wu, P., Deng, Z., Dong, Q., et al. (2023). Bioinspired piezoelectric periosteum to augment bone regeneration via synergistic immunomodulation and osteogenesis. ACS Appl. Mater Interfaces 15 (9), 12273–12293. doi:10.1021/acsami.2c19767
	 Liu, Q., Yu, Y., Reisdorf, R. L., Qi, J., Lu, C. K., Berglund, L. J., et al. (2019). Engineered tendon-fibrocartilage-bone composite and bone marrow-derived mesenchymal stem cell sheet augmentation promotes rotator cuff healing in a non-weight-bearing canine model. Biomaterials 192, 189–198. doi:10.1016/j.biomaterials.2018.10.037
	 Liu, Z., Cai, M., Zhang, X., Yu, X., Wang, S., Wan, X., et al. (2021a). Cell-traction-triggered on-demand electrical stimulation for neuron-like differentiation. Adv. Mater Deerf. Beach Fla 33 (51), e2106317. doi:10.1002/adma.202106317
	 Liu, Z., Wan, X., Wang, Z. L., and Li, L. (2021b). Electroactive biomaterials and systems for cell fate determination and tissue regeneration: design and applications. Adv. Mater Deerf. Beach Fla 33 (32), e2007429. doi:10.1002/adma.202007429
	 Lowe, B., Hardy, J. G., and Walsh, L. J. (2020). Optimizing nanohydroxyapatite nanocomposites for bone tissue engineering. ACS Omega 5 (1), 1–9. doi:10.1021/acsomega.9b02917
	 Lu, H., Tang, Y., Liu, F., Xie, S., Qu, J., and Chen, C. (2019). Comparative evaluation of the book-type acellular bone scaffold and fibrocartilage scaffold for bone-tendon healing. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 37 (8), 1709–1722. doi:10.1002/jor.24301
	 McElvany, M. D., McGoldrick, E., Gee, A. O., Neradilek, M. B., and Matsen, F. A. (2015). Rotator cuff repair: published evidence on factors associated with repair integrity and clinical outcome. Am. J. Sports Med. 43 (2), 491–500. doi:10.1177/0363546514529644
	 Mi, J., Xu, J.-K., Yao, Z., Yao, H., Li, Y., He, X., et al. (2022). Implantable electrical stimulation at dorsal root ganglions accelerates osteoporotic fracture healing via calcitonin gene-related peptide. Adv. Sci. Weinh Baden-Wurtt Ger. 9 (1), e2103005. doi:10.1002/advs.202103005
	 Nain, A., Chakraborty, S., Barman, S. R., Gavit, P., Indrakumar, S., Agrawal, A., et al. (2024). Progress in the development of piezoelectric biomaterials for tissue remodeling. Biomaterials 307, 122528. doi:10.1016/j.biomaterials.2024.122528
	 Ning, L.-J., Zhang, Y.-J., Zhang, Y., Qing, Q., Jiang, Y. L., Yang, J. L., et al. (2015). The utilization of decellularized tendon slices to provide an inductive microenvironment for the proliferation and tenogenic differentiation of stem cells. Biomaterials 52, 539–550. doi:10.1016/j.biomaterials.2015.02.061
	 Patel, S., Caldwell, J.-M., Doty, S. B., Levine, W. N., Rodeo, S., Soslowsky, L. J., et al. (2018). Integrating soft and hard tissues via interface tissue engineering. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 36 (4), 1069–1077. doi:10.1002/jor.23810
	 Rossetti, L., Kuntz, L. A., Kunold, E., Schock, J., Müller, K. W., Grabmayr, H., et al. (2017). The microstructure and micromechanics of the tendon-bone insertion. Nat. Mater 16 (6), 664–670. doi:10.1038/nmat4863
	 Rothrauff, B. B., Pauyo, T., Debski, R. E., Rodosky, M. W., Tuan, R. S., and Musahl, V. (2017). The rotator cuff organ: integrating developmental biology, tissue engineering, and surgical considerations to treat chronic massive rotator cuff tears. Tissue Eng. Part B Rev. 23 (4), 318–335. doi:10.1089/ten.teb.2016.0446
	 Ruiz-Alonso, S., Lafuente-Merchan, M., Ciriza, J., Saenz-del-Burgo, L., and Pedraz, J. L. (2021). Tendon tissue engineering: cells, growth factors, scaffolds and production techniques. J. Control Release Off. J. Control Release Soc. 333, 448–486. doi:10.1016/j.jconrel.2021.03.040
	 Shaw, H. M., and Benjamin, M. (2007). Structure-function relationships of entheses in relation to mechanical load and exercise. Scand. J. Med. Sci. Sports 17 (4), 303–315. doi:10.1111/j.1600-0838.2007.00689.x
	 Shi, Y., Tao, W., Yang, W., Wang, L., Qiu, Z., Qu, X., et al. (2024). Calcium phosphate coating enhances osteointegration of melt electrowritten scaffold by regulating macrophage polarization. J. Nanobiotechnology 22 (1), 47. doi:10.1186/s12951-024-02310-0
	 Shlapakova, L. E., Surmeneva, M. A., Kholkin, A. L., and Surmenev, R. A. (2024). Revealing an important role of piezoelectric polymers in nervous-tissue regeneration: a review. Mater Today Bio 25, 100950. doi:10.1016/j.mtbio.2024.100950
	 Smith, L., Xia, Y., Galatz, L. M., Genin, G. M., and Thomopoulos, S. (2012). Tissue-engineering strategies for the tendon/ligament-to-bone insertion. Connect. Tissue Res. 53 (2), 95–105. doi:10.3109/03008207.2011.650804
	 Sun, L., Chen, X., Ma, K., Chen, R., Mao, Y., Chao, R., et al. (2023). Novel titanium implant: a 3D multifunction architecture with charge-trapping and piezoelectric self-stimulation. Adv. Healthc. Mater 12 (11), e2202620. doi:10.1002/adhm.202202620
	 Sun, Y., Han, F., Zhang, P., Zhi, Y., Yang, J., Yao, X., et al. (2016). A synthetic bridging patch of modified co-electrospun dual nano-scaffolds for massive rotator cuff tear. J. Mater Chem. B 4 (45), 7259–7269. doi:10.1039/c6tb01674j
	 Suzana, A. F., Liu, S., Diao, J., Wu, L., Assefa, T. A., Abeykoon, M., et al. (2023). Structural explanation of the dielectric enhancement of barium titanate nanoparticles grown under hydrothermal conditions. Adv. Funct. Mat. 33. doi:10.1002/adfm.202208012
	 Swain, S., Bhaskar, R., Narayanan, K. B., Gupta, M. K., Sharma, S., Dasgupta, S., et al. (2023). Physicochemical, mechanical, dielectric, and biological properties of sintered hydroxyapatite/barium titanate nanocomposites for bone regeneration. Biomed. Mater Bristol Engl. 18 (2), 025016. doi:10.1088/1748-605X/acb8f1
	 Tang, Y., Chen, C., Liu, F., Xie, S., Qu, J., Li, M., et al. (2020). Structure and ingredient-based biomimetic scaffolds combining with autologous bone marrow-derived mesenchymal stem cell sheets for bone-tendon healing. Biomaterials 241, 119837. doi:10.1016/j.biomaterials.2020.119837
	 Wang, I. E., Mitroo, S., Chen, F. H., Lu, H. H., and Doty, S. B. (2006). Age-dependent changes in matrix composition and organization at the ligament-to-bone insertion. J. Orthop. Res. 24 (8), 1745–1755. doi:10.1002/jor.20149
	 Wu, H., Dong, H., Tang, Z., Chen, Y., Liu, Y., Wang, M., et al. (2023). Electrical stimulation of piezoelectric BaTiO3 coated Ti6Al4V scaffolds promotes anti-inflammatory polarization of macrophages and bone repair via MAPK/JNK inhibition and OXPHOS activation. Biomaterials 293, 121990. doi:10.1016/j.biomaterials.2022.121990
	 Wu, Y., Dong, Y., Jiang, J., Li, H., Zhu, T., and Chen, S. (2017). Evaluation of the Bone-ligament and tendon insertions based on Raman spectrum and its PCA and CLS analysis. Sci. Rep. 7, 38706. doi:10.1038/srep38706
	 Wu, Y., Zou, J., Tang, K., Xia, Y., Wang, X., Song, L., et al. (2024). From electricity to vitality: the emerging use of piezoelectric materials in tissue regeneration. Burns Trauma 12, tkae013. doi:10.1093/burnst/tkae013
	 Xia, G., Song, B., and Fang, J. (2022). Electrical stimulation enabled via electrospun piezoelectric polymeric nanofibers for tissue regeneration. Research 2022, 9896274. doi:10.34133/2022/9896274
	 Yamamoto, M., Sakiyama, K., Kitamura, K., Yamamoto, Y., Takagi, T., Sekiya, S., et al. (2022). Development and regeneration of muscle, tendon, and myotendinous junctions in striated skeletal muscle. Int. J. Mol. Sci. 23 (6), 3006. doi:10.3390/ijms23063006
	 Yang, F., Li, J., Long, Y., Zhang, Z., Wang, L., Sui, J., et al. (2021). Wafer-scale heterostructured piezoelectric bio-organic thin films. Science 373 (6552), 337–342. doi:10.1126/science.abf2155
	 Zhai, M., Moghadam, F., Gosiamemang, T., Heng, J. Y. Y., and Li, K. (2024). Facile orientation control of MOF-303 hollow fiber membranes by a dual-source seeding method. Nat. Commun. 15, 10264. doi:10.1038/s41467-024-54730-z
	 Zhang Q., Q., Zhu, J., Fei, X., and Zhu, M. (2024). A Janus nanofibrous scaffold integrated with exercise-driven electrical stimulation and nanotopological effect enabling the promotion of tendon-to-bone healing. Nano Today 55, 102208. doi:10.1016/j.nantod.2024.102208
	 Zhang Y., Y., Ye, M., Liu, W., Chen, X., Zhou, C., and Yu, T. (2024). In situ construction of morphologically different hydroxyapatite-mineralized structures on a three-dimensional bionic chitin scaffold. ACS Appl. Mater Interfaces 16 (7), 8378–8390. doi:10.1021/acsami.3c16917

Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Shi, Liu, Qin, Li, Huo, Zhou and Jiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		REVIEW
published: 21 May 2025
doi: 10.3389/fphar.2025.1559810


[image: image2]
Advances in biomaterials for osteonecrosis treatment
Dapeng Wang1, Jiannan Li2, Yu Liu3, Shuaishuai Wang4, Shuo Duan4, Zhiyang Liu4, Shuaiwei Li4, Jun Liang5, Guangwei Meng1* and Minglei Zhang4*
1School of Mechanical and Aerospace Engineering of Jilin University, Changchun, China
2Department of Wound Repair, Plastic and Reconstructive Microsurgery, China-Japan Union Hospital of Jilin University, Changchun, China
3Department of Critical Care Medicine, China-Japan Union Hospital of Jilin University, Changchun, China
4Department of Orthopedics, China-Japan Union Hospital of Jilin University, Changchun, China
5Outpatient and Emergency Units, China-Japan Union Hospital of Jilin University, Changchun, China
Edited by:
Wenliang Li, Changchun University of Science and Technology, China
Reviewed by:
Yongqing Xu, 920th Hospital of Joint Logistics Support Force, PLA, China
Ning Zhang, The Second Hospital of Shandong University, China
* Correspondence: Guangwei Meng, mgw@jlu.edu.cn; Minglei Zhang, zml669@jlu.edu.cn
Received: 13 January 2025
Accepted: 31 March 2025
Published: 21 May 2025
Citation: Wang D, Li J, Liu Y, Wang S, Duan S, Liu Z, Li S, Liang J, Meng G and Zhang M (2025) Advances in biomaterials for osteonecrosis treatment. Front. Pharmacol. 16:1559810. doi: 10.3389/fphar.2025.1559810

Osteonecrosis, or ischemic osteonecrosis, occurs when bone tissue dies due to a reduced blood supply. This process begins with the death of osteocytes and is followed by the development of necrotic bone tissue. The body initiates intrinsic repair mechanisms to counteract osteonecrosis. However, insufficient blood supply and poor osteogenic microenvironments often lead to suboptimal outcomes Treatment of osteonecrosis is focused on controlling symptoms, especially pain, and preserving the function of the affected bone. In severe cases, joint replacement may be required. For early-stage patients, the main goal is to restore blood flow and encourage bone regeneration to slow or prevent further damage. While traditional treatments such as drugs and surgery are still common, there is growing interest in using biomaterials to aid bone healing and possibly avoid the need for joint replacement. This article reviews the latest progress of biomaterials for the treatment of osteonecrosis. These materials support bone repair by improving the local environment around bone, influencing cellular behavior, and even promoting gene expression. It also discusses the challenges of transferring these materials from research to clinical practice and examines emerging trends in biomaterials research. For these promising therapies to be more effective in improving outcomes for patients with osteonecrosis, a collaborative multidisciplinary approach will be essential.
Keywords: osteonecrosis, biomaterials, osteonecrosis therapy, biopolymers, polymer

1 INTRODUCTION
Osteonecrosis, which is also referred to as ischemic bone necrosis or aseptic bone necrosis, is the necrosis of living bone tissue in the human skeleton. The etiology of osteonecrosis is complex and multifaceted, but it is consistently associated with the interruption of blood supply, whether due to traumatic factors such as injury and non-traumatic factors such as drinking alcohol, using corticosteroid or autoimmune diseases (Assouline-Dayan et al., 2002). The pathological progression of osteonecrosis begins with osteocyte death caused by insufficient blood flow, resulting in the development of dead bone tissue. Over time, revascularization begins as the necrotic bone re-establishes connections with reactive tissue. Newly formed blood vessels facilitate the resorption of necrotic bone through osteoclastic activity, while osteoblasts simultaneously synthesize new bone in an attempt to restore the affected area. However, this reparative process often lacks regulation, and the orientation of new bone formation may not effectively bridge the bone defect. Consequently, the structural stability of the bone deteriorates, ultimately failing to maintain sufficient mechanical strength. This disruption leads to stress fractures, bone collapse, and cartilage degradation, culminating in extensive areas of necrosis (Mankin, 1992).
Clinical symptoms of osteonecrosis exhibit considerable variability among individuals and across different affected sites; however, they typically adhere to a developmental pattern characterized by phases of “asymptomatic-painful-dysfunctional.” This progression renders the treatment of osteonecrosis predominantly symptom-driven, with the functional status of the bone acting as a pivotal determinant within the treatment framework. In instances where a patient has lost normal bone function, the treatment plan generally necessitates prosthetic replacement surgery, a procedure commonly indicated for cases of joint osteonecrosis (Issa et al., 2013; Seyler et al., 2007). Conversely, when the patient’s bone maintains normal function, the primary treatment objectives focus on alleviating pain, delaying the progression of necrosis, and preserving bone function. In this context, the central tenet of treatment strategy is to restore or enhance blood supply to the compromised bone tissue. Common therapeutic approaches encompass conservative management strategies, including pharmacological treatment and physiotherapy (Mont et al., 2006), as well as surgical interventions such as decompression and bone grafting (Sultan and Mont, 2019; Herrera-Soto and Price, 2011).
With a deeper understanding of osteonecrosis treatment, the focus has shifted towards controlling its progression and avoiding prosthetic replacement, which places high demands on effective bone regeneration. Advancements in biomaterials science have revealed numerous materials that promote bone regeneration, underscoring their significant potential for treating osteonecrosis. These biomaterials facilitate bone regeneration through mechanisms such as modifying the microenvironment, regulating cellular activities, promoting gene expression, and other related processes. This review offers an in-depth summary of the biomaterials being explored for the treatment of osteonecrosis, discussing their mechanisms of action, clinical applications, and emerging trends in biomaterials technology. By analyzing recent studies, this article highlights the importance of advanced materials in promoting bone repair and achieving structural restoration. Additionally, we address the challenges of clinical translation and outline future research directions, emphasizing the need for multidisciplinary approaches to optimize these innovative solutions for improved patient outcomes in managing osteonecrosis.
2 BIOCERAMICS
Bioceramics, in its broadest sense, are all ceramics that have the potential to serve as biomaterials. This review categorizes bioceramics into five groups based on their crystal structure and Ca/P ratio: apatitic and non-apatitic calcium phosphates, magnesium-based, silicate-based, and trace element-doped ceramics (Rajendran et al., 2024). When implanted into the body, these materials exhibit bioactive properties that allow them to interact and integrate with bone tissue. Bioceramics are particularly beneficial in medical treatments, such as the management of osteonecrosis, due to the promotion of bone and blood vessel regeneration via this interaction. Detailed descriptions of the mechanisms by which each type of bioceramic promotes osteogenesis are provided below:
2.1 Apatitic calcium phosphates
Apatitic calcium phosphates are inorganic compounds with a high Ca/P ratio, typically ranging from 1.5 to 1.67. This ratio is strikingly similar to human bone, enhancing the materials with superior mechanical strength and compatibility. Due to these qualities, apatitic calcium phosphates are extensively used in the treatment of orthopedic conditions. Among them, hydroxyapatite (HA) stands out as the most prominent example. The following section will examine HA as a case study to illustrate the osteogenic mechanisms of these materials.
HA materials can promote osteogenesis. After implantation, HA can release Ca2+ and PO43− ions, which re-precipitate on its surface, forming a hydroxyapatite layer that resembles natural bone. The hydroxyapatite layer can promote bone cell adhesion, growth, and differentiation on its surface, while also adsorbing osteogenic proteins and growth factors from the bloodstream. The sustained release of Ca2+ and PO43− ions creates a microenvironment around the implant site that is highly supportive of bone regeneration. HA’s surface roughness and porous structure enhance cell-material interactions, providing an ideal three-dimensional environment for osteocyte adhesion and growth. As a result, the formation of new vessels within the bone supports the healing process by promoting tissue repair (Samavedi et al., 2013).
In addition to its inherent osteogenic properties, HA can also form osteogenic scaffolds with other materials. HA can form composite scaffolds for two main reasons. Firstly, the chemical structure of HA can be modified to create different forms that match the binding requirements of various materials (Karakeçili et al., 2022; Haider et al., 2017). Furthermore, HA demonstrates excellent biocompatibility and biodegradability, allowing it to serve as a temporary framework that is progressively replaced by bone tissue as osteogenesis advances (Hou et al., 2022; Turon et al., 2017). Synthetic polymers like poly(lactic-co-glycolic acid) (PLGA), natural polymers like silk fibroin, chitosan (CS), and alginate (ALG) (Bhattacharjee et al., 2017; Haider et al., 2024; Gholap et al., 2024; Damiri et al., 2024), and a variety of components like HA can be mixed with these to form scaffolds (Barcena et al., 2024; Cavelier and Hutmacher, 2024; Jia et al., 2024; Khan et al., 2023; Barcena et al., 2024; Cavelier and Hutmacher, 2024; Jia et al., 2024; Khan et al., 2023).
Incorporating other materials into HA scaffolds enhances their toughness and mechanical strength, while maintaining the material’s superior osteogenic potential. It provides a stable platform for the delivery of metals, osteogenic drugs, and bioactive factors, making the osteogenic composite materials formed with scaffolds highly promising for the treatment of osteonecrosis. Various studies have built upon this idea by exploring composite materials designed to enhance bone healing and tissue regeneration. Luo et al. (Cheng et al., 2023) developed a lithium, nano hydroxyapatite, and hydrogel (Li-nHA@Gel) composite designed to promote bone tissue repair and regeneration by releasing lithium ions, which activate the JAK1/STAT6/STAT3 signaling pathway (Figure 1A). In the Li-nHA@Gel treatment group, the percentage of F4/80+CD163+ cells significantly increased, while the percentage of F4/80+CCR7+ cells decreased, suggesting that the material facilitated M2 macrophage polarization while suppressing M1 macrophage polarization (Figures 1B, C). Furthermore, the expression and phosphorylation levels of proteins involved in the JAK1/STAT6/STAT3 signaling pathway were notably elevated in the treatment group (Figure 1D). The quantitative analysis of the relative mRNA expression levels of JAK1, STAT6, and STAT3, as well as the relative protein expression levels of JAK1, P-JAK1, STAT6, P-STAT6, STAT3, and P-STAT3, across various treatment groups, further supported these findings. This additional data strengthens the evidence that the Li-nHA@Gel composite effectively modulates the signaling pathways crucial for bone repair and regeneration (Figures 1E, F). Cheng et al. (2023) created a nanohydroxyapatite/CS@polydopamine-strontium composite (nHA/CS@PDA-Sr) to promote bone repair. Similarly focusing on Sr Zhuang et al. (2023) demonstrated that Sr-HA bioceramics, which contain strontium, can promote osteogenesis via stimulation of the Erk1/2 MAPK and PI3K/AKT pathways. Li et al. (2023a) formulated a multifunctional hydrogel scaffold incorporating polyvinyl alcohol, gelatin (GL), sodium alginate, aspirin, and nano hydroxyapatite. This research validated the combined effects of aspirin and nano-hydroxyapatite in promoting osteogenesis and exhibiting anti-inflammatory activity. Zeng et al. (2023) engineered hollow hydroxyapatite microspheres (HHMs) were integrated with chitosan (CS) to formulate a composite scaffold infused with recombinant human C-X-C motif chemokine ligand 13 (rhCXCL13-HHM/CS). The findings indicated that, 12 weeks post-implantation, the rhCXCL13-HHM/CS scaffold markedly enhanced bone regeneration and vascular remodeling. The osteogenic effect of the rhCXCL13-HHM/CS scaffold was facilitated by the PI3K-AKT signalling pathway. Firouzeh and colleagues (Firouzeh et al., 2024). Engineered a decellularized amniotic membrane (DAM) scaffold impregnated with hydroxyapatite (DAM-HA). The findings demonstrated that the DAM scaffold successfully promoted stem cell viability and expansion, with the addition of hydroxyapatite greatly enhancing osteogenic differentiation. In conclusion, combining hydroxyapatite with various substances to form composite materials improves its mechanical strength while supporting osteogenesis and promoting tissue regeneration. These developments highlight the potential of composite biomaterials in addressing osteonecrosis and other bone-related conditions.
[image: Illustration and bar graphs show an experimental study with a focus on inflammation and cellular signaling pathways. Panel A depicts a schematic representation of a macrophage targeting assembly. Panels B and C feature bar graphs illustrating the percentage of cell composition in different gel treatments, with significant differences marked by asterisks. Panel D displays Western blot results for proteins like STAT3 and JAK1. Panels E and F present bar graphs comparing the relative expression and phosphorylation levels of these proteins under various conditions, highlighting statistical significance with asterisks.]FIGURE 1 | Li-nHA@Gel promotes bone repair via JAK1/STAT6/STAT3 activation: (A) Enhances macrophage polarization; (B) Increases M2 macrophages; (C) Reduces M1 macrophages; (D–F) Boosts STAT3/STAT6 phosphorylation and mRNA expression (*p < 0.05, **p < 0.01, ***p < 0.001, which indicates significant differences in osteogenic marker expression between Li-nHA@Gel and control groups, as determined by ANOVA.). [Reproduced with permission (22), Copyright 2024, Elsevier].
2.2 Non-apatitic calcium phosphates
Non-apatitic calcium phosphates have a lower calcium/phosphorus ratio than apatitic calcium phosphates. Calcium phosphates that are not apatitic include amorphous tricalcium phosphate (ACP), dicalcium phosphate dihydrate (DCPD), dibasic calcium phosphate (DCP), octacalcium phosphate (OCP), and α, β-tricalcium phosphate (TCP) (Laskus and Kolmas, 2017).
The osteogenic potential of non-apatitic calcium phosphates is driven by two main characteristics. Firstly, their high solubility and absorbability enable them to dissolve efficiently in the body, releasing calcium and phosphate ions vital for bone mineralization, which makes them effective for bone repair (Lowe et al., 2019). Their moldability enables the creation of customized implants for complex bone defects, while their injectability allows for minimally invasive delivery to hard-to-reach areas. Secondly, their ion-exchange capacity can be enhanced by doping with trace elements such as Mg2+, Zn2+, Si4+. These ions help stabilize the phosphate structure while enhancing bone regeneration and vascular remodeling, thus accelerating bone and blood vessel formation (Bandyopadhyay et al., 2006). By leveraging these properties, non-apatitic calcium phosphates can be optimized for specific therapeutic outcomes, making them highly versatile in orthopedic applications and bone tissue engineering.
Given these properties, non-apatitic calcium phosphates are frequently combined with various materials to form composites that promote osteogenesis. Yuan et al. (2024) by combining γ-TCP with varying percentages of magnesium silicate (MS, Mg2SiO4), ranging from 10% to 30%, composite bioceramic scaffolds were produced using 3DF technology. Stem cells from mouse bone marrow (mBMSCs) and human umbilical vein endothelial cells (HUVECs) were able to adhere, proliferate, and remain viable with the help of these scaffolds. They also enhanced alkaline phosphatase function and increased gene expression in pathways related to angiogenesis and osteogenesis, utilizing 3D printing technology. Niu et al. (Obata et al., 2017) successfully developed PCL/Ŏ-TCP composites for personalized repair of extensive bone lesions. The composite’s osteogenic potential was maximized when the β-TCP content reached 20%, the research found that MC3T3-E1 cells, which are a kind of mouse pre-osteoblastic cell line, were significantly encouraged to multiply and attach to the composite material. According to He et al. (2024) studied the impact of doping with Si, Zn, and a combination of the two on the angiogenic and osteogenic activities of γ-TCP in a laboratory setting. It was found that Si-TCP, Zn-TCP, and Si/Zn-TCP were all very biocompatible. More precisely, the angiogenic potential of ο-TCP was greatly improved by Si-TCP, and its osteogenic properties were markedly improved by Zn-TCP. Notably, Si/Zn-TCP exhibited exceptional bifunctionality, promoting both new blood vessel formation and bone growth. Taken together, these findings suggest that composites of non-apatitic calcium phosphate can enhance both osteogenesis and angiogenesis, which makes them good options for future uses in advanced bone tissue engineering.
2.3 Silicate-based ceramics
The most representative compound of silicate-based ceramics is bioglass, primarily composed of Si, Ca. Bioactive glass not only promotes osteogenesis but also provides mechanical support and bone integration, similar to other bioceramics. Its unique advantage lies in its sustained ion release, which further enhances bone formation. Firstly, the basic ionic components of bioglass, Si and Ca can contribute to osteogenesis (Obata et al., 2017; Varanasi et al., 2009). Additionally, bioglass can be loaded with osteogenic ions like Mg2+, Cu2+, Zn2+, and Sr2+ (Kargozar et al., 2022; Shendage et al., 2024; Weng et al., 2017; Saino et al., 2011; Fredholm et al., 2012). The ions are released gradually owing to the unique structure of bioglass, forming a conductive layer on the bone surface that supports an ideal microenvironment for bone healing.
Since Hench et al. (1971) discovered the first silicate-based bioglass, known as 45S5 bioactive glass, a SiO2–CaO–P2O5based biomaterial, this invention has laid the foundation for the development of bioglass. In recent years, research on bioactive glass has increasingly focused on the development of composite materials by combining bioactive glass with other materials. Xiong et al. (2023) created a collagen- and naringin-loaded mesoporous bioglass/poly(L-lactic acid) composite scaffold (NG-MBG/PLLA) to aid in bone regeneration. The results demonstrated that this scaffold improved mBMSC proliferation and differentiation. It also reduced reactive oxygen species (ROS) production in response to lipopolysaccharide stimulation and increased calcium nodule formation and alkaline phosphatase activity in mBMSCs under macrophage-conditioned environments. By Dai et al. (2024) For osteogenesis research, a 3D-printed scaffold (PLGA/PCL/MgMNBG) was created by combining magnesium-containing micro-nano bioactive glass with PLGA and PCL. The results indicated that the PLGA/PCL/MgMNBG scaffold had the ability to modify macrophages in order to suppress inflammatory responses, thereby promoting angiogenesis and osteogenesis. Kido et al. (2023) proposed a bone regeneration strategy using a composite material made of bone marrow stromal cells and a bioactive glass/collagen scaffold. The results indicated that this composite material efficiently promoted bone formation and notably enhanced the expression of markers related to bone repair. Jeyachandran et al. (2023) developed a Bioglass-poly(lactic-co-glycolic acid) and fibrin composite construct to support endochondral bone formation (Bg-PLGA@fibrin) designed to enhance endochondral ossification. The research demonstrated that the composite effectively stimulated mesenchymal stem cell hypertrophy, matrix mineralization, and osteogenic differentiation. It notably facilitated various stages of endochondral ossification via sequential material signalling, obviating the necessity for external inducing factors. This method possesses considerable potential for clinical application by diminishing both the pre-implantation in vitro culture duration and the intricacy of employing external inducers. Janmohammadi et al. (2024) Created a 3D-printed composite scaffold by integrating alkaline-treated PCL with astragalus gum and 45S5 bioglass (M-PCL/TG-BG) for the restoration of bone defects. The findings showed scaffold markedly facilitated bone regeneration in rat calvarial defects, improving bone mineral density (BMD) and the bone volume/total volume ratio (BV/TV). Histological and gene expression analyses confirmed that the scaffold enhanced bone integration and repair by upregulating osteogenic genes, including Runx2 and type I collagen. These results emphasize the significant potential of bioactive glass composites in enhancing bone regeneration, osteogenesis, and tissue integration, presenting promising opportunities for advanced therapeutic strategies in bone defect repair and clinical applications.
2.4 Magnesium-based ceramics
During osteogenesis, Mg2+ is involved in a number of different processes. Osteogenesis is supported by its ability to promote angiogenesis and anti-inflammatory effects, as well as by its role in regulating the balance between bone resorption and formation and in enhancing mineralization and osteoblast proliferation and differentiation (Gu et al., 2019; Cabrejos-Azama et al., 2014; Kaiser et al., 2022; Hu et al., 2023; Samanta et al., 2019; Liu et al., 2021). Scaffolds and bone cement are the two most common applications of this ceramic type for the purpose of fostering osteogenesis.
A common type of magnesium-based ceramic is composite phosphate-based scaffolds. To encourage cell attachment, growth, and the formation of new bone tissue, these scaffolds generally possess a porous design that resembles the natural three-dimensional structure of bone. They provide mechanical support while consistently releasing Mg2+, thereby augmenting the osteogenic process. Gu et al. (2019) fabricated Mg2+-doped beta-tricalcium phosphate scaffolds through cryogenic three-dimensional printing and subsequent sintering. The scaffolds exhibited an interlinked porous architecture and compressive strength akin to cancellous bone. Mg2+ significantly enhanced the proliferation, viability, and expression of genes related to osteogenesis and angiogenesis in human bone marrow stem cells (hBMSC) and HUVEC, underscoring their potential for enhanced bone regeneration and angiogenesis. Wei et al. (2010) engineered 3D microporous/macroporous Mg2+-CaSO4 (micro/ma-MCP) scaffolds exhibiting 52%–78% porosity through a leaching technique. These scaffolds enhanced MG-63 cell attachment, growth, and alkaline phosphatase (ALP) activity, while also enhancing degradation in Tris-HCl solution. In vivo studies demonstrated superior biocompatibility, biodegradability, and expedited bone regeneration. Adhikari et al. (2016) Engineered a 3D scaffold utilizing chitosan (CS), carboxymethyl chitosan (CMC), calcium phosphate monobasic, and magnesium oxide (MgO) in tissue engineering. The scaffold, distinguished by highly interconnected pores (100–300 µm), emulates the architecture of natural bone and liberates Mg2+ and Ca2+ ions, thereby enhancing osteoblast activity and biomineralization, rendering it appropriate for bone regeneration applications. These studies collectively illustrate the capacity of Mg2+-based composite scaffolds, characterized by their porous structures and ion-releasing capabilities, to substantially improve osteogenesis and bone regeneration in tissue engineering applications.
Bone cement, once hardened, can exhibit biocompatibility and degradability similar to bioceramics. Using magnesium-based ceramics in the form of bone cement for osteogenesis not only improves the bone microenvironment but also helps to match the rate of bone formation. Hou et al. (2024) developed a bone cement rich in Mg2+, Ca2+, and Nd3+ (NTMPC), composed of trimagnesium phosphate cement (TMPC) and Ca-Mg-Nd powder. When heated to 40°C–42°C using an 808 nm laser, NTMPC can modulate osteogenic cells and biofactors to promote bone repair (Figure 2A). The NTMPC group co-cultured with bone marrow stem cells (BMSCs), which composed NTMPC+, showed significantly higher gene and protein expression levels of RUNX2, OCN, COL-1, and BMP2 compared to the control groups (Figure 2B), H&E and Masson’s staining, along with pro-osteogenic markers, were used to assess effect revealed that the NTMPC+ group formed more new bone and mineralized tissue at 4 and 8 weeks (Figures 2C, D). Eugen et al. (2023) studied the biosorption of 3D-printed magnesium phosphate (MP) ceramics using human osteoclast cultures. While MP ceramics showed significant chemical dissolution, no osteoclast-mediated resorption occurred. The biocompatible and bioactive MP ceramics are expected to enhance bone regeneration and fully degrade within 1.5–3.1 years, offering a faster alternative to calcium phosphate grafts. Cabrejos-Azama et al. (2014) synthesized magnesium-doped calcium phosphate cements (Mg-CPC) and found they enhanced osteoblast proliferation and bone regeneration compared to undoped CPC. Mg-CPCs showed improved cytocompatibility and bone formation, indicating their potential for personalized bone therapy. Lukina et al. (2023) developed magnesium calcium phosphate ceramics for bone restoration, featuring Mg2+ and Ca2+ for controlled resorption. The ceramics maintained their shape during degradation, and setting inhibitors optimized their composition. In vivo studies confirmed the material’s potential for bone restoration, with magnesium ions influencing resorption rates. Kaiser et al. (2022) developed magnesium phosphate cements (MPCs) for osteogenesis by reducing the powder-liquid ratio to increase the content of highly soluble phases such as struvite (MgNH4PO4.6H2O) and K-struvite (MgKPO4.6H2O). The study demonstrated that these composite materials enhance osteogenesis by speeding up degradation, facilitating quick bone ingrowth and concurrent new bone formation as the cement breaks down. To conclude magnesium-based ceramics and cements hold great promise for improving bone regeneration by enhancing osteogenic environments and achieving optimal degradation rates.
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2.5 Trace element-doped ceramics
`The concept of trace element-doped ceramics was first summarized by Rajendran et al. in their review (Rajendran et al., 2024). They proposed that certain trace elements naturally exist in the structure of bone, and doping these elements into bioceramics further enhances their osteogenic and angiogenic capabilities. These trace elements include Mg, Mn, Li, Sr, Cu, Ce, Eu, La, and Gd. Although ceramics doped with various trace elements have been applied, Li and Cu are the most frequently studied. Below is a detailed explanation of the applications of Li- and Cu-based ceramics.
Li+ supports osteogenesis by modulating the expression of genes associated with bone formation and boosting cell activity (Alicka et al., 2019). Qiu et al. (2021) improved the osteogenic potential of PEEK implants by applying a nanocomposite coating of albumin and Li+-bioactive glass nanospheres using dip-coating. The coating made PEEK more hydrophilic and rough, thereby enhancing the attachment, growth, and osteogenic differentiation of bone mesenchymal stem cells. Such findings bode well for improved osteointegration. Tseng et al. (2023) developed diopside-Li2O bioceramics with improved strength, biodegradation resistance, and bioactivity. Li0.25 (25 mol% Li2O) showed optimal hardness, minimal weight loss, stable pH, and good cell viability, making it promising for bone implants. Li et al. (2024) improved lithium disilicate (LD) glass-ceramics for bone regeneration through Li+/Na+ ion exchange. This process promoted hydroxyapatite formation and boosted cell attachment, growth, and osteogenic differentiation. The findings suggest Li+/Na+ exchange as a promising method to enhance LD glass-ceramics for orthopedic use. These studies collectively demonstrate the potential of Li-based ceramics in orthopedic applications, showing that Li+ can significantly enhance bioactivity, mechanical strength, and osteointegration. This renders them as promising candidates for bone regeneration and repair.
Cu2+ promotes osteogenesis by regulating the immune response, increasing the expression of bone-related genes and proteins, and supporting the growth and differentiation of osteoblasts (Huang et al., 2019; Huang et al., 2018; Zheng et al., 2018). Huang et al. (2019) examined a Cu-containing micro/nano-topographical surface (Cu-Hier-Ti) and discovered that Cu2+ release stimulated M1 macrophages, consequently facilitating osteogenesis and improving bacterial defence. In vivo, Cu-Hier-Ti improved osteointegration and osteogenic markers, indicating potential for bone regeneration. Huang et al. (2018) used micro-arc oxidation to create copper-infused ceramic coatings on titanium implants. These Cu coatings promoted M1 macrophage polarization, enhancing osteogenesis and antibacterial activity. The inclusion of Cu in biomaterials demonstrates potential for improving osteogenic and antimicrobial properties. Wu et al. (2023a) improved PEEK through the functionalization of its surface with Cu-Sr bilayer bioactive glass nanoparticles (CS-BGNs) utilizing polydopamine (PDA). The regulated release of Cu2+ and Sr2+ influenced macrophage polarization, facilitating initial antibacterial responses and subsequent osseointegration. This method enhances the osteogenic and antibacterial characteristics of PEEK, presenting a novel strategy for immunomodulatory biomaterials. The integration of copper into biomaterials presents a viable approach to augmenting osteogenic and antimicrobial characteristics, facilitating the development of advanced bone regeneration technologies.
3 NATURAL BIOPOLYMERS
Natural biopolymers are a class of polymeric biomaterials derived from biological sources. Some natural polymers not only exhibit excellent biocompatibility and low immunogenicity but also possess osteogenic properties. The main types of osteogenic natural polymers include gelatin, chitosan and alginate. Below is a detailed description of how these three natural biopolymers promote osteogenesis.
3.1 Gelatin
GL is a natural biopolymer derived from the hydrolysis of collagen found in animal bones, tendons, and skin using acidic or alkaline methods. The abundant RGD sequences in GL promote cell adhesion by interacting with integrins, making it beneficial for tissue regeneration. Additionally, GL exhibits low antigenicity and offers excellent potential for chemical modification. What’s more, it readily integrates with a variety of natural and synthetic polymers, making it ideal for creating osteogenic scaffolds (Ranganathan et al., 2019).
Zhou et al. (2022) developed an injectable dual-crosslinked hydrogel made of GL, alginate dialdehyde, calcium ions, and borax for osteonecrosis repair. The hydrogel enhanced mechanical properties, conforming to complex facial bone defects and withstanding masticatory forces. With added nHA, it formed a bioactive porous structure that promoted interactions between macrophages and BMSCs, effectively enhancing bone regeneration and repairing critical-sized cranial defects. Xu et al. (2023) investigated the application of GL in biphasic calcium phosphate (BCP)/gelatin methacrylate (GLMA) composite hydrogels. Their study showed that the composite hydrogel demonstrated excellent biocompatibility and promoted the osteogenic differentiation of bone marrow mesenchymal stem cells(BMMSCs), leading to significant new bone formation in rat cranial defects. A hydrogel composed of GL (GL-HAlg-DN) was developed by Wu et al. (2023b) to imitate the extracellular matrix and repair osteonecrosis. Hydrogels are biodegradable and have stable swelling in addition to improved mechanical properties (0.9 MPa tensile strength, 177% elongation). Sinapene-loaded GL-HAlg-DN hydrogel, a promising scaffold for tissue engineering, significantly improved bone regeneration in a rat bone lesion model. To address the repair of alveolar bone defects, Wang et al. (2024a) created a thermosensitive/photosensitive GLMA gel by means of a freeze-ultraviolet (FUV) technique. Through the p38 MAPK pathway, the gel encouraged mandible rebuilding, bone formation and blood vessel development, both in laboratory settings and in animal models. And it was highly biocompatible and easy to manufacture.
Electrospinning serves as a crucial method for utilizing GL in the field of bone regeneration. By generating nanofiber scaffolds that replicate the extracellular matrix (ECM), it offers an expanded surface area to support cell attachment and proliferation, facilitating tissue repair. When combined with other materials in composite scaffolds, the proportion of GL affects the fiber diameter and morphology, thereby affecting both the mechanical and biological characteristics of the scaffold. Optimizing fiber surface morphology, porosity, and bead-free structure enhances cell adhesion, proliferation, and differentiation, creating an ideal microenvironment for bone tissue regeneration and improving repair outcomes (Ranganathan et al., 2019). Pankongadisak et al. (2020) developed electrospun GL mats containing plasmid DNA (pDNA) polyplexes for regenerative medicine. The pDNA, condensed with lipid-modified polyethyleneimine (PEI) and poly(aspartic acid) (pAsp), was electrospun into fibers (150–350 nm) with a particle size of 82 nm and a +20 mV zeta potential. Polyethylene glycol improved pDNA entrapment (∼71%) and transfection efficiency. pDNA encoding BMP-2 significantly induced ALP activity, promoting osteogenic differentiation. These GL mats hold promise for tissue regeneration. Ola et al. (2024) enhanced the bone regeneration potential of electrospun GL scaffolds by incorporating diatomite earth (DE) biosilica at 1%, 3%, and 5% loadings. DE made the scaffold more rigid and less swollen, and FG-DE3 had the greatest preosteoblast response and mineralization. Nevertheless, cell activity was negatively affected by the 5% DE loading. There is hope for bone tissue engineering with these DE-loaded scaffolds, particularly FG-DE3. In their study, Bochicchio et al. (2020) created a bone tissue engineering electrospun scaffold out of poly(d,l-lactide), GL, and RKKP glass-ceramics. The biomineralization process, cell survival, and osteogenic differentiation were all increased by RKKP, which contains La3+ and Ta5+ ions. Incubation in a bodily fluid simulator verified the development of hydroxyapatite. The varying RKKP content directed canine stem cell differentiation toward either chondrogenic or osteogenic pathways. Cardoso et al. (2024) developed a GLMA electrospun scaffold with 5% naringenin (NA) for bone tissue engineering. The GLMA + NA5% scaffold enhanced cell proliferation, osteogenic differentiation, and mineralized nodule formation while reducing inflammation and promoting collagen synthesis. Behere et al. (2021) developed a biodegradable scaffold combining PCL, GL, and nano-hydroxyapatite (nHAp) to enhance bone formation. Cell proliferation, osteogenic differentiation, and cell survival were all enhanced by the PCL-GL-nHAp scaffold in comparison to PCL alone. Its potential as a substrate for repair was demonstrated by its considerable increase in a alkaline phosphatase (ALP) level and calcium mineralization. Electrospun GL-based composite scaffolds have shown promise in these experiments, and their capacity to improve cell survival, osteogenic differentiation. The ability to promote bone healing and regeneration makes these approaches valuable for advancing the field of bone tissue engineering.
3.2 Chitosan
CS is a polysaccharide derived from crustacean shells that is well-known for its ability to be biocompatible and provide support functions. Utilizing its binding affinity for cell surface receptors, CS effectively promotes the growth and differentiation of osteogenic cells. Furthermore, it can be utilized as a scaffold to aid in the regeneration of bone defects, offering support and structure that facilitates the growth of new bone tissue (Levengood and Zhang, 2014). Peyravian et al. (2024) developed an injectable OCMC-CMCS hydrogel with angiogenic peptide QK. The hydrogel, cross-linked via a Schiff base reaction, promoted cell proliferation, angiogenesis, and inhibited femoral head necrosis, showing strong therapeutic potential in both molecular and histological evaluations. The study by Jia et al. (2019) explored CS-based hydrogels for joint cartilage repair. Encasing the synovial fluid mesenchymal stem cells (rbSF-MSCs) within the hydrogel showed enhanced compatibility and better healing results, highlighting the potential of CS in cartilage tissue engineering. CS-based hydrogels for joint cartilage repair. Encapsulating synovial fluid mesenchymal stem cells (rbSF-MSCs) in the hydrogel showed superior biocompatibility and improved repair outcomes, highlighting CS potential in cartilage tissue engineering. Sun et al.(2022) developed CD271 antibody-functionalized chitosan (CS) microspheres by coating the CS with polydopamine (PDA), modifying it with biotin-NHS, and conjugating CD271 antibodies. This approach aimed to recruit BMMSCs for in situ bone regeneration (Figure 3A). The CD271/PDA/CS group significantly enhanced BM-MSC recruitment compared to control groups, demonstrating the functionalized microspheres’ effectiveness in attracting stem cells (Figure 3B). Bone regeneration was also significantly improved in the CD271/PDA/CS group over 6 and 12 weeks, showcasing the scaffold’s potential in promoting bone formation and repair (Figure 3C). Sungkhaphan et al. (2023) developed a CS-based hydrogel loaded with clindamycin and geranylgeraniol for treating MRONJ-B. The hydrogel exhibited prolonged drug release, antibacterial properties, and minimized cytotoxicity induced by zoledronic acid, along with low acute toxicity both in vitro and in vivo. These findings collectively highlight the versatility and promise of CS-based hydrogels in enhancing bone and cartilage regeneration, Given their unique properties and potential uses in tissue engineering and regenerative medicine, these scaffolds show strong commercial viability.
[image: Diagram illustrating a study on bone repair. Panel A depicts a process involving chitosan microspheres modified for biotin and antibody binding, leading to bone defect implantation and recruitment of bone marrow mesenchymal stem cells (BM-MSCs) for differentiation and repair. Panel B shows a line graph with OD values comparing different groups, indicating statistical significance with symbols. Panel C features a bar graph showing bone volume to total volume (BV/TV) percentages at six and twelve weeks, with significant differences marked.]FIGURE 3 | Chitosan microspheres functionalized with CD271 enhance bone regeneration by recruiting bone marrow stromal cells: (A) BM-MSCs are recruited in vivo onto chitosan microspheres functionalized with CD271; (B) The proliferation of BM-MSCs on various microspheres is measured using MTS (*p < 0.05 for CD271/PDA/CS vs. CD271/CS and CS, #p < 0.05 for PDA/CS vs. CD271/CS and CS); (C) The bone volume fraction in the femoral condyle of rats is measured at 6 and 12 weeks (*p < 0.05, **p < 0.01). [Elsevier, 2022, Copyright, Reproduction with Permission (Garske et al., 2020)].
3.3 Alginate
ALG, a linear polysaccharide extracted from brown algae., is recognized for its biocompatibility and ability to form gels. Alginate forms gel structures that can fill bone defects, promoting bone cell proliferation and repair. Its gelation speed and stability can be modified chemically to suit various therapeutic needs and applications (Garske et al., 2020). Guzman et al. (2021) evaluated effects of alginate composites on bone necrosis, focusing on bioactivity and drug release properties in a simulated in vivo environment. Their findings demonstrated that alginate composites effectively promoted bone tissue growth and repair, exhibiting good biocompatibility and controllable drug release. In their investigation into bone tissue creation, Wang et al. (2021) used a unique method that involved apg calcium peroxide (CaO2)/GL oxygen-releasing microspheres in conjunction with 3D-printed porous scaffolds of polycaprolactone/nano-hydroxyapatite (PCL/nHA), combined with hydrogels of ALG and GL, and BMSCs. These microspheres showed promise as a treatment for femoral head necrosis after being implanted in the core decompression area of a model. They released oxygen continuously for up to 19 days, greatly improving bone formation, angiogenesis, and cell survival. Research by Zhao et al. (2022) created an oxidized alginate that can be used to repair bone necrosis with controlled degradation kinetics. With an accelerated breakdown rate and excellent biocompatibility in vitro and in vivo, the hydrogel promoted osteogenic differentiation and BMSC proliferation. Members of the Cui group (Cui et al., 2023). Created a semi-interpenetrating network hydrogel made of ALG/GL without cross-linkers, which exhibited fast gelation (∼150 s) and high mechanical properties (compressive modulus up to 361.3 kPa). The hydrogel showed an improved biomineralization rate (Ca/P ratio ∼1.69) and a self-healing ability of 92%. This method enhanced osteoblast differentiation, proliferation, and activity. Finally, our research shows that alginate-based hydrogels have many potential applications and can enhance bone regeneration. Because of this, they are a viable choice for clinical and bone tissue engineering applications.
In the exploration of osteonecrosis treatments using natural polymers, several studies have highlighted the significant potential of combining CS and alginate in new biomaterials for this purpose. Liu et al. (2024) created an antioxidant hydrogel with selenium nanoparticles, carboxymethyl CS, and alginate (SeNPs/CMC/ALG). The hydrogel exhibited robust antioxidant activity, sustained release of selenium nanoparticles, and minimal cytotoxicity. By activating the Wnt/β-catenin pathway, this material, upon implantation following core decompression surgery, it significantly minimized femoral head necrosis while promoting bone regeneration and vessel formation. Xu et al. (2021) developed a composite implant comprising carboxymethyl CS, alginate, BMSCs, and endothelial progenitor cells (EPCs) to address steroid-induced femoral head necrosis. Angiogenesis and bone formation were both greatly improved by co-cultivating BMSC and EPC. As a potential treatment option, these implants greatly improved femoral head necrosis repair in a rabbit model by decreasing adipogenesis and increasing the survival of transplanted cells. de Almeida et al. (2018). Established the safety and efficacy of CS/sodium alginate/hydroxyapatite (Ch/NaALG/Hap) stents in the prevention of osteonecrosis. The stents successfully inhibited jaw necrosis, although they induced some inflammatory responses. An analysis of euthanized experimental rabbits confirmed the safety of the stents regarding liver and kidney function and blood parameters, thereby endorsing their clinical potential for treating jaw necrosis. These studies emphasize the promise of CS and alginate-based hydrogels in osteonecrosis treatment, offering new avenues for bone tissue engineering and clinical use.
4 SYNTHETIC POLYMERS
Synthetic polymers are man-made polymeric biomaterials, typically produced through chemical synthesis from precursor materials. Unlike natural polymers, synthetic polymers typically offer better mechanical strength and chemical durability. However, they may have limited biocompatibility and osteogenic capacity. As a result, in bone tissue engineering, synthetic polymers are frequently combined with other biomaterials or biological therapies to enhance their performance. Common synthetic polymers used in osteonecrosis treatment include PLA, PCL, and PLGA. While numerous studies have demonstrated the therapeutic benefits of synthetic polymers for osteonecrosis (ONFH), clinical applications have yet to be realized. Presented here is a summary of how these three synthetic polymers are applied in the treatment of osteonecrosis.
4.1 Poly-lactic acid
Lactic acid monomers are used to create PLA, a biodegradable polymer. Medical devices and tissue engineering rely on it for a variety of purposes, including the treatment of osteonecrosis, thanks to its structural adaptability, which allows for the modification of its biodegradation rate and mechanical characteristics. Composite scaffolds, which include PLA among other materials, are commonly used to improve osteogenesis.
For instance, Oliveira et al. (2021) developed scaffolds by incorporating PLA with carbon nanotubes, graphene nanoribbons (GNR), and nano-hydroxyapatite (nHA), producing variations such as nHA/PLA, PLA/GNR, and PLA/nHA/GNR. The PLA/nHA/GNR (3%) scaffold demonstrated the best bone regeneration results, but low GNR concentrations (30 μg/mL) were required to avoid cytotoxicity. Guo et al. (2024) incorporated Mg(OH)2 nanoparticles into a PLA scaffold using 3D printing, significantly enhancing the mechanical properties, degradation rate, and bio-mineralization. This PLA/Mg(OH)2 scaffold showed long-term magnesium ion release, promoting osteogenesis. Similarly, Wang et al. (2024b) added β-TCP to PLA, creating a PLA/β-TCP scaffold through 3D printing. This scaffold improved compressive strength, bio-mineralization, and biocompatibility, with largest strength of 52.1 MPa in 10% β-TCP content. In the treatment of osteonecrosis, PLA can also serve as a carrier for biomaterials. Hao et al. (Bahraminasab et al., 2022) developed an adenovirus vector carrying human bone morphogenetic protein 2 (hBMP2) and incorporated it into a nano-hydroxyapatite/recombinant human-like collagen/PLA scaffold (nHA/RHLC/PLA). This composite scaffold significantly promoted bone regeneration in rabbit models. Likewise, Maia-Pinto et al. (2021) used PLA and calcium phosphate to create a biological scaffold loaded with hBMP2, enhancing bone repair and osteoinductivity. Jia et al. (2023) combined PLA with nHA and human acellular amnion (HAAM), producing a scaffold that promoted osteoblast adhesion, proliferation, and differentiation. Bahraminasab et al. (2022) created a PLA/G-nHA scaffold, coated by platelet-rich plasma (PRP), which significantly enhanced bone remodeling on a rat osteonecrosis model.
PLA also has been used as drug delivery system for treating osteonecrosis. Gao et al. (2023) developed a PLA/nHA scaffold loaded vancomycin-based chitosan (CS) hydrogel, offering prolonged antibiotic release and enhanced mechanical properties. Li et al. (2023b) similarly created a VAN/PLGA-PLA/nHA scaffold that effectively inhibited Staphylococcus aureus growth and improved bone defect repair. Additionally, Liu et al. (2022) designed a PLA/GO scaffold loaded with salvianolic acid B (Sal-B) and aspirin (ASA), which demonstrated enhanced hydrophilicity, cell adhesion, and controlled drug release, supporting long-term bone repair.
In summary, PLA-based scaffolds, when combined with various biomaterials and drugs, show significant potential for osteonecrosis treatment, offering potential solutions for bone engineering and regenerative method.
4.2 Polycaprolactone
PCL is a synthetic polymer with excellent biocompatibility and biodegradability, along with desirable softness and plasticity, making it highly suitable for developing intricate biomaterials. Although PCL lacks inherent osteogenic properties, its strong mechanical performance makes it valuable for combining with osteogenic biomaterials in treating osteonecrosis.
PCL is often combined with various materials, including organic and inorganic compounds, metal particles, and biological molecules, to create composite materials for osteonecrosis treatment. Zhou et al. (2023) developed a biomimetic scaffold inspired by a flowerbed design for dual-factor delivery, aimed at promoting vascularization and bone formation (Figure 4A). The DMSN/SrHA@PGP group showed significantly higher bone mineral density (BMD) and bone volume/total volume (BV/TV) at both 8 and 12 weeks (Figure 4B). Micro-CT images showed progressive bone repair in the treated groups (Figure 4C). Histological staining revealed new bone formation in the scaffold area at 8 and 12 weeks (Figure 4D). The DMSN/SrHA@PGP group also had the highest vessel volume, CD31, and HIF-1α expression, indicating improved vascularization and angiogenesis (Figure 4E). A 3D rendering confirmed the extensive vascularization within the scaffold (Figure 4F). Immunofluorescence staining further showed CD31-positive endothelial cells (Figure 4G) and HIF-1α expression (Figure 4H). Kawai et al. (2018) developed a functionally graded PCL/β-TCP scaffold using 3D printing, showing superior bone growth and bone marrow formation in necrotic femoral head tissue, providing a new therapeutic strategy for osteonecrosis. Maia-Pinto et al. (2021) designed a PCL/Willemite (Zn-rich nanoparticles) composite scaffold using 3D printing, which significantly improved osteogenic activity and cell compatibility, providing a novel approach for early-stage osteonecrosis treatment. Saito et al. (2015) created a PCL scaffold loaded with human gingival fibroblasts (HGF) and BMP-7, which significantly enhanced bone growth in mice. Zhang et al. (2014) developed a PCL scaffold coated with indigo-crosslinked GL and rhBMP-2, which promoted osteogenesis and improved bone regeneration in vitro and in a nude mouse model.
[image: Diagram illustrating a study on a biomimetic scaffold for bone reconstruction. Panel A shows images of the scaffold and its interactions. Panels B and E present bar graphs comparing bone density and cell types across different conditions. Panels C and D display X-ray and histology images of bone formation at different stages. Panel F features fluorescent microscopy images showing cell growth on scaffolds. Panels G and H contain additional microscopic views highlighting fluorescently labeled cells. This comprehensive image demonstrates various aspects of scaffold effectiveness and cellular response over time.]FIGURE 4 | DMSNs/SrHA@PGP-enhanced bone healing: (A) Scaffold made by 3D printing and electrospinning, delivering angiogenic and osteogenic agents; (B) Micro-CT for bone density and BV/TV (**p < 0.01, ##p < 0.01, *p < 0.05); (C) Micro-CT scans at 8 and 12 weeks; (D) H&E and Masson staining at 12 weeks (F: fibrous, NB: new bone, S: scaffold); (E) Vessel volume and fluorescence; (F) Micro-CT of vasculature at 4 weeks; (G) CD31 and (H) HIF-1α immunofluorescence. (Reproduced with permission [(Zhang et al., 2014)], Copyright 2023, ACS).
PCL can also serve as a supportive treatment in combination with other therapies. Kong et al. (2022) demonstrated the use of glycerin-modified polycaprolactone (GPCL) combined with zoledronic acid (ZA) for the treatment of osteonecrosis of the femoral head (ONFH) through core decompression (CD). A schematic illustrates the process, where GPCL is injected into the decompressed bone cavity, serving as a means of drug delivery while providing mechanical support to aid in bone regeneration (Figure 5A). The drug release profiles indicate that GPCL facilitates sustained release over a period of 4 days (Figure 5B). Microscopy results show that GPCL supports excellent cell adherence and growth, and a growth curve further confirms that GPCL promotes higher cell proliferation compared to controls (Figures 5C, D). The CD + ZA-GPCL group exhibited a significantly higher relative collagen formation when it came to bone repair (Figure 5E). The CD + ZA-GPCL group also showed significant improvements in additional metrics related to bone regeneration, such as BV/TV, BS/BV, Tb.Th, Tb.N, and Tb. Sp (Figure 5F). Last but not least, specific data points show that the CD + ZA-GPCL group had better bone density and structural integrity, lending credence to these findings (Figure 5G). According to Zhu et al. (2020) treated steroid-induced osteonecrosis in rats with a composite scaffold containing poly-L-lactic acid, poly-lactic-co-glycolic acid, and polycarbonate (PLLA/PLGA/PCL), bone matrix protein-2 (BMP-2), and low-intensity pulsed ultrasound (LIPUS). This scaffold improved bone formation, angiogenesis, and differentiation. Research like this shows how flexible PCL-based materials can be for treating osteonecrosis and encouraging bone regeneration, particularly when mixed with other materials and therapies.
[image: Diagram illustrating osteonecrosis treatment. Left: Human figure with hip joint cutaway, showing osteonecrosis and marrow injection site. Right panels: A) X-ray images of treated joints, B) Histological section of bone, C) Graph displaying treatment results over time, D) Bar graphs and line charts showing various measurements and outcomes related to bone density and treatment efficacy.]FIGURE 5 | CD + ZA-GPC facilitates bone regeneration: (A) Injection methodology; (B) MC3T3-E1 cell proliferation in CD + ZA-GPCL extracts; (C) Cells cultured with GPCL; (D) Proliferation quantification; (E) Collagen; (F) BV/TV, BS/BV, Tb. N, Tb.Th, Tb. Sp in femoral heads; (G) Paired analysis in rabbit femoral heads (*p < 0.05, **p < 0.01, ***p < 0.001). Reproduced with permission [(Nakayama et al., 2017)]; Copyright 2022, Springer Nature.
4.3 Poly-lactic-co-glycolic acid
PLGA is a biodegradable copolymer composed of polylactic acid (PLA) and polyglycolic acid (PGA). It integrates the advantageous characteristics of both components, providing exceptional biocompatibility and degradability, rendering it an appropriate material for medical applications, especially in tissue engineering and drug delivery systems. Modifying the PLA-to-PGA ratio allows for the customization of PLGA’s physicochemical properties to fulfill particular requirements. PLGA has been utilized in multiple methods to address osteonecrosis (Yoon and Chung, 2022; Nakayama et al., 2017).
A promising application of PLGA is in nanomaterials for osteonecrosis treatment. Guan et al. (2024) dFormulated magnetic PLGA nanoparticles (ZOL-PLGA@Yoda1/SPIO NPs) that enhance osteogenesis and angiogenesis. These nanoparticles promote bone regeneration and vascular remodeling by activating Piezo1 channels, resulting in calcium influx and the subsequent activation of the YAP/TAZ and β-catenin pathways (Figure 6A). The ZOL-PLGA@Yoda1/SPIO NPs group markedly enhanced bone volume/total volume (BV/TV) (Figure 6B), bone mineral density (BMD) (Figure 6C), trabecular number (Tb.N) (Figure 6D), and trabecular thickness (Tb.Th) (Figure 6E). The wound healing rate and cellular migration were significantly improved in this cohort (Figures 6F, G). Angiogenesis metrics, including branch points and total vessel length, were also significantly improved (Figures 6H, I). Hassan et al. (2024) optimized PLGA nanoparticles for improved biocompatibility and drug release, significantly enhancing osteonecrosis treatment. Zhou et al. (2024) developed a 3D-printed PLGA/β-TCP/Mg scaffold, which promoted bone regeneration and improved mechanical strength for cranial osteonecrosis. Gu et al. (2024) created a composite scaffold with Ti3C2Tx@PLGA/icariin/β-TCP, where icariin release, regulated by near-infrared response, promoted bone regeneration. Huang et al. (2024) designed an injectable bone cement composed of PLGA, CPC, ALN, and MgO, which inhibited osteoclast activity and promoted osteogenesis in osteonecrotic areas.
[image: Illustration (A) shows a mechanism involving drug release and active migration related to angiogenesis and osteogenesis. Charts (B-I) display bar graphs comparing various parameters such as BV/TV, BMD, Tb.N, Tb.Th, and markers like Ve-Cadherin, Runx-2 in different treatment groups. Groups include ZOL, PLO, ZOL-PLOCA@Yoda1SPIONS, and controls with statistical significance indicated.]FIGURE 6 | ZOL-PLGA@Yoda1/SPIO nanoparticles facilitate bone regeneration: (A) Mechanism of therapy for osteoporotic defects; (B–E) Micro-CT quantification: BV/TV (B), BMD (C), Tb.N (D), Tb.Th (E) (*p < 0.05, **p < 0.01, ***p < 0.001 compared to OVX); (F–I) Wound healing (F), cell migration (G), branch points (H), tube length (I) (*p < 0.05, **p < 0.01, ***p < 0.001 compared to Control, #p < 0.05, ##p < 0.01 compared to Yoda1). Reproduced with permission [(Gu et al., 2024)], Copyright 2023, Wiley-VCH GmbH.
PLGA also contributes significantly in cell therapy. Kessler et al. (2024) used PLGA scaffolds loaded with mouse iPSCs to enhance regeneration in large osteonecrotic areas, providing new avenues for bone regeneration therapy. Rodrigues et al. (2024) manufactured bioresorbable PLGA composite membranes that demonstrated good osteoconductivity and biocompatibility, offering potential for osteonecrosis treatment.
Furthermore, PLGA serves as an effective drug carrier. Fan et al. (2024) developed a PLGA-based scaffold containing pioglitazone-loaded nanospheres, which modulated the immune microenvironment and promoted angiogenesis at osteonecrotic sites. Annaji et al. (2024) designed a 3D-printed PLGA implant scaffold with gradual drug release, enhancing bone regeneration in osteonecrotic areas.
Research has demonstrated the efficacy of combining PLGA with PCL for the treatment of osteonecrosis. Qian et al. (2019) Engineered a silver-modified, collagen-coated electrospun PLGA/PCL scaffold that enhanced antibacterial properties and osteogenic efficacy. Zhou et al. (2018) developed a 3D-printed PCL scaffold infused with PLGA microspheres encapsulating vancomycin, ensuring prolonged antibacterial efficacy. Qian et al. (2016) created PLGA/PCL membranes that significantly promoted osteoblast attachment and growth. Wang et al. (2019) demonstrated that adding octacalcium phosphate (OCP) to PLGA/PCL nanofiber membranes improved osteoinductive abilities and mechanical properties. Won et al. (2016) developed a 3D-printed PCL/PLGA/β-TCP membrane that demonstrated strong bone growth effects and enhanced mechanical properties with wet environments.
In conclusion, PLGA has proven to be a versatile material for osteonecrosis treatment, whether used alone or in combination with other materials like PCL, showcasing considerable promise in osseous tissue engineering and drug transport platform.
5 BONE MARROW MESENCHYMAL STEM CELLS
Promoting bone regeneration is an essential part of treating osteonecrosis. Angiogenesis, matrix production, cell proliferation, and differentiation are all components of bone regeneration. The pluripotency and self-renewal capacities of stem cells, especially BMMSCs, are crucial to this process. Because of their high osteogenic capacity and accessibility, BMMSCs see extensive utilization.
BMMSCs enhance osteogenesis through gene expression regulation. Yang et al. (2023) found that microRNA Let-7a upregulates the Fas/FasL signaling pathway, enhancing autophagy in BMMSCs and improving their osteogenic differentiation capacity, promoting bone formation in osteonecrosis. Ohori-Morita et al. (2022) used neurosphere culture techniques to maintain stem cell characteristics in BMMSCs, ensuring effective osteoblast differentiation after transplantation into a bone defect model.
BMMSCs also regulate the microenvironment to promote osteogenesis. Baron et al. (2023) demonstrated that BMMSCs reduced local inflammation by regulating macrophages and T cells, creating a favorable environment for bone regeneration. Campos Totoli et al. (2023) demonstrated that the sequential injection of BMMSCs alongside adipose-derived stem cells into a rat cranial defect model enhanced the tissue microenvironment, enhancing the osteogenic effect of the combined stem cells. Mastrolia et al. (2022) found that BMMSCs directly promote new bone formation, regulate the necrotic microenvironment, inhibit inflammation, and enhance bone tissue repair. BMMSCs also promote angiogenesis. Deng et al. (2024) demonstrated that BMMSCs increase vascular endothelial growth factor (VEGFA) expression, promoting endothelial cell migration and angiogenesis in osteonecrosis. Hua et al. (2024) discovered that nuclear fibrous membranes improve BMMSC osteogenic differentiation by activating the mitochondrial SIRT3 pathway and promoting vascularized bone repair.
BMMSCs can enhance osteonecrosis treatment when combined with nanomaterials. Zhang et al. (2024) showed that zinc oxide nanowires release zinc ions, which improve BMMSC adhesion, proliferation, and osteogenic differentiation. Lv et al. (2024) demonstrated that melatonin-supported nanofiber scaffolds improve BMMSC mitochondrial function, promoting bone matrix deposition and vascularization.
BMMSCs also show synergy with other cells in osteogenesis. Sawada et al. (2023) showed that co-injection of BMMSCs and BM-DFATs enhanced osteogenic capacity and accelerated bone regeneration. Baek et al. (2022) reported that co-culturing growth plate cells (EGPCs) with BMMSCs significantly increased chondrogenic and osteogenic differentiation markers, improving bone regeneration in osteonecrotic areas, especially in osteoporosis models.
6 DISCUSSION AND OUTLOOK
The diagnosis and medical management of osteonecrosis remain challenging in clinical practice due to its intricate pathological progression and multifactorial origins. Biomaterials possess significant potential for enhancing bone regeneration, offering new avenues for treating osteonecrosis-related conditions when prosthetic replacement is not a therapeutic option. This review offers a comprehensive look at biomaterials, including bioceramics and both natural and synthetic polymers, and stem cell-based approaches, which show potential for improving osteogenesis and angiogenesis. These materials can alter the bone microenvironment, affect cellular functions, and transport bioactive agents to facilitate bone repair. Nonetheless, numerous challenges related to biomaterials must still be addressed before they can be considered standard clinical treatments for osteonecrosis.
First of all, the mechanical properties of biomaterials have to be optimized, mainly for the load-bearing bones. While natural polymers and bioceramics offer excellent biocompatibility and bioactivity, they often fall short in providing the mechanical strength required for supporting high-stress areas. This is what future research on composite biomaterials should address: their adequate mechanical properties would be combined with osteogenic properties, thus allowing these materials to support the process of regeneration without loss of structural integrity.
A very important issue is biomaterial degradation in a controlled manner. The degradation rate must align with the formation of new bone to ensure the material provides adequate support throughout the healing process. If this material degrades too quickly, too little bone may form; if it degrades too slowly, it interferes with natural repair processes. Biomaterials with controllable and predictable degradation rates hold the future for optimization in treating osteonecrosis.
Increased bioactivity was another direction to be developed in the future. Incorporating bioactive ions, growth factors, or other active molecules would significantly improve bioactivity and bone regeneration performance. Trace element doping ventured into using lithium and copper ions, which further improved both bone regeneration and vascular remodeling. Key ongoing research has worked on incorporating potential bioactive agents into biomaterials, thus hastening the healing process in the osteonecrosis therapies more efficiently.
The trend in immunomodulation does seem very promising for this area of research. Indeed, different recent studies have showed the drastic amplification that biomaterials with immune-modulating capabilities-more importantly, those shifting macrophages toward a healing-promoting phenotype-exert on tissue regeneration. In the future, biomaterials for osteonecrosis will arguably be more functional in immune modulation and inflammation reduction, and in creating an environment much more suitable for bone repair.
Personalized therapies and translation into the clinic are the final essential aspects that are to be envisaged from research. The condition varies individually in cause, extent of necrosis, and general health; thus, personalized biomaterials stand as a promising solution in this regard. Advances in 3D printing and biofabrication may, in the future, provide the creation of scaffolds customized to meet the specific needs of each patient. Overcoming major regulatory, manufacturing, challenges will allow the implementation of such advanced materials clinically. Currently, some studies have validated the efficacy and safety of 3D printed personalized materials, but the overall progress of translating these materials into clinical trials remains slow (Dong et al., 2020; Long et al., 2021; Luo et al., 2023; Bai et al., 2025). The main reasons include challenges in technology, production, and regulation. While 3D printing has achieved preliminary success in laboratory and animal models, ensuring the long-term stability, immune response, and compatibility with surrounding tissues in human applications remains an issue to be addressed. Furthermore, the scaling up of production, cost control, and the standardization of production processes that meet clinical needs are not yet fully developed, which limits its widespread application.
To accelerate the translation process, more interdisciplinary collaboration is required, particularly between materials science, clinical medicine, and bioengineering. Conducting large-scale, multi-center clinical trials, especially verifying the effectiveness of personalized treatments in different pathological contexts, will provide stronger evidence for the clinical application of 3D printed personalized materials. At the same time, regulatory agencies should strengthen cooperation with researchers and industry to establish more forward-looking policies and regulations to facilitate the rapid and safe clinical application of new technologies.
AUTHOR CONTRIBUTIONS
DW: Conceptualization, Investigation, Methodology, Writing – original draft. JL: Conceptualization, Visualization, Writing – original draft. YL: Conceptualization, Data curation, Visualization, Writing – original draft. SW: Conceptualization, Investigation, Methodology, Validation, Visualization, Writing – original draft. SD: Conceptualization, Data curation, Writing – original draft. ZL: Conceptualization, Methodology, Visualization, Writing – original draft. SL: Investigation, Validation, Visualization, Writing – original draft. JL: Writing – review and editing. GM: Conceptualization, Supervision, Validation, Writing – review and editing. MZ: Conceptualization, Funding acquisition, Supervision, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This work was financially supported by the Jilin province science and technology development plan item (20210203133SF), the National Natural Science Foundation of China (Grant No. 82202668), the Health Research Talent Special Project of Jilin Province (Grant No. 2022SCZ36).
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

REFERENCES
	 Adhikari, U., Rijal, N. P., Khanal, S., Pai, D., Sankar, J., and Bhattarai, N. (2016). “Magnesium and calcium-containing scaffolds for bone tissue regeneration”, , in Proceedings of the asme international mechanical engineering congress and exposition , New York: American Society of Mechanical Engineers14, V014T11A021. doi:10.1115/imece2016-66835
	 Alicka, M., Sobierajska, P., Kornicka, K., Wiglusz, R. J., and Marycz, K. (2019). Lithium ions (Li+) and nanohydroxyapatite (nHAp) doped with Li+ enhance expression of late osteogenic markers in adipose-derived stem cells. Potential Theranostic application of nHAp doped with Li+ and Co-doped with Europium (III) and samarium (III) ions. Mater. Sci. Eng. C 99, 1257–1273. doi:10.1016/j.msec.2019.02.073
	 Annaji, M., Mita, N., Poudel, I., Boddu, S. H. S., Fasina, O., and Babu, R. J. (2024). Three-dimensional printing of drug-Eluting implantable PLGA scaffolds for bone regeneration. Bioeng. Basel Switz. 11 (3), 259. doi:10.3390/bioengineering11030259
	 Assouline-Dayan, Y., Chang, C., Greenspan, A., Shoenfeld, Y., and Gershwin, M. E. (2002). Pathogenesis and natural history of osteonecrosis. Semin. Arthritis Rheum. 32 (2), 94–124. doi:10.1053/sarh.2002.3202094
	 Baek, I., Bello, A. B., Jeon, J., Arai, Y., Cha, B.-H., Kim, B. J., et al. (2022). Therapeutic potential of Epiphyseal growth plate cells for bone regeneration in an osteoporosis model. J. TISSUE Eng. 13, 20417314221116754. doi:10.1177/20417314221116754
	 Bahraminasab, M., Doostmohammadi, N., Talebi, A., Arab, S., Alizadeh, A., Ghanbari, A., et al. (2022). 3D printed polylactic acid/gelatin-nano-hydroxyapatite/platelet-rich plasma scaffold for critical-sized Skull defect regeneration. Biomed. Eng. OnLine 21, 86. doi:10.1186/s12938-022-01056-w
	 Bai, L., Zhang, X., Shen, W., Wang, P., Yin, X., Liu, J., et al. (2025). Multifunctional scaffold comprising metal–organic framework, hydrogel, and Demineralized bone matrix for the treatment of steroid-induced femoral head necrosis. Small 21 (3), 2407758. doi:10.1002/smll.202407758
	 Bandyopadhyay, A., Bernard, S., Xue, W., and Bose, S. (2006). Calcium phosphate-based Resorbable ceramics:: Influence of MgO, ZnO, and SiO2 Dopants. J. Am. Ceram. Soc. 89 (9), 2675–2688. doi:10.1111/j.1551-2916.2006.01207.x
	 Barcena, A. J. R., Ravi, P., Kundu, S., and Tappa, K. (2024). Emerging Biomedical and clinical applications of 3D-printed poly(lactic acid)-based devices and delivery systems. Bioeng.-BASEL 11 (7), 705. doi:10.3390/bioengineering11070705
	 Baron, M., Drohat, P., Crawford, B., Hornicek, F. J., Best, T. M., and Kouroupis, D. (2023). Mesenchymal stem/stromal cells: immunomodulatory and bone regeneration potential after Tumor Excision in Osteosarcoma patients. Bioeng.-BASEL 10 (10), 1187. doi:10.3390/bioengineering10101187
	 Behere, I., Pardawala, Z., Vaidya, A., Kale, V., and Ingavle, G. (2021). Osteogenic differentiation of an osteoblast precursor cell line using composite PCL-gelatin-nHAp electrospun nanofiber Mesh. Int. J. Polym. Mater. Polym. Biomater. 70 (18), 1281–1295. doi:10.1080/00914037.2020.1767619
	 Bhattacharjee, P., Kundu, B., Naskar, D., Kim, H.-W., Maiti, T. K., Bhattacharya, D., et al. (2017). Silk scaffolds in bone tissue engineering: an Overview. Acta Biomater. 63, 1–17. doi:10.1016/j.actbio.2017.09.027
	 Bochicchio, B., Barbaro, K., De Bonis, A., Rau, J., and Pepe, A. (2020). Electrospun poly(d,l-lactide)/gelatin/glass-ceramics Tricomponent Nanofibrous scaffold for bone tissue engineering. J. Biomed. Mater. Res. A 108 (5), 1064–1076. doi:10.1002/jbm.a.36882
	 Cabrejos-Azama, J., Hamdan Alkhraisat, M., Rueda, C., Torres, J., Blanco, L., and Lopez-Cabarcos, E. (2014). Magnesium Substitution in Brushite cements for enhanced bone tissue regeneration. Mater. Sci. Eng. C-Mater. Biol. Appl. 43, 403–410. doi:10.1016/j.msec.2014.06.036
	 Campos Totoli, G. G., Bighetti-Trevisan, R. L., Freitas, G. P., Adolpho, L. F., Golçalves Almeida, A. L., Loyola Barbosa, A. C., et al. (2023). Association of mesenchymal stem cells derived from bone marrow and adipose tissue enhances bone repair in rat calvarial defects. Regen. Med. 18 (5), 377–387. doi:10.2217/rme-2022-0219
	 Cardoso, L. M., de Carvalho, A. B. G., Anselmi, C., Mahmoud, A. H., Dal-Fabbro, R., Basso, F. G., et al. (2024). Bifunctional naringenin-Laden gelatin Methacryloyl scaffolds with osteogenic and anti-inflammatory properties. Dent. Mater. 40 (9), 1353–1363. doi:10.1016/j.dental.2024.06.019
	 Cavelier, S., and Hutmacher, D. W. (2024). Convergence of 3D printing, Scaffoldomics and bone regeneration: Designing new Toughened biodegradable composites with Weak Interfaces. MRS Commun. 14 (4), 575–585. doi:10.1557/s43579-024-00591-y
	 Cheng, D., Ding, R., Jin, X., Lu, Y., Bao, W., Zhao, Y., et al. (2023). Strontium ion-functionalized nano-hydroxyapatite/chitosan composite microspheres promote osteogenesis and angiogenesis for bone regeneration. ACS Appl. Mater. INTERFACES 15 (16), 19951–19965. doi:10.1021/acsami.3c00655
	 Cui, S., Zhang, S., and Coseri, S. (2023). An injectable and self-healing Cellulose nanofiber-Reinforced alginate hydrogel for bone repair. Carbohydr. Polym. 300, 120243. doi:10.1016/j.carbpol.2022.120243
	 Dai, K., Zhao, F., Zhang, W., Chen, D., Hang, F., Zou, X., et al. (2024). 3D-Printed magnesium-doped micro-nano bioactive glass composite scaffolds repair critical bone defects by promoting osteogenesis, angiogenesis, and immunomodulation. Biomed. Mater. Bristol Engl. 19, 065028. doi:10.1088/1748-605X/ad7e8e
	 Damiri, F., Fatimi, A., Magdalena Musuc, A., Paiva Santos, A. C., Paszkiewicz, S., Igwe Idumah, C., et al. (2024). Nano-hydroxyapatite (nHAp) scaffolds for bone regeneration: Preparation, Characterization and biological applications. J. Drug Deliv. Sci. Technol. 95, 105601. doi:10.1016/j.jddst.2024.105601
	 de Almeida, A. D., Leite, F. G., Chaud, M. V., Rebelo, M. de A., Borges, L. C. F. de S., Viroel, F. J. M., et al. (2018). Safety and efficacy of hydroxyapatite scaffold in the prevention of jaw osteonecrosis in vivo. J. Biomed. Mater. Res. B Appl. Biomater. 106 (5), 1799–1808. doi:10.1002/jbm.b.33995
	 Deng, L., Hou, M., Lv, N., Zhou, Q., Hua, X., Hu, X., et al. (2024). Melatonin-encapsuled silk fibroin electrospun nanofibers promote vascularized bone regeneration through regulation of osteogenesis-angiogenesis Coupling. Mater. TODAY BIO 25, 100985. doi:10.1016/j.mtbio.2024.100985
	 Dong, S., Chen, Y., Yu, L., Lin, K., and Wang, X. (2020). Magnetic Hyperthermia–Synergistic H2 O2 self-sufficient Catalytic suppression of Osteosarcoma with enhanced bone-regeneration bioactivity by 3D-printing composite scaffolds. Adv. Funct. Mater. 30 (4), 1907071. doi:10.1002/adfm.201907071
	 Eugen, G., Claus, M., Anna-Maria, S., Niklas, D., Philipp, S., Andrea, E., et al. (2023). Degradation of 3D-printed magnesium phosphate ceramics in vitro and a Prognosis on their bone regeneration potential. Bioact. Mater. 19, 376–391. doi:10.1016/j.bioactmat.2022.04.015
	 Fan, S., Tan, Y., Yuan, X., Liu, C., Wu, X., Dai, T., et al. (2024). Regulation of the immune microenvironment by pioglitazone-loaded polylactic glycolic acid nanosphere composite scaffolds to promote vascularization and bone regeneration. J. TISSUE Eng. 15, 20417314241231452. doi:10.1177/20417314241231452
	 Firouzeh, A., Shabani, I., Karimi-Soflou, R., and Shabani, A. (2024). Osteogenic potential of adipose stem cells on hydroxyapatite-functionalized decellularized amniotic membrane. COLLOIDS Surf. B-BIOINTERFACES 240, 113974. doi:10.1016/j.colsurfb.2024.113974
	 Fredholm, Y. C., Karpukhina, N., Brauer, D. S., Jones, J. R., Law, R. V., and Hill, R. G. (2012). Influence of strontium for calcium Substitution in bioactive Glasses on degradation, ion release and apatite formation. J. R. Soc. INTERFACE 9 (70), 880–889. doi:10.1098/rsif.2011.0387
	 Gao, X., Xu, Z., Li, S., Cheng, L., Xu, D., Li, L., et al. (2023). Chitosan-vancomycin hydrogel incorporated bone repair scaffold based on Staggered Orthogonal structure: a viable dually controlled drug delivery system. RSC Adv. 13 (6), 3759–3765. doi:10.1039/d2ra07828g
	 Garske, D. S., Schmidt-Bleek, K., Ellinghaus, A., Dienelt, A., Gu, L., Mooney, D. J., et al. (2020). Alginate hydrogels for in vivo bone regeneration: the immune Competence of the animal model Matters. Tissue Eng. Part A 26 (15–16), 852–862. doi:10.1089/ten.TEA.2019.0310
	 Gholap, A. D., Rojekar, S., Kapare, H. S., Vishwakarma, N., Raikwar, S., Garkal, A., et al. (2024). Chitosan scaffolds: Expanding Horizons in Biomedical applications. Carbohydr. Polym. 323, 121394. doi:10.1016/j.carbpol.2023.121394
	 Gu, C., Chen, H., Zhao, Y., Xi, H., Tan, X., Xue, P., et al. (2024). Ti3C2Tx@PLGA/Icaritin microspheres-modified PLGA/β-TCP scaffolds modulate Icaritin release to enhance bone regeneration through near-infrared response. Biomed. Mater. 19 (5), 055038. doi:10.1088/1748-605X/ad6dc9
	 Gu, Y., Zhang, J., Zhang, X., Liang, G., Xu, T., and Niu, W. (2019). Three-dimensional printed Mg-doped β-TCP bone tissue engineering scaffolds: effects of magnesium ion concentration on osteogenesis and angiogenesis in vitro. TISSUE Eng. Regen. Med. 16 (4), 415–429. doi:10.1007/s13770-019-00192-0
	 Guan, H., Wang, W., Jiang, Z., Zhang, B., Ye, Z., Zheng, J., et al. (2024). Magnetic Aggregation-induced bone-Targeting Nanocarrier with effects of Piezo1 activation and osteogenic-angiogenic Coupling for osteoporotic bone repair. Adv. Mater. Deerf. Beach Fla 36 (13), e2312081. doi:10.1002/adma.202312081
	 Guo, W., Bu, W., Mao, Y., Wang, E., Yang, Y., Liu, C., et al. (2024). Magnesium Hydroxide as a versatile Nanofiller for 3D-printed PLA bone scaffolds. Polymers 16 (2), 198. doi:10.3390/polym16020198
	 Guzman, R. A., Maruyama, M., Moeinzadeh, S., Lui, E., Zhang, N., Storaci, H. W., et al. (2021). The effect of Genetically modified platelet-derived growth factor-BB over-Expressing mesenchymal stromal cells during core decompression for steroid-associated osteonecrosis of the femoral head in rabbits. Stem Cell Res. Ther. 12 (1), 503. doi:10.1186/s13287-021-02572-7
	 Haider, A., Haider, S., Han, S. S., and Kang, I.-K. (2017). Recent advances in the synthesis, functionalization and Biomedical applications of hydroxyapatite: a review. RSC Adv. 7 (13), 7442–7458. doi:10.1039/C6RA26124H
	 Haider, A., Khan, S., Iqbal, D. N., Khan, S. U., Haider, S., Mohammad, K., et al. (2024). Chitosan as a Tool for tissue engineering and Rehabilitation: recent developments and future Perspectives – a review. Int. J. Biol. Macromol. 278, 134172. doi:10.1016/j.ijbiomac.2024.134172
	 Hassan, M., Abdelnabi, H. A., and Mohsin, S. (2024). Harnessing the potential of PLGA nanoparticles for enhanced bone regeneration. Pharmaceutics 16 (2), 273. doi:10.3390/pharmaceutics16020273
	 He, Y., Lu, T., Xu, Z., Ye, J., and Zhang, Y. (2024). Effects of Si/Zn Co-Substitution on the physicochemical properties, in vitro angiogenic potential, and osteogenic activity of β-tricalcium phosphate. Adv. Eng. Mater. 26 (10). doi:10.1002/adem.202302094
	 Hench, L. L., Splinter, R. J., Allen, W. C., and Greenlee, T. K. (1971). Bonding mechanisms at the Interface of ceramic prosthetic materials. J. Biomed. Mater. Res. 5 (6), 117–141. doi:10.1002/jbm.820050611
	 Herrera-Soto, J. A., and Price, C. T. (2011). Core decompression for Juvenile osteonecrosis. Orthop. Clin. North Am. 42 (3), 429–436. doi:10.1016/j.ocl.2011.04.004
	 Hou, W., Liu, J., Wei, W., Zhao, Y., Wu, X., and Dai, H. (2024). All-in-One strategy to Develop a near-infrared Triggered multifunctional bioactive magnesium phosphate bone cement for bone repair. ACTA Biomater. 182, 111–125. doi:10.1016/j.actbio.2024.05.028
	 Hou, X., Zhang, L., Zhou, Z., Luo, X., Wang, T., Zhao, X., et al. (2022). Calcium phosphate-based biomaterials for bone repair. J. Funct. Biomater. 13 (4), 187. doi:10.3390/jfb13040187
	 Hu, J., Shao, J., Huang, G., Zhang, J., and Pan, S. (2023). In vitro and in vivo applications of magnesium-Enriched biomaterials for vascularized osteogenesis in bone tissue engineering: a review of Literature. J. Funct. Biomater. 14 (6), 326. doi:10.3390/jfb14060326
	 Hua, X., Hou, M., Deng, L., Lv, N., Xu, Y., Zhu, X., et al. (2024). Irisin-loaded electrospun core-Shell nanofibers as calvarial Periosteum accelerate vascularized bone regeneration by activating the mitochondrial SIRT3 pathway. Regen. Biomater. 11, rbad096. doi:10.1093/rb/rbad096
	 Huang, L., Cai, P., Bian, M., Yu, J., Xiao, L., Lu, S., et al. (2024). Injectable and high-strength PLGA/CPC loaded ALN/MgO bone cement for bone regeneration by facilitating osteogenesis and inhibiting Osteoclastogenesis in osteoporotic bone defects. Mater. Today Bio 26, 101092. doi:10.1016/j.mtbio.2024.101092
	 Huang, Q., Li, X., Elkhooly, T. A., Liu, X., Zhang, R., Wu, H., et al. (2018). The Cu-containing TiO2 coatings with modulatory effects on macrophage polarization and Bactericidal capacity Prepared by micro-arc oxidation on titanium substrates. Colloids Surf. B Biointerfaces 170, 242–250. doi:10.1016/j.colsurfb.2018.06.020
	 Huang, Q., Ouyang, Z., Tan, Y., Wu, H., and Liu, Y. (2019). Activating macrophages for enhanced osteogenic and Bactericidal performance by Cu ion release from micro/nano-topographical coating on a titanium substrate. ACTA Biomater. 100, 415–426. doi:10.1016/j.actbio.2019.09.030
	 Issa, K., Pivec, R., Kapadia, B. H., Banerjee, S., and Mont, M. A. (2013). Osteonecrosis of the femoral head: the total Hip replacement solution. Bone Jt. J. 95-B (11 Suppl. A), 46–50. doi:10.1302/0301-620X.95B11.32644
	 Janmohammadi, M., Doostmohammadi, N., Bahraminasab, M., Nourbakhsh, M. S., Arab, S., Asgharzade, S., et al. (2024). Evaluation of new bone formation in critical-sized rat calvarial defect using 3D printed polycaprolactone/Tragacanth gum-bioactive glass composite scaffolds. Int. J. Biol. Macromol. 270, 132361. doi:10.1016/j.ijbiomac.2024.132361
	 Jeyachandran, D., Murshed, M., Haglund, L., and Cerruti, M. (2023). A bioglass-poly(lactic-Co-glycolic acid) Scaffold@Fibrin hydrogel construct to support endochondral bone formation. Adv. Healthc. Mater. 12 (25), e2300211. doi:10.1002/adhm.202300211
	 Jia, B., Huang, H., Dong, Z., Ren, X., Lu, Y., Wang, W., et al. (2024). Degradable Biomedical Elastomers: Paving the future of tissue repair and regenerative medicine. Chem. Soc. Rev. 53 (8), 4086–4153. doi:10.1039/D3CS00923H
	 Jia, Z., Ma, H., Liu, J., Yan, X., Liu, T., Cheng, Y. Y., et al. (2023). Preparation and Characterization of polylactic acid/nano hydroxyapatite/nano hydroxyapatite/human acellular amniotic membrane (PLA/nHAp/HAAM) Hybrid scaffold for bone tissue defect repair. Materials 16 (5), 1937. doi:10.3390/ma16051937
	 Jia, Z., Zhu, F., Li, X., Liang, Q., Zhuo, Z., Huang, J., et al. (2019). Repair of Osteochondral defects using injectable chitosan-based hydrogel encapsulated synovial fluid-derived mesenchymal stem cells in a rabbit model. Mater. Sci. Eng. C Mater. Biol. Appl. 99, 541–551. doi:10.1016/j.msec.2019.01.115
	 Kaiser, F., Schroeter, L., Stein, S., Krueger, B., Weichhold, J., Stahlhut, P., et al. (2022). Accelerated bone regeneration through Rational design of magnesium phosphate cements. ACTA Biomater. 145, 358–371. doi:10.1016/j.actbio.2022.04.019
	 Karakeçili, A., Korpayev, S., and Orhan, K. (2022). Optimizing chitosan/collagen type I/nanohydroxyapatite cross-linked porous scaffolds for bone tissue engineering. Appl. Biochem. Biotechnol. 194 (9), 3843–3859. doi:10.1007/s12010-022-03962-0
	 Kargozar, S., Milan, P. B., Amoupour, M., Kermani, F., Gorgani, S., Nazarnezhad, S., et al. (2022). Osteogenic potential of magnesium (Mg)-Doped Multicomponent bioactive glass: in vitro and in vivo animal studies. MATERIALS 15 (1), 318. doi:10.3390/ma15010318
	 Kawai, T., Shanjani, Y., Fazeli, S., Behn, A. W., Okuzu, Y., Goodman, S. B., et al. (2018). Customized, degradable, functionally graded scaffold for potential treatment of early stage osteonecrosis of the femoral head. J. Orthop. Res. 36 (3), 1002–1011. doi:10.1002/jor.23673
	 Kessler, F., Arnke, K., Eggerschwiler, B., Neldner, Y., Marsmann, S., Groninger, O., et al. (2024). Murine iPSC-loaded scaffold grafts improve bone regeneration in critical-size bone defects. Int. J. Mol. Sci. 25 (10), 5555. doi:10.3390/ijms25105555
	 Khan, M. U. A., Aslam, M. A., Bin Abdullah, M. F., Hasan, A., Shah, S. A., and Stojanović, G. M. (2023). Recent Perspective of polymeric biomaterial in tissue engineering– a review. Mater. Today Chem. 34, 101818. doi:10.1016/j.mtchem.2023.101818
	 Kido, H. W., Gabbai-Armelin, P. R., Magri, A. M. P., Fernandes, K. R., Cruz, M. A., Santana, A. F., et al. (2023). Bioglass/collagen scaffolds combined with bone marrow stromal cells on bone healing in an experimental model in cranial defects in rats. J. Biomater. Appl. 37, 1632–1644. doi:10.1177/08853282231163752
	 Kong, N., Yang, H., Tian, R., Liu, G., Li, Y., Guan, H., et al. (2022). An injectable self-Adaptive polymer as a drug carrier for the treatment of Nontraumatic early-stage osteonecrosis of the femoral head. Bone Res. 10 (1), 28. doi:10.1038/s41413-022-00196-y
	 Laskus, A., and Kolmas, J. (2017). Ionic Substitutions in non-apatitic calcium phosphates. Int. J. Mol. Sci. 18 (12), 2542. doi:10.3390/ijms18122542
	 Levengood, S. K. L., and Zhang, M. (2014). Chitosan-based scaffolds for bone tissue engineering. J. Mater. Chem. B 2 (21), 3161–3184. doi:10.1039/c4tb00027g
	 Li, J., Li, K., Du, Y., Tang, X., Liu, C., Cao, S., et al. (2023b). Dual-nozzle 3D printed nano-hydroxyapatite scaffold loaded with vancomycin sustained-release microspheres for enhancing bone regeneration. Int. J. Nanomedicine 18, 307–322. doi:10.2147/IJN.S394366
	 Li, S., Xiaowen, Y., Yang, Y., Liu, L., Sun, Y., Liu, Y., et al. (2023a). Osteogenic and anti-inflammatory effect of the multifunctional Bionic hydrogel scaffold loaded with aspirin and nano-hydroxyapatite. Front. Bioeng. Biotechnol. 11, 1105248. doi:10.3389/fbioe.2023.1105248
	 Li, X. C., Chen, M., Song, W., Liu, W. Z., Li, D., Wang, L., et al. (2024). Synergistic effect of ion release and Micromorphology on biomineralization, cytocompatibility and osteogenesis of Li plus/Na plus exchanged LD glass-ceramic in vitro. Ceram. Int. 50 (4), 6587–6597. doi:10.1016/j.ceramint.2023.11.407
	 Liu, C., Wang, C., Liu, Y., Huang, J., Xu, W., Li, J., et al. (2024). Selenium nanoparticles/carboxymethyl chitosan/alginate antioxidant hydrogel for treating steroid-induced osteonecrosis of the femoral head. Int. J. Pharm. 653, 123929. doi:10.1016/j.ijpharm.2024.123929
	 Liu, S., Li, W., Xu, Z., Hu, J., Wu, F., and Zheng, Y. (2022). Preparation and Synergistic effect of biomimetic poly(lactic acid)/graphene oxide composite scaffolds loaded with dual drugs. Polymers 14 (24), 5348. doi:10.3390/polym14245348
	 Liu, Y., Li, H., Xu, J., TerBush, J., Li, W., Setty, M., et al. (2021). Biodegradable metal-derived magnesium and sodium enhances bone regeneration by angiogenesis aided osteogenesis and regulated biological apatite formation. Chem. Eng. J. 410, 127616. doi:10.1016/j.cej.2020.127616
	 Long, J., Zhang, W., Chen, Y., Teng, B., Liu, B., Li, H., et al. (2021). Multifunctional magnesium incorporated scaffolds by 3D-printing for comprehensive Postsurgical management of Osteosarcoma. Biomaterials 275, 120950. doi:10.1016/j.biomaterials.2021.120950
	 Lowe, B., Ottensmeyer, M. P., Xu, C., He, Y., Ye, Q., and Troulis, M. J. (2019). The regenerative Applicability of bioactive glass and beta-tricalcium phosphate in bone tissue engineering: a Transformation Perspective. J. Funct. Biomater. 10 (1), 16. doi:10.3390/jfb10010016
	 Lukina, Y., Kotov, S., Bionyshev-Abramov, L., Serejnikova, N., Chelmodeev, R., Fadeev, R., et al. (2023). Low-temperature magnesium calcium phosphate ceramics with Adjustable resorption rate. Ceram.-Switz. 6 (1), 168–194. doi:10.3390/ceramics6010011
	 Luo, K., Wang, L., Wang, M.-X., Du, R., Tang, L., Yang, K.-K., et al. (2023). 4D printing of biocompatible scaffolds via in situ Photo-Crosslinking from shape memory Copolyesters. ACS Appl. Mater. Interfaces 15 (37), 44373–44383. doi:10.1021/acsami.3c10747
	 Lv, N., Hou, M., Deng, L., Hua, X., Zhou, X., Liu, H., et al. (2024). A sponge-like nanofiber melatonin-loaded scaffold accelerates vascularized bone regeneration via improving mitochondrial energy metabolism. Mater. TODAY BIO 26, 101078. doi:10.1016/j.mtbio.2024.101078
	 Maia-Pinto, M. O. C., Brochado, A. C. B., Teixeira, B. N., Sartoretto, S. C., Uzeda, M. J., Alves, A. T. N. N., et al. (2021). Biomimetic mineralization on 3D printed PLA scaffolds: on the response of human primary osteoblasts Spheroids and in vivo implantation. Polymers 13 (1), 74. doi:10.3390/polym13010074
	 Mankin, H. J. (1992). Nontraumatic necrosis of bone (osteonecrosis). N. Engl. J. Med. 326 (22), 1473–1479. doi:10.1056/NEJM199205283262206
	 Mastrolia, I., Giorgini, A., Murgia, A., Loschi, P., Petrachi, T., Rasini, V., et al. (2022). Autologous marrow mesenchymal stem cell driving bone regeneration in a rabbit model of femoral head osteonecrosis. Pharmaceutics 14 (10), 2127. doi:10.3390/pharmaceutics14102127
	 Mont, M. A., Jones, L. C., and Hungerford, D. S. (2006). Nontraumatic osteonecrosis of the femoral head: Ten Years later. J. BONE Jt. Surg.-Am. 88A (5), 1117–1132. doi:10.2106/JBJS.E.01041
	 Nakayama, Y., Aihara, K., Cai, Z., Shiono, T., and Tsutsumi, C. (2017). Synthesis and biodegradation of poly(l-lactide-Co-β-Propiolactone). Int. J. Mol. Sci. 18 (6), 1312. doi:10.3390/ijms18061312
	 Obata, A., Iwanaga, N., Terada, A., Jell, G., and Kasuga, T. (2017). Osteoblast-like cell responses to silicate ions released from 45S5-type bioactive glass and Siloxane-doped Vaterite. J. Mater. Sci. 52 (15), 8942–8956. doi:10.1007/s10853-017-1057-y
	 Ohori-Morita, Y., Niibe, K., Limraksasin, P., Nattasit, P., Miao, X., Yamada, M., et al. (2022). Novel mesenchymal stem cell Spheroids with enhanced stem cell characteristics and bone regeneration ability. Stem Cells Transl. Med. 11 (4), 434–449. doi:10.1093/stcltm/szab030
	 Ola, E., Dinescu, S., Dobranici, A.-E., Ginghina, R.-E., Voicu, G., Miha, M., et al. (2024). Osteoblast responsive biosilica-Enriched gelatin Microfibrillar microenvironments. Biomater. Adv. 161, 213894. doi:10.1016/j.bioadv.2024.213894
	 Oliveira, F. C., Carvalho, J. O., Magalhães, L. S. S. M., da Silva, J. M., Pereira, S. R., Gomes Júnior, A. L., et al. (2021). Biomineralization inspired engineering of nanobiomaterials promoting bone repair. Mater. Sci. Eng. C Mater. Biol. Appl. 120, 111776. doi:10.1016/j.msec.2020.111776
	 Pankongadisak, P., Tsekoura, E., Suwantong, O., and Uludag, H. (2020). Electrospun gelatin Matrices with bioactive pDNA polyplexes. Int. J. Biol. Macromol. 149, 296–308. doi:10.1016/j.ijbiomac.2020.01.252
	 Peyravian, N., Milan, P. B., Kebria, M. M., Mashayekhan, S., Ghasemian, M., Amiri, S., et al. (2024). Designing and synthesis of injectable hydrogel based on carboxymethyl Cellulose/carboxymethyl chitosan containing QK peptide for femoral head osteonecrosis healing. Int. J. Biol. Macromol. 270 (Pt 1), 132127. doi:10.1016/j.ijbiomac.2024.132127
	 Qian, Y., Chen, H., Xu, Y., Yang, J., Zhou, X., Zhang, F., et al. (2016). The preosteoblast response of electrospinning PLGA/PCL nanofibers: effects of biomimetic architecture and collagen I. Int. J. NANOMEDICINE 11, 4157–4171. doi:10.2147/IJN.S110577
	 Qian, Y., Zhou, X., Zhang, F., Diekwisch, T. G. H., Luan, X., and Yang, J. (2019). Triple PLGA/PCL scaffold modification including silver impregnation, collagen coating, and electrospinning significantly improve biocompatibility, antimicrobial, and osteogenic properties for Orofacial tissue regeneration. ACS Appl. Mater. INTERFACES 11 (41), 37381–37396. doi:10.1021/acsami.9b07053
	 Qiu, X., Zhuang, M., Yuan, X., Liu, Z., and Wu, W. (2021). Nanocomposite coating of albumin/Li-containing bioactive glass nanospheres promotes osteogenic activity of PEEK. J. Mater. Sci.-Mater. Med. 32 (9), 120. doi:10.1007/s10856-021-06597-5
	 Rajendran, A. K., Anthraper, M. S. J., Hwang, N. S., and Rangasamy, J. (2024). Osteogenesis and angiogenesis promoting bioactive ceramics. Mater. Sci. Eng. r-rep. 159, 100801. doi:10.1016/j.mser.2024.100801
	 Ranganathan, S., Balagangadharan, K., and Selvamurugan, N. (2019). Chitosan and gelatin-based electrospun fibers for bone tissue engineering. Int. J. Biol. Macromol. 133, 354–364. doi:10.1016/j.ijbiomac.2019.04.115
	 Rodrigues, I. C. P., Pereira, K. D., Luchessi, A. D., Lopes, E. S. N., and Gabriel, L. P. (2024). Osteoconductive composite membranes produced by Rotary Jet Spinning bioresorbable PLGA for bone regeneration. J. Biomater. Sci.-Polym. 35, 2597–2610. doi:10.1080/09205063.2024.2386219
	 Saino, E., Grandi, S., Quartarone, E., Maliardi, V., Galli, D., Bloise, N., et al. (2011). In vitro calcified matrix deposition by human osteoblasts onto a zinc-containing bioactive glass. Eur. Cell. Mater 21, 59–72. doi:10.22203/eCM.v021a05
	 Saito, E., Suarez-Gonzalez, D., Murphy, W. L., and Hollister, S. J. (2015). Biomineral coating increases bone formation by ex vivo BMP-7 gene therapy in rapid Prototyped poly(L-lactic acid) (PLLA) and poly(ε-Caprolactone) (PCL) porous scaffolds. Adv. Healthc. Mater. 4 (4), 621–632. doi:10.1002/adhm.201400424
	 Samanta, S. K., Devi, K. B., Das, P., Mukherjee, P., Chanda, A., Roy, M., et al. (2019). Metallic ion doped Tri-calcium phosphate ceramics: effect of Dynamic loading on in vivo bone regeneration. J. Mech. Behav. Biomed. Mater. 96, 227–235. doi:10.1016/j.jmbbm.2019.04.051
	 Samavedi, S., Whittington, A. R., and Goldstein, A. S. (2013). Calcium phosphate ceramics in bone tissue engineering: a review of properties and their influence on cell behavior. Acta Biomater. 9 (9), 8037–8045. doi:10.1016/j.actbio.2013.06.014
	 Sawada, H., Kazama, T., Nagaoka, Y., Arai, Y., Kano, K., Uei, H., et al. (2023). Bone marrow-derived Dedifferentiated Fat cells exhibit similar phenotype as bone marrow mesenchymal stem cells with high osteogenic differentiation and bone regeneration ability. J. Orthop. Surg. 18 (1), 191. doi:10.1186/s13018-023-03678-9
	 Seyler, T. M., Cui, Q., Mihalko, W. M., Mont, M. A., and Saleh, K. J. (2007). Advances in Hip Arthroplasty in the treatment of osteonecrosis. Instr. Course Lect. 56, 221–233.
	 Shendage, S. S., Gaikwad, K., Kachare, K., Kashte, S., and Ghule, A. V. (2024). In vitro and in vivo study of copper-doped bioactive glass for bone regeneration application. Mater. Chem. Phys. 313, 128789. doi:10.1016/j.matchemphys.2023.128789
	 Sultan, A. A., and Mont, M. A. (2019). Core decompression and bone grafting for osteonecrosis of the Talus: a critical analysis of the Current evidence. Foot Ankle Clin. 24 (1), 107–112. doi:10.1016/j.fcl.2018.11.005
	 Sun, H., Guo, Q., Shi, C., McWilliam, R. H., Chen, J., Zhu, C., et al. (2022). CD271 antibody-functionalized microspheres capable of Selective recruitment of reparative Endogenous stem cells for in situ bone regeneration. Biomaterials 280, 121243. doi:10.1016/j.biomaterials.2021.121243
	 Sungkhaphan, P., Thavornyutikarn, B., Muangsanit, P., Kaewkong, P., Kitpakornsanti, S., Pornsuwan, S., et al. (2023). Dual-functional drug delivery system for Bisphosphonate-related osteonecrosis prevention and its Bioinspired releasing model and in vitro Assessment. ACS Omega 8 (29), 26561–26576. doi:10.1021/acsomega.3c03440
	 Tseng, Y.-S., Su, Y.-H., Chen, C.-L., Zhang, J., Wang, C.-K., Hanaor, D. A. H., et al. (2023). Bioceramics in the CaMgSi2O6-Li2O system: a glass-ceramic strategy for excellent mechanical strength and enhanced bioactivity by Spontaneous elemental Redistribution. Adv. Mater. INTERFACES 10 (12). doi:10.1002/admi.202202491
	 Turon, P., Del Valle, L., Alemán, C., and Puiggalí, J. (2017). Biodegradable and biocompatible systems based on hydroxyapatite nanoparticles. Appl. Sci. 7 (1), 60. doi:10.3390/app7010060
	 Varanasi, V. G., Saiz, E., Loomer, P. M., Ancheta, B., Uritani, N., Ho, S. P., et al. (2009). Enhanced Osteocalcin expression by osteoblast-like cells (MC3T3-E1) Exposed to bioactive coating glass (SiO2-CaO-P2O5-MgO-K2O-Na2O system) ions. ACTA Biomater. 5 (9), 3536–3547. doi:10.1016/j.actbio.2009.05.035
	 Wang, B., Ye, X., Chen, G., Zhang, Y., Zeng, Z., Liu, C., et al. (2024b). Fabrication and properties of PLA/β-TCP scaffolds using liquid crystal Display (LCD) Photocuring 3D printing for bone tissue engineering. Front. Bioeng. Biotechnol. 12, 1273541. doi:10.3389/fbioe.2024.1273541
	 Wang, C., Xu, H., Liu, C., Peng, Z., Min, R., Zhang, Z., et al. (2021). CaO2/Gelatin oxygen slow-releasing microspheres facilitate tissue engineering efficiency for the osteonecrosis of femoral head by enhancing the angiogenesis and survival of grafted bone marrow mesenchymal stem cells. Biomater. Sci. 9 (8), 3005–3018. doi:10.1039/d0bm02071k
	 Wang, H., Li, J., Qin, R., Guo, F., Wang, R., Bian, Y., et al. (2024a). Porous gelatin methacrylate gel engineered by freeze-ultraviolet promotes osteogenesis and angiogenesis. ACS Biomater. Sci. Eng. 10 (9), 5764–5773. doi:10.1021/acsbiomaterials.4c00269
	 Wang, Z., Liang, R., Jiang, X., Xie, J., Cai, P., Chen, H., et al. (2019). Electrospun PLGA/PCL/OCP nanofiber membranes promote osteogenic differentiation of mesenchymal stem cells (MSCs). Mater. Sci. Eng. C Mater. Biol. Appl. 104, 109796. doi:10.1016/j.msec.2019.109796
	 Wei, J., Jia, J., Wu, F., Wei, S., Zhou, H., Zhang, H., et al. (2010). Hierarchically microporous/macroporous scaffold of magnesium-calcium phosphate for bone tissue regeneration. BIOMATERIALS 31 (6), 1260–1269. doi:10.1016/j.biomaterials.2009.11.005
	 Weng, L., Boda, S. K., Teusink, M. J., Shuler, F. D., Li, X., and Xie, J. (2017). Binary doping of strontium and copper enhancing osteogenesis and angiogenesis of bioactive glass nanofibers while suppressing osteoclast activity. ACS Appl. Mater. INTERFACES 9 (29), 24484–24496. doi:10.1021/acsami.7b06521
	 Won, J.-Y., Park, C.-Y., Bae, J.-H., Ahn, G., Kim, C., Lim, D.-H., et al. (2016). Evaluation of 3D printed PCL/PLGA/β-TCP versus collagen membranes for Guided bone regeneration in a Beagle implant model. Biomed. Mater. Bristol Engl. 11 (5), 055013. doi:10.1088/1748-6041/11/5/055013
	 Wu, T., Liu, L., Gao, Z., Cui, C., Fan, C., Liu, Y., et al. (2023b). Extracellular matrix (ECM)-Inspired high-strength gelatin-alginate based hydrogels for bone repair. Biomater. Sci. 11 (8), 2877–2885. doi:10.1039/d3bm00213f
	 Wu, Y., Huo, S., Liu, S., Hong, Q., Wang, Y., and Lyu, Z. (2023a). Cu-Sr bilayer bioactive glass nanoparticles/polydopamine functionalized Polyetheretherketone enhances osteogenic activity and prevents implant-associated Infections through Spatiotemporal immunomodulation. Adv. Healthc. Mater. 12 (32), e2301772. doi:10.1002/adhm.202301772
	 Xiong, W., Yuan, L., Huang, J., Pan, B., Guo, L., Qian, G., et al. (2023). Direct osteogenesis and immunomodulation dual function via sustained release of naringin from the polymer scaffold. J. Mater. Chem. B 11 (45), 10896–10907. doi:10.1039/d3tb01555f
	 Xu, H., Wang, C., Liu, C., Peng, Z., Li, J., Jin, Y., et al. (2021). Cotransplantation of mesenchymal stem cells and endothelial progenitor cells for treating steroid-induced osteonecrosis of the femoral head. Stem Cells Transl. Med. 10 (5), 781–796. doi:10.1002/sctm.20-0346
	 Xu, R.-J., Jin-Jin, M., Yu, X., Zhou, X.-Q., Zhang, J.-Y., Li, Y.-D., et al. (2023). A biphasic calcium phosphate/Acylated methacrylate gelatin composite hydrogel promotes osteogenesis and bone repair. Connect. Tissue Res. 64 (5), 445–456. doi:10.1080/03008207.2023.2212067
	 Yang, S., Gao, J., Chen, M., Sun, Y., Qiao, X., Mao, H., et al. (2023). Let-7a promotes Periodontal bone regeneration of bone marrow mesenchymal stem cell Aggregates via the Fas/FasL-autophagy pathway. J. Cell. Mol. Med. 27 (24), 4056–4068. doi:10.1111/jcmm.17988
	 Yoon, S.-K., and Chung, D.-J. (2022). In vivo degradation studies of PGA-PLA Block copolymer and their Histochemical analysis for Spinal-Fixing application. POLYMERS 14 (16), 3322. doi:10.3390/polym14163322
	 Yuan, X., Lu, T., Wu, T., and Ye, J. (2024). Enhancing mechanical property, osteogenesis and angiogenesis of 3D-Plotted β-tricalcium phosphate bioceramic scaffolds incorporated with magnesium silicate: in vitro and in vivo study. J. Eur. Ceram. Soc. 44 (5), 3446–3455. doi:10.1016/j.jeurceramsoc.2023.12.048
	 Zeng, J., Xiong, S., Zhou, J., Wei, P., Guo, K., Wang, F., et al. (2023). Hollow hydroxyapatite microspheres loaded with rhCXCL13 to recruit BMSC for osteogenesis and Synergetic angiogenesis to promote bone regeneration in bone defects. Int. J. NANOMEDICINE 18, 3509–3534. doi:10.2147/IJN.S408905
	 Zhang, Q., Tan, K., Zhang, Y., Ye, Z., Tan, W.-S., and Lang, M. (2014). In situ controlled release of rhBMP-2 in gelatin-coated 3D porous poly(ε-Caprolactone) scaffolds for Homogeneous bone tissue formation. Biomacromolecules 15 (1), 84–94. doi:10.1021/bm401309u
	 Zhang, Y., Li, Z., Guo, B., Wang, Q., Chen, L., Zhu, L., et al. (2024). A zinc oxide Nanowire-modified mineralized collagen scaffold promotes Infectious bone regeneration. Small Weinh. Bergstr. Ger. 20 (19), e2309230. doi:10.1002/smll.202309230
	 Zhao, D., Wang, X., Cheng, B., Yin, M., Hou, Z., Li, X., et al. (2022). Degradation-kinetics-controllable and tissue-regeneration-Matchable Photocross-linked alginate hydrogels for bone repair. ACS Appl. Mater. Interfaces 14 (19), 21886–21905. doi:10.1021/acsami.2c01739
	 Zheng, K., Wu, J., Li, W., Dippold, D., Wan, Y., and Boccaccini, A. R. (2018). Incorporation of Cu-containing bioactive glass nanoparticles in gelatin-coated scaffolds enhances bioactivity and osteogenic activity. ACS Biomater. Sci. Eng. 4 (5), 1546–1557. doi:10.1021/acsbiomaterials.8b00051
	 Zhou, X., Qian, Y., Chen, L., Li, T., Sun, X., Ma, X., et al. (2023). Flowerbed-inspired biomimetic scaffold with rapid Internal tissue Infiltration and vascularization capacity for bone repair. ACS Nano 17 (5), 5140–5156. doi:10.1021/acsnano.3c00598
	 Zhou, X., Sun, J., Wo, K., Wei, H., Lei, H., Zhang, J., et al. (2022). nHA-loaded gelatin/alginate hydrogel with combined physical and bioactive Features for Maxillofacial bone repair. Carbohydr. Polym. 298, 120127. doi:10.1016/j.carbpol.2022.120127
	 Zhou, Y., Hu, J., Li, B., Xia, J., Zhang, T., and Xiong, Z. (2024). Towards the clinical translation of 3D PLGA/β-TCP/Mg composite scaffold for cranial bone regeneration. MATERIALS 17 (2), 352. doi:10.3390/ma17020352
	 Zhou, Z., Yao, Q., Li, L., Zhang, X., Wei, B., Yuan, L., et al. (2018). Antimicrobial activity of 3D-printed poly(ε-Caprolactone) (PCL) composite scaffolds presenting vancomycin-loaded polylactic acid-glycolic acid (PLGA) microspheres. Med. Sci. Monit. 24, 6934–6945. doi:10.12659/MSM.911770
	 Zhu, H., Shi, Z., Cai, X., Yang, X., and Zhou, C. (2020). The combination of PLLA/PLGA/PCL composite scaffolds integrated with BMP-2-loaded microspheres and low-intensity pulsed ultrasound Alleviates steroid-induced osteonecrosis of the femoral head. Exp. Ther. Med. 20 (6), 126. doi:10.3892/etm.2020.9254
	 Zhuang, Y., Liu, A., Jiang, S., Liaqat, U., Lin, K., Sun, W., et al. (2023). Promoting vascularized bone regeneration via strontium-incorporated hydroxyapatite bioceramic. Mater. Des. 234, 112313. doi:10.1016/j.matdes.2023.112313

Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Wang, Li, Liu, Wang, Duan, Liu, Li, Liang, Meng and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


[image: Frontiers in Bioengineering and Biotechnology promotional image featuring text about accelerating therapeutic and technological developments. It highlights the journal's focus on bridging discoveries and applications. A section invites readers to explore the latest research topics with a button labeled "See more." Contact details for Frontiers, including address and phone number, are provided alongside an image of people in a laboratory setting.]


OPS/images/fbioe-12-1338539/fbioe-12-1338539-g005.gif





OPS/images/fbioe-12-1338539/fbioe-12-1338539-t001.jpg
Photothermal conversion efficiency

References

3060% Lin et al. (2017b)
AgTiRC,T, 49.9% Zhu et al. (2020)
Modified Ti,C, T, 58.3% Liu et al. (2017b)
Bi,S,/TiyC,Ty 35.43% Liet al. (2021)
AgSITILC, 27.80% W et al. (2021a)
LPFEG-Mxene 40.79% Riaz et al. (2023)
Ti,C;@PDA 423% Li et al. (2022¢)
GdW,4@ TisC, 21.9% Zong et al. (2018)
MXene@Fe;0,/Au/PDA 48.70% Liu et al. (2022)
MXene@Ag@PDA 43.80% Liu et al. (2023b)
MXene@AgAU@PDA 66.60% Liu et al. (2023b)
Nb,C 286% Han et al. (2018)
MnOy/TaCy 349% Dai et al. (2017)






OPS/images/fbioe-12-1338539/fbioe-12-1338539-t002.jpg
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TisCaTx LIF/HCI | Nano-knife and oxidative stress E. coli and B. subtilis — Antibacterial film or coating  Rasool et al.
reactive (2016)
Nb,CT, and HE Nano-knife and oxidative stress E. coli and S. aureus - Bacteriostatic applications Pandey et al.
Nb,C,T, reactive (2020)
TiCaTy LiF/HCI | Nano-knife and oxidative stress E. coli and B. subtilis — Antibacterial film for sewage  Rasool et al.
reactive treatment (2017)
Ti,CTy LiF/HCI Nano-knife E. coli and S. aureus - Skin infection wound healing  Mayerberger et al.
(2018)
BiyS3/TisC,T HE PDT and PTT and oxidative E. coli and S. aureus 0.7 W/em?, | Infection wound healing Liet al. (2021)
stress reactive 10 min
MXene- LIF/HCI | Nano-knife and oxidative stress E. coli and S. aureus - Bacterial infection treatment  Zheng et al.
AuNCs reactive and ability of Ag+ and defend against the (2020)
biofilm formation
HF PTT E. coli and B. subtilis 15W/em?, | Infection wound healing  Zhu et al. (2020)
15 min
RW/Ti,C,T, | LiF/HCI Nano-knife and PTT and E. coli and S. aureus 0.15 W/en’, | Bacterial infection treatment  Liu et al. (2023a)
oxidative stress reactive 30 min
LPFEG- LiF/HCI Nano-knife and PTT E. coli and S. aureus and P. 20 W/em?, | Bacterial infection treatment  Riaz et al. (2023)
Mxene aeruginosa 5min and wound healing
Ti,C,@PDA HE PTTand the ability of HbO, and E. coli and S. aureus 1OW/em?®, | Infected diabetic wound ~ Li et al. (2022¢)
H,0, 10 min healing
MXene@ LIF/HCI | Nano-knife and magnetolytic- E. coli and S. aureus 20W/em?, | Antibacterial in chemical  Liu et al. (2022)
Fe,0,/ photothermal coupling 6 min industry and environmental
Au/PDA antibacterial treatment
MXene@ LiF/HCI PPT and the ability of Au E. coli and S. aureus 2.0 W/em?, Antibacterial in water Liu et al. (2023b)
AgAu@PDA and Ag 6 min pollution treatment
SCFPEEK- | LiF/HCI PTT E. coli and S. aureus 1.0W/em?, | Orthopedic internal fixation ~ Du et al. (2022)
PDA-Ti;C, Ty 10 min and implant materials
MX-CS LiF/HCI Nano-knife and PTT MRSA 1.6 W/em?, | Treatment of MRSA-infected  Donget al. (2023)
5min diseases
GelMA/p- LiF/HCI Nano-knife and PTT and E. coli and S. aureus 15W/ Individualized treatment of  Nie et al. (2022)
TCP/Alg oxidative stress reactive cm?,10min infected bone defects
MXene
MXene/PVA | LiF/HCI PPT E. coli and S. aureus 15W/em?, | Infected wound healing Li et al. (2022b)
10 min
MXene-PEIS HE Nano-knife and the ability of E. coli and S. aureus — Anti-bacterial and anti-  Zeng et al. (2023)
quaternary ammonium biofouling coating
MTX/Ag LiF/HCl | Nano-knife and PTT and PDT E. coli and S. aureus 20W/em?, | Mildew resistant coating  Qin et al. (2023)
and oxidative stress reactive and 30 min
ability of Ag"
Cu,0/MXene HF Nano-knife and oxidative stress S, aureus and P. aeruginosa - Bacteriostatic applications Wang et al.
reactive and surface plasmon (20200)
resonance (SPR) and the ability
of Cu**
ZnTCPP/ HF PDA and oxidative stress E. coli and S. aureus - Bacterial infection treatment  Cheng et al.
Ti3C2T, reactive and wound healing (2022)
MXene@CeO, | LiF/HCI | Nano-knife and oxidative stress | E. coli and S. aureus and MRSA — Bacterial infection treatment  Zheng et al.
reactive and wound healing (2021)
MXene/Zinc | LIE/HCI Nano-knife and PTT and E. coli and S. aureus 1.5W/em?, | Bacterial infection treatment  Hu et al. (2024)
oxidative stress reactive and 10 min and wound healing
ability of Zn**
Cip-TisC, LiF/HCI Nano-knife and PTT MRSA 10W/em?, | Resistant bacterial infection Zheng et al.
15 min treatment and wound (2022)
healing
d-TiRC,Ty HE Nano-knife Trichoderma - Antifungal application Lim et al. (2020)
AgNP/MXene | LIF/HCI | Nano-knife and ability of Ag" E. coli — Antibacterial film for sewage  Pandey et al.
treatment and water (2018)
purification
HF Nano-knife and PTT E. coli, K. pneumoniae, P. 04W/em?, | Eradicate resistant bacteria ~ Wu et al. (2021b)
aeruginosa, A. baumannii, S. typhi, 20 min and biofilms
Shigella, Burkholderia cepacia,
Enterobacter cloacae, Enterobacter
aerogenes, P. mirabilis, . aureus,
VRE, Enterococcus faccalis,
Streptococcus agalactis, B. subtilis
Ti,CT, HF Nano-knife and oxidative stress E. coli - Photocatalytic and Rajavel et al.
reactive bacteriostatic applications (2021)
LiF/HCI | Nano-knife and oxidative stress E. coli and S. aureus - Solar-Driven Water Zha et al. (2019)
reactive Purification
Ti;C/CoNWs | LIF/HCI | PDT and PTT and oxidative E. coli and S. aureus 15W/em?, | Antibacterial coatings on an  Liu et al. (2021)
stress reactive 20 min orthopedic implant
M-HAS HF Nano-knife and PDT and S. aureus 08 W, Photocatalytic and Lv etal. (2021)
oxidative stress reactive and 30 min bacteriostatic applications
ability of Ag"
CT@TiRC, HE Oxidative stress reactive E. coli and S. aureus and MRSA - Resistant bacterial infection ~ Yu et al. (2023)
and SDT treatment and promote bone
tissue regeneration
PVA/PDA/ | NaF/HCl | PPTand PDT and oxidative E. coli and S. aureus 14W/em?, | Infected wound healing Su et al. (2023)
MXene/Cu$ stress reactive and ability of Cu** 30 min
MZ-8/PLA HF PPD and PPT E. coli and MRSA 10 W/em?, | Treatment of MRSA-infected  Zhang et al.
5min diseases (2021)
MXene/ | LiF/HCI Nano-knife E. coli - Antibacterial coating for  Gong et al. (2021)

PDA/Ni*

wearable electronics






OPS/images/fbioe-12-1336692/crossmark.jpg
©

|





OPS/images/fbioe-12-1338539/fbioe-12-1338539-g001.gif





OPS/images/fbioe-12-1338539/fbioe-12-1338539-g002.gif
MAX s e avred rnary
carides,nitids, and cobonitides
Consiting of ‘M, K, a0 X oy

- [[stectve e etching oniy o the
K layors rom the MAX phase






OPS/images/fbioe-12-1338539/fbioe-12-1338539-g003.gif





OPS/images/fbioe-12-1338539/fbioe-12-1338539-g004.gif





OPS/images/fbioe-11-1289299/math_7.gif





OPS/images/fbioe-12-1338539/crossmark.jpg
©

|





OPS/images/fbioe-12-1505102/fbioe-12-1505102-g005.gif
A coL ‘Go-cor cwrGocoL. B

-






OPS/images/fbioe-12-1505102/fbioe-12-1505102-g004.gif
Go.coL . cuico.coL






OPS/images/fbioe-12-1505102/fbioe-12-1505102-g003.gif





OPS/images/fbioe-12-1505102/fbioe-12-1505102-g002.gif





OPS/images/fbioe-12-1505102/fbioe-12-1505102-g001.gif





OPS/images/fbioe-12-1505102/crossmark.jpg
©

|





OPS/images/fphar-15-1499742/fphar-15-1499742-t001.jpg
Gen
OPN
BSP
COLIAL
BMP2

GAPDH

Forward primer (5'to 3

CCAGCCAAGGACCAACTACA

[ ‘CCGGCCACGCTACTTTCTT
TGACTGGAAGAGCGGAGAGT
TAGTGACTTTTGGCCACGACG
AGACAGCCGCATCTTCTTGT

TACAACCTCCTTGCAGCTCC

Reverse primer (5’ to 3')

AGTGTTTGCTGTAATGCGCC

TGGACTGGAAACCGTTTCAGA

GAATCCATCGGTCATGCTCT

GCTTCCGCTGTTTGTGTTTG

CTTGCCGTGGGTAGAGTCAT

GGATCTTCTGAGGTAGTCAGTC






OPS/images/fphar-15-1499742/fphar-15-1499742-g011.gif
Sustanably atused 0GEA Frsty relessed A ks baceria
promoies bon epai. e bon delcts.

f.v. o ooz e e






OPS/images/fbioe-12-1339450/crossmark.jpg
©

|





OPS/images/fbioe-12-1339450/fbioe-12-1339450-g001.gif





OPS/images/fbioe-12-1339450/fbioe-12-1339450-g002.gif





OPS/images/fbioe-12-1336692/fbioe-12-1336692-g004.gif





OPS/images/fbioe-12-1336692/fbioe-12-1336692-t001.jpg
Pri

s
Mus-HIE-1a-F1
Mus-HIF-1a-R1
Mus-Vegfa-F1
Mus-Vegfa-R1
Mus-ACTIN- FI

Mus-ACTIN- R1

Sequence
ATCAGTTGCCACTTCCCCAC
TTAACCCCATGTATTTGTTCACG
CTACTGCCGTCCGATTGAGA
TGCTGGCTTTGGTGAGGTTT
CTTTGCAGCTCCTTCGTTGC

CCTTCTGACCCATTCCCACC






OPS/images/fbioe-12-1336692/math_qu1.gif





OPS/images/fbioe-12-1336692/math_qu2.gif





OPS/images/fbioe-12-1336692/fbioe-12-1336692-g001.gif
z
£
£
T % e e e oo
aNmCnn
& rBs coxraooy O 1 e
3

ye g





OPS/images/fbioe-12-1336692/fbioe-12-1336692-g002.gif
A Average Tumor Volume: .

i

s
Gron 3 Smars CBAP

ig

Tumor yolume (mm’) @
s

ool B

e (895

verag Tumor Volames

3 [
a2 ao Das us

Group 15 PBS Group 26 30mghg CBNPS
° CBNPs e

o





OPS/images/fbioe-12-1336692/fbioe-12-1336692-g003.gif





OPS/images/fbioe-11-1289299/fbioe-11-1289299-g005.gif





OPS/images/fbioe-11-1289299/fbioe-11-1289299-g006.gif
EeAsoid






OPS/images/fbioe-11-1289299/fbioe-11-1289299-g001.gif
c

3

-
38 00320m
1 |

24mm 24mm

120m

o6 m\m -

Sauare bt 60 um

F w N
Doy
iy

Hollow
Round window membrane.

A
I

B AN






OPS/images/fbioe-11-1289299/fbioe-11-1289299-g002.gif
i | dameter | nign cncer
soecmen | | e o o
W e | B B
160 il |sm |07
o mmm‘ 37 [mss fer
smeo | e | w97 [nss  fwr

o






OPS/images/fbioe-11-1289299/fbioe-11-1289299-g003.gif
= Caver thickness 25 e
ol entoum S e
H £
e P
t T i
i. o

)

Eraerngsin ()

D 1540 1760 190 2200 2020 2680 2360

[ -

‘Raman shift cm™)





OPS/images/fbioe-11-1289299/fbioe-11-1289299-g004.gif
£
£
2






OPS/images/fbioe-12-1355019/math_3.gif
Absorption rate% = —

[©





OPS/images/fbioe-12-1355019/math_4.gif
Weight loss = =St 100%, ()





OPS/images/fbioe-12-1355019/math_5.gif





OPS/images/fbioe-11-1289299/crossmark.jpg
©

|





OPS/images/fbioe-11-1289299/math_6.gif
(6)





OPS/images/fbioe-11-1289299/math_2.gif





OPS/images/fbioe-11-1289299/math_3.gif
(3)






OPS/images/fbioe-11-1289299/math_4.gif
(4)





OPS/images/fbioe-11-1289299/math_5.gif
)






OPS/images/fbioe-11-1289299/fbioe-11-1289299-t001.jpg
Specimen Width cuboid (mm; Diameter of cylinder (mm

8R_1 5.00 3.00 3555
8R2 5.00 | 295 35.15
8R_3 5.00 3.00 3525
16R_1 10.00 585 55.00
16R_2 1005 590 54.85
16R_3 995 [ 590 55.10
32R_1 20.00 1170 95.00
32R2 | 2005 I 1175 94.90
32R_3 20.10 1175 94.90
32R60_1 2035 | 1145 84.80
32R60_2 19.85 1140 85.30
32R60_3 19.90 | 1145 85.20
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Specimen (R) Torsional shear strain rate (s™) Rotational speed (rad/s)

SR 0.001 00238
16R 00183
32R 00158

32R60 00149
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HA-pHLIP Sequence Peg linker MW2  MW2 R, Purity

construct

HA-pHLIP1 YPYDVPDYAGGGGGDNDQNPWRAYLDLLFPTDTLLLDLLW - 4602 4602 163 984
A
HA-Pegl2-pHLIP2  AK[HA-Pegl2] DDQNPWRAYLDLLFPTDTLLLDLLWA Maleimide- 5430 | 5432 | 162 998
Pegl2-NHS
2(HA-Pegl2)-pHLIP3 | AK[HA-Pegl2] QNDDQNK[HA-Peg12] Maleimide- 7871 | 7877 | 146 999
PWRAYLDLLFPTDTLLLDLLWA Pegl2-NHS
2(3xHA-Pegl2)- AK[3xHA-Peg] 2] QNDDQNK[3xHA-Peg12] Maleimide- 12435 | — | 144 9.9
pHLIP3' PWRAYLDLLFPTDTLLLDLLWA Pegl2-NHS
2(HA-Peg24)-pHLIP3  AK[HA-Peg24] QNDDQNK[HA-Peg24] Maleimide- 8926 8939 | 144 9.9
PWRAYLDLLFPTDTLLLDLLWA Peg24-NHS
HA-Pegl2-pHLIP4, vl | (Az)GGK[HA-Pegl2] GGGKPWRAYLELLEPTETLLLELLLA Maleimide- 5409 | 5406 162 92
Pegl2-NHS
HA-Pegl2-pHLIP4,v2  (Az)GGKGGGK[HA-Pegl2]PWRAYLELLEPTETLLLELLLA Maleimide- 5409 | 5408 | 164 924
Pegl2-NHS
2(HA-Pegl2)-pHLIP4 | (AzZ)GGK[HA-Pegl2] GGGK[HA-Pegl2]PWRAYLELLFPTETLLLELLLA Maleimide- 7480 | 7472 | 159 998
Pegl2-NHS
2(HA-Peg24)-pHLIP4 | (Az)GGK[HA-Peg24] GGGK[HA-Peg24]PWRAYLELLFPTETLLLELLLA Maleimide- 8537 | 8524 | 158 99.1
Peg24-NHS
2(HA-Pegl2)-pHLIPS | K(N;)[HA-Pegl2]GGGGGK(N;)[HA-Pegl2] Malemide-Pegl2- | 7902 | 7902 | 161 99.6
PWRAYLELLFPTETLLLELLLA DBCO

*The agent did not provide good signal on masspec.
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HA-pHLIP agel in state |, Il and Il, nm State Il to state Il transition

HA-pHLIP1 352, 350, 339 pK=

5, n=26

HA-Peg12-pHLIP2 [ 352, 350, 340 pK=51,n=18
HA-Pegl2-pHLIP4, v1 347, 343, 337 PK=64,n=17
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Interwall hematoma

‘Thrombotic occlusion of the aorta
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Cases (n=1

Age (years (range) 583 (11.0-83.0)

 Age distribution (years)

40 or younger 16 (12.4%)
41-50 14 (10.9%)
51-60 23 (17.8%)
61-70 54 (41.9%)
71-80 20 (15.5%)
Over 80 2 (1.6%)
Gender

Male 109 (84.5%)
Female 20 (15.5%)

Regional distribution

China 60 (50.4%)
Mediterranean countries 29 (24.4%)
‘The United States 11(92%)
Saudi Arabia 8 (6.7%)
Northern Europe 7 (5.9%)
Iran 4(34%)
Comorbidity
Arteriosclerosis 27 (20.8%)
Smoking history 24 (185%)
Hypertension 21 (16.2%)
Alcoholism 10 (7.7%)
Diabetes 3(23%)
Coronary atherosclerotic heart disease 1(0.8%)
Cerebral infarction 2(15%)
Hyperlipidemia 3 (2.3%)

Epidemiological history

Animal contact 50 (38.5%)
Unpasteurized milk 16 (12.3%)
Occupational exposure 50 (38.5%)

‘ Diagnostic method

Serological test 110 (84.6%)
Positive 104 (94.5%)
Negative 6 (5.5%)
Blood culture test 108 (83.1%)
Positive 64 (59.3%)
Negative 44 (40.7%)
Biopsy culture test 46 (35.4%)
Positive 33 (71.7%)
Negative 13 (28.3%)
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Complication Cases (n = 130)

 Endocarditis 24 (18.5%)
‘ Discitis 13 (10.0%)
‘ Fistula formation 12 (9.2%)
Proas abscess 6(4.6%)
{ Splenic infarction 5 (3.8%)
Thrombosis 4(3.1%)
‘ Remaining 5 (3.8%)
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Antimicrobial
strategies

Photosensitizer (PDT)

Photothermal agent (PTT)

Combination therapy
(PDT + PTT)

Type of material

Cl-Hem

Metal porphyrin-based
photosensitizer

Gold nanoparticles (GNRs)

Graphene Oxide (GO)

Molecular cationization
strategy (IND-Cy7
(Py)-TCF)

Carbon nanotube-zinc
phthalocyanine complex

Gold nanoparticle
porphyrin complex

Microbial targets

Staphylococcus aureus,
Streptococeus epidermidis

Methicillin-resistant
Staphylococcus aureus (MRSA),

Escherichia coli

Staphylococcus aureus, E. coli

Pseudomonas aeruginosa,
Staphylococcus aureus

Escherichia coli and MRSA

Pseudomonas aeruginosa

MRSA

Summary of results

Under 640 nm laser irradiation, 50 pg/mL Cl-Hem
increased the killing rate of Streptococcus
epidermidis by 73%. There is no significant
antimicrobial effect in the absence of light

Under light conditions, the output of reactive
oxygen species increased significantly, and the
sterilization rate reached more than 90%, which had
broad-spectrum antibacterial activity

‘Under 808 nm light, the local temperature increased
to 60°C, and the sterilization rate exceeded 95%.
Enhanced effect when combined with antibiotics

Rapid heating under light can destroy bacterial
‘membranes, with a sterilization rate of more than
90%, and has the effect of resisting biofilm
formation

Combined with photodynamic and photothermal
interactions, the effect of 1 + 1>2 is achieved under
the irradiation of dual light sources, which has a
significant bactericidal effect on drug-resistant
bacteria and biofilm infection

‘The composites exhibited efficient bactericidal
activity under double light, with a sterilization rate
of more than 97%, which effectively inhibited
biofilm regeneration

Under near-infrared light, the bacterial structure is
destroyed by the synergistic action of PDT and

PTT, and the sterilization rate is more than 90%,
and the effect on deep tissue infection is significant

Reference

Atac et al. (2024)

Pujari et al. (2024)

Doveri et al. (2023)

Chao et al. (2023)

Hao et al. (2024)

Wang et al. (2024¢)

Ullah et al. (2024),
Wang et al. (2024c)
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Bioactive
molecules

Characteristics

Functions

Composition of
hydrogels

Applications

References

Drugs

Statins:
Simvastatin;
Atorvastatin

Aspirin

Metformin

Growth factors

Platelet-derived
growth factor
(PDGF)

Stromal
cell-derived factor-
1 (SDE-1)

Bone
‘morphogenetic
protein

family (BMP)

Plant extracts

Berberine

Drugs used to lower blood levels
of low-density lipoprotein
cholesterol and triglycerides

Analgesic and antipyretic

Widely used to treat type It
diabetes

There are 4 PDGF genes that
together form 5 dimeric
isoforms, namely, PDGF-AA,
PDGE-BB, PDGF-CC, PDGE-
DD, and PDGE-AB

Is a small-molecule cytokine
that belongs to the chemokine
protein family

Subfamily of the TGF-p
superfamily

Berberine is an alkaloid that can
be found in many different
plants. It has been used to treat
several conditions, including
cancer, type 2 diabetes, irritable
bowel syndrome, hypertension,
hyperlipidemia, and severe
diarrhea

Inhibits periodontal
inflammation primarily
through ERK, MAPK,
PI3-Akt, and NF-xB
pathways

Activates telomerase
reverse transcriptase or
inhibits tumor necrosis
factor-a and interferon-y
pathways to enhance the
osteogenic potential of
MSCs

Promotes osteogenic
differentiation and bone
formation through AMP
kinase activation.
Regulates the production
of NF-kB

Ligand, encourages the
expression of osteogenic
genes and ALP, reduces
the number of
osteoclasts, and inhibits
osteoclast activity.

Promotes angiogenesis as
well as proliferation and
differentiation of
osteoblasts, which
facilitates bone
formation

Recruits stem cells,
promotes cell
proliferation, and
activates cellular
osteogenic capacity

Induces BMSC
differentiation into
bones, blood vessels,
ligaments, and cartilage

Anti-inflammatory and
osteogenic effects are
exerted through the
PI3K/AKT signaling
pathway

Pyrophosphorolated pluronic
F127

CS, p-Sodium
Glycerophosphate and gelatin

Oridized dextran and
phenylboronic acid-
functionalized poly (ethylene
imine)

Thermosensitive poly (D,
Lactide-co-glycolide)-poly
(ethylene glycol)-poly (D,
L-lactide-co-glycolide)
triblock copolymers

Polyethylene glycol diacrylate

Nap-Phe-Phe-Tyr-OH
(NapFFY) hydrogel

Sodium alginate, CS and -
glycerophosphate

Simvastatin loaded in a
thermosensitive hydrogel
was effective in reducing
inflammation and
preserving periodontal
bones when evaluated in a
rat periodontitis model

Promoted PDLSC
proliferation and osteogenic
differentiation and
improved in situ regrowth of
new bones in a mouse model
with cranial deficiency

Good bone mass recovery
when applied to a diabetic
rat periodontitis model

Promotes PDLSC
proliferation and osteogenic
differentiation and enhances
PDLSC-mediated alveolar
bone regeneration

Promotes the proliferation,
‘migration, and osteogenic
differentiation of PDLSCs

BMP-2 has mainly
osteogenic properties but
may cause tooth
straightening and root
resorption

Promotes alveolar bone
regeneration to a certain
extent

Chen et al. (2021)

Xu et al. (2019), Zhang
et al. (2019, 2022)

Bahrambeig et al.
(2019), Zhao et al.
(2022)

Ammar et al. (2018),
Pan et al. (2019)

Liu et al. (2021, 2022)

Chiu etal. (2013), Kato
et al. (2015), Chien

et al. (2018), Tan et al.
(2019), Zang et al.
(2019)

‘Wang et al. (2023)
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Treatment
type

Chemotherapy
Chemotherapy
Targeted Therapy

Targeted Therapy
Immunotherapy
Immunotherapy

Other Therapy

Other Therapy

Payload

TMZ

Doxorubicin

Cas9 protein, sgRNA

targeting STAT3

VEGE N-terminal epitope

PD-L1 siRNA

CD47 and PD-L1 siRNA

Radiotherapy Sensitizers

Anti-Angiogenic Drugs

PEI NPs

PEG-S$-PLA

Lipid-polymer hybrid NPs

Molecularly imprinted

polymer NPs

Semiconducting polymer

Lipid NPs

Iron Oxide NPs

Gold-PLGA Composite NPs

Advantages

Improved drug delivery efficiency across the BBB and targeted
glioma cells

Enhanced GBM chemotherapy by overcoming drug resistance and
the BBB

Achieved vasculature normalization and immune reprogramming
for GBM treatment

Accumulated in tumor sites due to the elevated VEGF levels in
the TME

Leveraged neutrophils’ natural migration across the BBB to achieve
targeted delivery to glioma sites
Improved transfection efficiency, specific gene silencing

Enhanced radiotherapy sensitivity

Enhanced targeting of tumor blood vessels

Lin etal.
(2024a)

Wang et al.
(2023a)

Zhang et al.
(2024a)

Zhao et al.
(2023)

Ding et al.
(2024)

Liu et al.
(20222)

Tang et al.
(2023)

Zhang et al.
(2022)
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Micelles

Structure

Key characteristics

Spherical, with a hydrophobic | Self-assembled from amphiphilic polymers;

core and hydrophilic shell

capable of encapsulating hydrophobic drugs

Advantages

High drug-loading capacity for hydrophobic
drugs; controlled drug release;
biocompatible

Limitations

Limited stability in vivo;
potential premature drug
release

Dendritic
polymers

Polymer
vesicles

Hydrogels

Highly branched, tree-like
structures

Spherical bilayer structures
resembling liposomes

3D polymeric networks with
high water content

Monodisperse, precise molecular weight,
functionalizable surface

Composed of amphiphilic polymers forming
a bilayer; encapsulate both hydrophilic and
hydrophobic drugs

Hydrophilic, biocompatible, and capable of
encapsulating large molecules

Precise drug loading; high surface area for
functionalization; effective in delivering
nucleic acids or small molecules

Can deliver both water- and oil-soluble

drugs; tunable bilayer thickness and stability

Excellent biocompatibility; ability to release
drugs in response to environmental stimuli

High production cost;
potential cytotoxicity from
unmodified structures

Fragile under shear stress;

possible leakage of drugs

Poor mechanical strength;
potential for burst release

MOFs

Porous, crystalline structures
formed from metal ions and
organic linkers

High surface area, tunable porosity, and
chemical stability

Large drug loading capacity; ability to
protect sensitive drugs (e.g. proteins,
SIRNA); stimuli-responsive release

Metal toxicity concerns;
complex synthesis
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Sensors Composition Function

UCNPs-HOF Sensor PEGDA hydrogel fiber doped with UCNPs A point-of-care sensing probe for quantitative and in situ
‘monitoring of DA
Fingertip L-DOPA Biosensor Sweat-wicking porous hydrogel and Printed Continuously monitor the sweat L-DOPA following the
biosensing electrode administration of L-DOPA -Carbidopa
The catechol-chitosan-diatom hydrogel Plyacrylamide (PAAm) and Polyvinyl alcohol (PVA) | Detect and track low-frequency vibration movements in PD
triboelectric nanogenerator (CCDHG-TENG) | and Catechol-chitosan-diatom hydrogel patients
Combinatorial biophysical cue sensor Silver nanowire (AgNW) and Reduced graphene oxide | Investigate complex interactions of NSCs with biophysical cues and
(rGO) and PEG hydrogel functions of electrical stimuli on their differentiation and neuronal
behaviors
Piezoresistive sensor array Low percolation threshold conductive hydrogel Monitor the hand-grip force, which is not well controlled by
patients with PD
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Hydrogel Noticeable features PD del References
Biomimetic self-assembly hPSCs and GDNF DA neurons (including key subtype A9) increased | 6-OHDA Hunt et al. (2021)
peptide and graft plasticity was enhanced, with significant
improvement in motor deficits at 6 months
COLL Striatum of fetal rat and GDNF Improve the survival of DA cells and the nerve of | 6-OHDA Moriarty et al. (2019)
the striatum
Higher levels of functional recovery
Zn-HA NSCs and BDNF Recombinant DNA and metal chelation techniques | - Nakaji-Hirabayashi
et al. (2009)
Low toxicity
Further optimization of mechanical and cell
adhesion properties
HA hPSCs derived mDA, GDNF, Ephrin- | Improve neuronal survival, innervation, and graft | PD induced by |~ Adil et al. (2018)
B2, and hepatocyte growth dispersion apomorphine
factor (HGF) Reduce PD symptoms
‘Thermo-sensitive xyloglucan VM DA progenitor cells and GDNF | Thermosensitive composite hydrogel 6-OHDA Wang et al. (2016)

hydrogel embedded with
Llactic acid

Low immunogenicity

Enhance graft survival and striatum reinnervation
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Pathways

Protein accession

number

Protein description

(7):]
ratio

p-Value

T orobei matioSetwees gooens C AC. acom + AuAe M DAFMICKE ol B (6. tcaed

ferroptosis AOAIUSCEC2 acyl-CoA synthetase long-chain family member 4 Acsld 167 099
A0A3QUCM7S heat-shock protein 90-alpha Al Hsp90aal 146 0031
TCA cycle (map00020) AOAIU7R004 fumarate-hydratase, mitochondrial Fh 083 0018
86225 isocitrate dehydrogenase (NAD) subunit alpha, 1dh3A 0.70 0036
mitochondrial
Oxidative phosphorylation AOAIU7Q3RS cytochrome b-cl complex subunit Rieske, LOC101839974 082 0027
(map00190) mitochondrial
AOAIU7QK94 cytochrome c oxidase subunit 5A, mitochondrial | LOCI01843749 0.69 0029
ADA3QOCXF4 NADH dehydrogenase (ubiquinone) flavoprotein 2, Ndufv2 076 0013
mitochondrial
Hippo signaling pathway AOATU7R6Z8 14-3-3 protein eta Ywhah 077 0028
(map04390)
AOATUSBRN3 glycogen synthase kinase-3 beta Gsk3b 121 0012
AOAIUSCE17 catenin beta-1 Ctanbl 144 0015
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Hydrogel

Noticeable features

References

a-Syn derived peptide hydrogel

Gelatin-PANI hydrogel

peptide-based nanofibrous hydrogels
(RADAL16-I SAPNS)

RGD and heparin functionalized HA
hydrogels

COLL hydrogel containing integrin-binding
protein complex

Keratin hydrogel

Human mesenchymal stem
cells (hMSCs)

BMSCs

Human dopaminergic
neurons derived from
iPSCs

hPSCs derived neural
progenitor cells

NSCs.

neural stem/progenitor
cells

Non-toxic
Low immune response

Promote the attachment of hMSCs and neuronal
differentiation

Dopaminergic neurons
Increased expression of fiber and neurotrophic factor
‘The behavior of the mice improved significantly

The survival rate of transplanted cells was significantly
improved and the recovery of motor function was
supported

Stiffness promotes midbrain dopaminergic (mDA)
phenotypes required for neuronal maturation, survival,
and long-term maintenance

Biodegradability, the early activity of the NSCs after
transplantation through anti-apoptosis

Physical barrier against inflammatory cell infiltration
and graft cell dislocation

MPTP

MPTP

6-OHDA

Fischer
344 rats

Healthy
nats

Fischer
344 rats

Das et al. (2016)

Xue et al. (2019)

Francis et al. (2019)

Adil et al. (2017)

Nakaji-Hirabayashi
etal. (2013)

Nakaji-Hirabayashi
etal. (2008)

Ormocomp 3D scaffold prepared by alginate
saline gel and microstereolithography

SN4741 cells

Improved mechanical strength, encapsulation of cell
adhesion sites, and prolonged secretion of DA have
clinical applicability

Kang et al. (2014)
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Hydrogel

Therapeutic
agent

Noticeable features

References

Dextran dialdehyde cross-linked gelatin
hydrogel

PVP/PAAC

quaternized chitosan, gelatin and DA

Ethanol and menthol

Pluronic PF127

Chondroitin sulfate (CS), Casein (CAS),
and Silica nanospheres (SiO,)

RP-SLN-C and RP-NLC-C

‘Trimethyl chitosan and sodium alginate

DA

DA

DA

L-DOPA

L-DOPA

L-DOPA

RP

Progesterone

‘The release of DA from the polymer matrix
alleviates behavioral biases in experimental PD

Nanohydrogels can cross the blood-brain barrier

A marked improvement in rigidity

‘The content of DA in striatum was significantly
increased

Improved mitochondrial function in brain tissue
Injectable

In situ encapsulation of anti-inflammatory drugs
and free DA

Good biocompatibility
‘Transdermal delivery

The level of DA increased and reached a stable
state thereafter

Intranasal administration
Improve intracerebral uptake

The control and sustained release of L-DOPA
were facilitated by silica nanospheres

Improve oral and transdermal bioavailability

‘The model rats were improved on biochemical
level

High drug encapsulation rate

Significantly increased progesterone levels in the
brain

6-OHDA

PD induced by reserpine and
rotenone

PD induced by Haloperidol
induces

Healthy rats

Senthilkumar et al.
(2007)

Rashed et al. (2015)

Ren et al. (2017)

Sudo et al. (1998)

Sharma et al. (2014)

Simdo et al. (2020)

Dudhipala and
Gorre (2020)

Cardia et al. (2019)

Collagen and low-molecular-weight Recombinant Tat- | Neuroprotection and behavioral recovery of TH - | 6-OHDA Tunesi et al. (2019)
hyaluronic acid (COLL-LMW HA) Hsp70 positive dopaminergic neurons
Cellulose Nicotine Ultrasound triggers effective release of nicotine | -- Iresha and
Kobayashi (2021)

Poly (N-isopropylacrylamide) Activin B Substantial cell protection, behavioral I-methyl-4- Liet al. (20162)
(PNIPAM) improvement, and good biological tolerance in | phenylpyridinium ion

PD mouse models (MPP?), MPTP
PEG BDNF and GDNF | Patterned hydrogels that target the delivery of  Healthy rats Lampe et al. (2011)

PuraMatrix (A peptide - based self -
assembly matrix)

Semaphorin 3C

neurotrophic factors in time and space

Binding and releasing Semaphorin 3C, and the
delivery guide and promote the axonal growth of
DA neurons

Carballo-Molina
et al. (2016)
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Ratio

Class Mean epilepsy (ng/g) Mean control

ChE 433,758 210,369 2061 <0.001
DHCer 28,644 24,722 1158 0.039
FA 9,892,395 [ 16,805,066 0588 0.005
LPA | 9,243 [ 11,545 0.800 | 0.019
PE 1,559,435 [ 2,316,263 0673 | 0.020
PE-O 244,490 421,404 0580 0.048
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Material

Stem cell therapy

Urine-derived Stem Cells, (Kibschull et al,, 2023)

Adipose-derived Stem Cells, (Knoll et al., 2024)

Bone Marrow-Derived Stem Cells, (Sadeghi et al.,
2020; Jin et al., 2016a)

Dental Pulp-Derived Stem Cells, (Zordani et al,,
2019)

Stem Cell Delivery System, (Wang et al., 2020a)

Extracellular Components

Advantages

Potential for regenerative applications, showcase muscle-
specific protein expression

Potential for significant recovery of urethral sphincter
function, promotes leukocyte infiltration

Alters tissue response to acute injury, improves tissue
function

Effective integration and restoration of urethral sphincter
thickness, promotes blood vessel formation

Improved cell retention, enhanced treatment efficacy

Disadvantages

Technical complexity, variability in patient response

Variability in efficacy, potential for immune response

Requires directed differentiation and sustained release

Potential for immune response, requires precise delivery

methods

Technical complexity, potential for variability in patient
response

Extracellular Matrix Fragments, (Wang et al., 2020b)

Exosomes, (Liu et al,, 2018) (Rolland et al, 2022)
(Zhou et al,, 2021)

Promotes smooth muscle tissue formation, minimally
invasive

Promotes proliferation and differentiation of skeletal
muscle cells, enhances myoblast proliferation

Potential integration issues, variability in patient response

Short hal.lfe, requires continuous release systems

Other Materials

Platelet-rich Plasma, (Lee et al, 2022)
Mesoangioblasts, (Mori da Cunha et al., 2023)
Stromal Vascular Fraction, (Boissier et al., 2016)
(Inoue et al., 2018)

Autologous Muscle Tissue, (Gris et al., 2014)
MicroRNA-29a-3p Inhibition, (Jin et al,, 2016b)
Autologous Skeletal Muscle Precursor Cells,

(Williams et al., 2017; Williams et al., 2016b)

Beta-Chitin Injectable Hydrogel, (Yang et al., 2023)

Rich in growth factors, promotes tissue repair and
rejuvenation

Improves recovery of urethral and vaginal function,
promotes nerve regeneration

Aids anatomical and functional recovery of the urethra
Safe, straightforward surgical method, effective for
uncomplicated SUI

Enhances outcomes of urodynamic tests, promotes
collagen and elastin production

Effective in treating urinary incontinence, promotes
‘muscle regeneration

Provides urethral support, promotes stem cell homing
and differentiation

Variability in efficacy, potential for immune response

Technical complexity, potential for variability in patient
response

Potential for immune response, requires precise delivery
methods

Limited to straightforward cases, potential for variability in
patient response

Requires co-injection with other agents, technical
complexity

Reduced effectiveness in older monkeys, those with higher
body weights, and under psychosocial stress

Technical complexity, potential for variability in patient
response
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Re

Kuhn et al. (2008)

Lightner et al. (2010), Dyer

etal. (2007)

Sundaram et al. (1997)

Mayer et al. (2007)
Chrouser et al. (2004)

Kaufman et al. (1984)

Serati et al. (2019)

Vardar et al. (2019)

Lai et al. (2017)

Sokol et al. (2014)

Year

2007

2007

2010

1997

2007

2004

1984

2023

2019

2017

2014

Object

Human

Human

Human

Human

Human

Human

Human

Rabbit

Rabbit

Human

material

Ethylene Vinyl Alcohol (Tegress™)

Dextranomer/hyaluronic acid copolymer
(Deflux™, Zuidex™)

Glutaraldehyde Rross-Linked collagen
(Contigen™)

Calcium Hydroxylapatite (Coaptite™)
Carbon Coated Beads (Durasphere™)

Polytetrafluoroethylene (Teflon™)
Polydimethylsiloxane (Urolastic™)

Cross-Linked Polydimethylsiloxane
(Macroplastique™)

Pig collagen Protein (Permacol™)
Biomimetic Synthetic materials (Regensling™)

Polyacrylamide Hydrogel (Bulkamid”,
Aquamid™)

Key point

Permanent filling material, good biocompatibility, not prone to
allergies

Poor long-term effect

Poor long-term effect

No adverse reaction
Poor long-term effect

Highly inert materials with excellent chemical resistance, heat
resistance, and low friction coefficient

Safe, effective, and minor complications

Bulk stability and capacity to induce muscle regeneration
Good compliance, milder inflammatory response, stable strength

Beneficial, Long-lasting
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Comparison
aspect

Conservative management

Surgical management

Treatment Methods

Acupuncture and Moxibustion, Pelvic Floor Muscle Training (PEMT),
Yoga, Lifestyle Modifications, Medications (anti-muscarinics, f-
adrenergic agonists, duloxetine, estrogen)

Midurethral sling, Urethral Injection, Uratape, Colposuspension,
Autologous Fascial Sling, Laparoscopic Vaginal Suspension

Effectiveness

Invasiveness

Risks and Complications

Recovery Time

Suitability

Long-term Outcomes

Cost

Evidence Level

Can improve symptoms but may not fully resolve SUI

Non-invasive or minimally invasive

Low risk, mainly related to side effects of medications. Research
methodology improvements needed (randomization, blinding, treatment

interpretation)

No significant recovery time needed

Suitable for mild to moderate SUI or as first-line treatment

May require ongoing management and follow-up. PEMT long-term
benefits with short-term follow-up

Generally lower cost

Mixed evidence, with some treatments needing further research
validation (eg. acupuncture). High-level evidence for PEMT

Generally higher success rates, especially for severe cases
Invasive, involves surgery

Risks of surgical complications (e.g., bladder, intestinal, vascular
injuries)

Requires recovery period; minimally invasive options have shorter

recovery times

Suitable for moderate to severe SUI or when conservative treatments
fail

Long-term improvement with many procedures showing high cure
rates

Higher cost due to surgical procedures

Extensive research supports effectiveness, particularly for MUS






OPS/images/fphar-16-1560462/fphar-16-1560462-g003.gif





OPS/images/fbioe-12-1414323/fbioe-12-1414323-t001.jpg
Induced

Spontaneous

pe Model

Vaginal distension, (Lin et al,, 1998; Phull et al., 2011; Woo et al.,
2009)

Bilateral Ovariectomy, (Kadekawa et al., 2020; Yoshida et al,
2007; Kitta et al, 2016)

Nerve injury, (Damaser et al., 2003; Khorramirouz et al,, 2016;
Furuta et al., 2008; Pinar et al., 2022; Lee et al,, 2004; Lee et al,
2003; Cruz et al,, 2016)

Tissue destruction, (Hong et al., 2013; Kefer et al, 2009)

ZF Rats, (Wang et al., 2017; Lee et al,, 2017)

Gli2; Gli3* " Mice, (Yadav et al., 2023)

ERB™~ Mice, (Hamilton et al., 2017; Chen et al., 2014)

Aged Rats, (Yanai-Inamura et al,, 2019)

Advantage

Simple operation, high
survival rate

Simple operation, high
survival rate

Strong specificity, high
stability

Long-term approach, high
stability

High stability, no need for
post-molding

High stability, no need for
post-molding

High stability, no need for
post-molding

High stability, no need for
post-molding

Shortage

Poor durability

Infection risk, poor stability

Infection risk, operating
difficulty, severe trauma.

Infection risk, severe trauma,
high animal mortality

High cost

High cost

High cost

Poor stability

Application
General SUI studies
Estrogen deficiency, aging
studies

Nerve injury-induced SUT
studies

Surgical efficacy, muscle
nerve regeneration
Transgenic research
Transgenic research

Estrogen receptor B studies

Aging studies
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ADSC ECM Extracellular Matrix Fragments of Adipose Stem Cell Sheets

BMSCS Bone Marrow Mesenchymal Stem Cells
DPSC Dental Pulp Stem Cells

EFS Electric Field Stimulation

ERA Strogen Receptor Alpha

ERB Estrogen Receptor Beta

ES Electrical Stimulation

EUS External Urethral Sphincter

EVA Ethylene Vinyl Alcohol

GAX Glutaraldehyde Cross-Linked

GF Growth Factor

IPSCS Induced Pluripotent Stem Cells
LCE Iquid Crystal Elastomers

LPP Leak Point Pressure

M2-EXO M2 Macrophage-Derived Exosomes
MABS Mesoangioblasts

MUCP Maximum Urethral Closure Pressure
MUS Midurethral Sling

NDO Neurogenic Detrusor Overactivity
OVX Ovariectomy

PD Parkinson’s Disease

PFD Pelvic Floor Dysfunction

PEMT Pelvic Floor Muscle Training
PLGA Polylactic-Glycolic Acid

PNC Pudendal Nerve Crush

Pelvic Nerve Injury

PNL Pudendal Nerve Ligation

PNT Pudendal Nerve Transection

PRP Platelet-Rich Plasma

PTFE Polytetrafluoroethylene

sCI Spinal Cord Injury

skMPC Skeletal Muscle Precursor Cells
SPIO Superparamagnetic Iron Oxide

SUI Stress Urinary Incontinence

SVD Simulated Vaginal Delivery

SVF Stromal Vascular Fraction

TERMS Tissue-Engineered Repair Materials
UBAs Urethral Bulking Agents
USCS-EXO Urine-Derived Stem Cells Exosomes
VD Vaginal Distension

VEGF Vascular Endothelial Growth Factor

ZF Zucker Fatty
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Modification in Types of Receptors Anticancer Cell line/ Key finding References
linker and ligands drugs Targets
lomolecules
MWCNTs - Thiamine/ - Paclitaxel MCE-7 Increased tumor cell (Singh et al,
Riboflavin penetration 2016 (a))
MWCNTs | DMTMM, FITC and Peptide Folate FAR Vinca alkaloide HT-29 Folate, DMTMM, FITC | Fraczyk et al.
CCD841 and and Peptide (2017)
Saos2 Multifunctionalized
MWCNTS enhanced the
cellular uptake in cancer
cells as compared to only
folate functionalized
MWCNTs
MWCNTs Magneto-fluorescent Folate FAR Doxorubicin HeLaand MCF- | Enhanced the chemo- | Zhang et al.
7 cells photothermal (2018)
synergistic therapy by
modified MWCNTSs
with magneto-
fluorescent, which is
helpful to decreased the
growth of tumors
MWCNTs Poly (N-vinyl pyrrole) Folate- FAR Doxorubicin Hela cells Improved the drug Wang et al.
thiolended loading, cell viability and (2017)
polyethylene targeted drug delivery
glycol
MWCNTs Polyethylene glycol Folate- FAR Cisplatin MCF-7 cells | Enhanced the cellular Yang et al.
doxorubicin cytotoxicity by using. (2017)
dual drug combination
MWCNTs | Polyethylene glycol bis amine Folate FAR 5-fluorouracil MCE-7 Reduced cell Kaur et al.
proliferation of MCF-7 (2017)
MWCNTs PEGylation Folate FAR Doxorubicin MCF-7 Improved the bio- Mehra et al.
distribution and (2013)
elimination rate of
doxorubicin
MWCNTs Radiotracer and Folic acid FAR Methotrexate A549 and Enhanced the Das et al.
fluorochrome MCF-7 accumulation of Dox in (2013a)
tumor and decreasing
the tumor growth
MWCNTs Polyethylene glycol Folic acid, FAR Methotrexate, | A549, HeLaand Functionalized (Das et al.
Estradiol Doxorubicin, MCF-7 MWCNTS loaded drugs (2013b)
Paclitaxel enhanced the efficacious
as compared to plain
drugs
MWCNTs - Folate FAR Gemcitabine MCE-7 Improved the Singh et al.
biodistribution and drug (2013)
loading efficiency of
gemcitabine
MWCNTs | poly (acrylic acid) Iron-oxide | Folate-FITC FAR Doxorubicin U87 cells Enhanced the drug  Lu et al. (2012)
magnetic nanoparticle loading efficacy and cell
cytotoxicity
MWCNTs Glycine - FAR Methotrexate MDA-MB- Improved the cell Joshi et al.
231 cells viability, drug loading (2017)
and half-life of
methotrexate
MWCNTs Iron NPs Folic acid FAR Doxorubicin Hela cell Increased the loading  Li et al. (2011)
efficiency and cell
viability
MWCNTs poly (amidoamine) Folic acid- FITC FAR - KB cells Enhanced folate Shi et al. (2009)
dendrimers receptor binding and
reduce the proliferation
of cells
MWCNTs | Oridonin loaded liposome Folic acid FAR Oridonin HepG2 cancer | Enhanced the cellular | Wang et al.
containing microbubbles cell uptake and decreased (2019)
tumor growth
MWCNTs Polyethyleneimine, Folic acid FAR Doxorubicin MCE-7 breast | Improved the receptor  Yan et al. (2018)
fluorescein isothiocyanate, cancer cell binding efficacy and
polyethylene glycol tumor growth inhibition
MWCNTs Chitosan Folic acid FAR Docetaxel/ A549 lung Increased the drug Singh et al.
Coumarin-6 cancer cell loading and reduces (2017)
cancer cell proliferation
MWCNTs Polypyrrole and gold Folic acid FAR Doxorubicin Hela and Inhibited the Wang et al.
nanoparticles H9C2 cancer | proliferation of Hela (2017)
Cells cells and
HYC2 cardiomyoblast
cells
MWCNTs | poly (1-O-methacryloyl-b-D- Folic acid FAR Doxorubicin MDA-MB-231 Enhanced the Ozgen et al.
fructo-pyranose-b-(2- & MCF-7 cells | dispersibility, apoptosis (2020)
methacryloxyethoxy)) and provided dual
benzaldehyde targeted effect in breast
cancer cells
MWCNTs | poly-L-lysine, adipic acid Folic acid FAR Doxorubicin HEK293 & | Improved cell viability = Zhou et al.
HepG2 cells and apoptosis (2022)
MWCNTs - D-a-tocopheryl G1 phase Docetaxel/ A-549 cells | Enhanced the drug (Singh et al,
polyethylene Coumarin 6 loading, cellular uptake 2016 (b))
glycol and inhibited the cell
1000 succinate proliferation
MWCNTs - a-tocopheryl | CD44 receptor Doxorubicin MDA-MB- Increased cellular | Jain et al. (2020)
succinate and 231 breast cells | uptake, drug loading
chondroitin capacity and provided
sulphate pH dependent release
MWCNTs Polyethylenimine Hyaluronic acid- | CD44 receptor Doxorubicin Hela and Enhanced cell (Datir et al,,
Fluorescein 1929 cells proliferation inhibition 2012)
isothiocyanate rate
MWCNTs - Hyaluronic acid | hyaluronan Doxorubicin A549 cells Enhanced cellular | Cao etal. (2015)
receptor uptake and
CD44 receptor targeted
selectivity
MWCNTs | a-Tocopheryl succinate hyaluronic acid | hyaluronan Doxorubicin MDA-MB- | Improved drug loading | Singhai et al.
receptor 231 breast cells | capacity, cytotoxicity (2020)
and dispersibility
MWCNTs - Gonadotrophin - Doxorubicin DU-145 Increased GnRH Chen et al.
hormone receptor binding efficacy (2002)
MWCNTs Chitosan - - Doxorubicin BEL-7402 Improve cell Dong et al.
hepatoma cell | proliferation and cell (2017)
uptake
MWCNTs poly (ethylene glycol) - - Paclitaxel MCF-7, Hela | Developed sustained  Lay et al. (2010)
cells releases
MWCNTs | cis-Pt (1,7-phenanthroline), - - Cisplatin MDA-MB- Developed safe and Rezaei et al.
ferric oxide, poly (ethylene 231 and Hela effective (2018)
glycol), poly (citric acid) cells multifunctionalized
nanocarier, which is
reduces the cell growth
MWCNTs Polyethylene glycol - - Curcumin C6 brain cancer | Improve biocompatible | Allegra et al.
cells and inhibiting brain (2017)
cancer cell growth n
MWCNTs | Poly (acrylic acid)-poly - - Cyclophosphamide Increased sustained | Azqhandi et al.
(ethylene glycol) and methotrexate release (2017)
MWCNTs Piperine - - Docetaxel MDA-MB- | Enhanced cytotoxicity Raza et al.
231 cancer cells | and decreased clearance (2016)
rate
MWCNTs Chitosan - - 5-Fluorouracil MCE-7 breast Improved loading Nivethaa et al.
cancer cells efficacies of drug and (2016)
cancer cell proliferation
MWCNTs Polyethylene glycol - - Doxorubicin HepG2, SH- | Enhanced dispersibility = Pistone et al.
SY5Y and HT- and drug loading (2016)
29 cancer cells capacity
MWCNTs biotinylated chitosan Biotin tyrosine kinase neratinib SKBr3 cell line enhanced the Selim et al.
cytotoxicity as well as (2023)
provided pH depended
on releases
MWCNTs | guanidinylated dendritic - - Doxorubicin HEK293, enhanced the cell | Lyraetal. (2021)
PC3 and cytotoxicity,
DU145 dispersibility as well as
loading capacity
MWCNTs Chitosan Galactose ASGP-R Doxorubicin HepG2 cell Improved the cell Qi etal. (2015)
cytotoxicity,
dispersibility and drug
loading capacity
MWCNTs Ethylene-diamine Galactose - - - Enhanced the aqueous | Jain et al. (2009)
dispersibility
MWCNTs ysine galactose, Lectin receptor Doxorubicin MDAMB231 & | Improved the MWCNTs | Thakur et al.
mannose, lactose MCF7 cells | dispersibility, enhanced (2022)
cell cytotoxicit and Dox
loading efficiency
MWCNTs Poly Lactose-glycine ASGP-R - HEK293, Enhanced dispersibility | Liu et al. (2014)
(diallyldimethylammonium Huh7 cell and accumulation rate
chloride) to the tumor target site
MWCNTSs Ethylene-diamine Fucose ASGP-R Sulfasalazine 1774 cell Decreases cell viability | Gupta et al.
and improved drug (2014)
loading efficacy
MWCNTs Ethylene-diamine Dexamethasone Nuclear Doxorubicin A-549 cells | Improved dispersibility | Lodhi et al.
‘mesylate receptor and cell cytotoxicity (2013)
MWCNTs Ethylene-diamine Glycyrrhizin ASGP-R Doxorubicin HepG2 cells | Decreased cancer cell | Chopdey et al.

Abbreviations: FAR, folic acid receptor or folate receptors; ASGP-R,

I

proliferation (2015)
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Photothermal Immune Effector cells Power and Temperature References

agents checkpoint time
PTT/ICT Au@Pt-LM°P PD-LI CD§* T cells, CD4" T, Tregs 1.5 Wiem?, 565°C Yang et al. (2019)
5 min
PTT/ACT AuNDs@aPD-1 PD-L1 CDS8' T cells, CD4" T, effector | 2.0 W/en?, 593°C He et al. (2022)
memory T cells, Tregs 10 min
PTT/PDT/ICT Au/Ag NRs PD-LL, CTLA-4  CDS8'T cells, effector memory T, = 1.0 W/en, Approx. 55°C Jin et al. (2021)
Tregs 10 min
PTT/ACT AgPP@P@M PD-LI CDS8" T cells, CD4" T cells 0.5 Wiem?, 4944°C £ 045°C | Xiong etal. (2024)
6 min
PTT/ICT AuPtAg-PEG-GOx PD-L1 CD8" T cells, CD4" T cells, Tregs, | 0.7 W/em?, 430C Wang et al. (2022)
‘macrophages 5 min
PTT/ICT/CT Pd-Dox@TGMs PD-LI CD8" T cells, Tregs 0.5 W/, 512C Wen et al. (2019)
5 min
PTT/ACT RBC-MoSe; PD-L1/PD1 CD8" T cells, CD4" T cells, 2.0 Wiem?, 535C He et al. (2019)
‘macrophages 3 min
PTT/ICT MoSe,-DPEG PD-LI CD8" T cells, CD4" T cells, Tregs | 1.0 W/em?, 45°C Huang Z et al.
5 min (2024)
PTT/ICT/CT FPMF@CpG ODN CTLA-4 CD8" T cells, CD4" T cells, 2.0 W/en?, 546°C Zhang X. et al.
effector memory T cells, Tregs 5 min (2019)
PTT/ICT/CT 1-MT-Pt-PPDA@MoS, PD-L1 CD8" T cells, CD4" T cells, Tregs | 1.0 W/em?, 61°C Hu et al. (2021)
5 min
PTT/CT/RT WO, WSe,-PEG PD-LI CDS8* T cells, CD4" T cells 1.0 Wiem?, Approx. 48C  Dong et al. (2020)
8 min
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Photothermal agents Main elements  Wavelength (nm; Power (W/cm Cancer cell type References

Cu@Cu,0@polymer NPs Cu 660 061 Hela | Taietal Qo1g)
MoS,-PEG Mo, § 808 10 4T1 Feng et al. (2015)
BSA-Cu,SeNPs-DOX Cu, Se 808 30 u2s1 Liuet al. (2018)
SnSe-PVP nanorods Sn, Se 808/1,064 10 4T1 Tang Z et al. (2018)
Cu;MoS, NPs Cu, Mo, § [ 808 | 048 Ui [ Chang et al. (2019)
MoSe, Mo, Se 808 20 A375 | Heetal G019)
WS,-PEG W, S 808 05 HeLa Kong et al. (2019)
Bi-MoSe,@PEG-Dox | Bi, Mo, Se 808 [ 20 HepG2 [ Wang et al. (2019)
Au@Se NPs Au, Se 808 10 ui4 Wang et al. (2020)
TiN QDs Ti, N 808/1,064 10 4TI/US7 Shao et al. (2020)
NbS,-PVP Nb, § 808/1,064 15 4TI | SunYetal (2021)
PBPTV@mPEG (CO) Fe 808 25 411 Ma et al. (2022)
Te-PEG NSs Te 808 | 20 4TI Pan et al. (2022)
RRP-MPBA-GNRs Au 808 20 A549, HepG2 Lin et al. (2024)
PyAnOH-Ag Ag 840 15 HepG2 | Huang et al. 2019)
MoO;. NWs Mo, O 980 10 HepG2 He et al. (2024)
Pt-Mn-PEI P, Mn 980 05,07 4T1 Li et al. (2024)
Mo,C Mo, C 1,060 10 Hela Liu et al. (2019)
Zn,-H,Pc/DP NPs Zn 1064 06 MCF-7 Pan et al. (2019)
AuNRS@SiO,-RB@MnO, Au, Si, Mn 1064 10 4T1 Wen et al. (2022)
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Characteristics

Materials

Advantage

Limitation

Percentage of
tumor reduction

References

Category. Treatment

strategy
Single therapeutic | Chemtherapy
stategy

Immunotherapy

Gene therapy

Metabolic therapy

Multple synergia Chemotherapy
therapeutic siategy | +photodynamic
therapy

Chemotherapy +
Immunotherapy

Adhesion Chitosan Pacitaxel Long detention time (more than | No sclectivty | 88% Liu etal. (2018)
10 days)
Floating Poloxamer Gemeitabine Avoid obstructing the urethra | Gas resdue Goo etal. 2021)
Sodium bicarbonate (buoyancy lasts for more than 2 )
Inflration Liposome Pacitaxel Enhanced penetration Noselectivity | —— GuhaSarkar et al.
(@017
Targeting Folic acid liposome | Rapamycin Accurate targeting Stability 8 ‘Yoon etal. (2019)
uncertainty
. Chitosan BCG vaceine Long detention time Poor selectivity | 96% Zhang etal. 013)
Pglycerophosphate
Fe301 magnetic
nanoparticle
— Chitosan-hyaluronic | SIRNA Gene inervention Security 78% Liang et al. (2021)
acid dialdehyde uncertainty
= Hyaluronic acid Iron oxide: Inducing ferroptosis Security a6 Qietal 2021)
uncertainty
— PCLPTSUO-PEG, Doxorubicin,zine | Synergia therapy Sceurity 7% Huang et al. (2018)
phthalocyanine uncertainty
— PDLLAPEGPDLLA | Gemciabine+ Synergia therapy Sceurity — Liu etal. (2024)
(PLEL) TLRY uncertainty
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Type of

source

Plant

Milk

Microbes

Source of
exosome

Target disease

Expected therapeutic outcomes

Ginger Triple-negative breast  Apoptosis, cell cycle arrest, and anti-metastatic effects in TNBC | Anusha etal. (2023)
cancer cellsa
Inflammation © NLRP3 inflammasome activation¥' Chen et al. (2019)
Colitis ® Intestinal barrier functionA Teng et al. (2018)
 Gut microbiota modulation
Intestinal inflammation o Internalizing by the intestine cells Yin et al. (2022)
© LPS-induced inflammation response ¥
Alcohol-induced liver injury | @ Expression of liver detoxifying/antioxidant genes Zhuang et al. (2015)
 Alcohol-induced ROSY
Ginseng, Skin aging ® Senescence-associated molecules V' Cho et al. (2021)

Citrus fruits

Bovine milk

Human milk

Porcine milk

Lactobacillus

Bifidobacterium

Saccharomyces

Wound healing

Glioma

Melanoma

Colitis

Osteoporosis

Inflammatory bowel discase

Colorectal cancer

© Melanogenesis-related proteins¥

® Levels of aging-related genes¥ Choi et al. (2024)
® Protective effects against skin damage caused by UV and oxidative

stress
© Regeneration signal delivery, skin stabilization A Cho et al. (2022)

 Strengthening skin barrier, preventing water loss

@ Cell proliferation and migrationA Yang et al. (2023)
 Expression of wound healing-related gene

® Blood-brain-barrier penetrationA Kim et al. (2023b)
® Tumor microenvironment modulation

o Polarization of M2 to MI1A Cao et al. (2019)
© ROSA— apoptosis of melanoma cellsA

o Longlasting intestinal retention Kim et al. (2023a)
 colon length and wall thickeninga

® Osteoclast differentiation in bone marrow-derived macrophages Seo et al. (2023)
(BMMs)¥
® Diversity of the intestinal floraA Yang et al. (2024)

 Stability the intestinal barrier A

@ Cell growth inhibitory effect via the macropinocytosis pathway | Takakura et al.

(2022)
Lung, colon, and leukemia | Cancer cell proliferation V' Raimondo et al.
cancer  Specifically reaching tumor site (2015)
Oxidative stress-mediated | ® ROSY— antioxidant and anti-inflammatory effects on human Urzi et al. (2023)
disease dermal fibroblasts
Chronic inflammation © Pro-inflammatory cytokines and protein ¥ Raimondo et al.
® Anti-inflammatory molecules A (2022)
Inflammatory bowel disease | ® Inflammatory stimuli¥, tight junction proteinA — restore a Bruno et al. (2021)
functional barrier
Bile stress  Msp protein levels¥ — bile resistance of lactobacilliA Lei et al. (2021)
Osteoporosis ® Proliferation of osteogenic cellsA Go et al. (2021)
 Longitudinal bone growthA
© Bone mineral density of the tibiad
© Reversing bone loss Oliveira et al. (2020)
 Osteoclast presence¥
o StiffnessA.
© Bone mineral density A Yun et al. (2020)
 Bone resorption¥
Colitis ® Internalizing into intestinal cells Reif et al. (2020)
© TGF-p A — therapeutic and anti-inflammatory effect
® Modulating the gut microbiota Benmoussa et al.
® Restoring intestinal impermeability (2019)
© Replenishing mucin secretion
Ulcerative colitis © Preventing colon shortening Tong et al. (2021a)
 Intestinal epithelium disruption¥
 Regulating intestinal immune homeostasis
Modulating microbiome © Modifying intestinal barrier function and immune regulation Tong et al. (2020)
® Altering microbial communities in nonbovine species Zhou et al. (2019)
 Crosstalk between bacterial and animal
Pigmentation  Melanin contents, tyrosinase activity V' Bae and Kim (2021)
* Expression of melanogenesis-related genes¥
Arthritis © Delaying the onset of arthritis Arntz et al. (2015)
 Cartilage pathology and bone marrow inflammation ¥/
 Anticollagen IgG2a levels¥
NEC  Improving mucosal injury, inflammation, and mucous production | Miyake et al. (2020)

Infant immune regulatory

Intestine inflammation

Antimicrobial resistant
infections

® Necrotizing enterocolitis severity¥ Chen et al. (2021)
 Proliferation and migration of IECsA

© Inflammation and injury to the intestinal epithelium¥ He et al. (2021)
® Restoring intestinal tight-junction proteins

@ Incidence and severity of NECY Pisano et al. (2020)
 Protecting IECs from injury

® Anti-CD3-induced IL-2 and IFN-y ¥ Admyre et al. (2007)
T regulatory cella

© Abundant immune-related miRNA Zhou et al. (2012)

® Resistance to harsh conditions— stable delivery to the infant

® Cell inflammation¥' Xie et al. (2019)
 Protecting the IECs

® Expression of host defense genesA Lietal. (2017)
® Provide protective effects on hosts

Colitis

Intestinal inflammation

Hyperinflammatory skin

Skin aging

Ulcerative Colitis

Alcohol-associated liver

disease

Atopic dermatitis

Skin aging

Vaginal infections

Intestinal inflammation

Inflammatory bowel disease

Ulcerative colitis

Depressive symptoms

Allergy

Allergy

Intestinal inflammation

Intestinal inflammation

Cell wall remodeling.

Intestinal inflammation

® Maintaining intestinal cell integrity and tight junction Kang et al. (2020)
 Intestinal Inflammation¥'
 Intestinal barrier functionA

@ More effective modulating the immune system than the bacteria | Vargoorani et al.
themselves (2020)

© Proinflammatory cytokine¥

® Cross talk between gut microbiota

© Correcting the imbalance between M1 and M2 macrophages Kim et al. (2020)
 Anti-inflammatory cytokine and immunomodulatory cytokinesA
© M2 macrophage polarizationA

o Cell proliferationA Jo etal. (2022)
Wrinkle formation and pigmentation¥

® Probiotic function Hao et al. (2021)
 Pro-inflammatory cytokines V'
 Improved the dysregulation of gut microbiota
 Diversity of gut microbiotaA
© Bacterial translocation and endotoxin release¥ Gu etal. (2021)
® Reversing hepatic fat accumulation, liver enzyme elevation,

inflammation, and apoptotic cell death

® Preventive effect on skin inflammation Kim et al. (2018)
 Thickening epidermal ¥

® Restoring the TNF-a-induced epidermal malformation, abnormal | Lee et al. (2023)
proliferation of keratinocytes

© Dermal collagen synthesisa

® Cellular adhesion of lactobacilli, preventing pathogens attachment | Croatti et al. (2022)
 Colonization of beneficial speciesa
 Vaginal homeostasisA

® Maintaining intestinal immune homeostasis Hu et al. (2021a)
© Anti-inflammatory cytokines A

® Maintaining colorectal homeostasis Choi et al. (2020)
® ER stress activation— LPS-induced inflammation¥

© Reshaping the gut microbiota Tong et al. (2021b)
 Altering the metabolism pathways of gut microbiota

® Improving anhedonia and anxiety ¥ Choi et al. (2019a)
® Expression of Bdnf in hippocampal neuronsa.

® Bounding specifically to mast cells Kim et al. (2016)
® Apoptosis of mast cells without affecting T-cell immune responses
 Alleviating food allergy symptoms (eg. diarrhea)

® Polarization of naive T cells into functional Treg cells Lopez et al. (2012)

 Restoring the cytokine balance

© The gut bacterial immune-modulatory effects on the hosta Mandelbaum et al.
 Anti-inflammatory effect (2023)
 Modulating inflammatory responses Rodovalho et al.
® Interaction with the host export through immunomodulatory (2020)

proteins
@ Cell wall remodeling in fungal cells Zhao et al. (2019)

 Rescuing the yeast cells from antifungal molecules

© Antigen presentation activity of dendritic cells¥ Nenciarini et al.
 Delivery of immunomodulatory molecules (2024)
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Substrate Coating Principle Major Limitations Representative Application of

type technology advantages materials universal
strategies
Carbon-based Hydrogel or Coatinga thin filmon | Improves blood Increases production | Albumin collodion, PAA | Lecithin coating to
Polymer Coating | activated carbon compatibility, reduces | cost, requires uniform | hydrogel, PVA enhance
particles carbon particle and stable coating biocompatibility and
shedding functionality
Carbon-based Microcapsule Coating a layer with | Improves shedding | Complex process, Albumin collodion, PMC,  Suitable for porous
Technology strength and and poor blood requires suitable PAA hydrogel ‘materials, controlled
permeability on compatibility of capsule material for release, and targeted
activated carbon carbon particles biocompatibility and delivery
permeability
Carbon-based Mixing Activated | Mixing activated Combines Requires uniform PVA, PAA, PEG Combines advantages
Carbon with carbon powder with  advantages, improves | distribution, precise of different materials,
Polymers other hydrophilic overall performance | control of mixing enhances adsorption
polymers ratio performance
Carbon-based Surface Introducing Provides more Requires precise PEG, silica gel, functional | Combines
Modification or functional groups or | functions and specific | control of component | groups characteristics of
Composite bioactive ligands on | adsorption capacity | ratios and reaction different materials,
Adsorbents activated carbon conditions enhances

functionality and
specific adsorption

Silicon-based Nano-particle Surface modification | High specific surface | Needs further $i0, nanoparticles Tannic acid
Modification of nano-scale area and pore volume, | improvement in derivatives with
$i02 particles good mechanical biocompatibility amino groups to
stability enhance
biocompatibility
Resin-based Human Serum Coating human Improves blood High cost, limited | Polystyrene resin (H103) | Surface modification
Albumin Coating | serum albumin on | compatibility, reduces  albumin source with high molecular
resin surface platelet loss. weight surfactants for
uniform particle
deposition
Resin-based Zwitterionic Encapsulating resin | Excellent Complex coating HI03 resin microparticles | Dopamine-mediated
Polymer Hydrogel | particles in anti- biocompatibility and | preparation process | encapsulated in PCB awitterionic
Coating biofouling anti-fouling ability hydrogel polyelectrolyte
2vitterionic hydrogel coating to reduce
fibrosis and residual
hearing loss
Polymer-based | Molecular Electrospinning High selectivity Limited clinical Bilirubin imprinted Designing high
Imprinting combined with adsorption, good applications, polydopamine/ selectivity adsorbents
Technology molecular imprinting | blood compatibility | relatively few studies | polyethersulfone composite | for specific toxins
to prepare specific ‘materials

recognition sites

Mixed Matrix Embedding Achieving adsorption | Combines Research is still in the | Not specified Exploring integrated
Membranes Adsorbent Particles | by embedding “adsorption” and exploration stage “adsorption” and
in Membranes adsorbent particles | “diffusion”, “diffusion” processes

promising potential

Novel Composite | Inorganic-Organic | Combining inorganic | High adsorption Technology relatively | Collagen (Col) and Col-PEI | Combining
Adsorbents Composites and organic materials | performance and immature, needs microspheres advantages of
for combined excellent blood further research different materials,
advantages compatibility enhances overall
performance
Polysaccharide Chemically Improving adsorption | Excellent Complex Heparin-mimetic Lecithin coating to
Adsorbents Modified selectivity and biocompatibility and | maodification process, | crosslinked beads based on | enhance stability and
Polysaccharide biocompatibility adsorption requires optimization | carboxymethyl chitosan, | functionality
Materials through chemical performance of modification heparin-mimetic gel beads
modification conditions based on carrageenan

PAA, polyacrylic acid; PVA, polyvinyl alcohol; PMC, poly methyl cellulose; PEG, polyethylene glycol.





