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Editorial on the Research Topic 
Pharmaceutical materials for tumor imaging and therapy


1 INTRODUCTION
Biomedicine is undergoing a complete transformation, brought about by the development of nanotechnology. Cancer is a major public health problem worldwide. Therefore, a wide variety of pharmaceutical nanomaterials exhibiting antitumor activities have been designed and prepared for the improvement of human health. In this Research Topic “Pharmaceutical Materials for Tumor Imaging and Therapy”, we focused on diagnostic imaging, available therapies, pharmaco-mechanisms, and pharmacokinetics specific to antitumor pharmaceutical materials. Nine articles are presented and are divided into five themes: 1) imaging-guided therapy, 2) photo-sensitive agent-mediated therapy, 3) gene therapy, 4) pharmacokinetics, and 5) research progress in pharmaceutical materials.
2 IMAGING-GUIDED THERAPY
One article has been published related to imaging-guided therapy. Xin et al. designed and prepared an iodine (I)-rich amphiphilic copolymer, poly(ethylene glycol)-poly(2-hydroxyethyl methacrylate)-I (PEG-PHEMA-I, INA), for computed tomography (CT) imaging–guided photo-dynamic immunotherapy of breast cancer. INA, as a CT contrast agent, successfully illuminated the tumors in CT imaging. Under the guidance of CT imaging, photo-dynamic therapy (PDT) triggered by INA induced immunogenic cell death (ICD) to trigger the release of immune-associated cytokines. Good anticancer efficacy both in vitro and in vivo were obtained.
3 PHOTO-SENSITIVE AGENT-MEDIATED THERAPY
With the rapid development of nanotechnology, various photo-sensitive nano-agents have been added to pharmaceutical nanomaterials. Photo-sensitive nano-agents cover a wide range of materials, such as photo-responsive nanoparticles and photo-sensitizers for photo-thermal or photo-dynamic therapy (PTT/PDT). For example, a series of thermo- and light-responsive copolymers consisting of poly(N-isopropylacrylamide) (PNIPAM) and 6-[4-(4-methoxy phenyl azo)-phenoxyl-hexyl methacrylate) (AzoMA); PNIPAM-b-PAzoMA, were synthesized by Cui et al. via reversible addition-fragmentation chain transfer (RAFT) radical polymerization. PNIPAM-b-PAzoMA was used as a carrier for the delivery of ferroferric oxide (Fe3O4) nanoparticle. The photo-sensitive agent showed no significant cytotoxicity and good stability in physiological environments, demonstrating its potential for cancer therapy.
Wang et al. reported a charge-reversal nanoplatform (chlorin e6-poly(lactic-co-glycolic acid)@polydopamine-poly(allylamine hydrochloride)-dimethyl maleic acid nanoparticle (Ce6-PLGA@PDA-PAH-DMMA NP)), including PDA and Ce6 for enhancing synergistic PTT/PDT. The PAH-DMMA charge-reversal layer enabled Ce6-PLGA@PDA-PAH-DMMA NP to circulate for a long time in the blood at normal physiological condition and to successfully realize charge reversal in a weakly acidic tumor microenvironment, thereby improving cell uptake. This strategy provided a promising approach for the synergistic PTT/PDT for breast cancer.
4 GENE THERAPY
Delving further into the study of cancer pathogenicity mechanisms, researchers have realized that tumors are a type of gene disease. In the past two decades, approximately 1,000 clinical cancer trials based on gene drugs have been conducted. Yang et al. investigated the effects of sulfured polysaccharide from Undaria pinnatifida (SPUP) on the biological behaviors of ovarian cancer cells. The authors found that SPUP inhibited the proliferation, migration, and invasion of ovarian cancer cells, and induced their apoptosis by inhibiting the activation of Hedgehog signaling pathway at the protein level. In light of this discovery, natural products, particularly SPUP may be utilized as gene therapeutic agents for cancer therapy.
5 PHARMACOKINETICS
Doxorubicin (DOX), a potent anthracycline cytotoxic drug, has been routinely used as a frontline chemotherapeutic agent for the treatment of various cancers. The article by Xu et al. reported the molecular dynamic behaviors of free DOX and DOX-conjugated lipid prodrug molecule using molecular dynamics simulations. The authors concluded that free DOX loaded in a nanodisc system experienced rapid dissociation due to the unfavorable orientation of DOX attached to the lipid surface. The authors also investigated the conformational variation of nanodisc components, as well as intermolecular interactions, solvent accessible surface areas, and the flexibility of the individual membrane scaffold protein 1 residue.
A lipiodol nanoformulation, to overcome the drawbacks of interventional embolization chemotherapy, was introduced by Peng et al. The study demonstrated that superstable, homogeneous, and intermixed formulation technology allowed the clever combination of lipiodol and hydrophilic chemotherapeutic drugs to prepare an effective and superstable homogeneous lipiodol and DOX, exhibiting improved clinical transformation and application value.
6 RESEARCH PROGRESS IN PHARMACEUTICAL MATERIALS
This sub-theme covers three reviews related to recent research progress in pharmaceutical materials. For example, Xiao et al. surveyed recent advances in research on polymeric nanoparticles used for controlled cancer drug delivery. This research reviewed the current state of cancer drug loading systems by presenting a series of published articles that highlighted the novelty and functions of a variety of different architectures, including micelles, liposomes, dendrimers, polymersomes, hydrogels, and metal-organic frameworks. This article may contribute to the development of useful polymeric nanoparticles to achieve different therapeutic purposes. Moreover, another article summarized the recent research on lipid nanoparticle (LNP) vehicles, utilized as powerful mRNA delivery tools for mRNA cancer therapy. The formulation components of mRNA-LNPs were discussed, and future challenges and directions were also highlighted. Furthermore, Wang et al. performed a systematic review of inorganic nanomaterials for the prevention and treatment of bacterial infection. Several classical, metal-based, metal-like, and carbon-based nanomaterials, used as PTT agents, were reviewed, and their advantages were discussed and summarized. These discussions may provide valuable suggestions for future research on near-infrared (NIR) photo-thermal conversion inorganic nanomaterials.
7 CONCLUSION
In summary, this Research Topic on “Pharmaceutical Materials for Tumor Imaging and Therapy” presents articles on different types of pharmaceutical materials for diagnosis and treatment of cancers. These articles describe advances in tumor imaging and therapy, highlighting exciting and transformative accomplishments.
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Objective: To investigate the effects of sulfured polysaccharide from Undaria pinnatifida (SPUP) on the biological behaviors of ovarian cancer (OC) cells and its potential mechanism.
Methods: Sulfated polysaccharide from Undaria pinnatifida (SPUP) was extracted and characterized through a combination of chemical analysis, IR spectra, UV-Vis, gas chromatography, and high-performance gel permeation chromatography. OC and human ovarian surface epithelial cells were used as working model in vitro for evaluation of SPUP’s therapeutic effects. A combination of CCK-8, Transwell, and flow cytometry assay was used to measure the proliferation, migration, invasion, and apoptosis of OC cells, respectively. In addition, the protein expression levels of cells were also measured by Western blot.
Results: SPUP suppressed OC development from three different perspectives: 1) SPUP treatment significantly inhibited the proliferation of OC in a dosage-dependent manner (p < 0.05); 2) SPUP inhibited the migration and invasion of OC cells confirmed by scratch and Transwell experiments (p < 0.05); 3) SPUP induced apoptosis in OC cells and thus further inhibited the growth of OC cells evaluated using flow cytometry (p < 0.05). The underlying mechanism of the suppressing effects of SPUP might be related to the inhibition of the hedgehog (Hh) signaling pathway in OC cells after SPUP treatment. With additional suppression of the Hh signaling pathway, the anticancer effects of SPUP were enhanced (p < 0.05).
Conclusion: Taken together, SPUP could inhibit the proliferation, migration, and invasion and induce apoptosis of OC cells by inhibiting the activation of the Hh signaling pathway, which proposes SPUP as a novel drug to treat OC clinically.
Keywords: sulfated polysaccharide from undaria pinnatifida, epithelial ovarian cancer, hedgehog signaling pathway, apoptosis, proliferation, migration, invasion
INTRODUCTION
There are approximately 239,000 new cases of ovarian cancer (OC), the deadliest gynecological tumor in women, developed and 152,000 deaths worldwide every year (Ferlay et al., 2015). Due to the difficulty of early diagnosis and the drug resistance of chemotherapy, OC has become the leading cause of death in patients with gynecological malignant tumors (Torre et al., 2018), among which epithelial OC is the most critical pathological subtype of OC, accounting for 90% of primary ovarian malignant tumors (Mutch and Prat, 2014; Fu et al., 2016). Till now, cytoreductive surgery combined with platinum and paclitaxel-based chemotherapy is the standard treatment strategy for epithelial OC. However, about 70% of patients relapse after the initial treatment and often develop resistance to platinum chemotherapy after recurrence (Chien et al., 2013). OC can metastasize rapidly in a short time and has a high degree of malignancy. Due to the fact that there is no satisfactory treatment for advanced patients, the 5-year survival rate of patients with advanced epithelial OC is only 29% (Reid et al., 2017). Therefore, it is urgent to develop a new, safe, and effective drug with minor side effects to control the progression of OC and reduce patient mortality.
In recent years, natural antitumor polysaccharides have gradually attracted the attention of cancer experts and scholars because of their significant anticancer effects with less toxic and side effects (Zong et al., 2015). It has been reported that polysaccharides could inhibit the proliferation of tumor cells and directly induce apoptosis or trigger immune enhancement activity combined with chemotherapy (Zong et al., 2012; Chowdhury et al., 2015). Undaria pinnatifida (UP), as seafood, is distributed worldwide (Zhou et al., 2015). The main compounds of UP are protein, polysaccharides, and minerals. Further, studies reported that UP had various biological functions, including immune regulation and anticancer (Wu et al., 2019; Yu et al., 2019). Sulfated polysaccharide from Undaria pinnatifida (SPUP), a critical component of US, is a hot research topic especially in the field of cancer treatment. It has been proved that SPUP plays a critical role in anti-breast cancer treatment by inhibiting the proliferation and migration of as well as inducing apoptosis in breast cancer cells (Wu et al., 2019). In addition, other studies have shown that SPUP could be encapsulated into nanoparticles and delivered through injection to inhibit the migration and invasion of pancreatic cancer cells; thus, SPUP was identified as a target drug for pancreatic cancer treatment (Song et al., 2019). However, the effects and activity of SPUP in OC remain unclear and require further studies.
The hedgehog (Hh) signaling pathway plays an important role in determining cell fate including regulating proliferation, migration, and invasion (Liu et al., 2018). It was reported that the aberrant activation of the Hh signaling pathway was associated with tumorigenesis and progression of human cancer (Skoda et al., 2018). In OC, Liu et al. found that DHA could induce apoptosis and inhibit proliferation, migration, and invasion in ovarian cancer cell via suppressing the Hh signaling pathway (Liu et al., 2018). However, there is no study about the effects of SPUP on OC progression.
Taken together, this study aimed to study the effects of SPUP on cell proliferation, migration, invasion, and apoptosis in OC epithelial cells and further investigate its potential mechanism, providing novel insights for further potential identification of SPUP as a therapeutic drug in OC treatment.
MATERIALS AND METHODS
Extraction and Identification of SPUP
SPUP was prepared as previously published (Zhao et al., 2018). The UP was purchased from the local seafood market and rinsed with precooled ultrapure water to remove impurities. The cleaned UP was cut into 3–5-cm-long pieces and crushed with a high-speed grinder. The obtained homogenate was continuously stirred in absolute ethanol to remove lipids and other impurities. The suspension was centrifuged at room temperature at 5,000 rpm for 30 min and air-dried to obtain powder. A volume of 20 g UP powder was resuspended in distilled water with a ratio of 1:20 (powder mass and water volume, g/mL), extracted for 5 h in the reflux device, and centrifuged at room temperature at 5,000 rpm for 20 min. The supernatant was collected and concentrated to about 50 ml with a vacuum rotary evaporator. It was then deproteinized by the Sevag method (Sevag et al., 1938). After that, the solution was mixed with four times the volume of absolute ethanol and stirred violently and overnight at 4°C. The next day, the mixture was centrifuged at 4°C at 5,000 rpm for 20 min. The sediment was collected following by vacuuming and stored in the refrigerator at −80°C. To identify the properties of SPUP, chemical analysis, gas chromatography (GC), high-performance gel permeation chromatography (HPGPC), infrared spectroscopy, and ultraviolet, visible spectroscopy (UV-1800 spectrophotometer, Shimadzu, Kyoto, Japan) were used for evaluation.
Cell Culture
OC cell lines (SKOV3, A2780) and human ovarian surface epithelial cells (HOSEPICs) were purchased from Shanghai Fuheng Biotechnology Co., Ltd. The cells were incubated in a humidified incubator at 37°C and 5% CO2 using RPMI 1640 medium with 10% fetal bovine serum and 1% penicillin and streptomycin.
Cell Proliferation was Measured by Cell Counting Kit-8
OC cells in the logarithmic growth stage were inoculated into 96-well plates (104 cells/well) and cultured in an incubator at 37°C and 5% CO2 for 24 h. The cells were divided into the control and different-concentration SPUP treatment groups (the concentrations were 25, 50, 100, 150, and 200 μg/ml), incubated for 24 h after corresponding treatment. After addition of 10 μl CCK-8 solution, the cells were cultured for another 2 h in the incubator. The 96-well plates were placed in a spectrophotometer to measure the absorbance value at 450-nm wavelength.
Cell Migration Activity was Detected by the Transwell Method
The cells were divided into the control and SPUP treatment groups (100 μg/ml) and inoculated into the Transwell upper chamber (Corning, NY, USA) at the density of 105 cells/well. The corresponding culture medium without fetal bovine serum was added into the upper chamber for 24 h 600 μl RPMI 1640 medium containing 20% fetal bovine serum which was added in the lower chamber simultaneously. After 24 h, the non-migrating cells on the top of Transwell ependyma were removed with a cotton swab. The cells were fixed with 1% paraformaldehyde at room temperature for 30 min and stained with 2% crystal violet for 30 min. The transmembrane cells on the ventricular membrane were imaged with an inverted microscope.
Transwell Method was Used to Detect the Invasive Activity of Cells
The cells were inoculated into the Transwell upper chamber (Corning, USA) with Matrigel glue at 2 × 105/well density. The cells in the upper chamber were cultured with a corresponding culture medium without fetal bovine serum for 24 h with 600 μl RPMI 1640 medium containing 20% fetal bovine serum in the lower chamber simultaneously. After 24 h, the non-migrating cells on the top of Transwell ependyma were removed with a cotton swab. After 1% paraformaldehyde was fixed at room temperature for 30 min and stained with 2% crystal violet for 30 min, the transmembrane cells on the ventricular membrane in 3 randomly selected fields of each group were imaged with an inverted microscope to count the cell number.
Flow Cytometry was Utilized to Measure Apoptosis
Apoptosis was determined by Annexin V-FITC/PI double staining. The cells were divided into control and SPUP treatment groups, inoculated in 6-well plates at the density of 105/well, and treated the next day. After 24 h of culture, the cells were trypsinized and transferred to the centrifuge tube and washed with precooled PBS 3 times with centrifuging 5 min each. After cell pellets were obtained, 500 μl combined buffer was added and incubated in the dark, in which 5 μl Annexin V-FITC was added with 10 μl PI staining solution. The cells were cultured in the dark at room temperature for 15 min. Then, flow cytometry was performed and analyzed using FlowJo software to evaluate cell apoptosis.
Western Blot was Used to Detect the Protein Expression of Cells
RIPA (Beyotime Technology, China) containing PMSF and phosphotransferase inhibitor was used for cell protein extraction. The BCA protein concentration analysis kit (Beyotime Technology, Shanghai, China) was used to determine the protein concentration. An equal amount of proteins was separated using SDS-PAGE gel (12%) and transferred to the PVDF membrane (Millipore, Bedford, MA, USA). Subsequently, the membrane was blocked with 5% skimmed milk at room temperature for 1 h and incubated with the corresponding primary antibody at 4°C overnight. The horseradish peroxidase bound secondary antibody was used to incubate at room temperature for 1 h. Protein fluorescence imaging was performed in the developing system using an ECL luminescent solution (Millipore, USA). Primary reactance includes β‐actin (1:3,000, ab8226, Abcam, United Sates), Shh (1,000, ab53281, Abcam), Gli1 (1:1,000, ab134906, Abcam), Ptch1 (1:500, ab53715, Abcam), and Smo (1:1,000, ab72130, Abcam).
Statistical Analysis
All experiments were repeated three times independently. All measurement data in this study were expressed as mean ± standard deviation. SPSS 20.2 (SPSS, Chicago, IL, USA) was used. Under the same conditions, one-way ANOVA was used for intragroup comparison. Different groups were compared using Student’s t-test. When p < 0.05, the difference was significant.
RESULTS
Identification of Physical and Chemical Properties of SPUP
Through chemical analysis, the main contents of SPUP were identified as total sugar (80.21%), uronic acid (3.56%), and protein (7.32%). Notably, the percentage of sulfate in SPUP was 29.47%, suggesting that SPUP was an acid-free polysaccharide. As shown in Figure 1A, consistent with chemical composition analysis, the UV-Vis spectrum of SPUP reported an obvious absorption at almost 280 nm, indicating the existence of protein or nucleic acid in SPUP (Feng et al., 2010; Zhao et al., 2018).
[image: Figure 1]FIGURE 1 | Identification of physical and chemical properties of SPUP; (A) UV-vis spectra of SPUP; (B,C) GC diagram of standard monosaccharide and SPUP; (D) infrared spectrum of SPUP; (E) HPGPC chromatogram of SPUP. Note: 1): rhamnose; 2): arabinose; 3): fucose; 4): xylose; 5): mannose; 6): glucose; 7): galactose; 8): inositol; IS: internal standard. SPUP inhibited the proliferation of OC cells.
Following, the monosaccharide composition of SPUP was analyzed and cross referenced with the chromatogram of monosaccharide standard. As shown in Figure 1B, monosaccharide standards of rhamnose, arabinose, fucose, xylose, mannose, glucose, and galactose were separated well under GC conditions. In contrast, SPUP was mainly composed of fucose, glucose, and galactose, with a molar ratio of 27.22:19.32:53.46 (Figure 1C).
In addition, the bond structure of SPUP was determined by infrared spectroscopy. Similar to common carbohydrate features, SPUP exhibited a stretching vibration of the O–H bond at 3,437.1 cm-1 (Figure 1D). A stretching vibration of the C–H key could then be seen at 2,981.3 cm-1. The moderate-intensity absorption peaks appeared at 1,661.2 and 1,638.7 cm-1, manifested explicitly in the deformation vibration of the O–H bond. There was a strong absorption peak at about 1,000–1,200 cm−1, suggesting the stretching of the coupled C–O bond and C–C bond, as well as the bending vibration of O–H. The absorption peak signal at 926.7 cm−1 might be due to the presence of β-d-galactopyranose. In addition, according to previous studies, it could be determined that the absorption peak at 834.2 or 857.2 and 1,255.8 cm−1 was sulfate (Mao et al., 2008). In addition, the characteristic absorption, peaking at 834.2 or 857.2, suggested the existence of an α-type glycosidic bond in SPUP.
As shown in Figure 1E, the retention time of SPUP in HPGPC chromatography was 13.123 min. According to the calibration curve-fitting equation established by the dextran standard with different molecular weights, the calculation method of retention time was substituted into the calibration curve equation. The average molecular weight of SPUP was 97.9 kDa.
SPUP Inhibited the Proliferation of OC Cells
Through the proliferation assay analysis, with the increase in SPUP concentration, the proliferative activity of two OC cells decreased in a concentration-dependent manner (p < 0.05) (Figure 2). The cell proliferation rate was decreased under 0.5 when the concentration of SPUP reached 150 μg/ml. In contrast, in human normal ovarian epithelial cells, the capacity of cell proliferation increased with SPUP treatment within the range of 25–100 μg/ml (p < 0.05). However, the increase in cell proliferation rate caused by SPUP reached its maximum at 100 μg/ml and no additional effects were observed with further increasing of SPUP. Taken from the results, SPUP could inhibit the proliferation of OC cells in a dosage-dependent manner. As determined, the concentrations of 150 and 200 μg/ml of SPUP inhibited cell proliferation most violently; the concentration of 100 μg/ml SPUP was used for further study otherwise indicated.
[image: Figure 2]FIGURE 2 | Effect of SPUP on the proliferation activity of two kinds of OC cells and human normal ovarian epithelial cells. Compared with the control group, *p < 0.05, **p < 0.01, ***p < 0.001; comparison between groups with different concentrations of SPUP, ###p < 0.001. (A) HOSEPICs, (B) SKOV3, and (C) A2780.
SPUP Reduced OC Cell Migration
To study the effect of SPUP on the migration ability of HOSEPICs, SKOV3, and A2780 cells, Transwell cell migration experiments were used to determine the migration ability of cells. As shown in Figure 3, SPUP treatment could significantly inhibit the migration ability of OC cells (all p < 0.05) than the control group. In contrast, there are no significant changes observed in the migration ability of normal cells (p > 0.05).
[image: Figure 3]FIGURE 3 | Effect of SPUP on the migration ability of two kinds of OC cells and human normal ovarian epithelial cells. Compared with the control group, **p < 0.01.
SPUP Treatment Inhibited OC Cell Invasion
The invasion ability of OC cells was measured by the Transwell chamber. Compared with the control group, SPUP treatment could significantly inhibit the invasion ability of OC cells (all p < 0.05) (Figure 4). In comparison, the migration ability of normal cells did not change significantly (p > 0.05).
[image: Figure 4]FIGURE 4 | SPUP on the invasion ability of two kinds of OC cells and human normal ovarian epithelial cells. Compared with the control group, *p < 0.05, **p < 0.01.
SPUP Promoted OC Cell Apoptosis
As shown in Figure 5, SPUP treatment could significantly induce the apoptosis of OC cells (all p < 0.05) but not in normal cells (p > 0.05).
[image: Figure 5]FIGURE 5 | Effects of SPUP on apoptosis of two kinds of OC cells and human normal ovarian epithelial cells. ***p < 0.001 compared with the control group. SPUP inhibited the activation of the hedgehog signaling pathway in OC cells.
SPUP Inhibited the Activation of Hedgehog Signaling Pathway in OC Cells
As shown in Figure 6A, OC cells had different degrees of Hh signal pathway activation compared with HOSEPICs cells (all p < 0.05). To clarify whether SPUP plays an anti-OC role by inhibiting the Hh pathway, we evaluated the expressions of Shh, Ptch1, Smo, and Gli1 upon SPUP treatment. As shown in Figures 6B,C, compared with the control group, the expression of Shh, Ptch1, Smo, and Gli1 proteins in OC cells in the SPUP treatment group decreased to varying degrees (all p < 0.05). The results suggested that SPUP might take effects in anticancer through inhibiting the activation of the Hh signal pathway in OC cells.
[image: Figure 6]FIGURE 6 | Effect of SPUP on Hh signal pathway activity of OC cells; (A) protein expression of OC cells and HOSEPICs cells; (B,C) protein expression of SKOV3 and A2780 cells. *p < 0.05, **p < 0.01, ***p < 0.001 compared with HOSEPICs or control group. SPUP could inhibit the proliferation, invasion, and migration and promoted apoptosis by regulating the activation of the Hh signaling pathway.
SPUP Could Inhibit Proliferation, Invasion, and Migration and Promote Apoptosis by Regulating the Activation of the Hh Signaling Pathway
As shown in Figure 7, SPUP or GANT61 alone or in combination with SPUP and GANT61 could inhibit the proliferation, migration, and invasion of OC cells (all p < 0.05) and promote apoptosis (all p < 0.05) in SKOV3 cells. The inhibitory effects of the SPUP + GANT61 group were more obvious than those of the SPUP or GANT61 group (all p < 0.05), respectively. Thus, SPUP played an anticancer role by regulating the activation of the Hh signaling pathway.
[image: Figure 7]FIGURE 7 | SPUP plays a role in regulating cell function by inhibiting the activation of the Hh signaling pathway. (A) The CCK-8 method was used to determine the proliferation ability of cells after the Hh pathway inhibitor was applied; (B,C) the Transwell method was used to determine the invasion and migration ability of cells after Hh pathway inhibitor was applied; (D) the apoptosis of cells after the Hh pathway inhibitor was measured by flow cytometry. **p < 0.01, ***p < 0.001 compared with the control group, #p < 0.01, ##p < 0.01 compared with the SPUP + GANT61 group.
DISCUSSION
As known, SPUP is an effective apoptosis inducer for a variety of cancer cells (Yang et al., 2013). In addition to anticancer, antiproliferative, and anticoagulant activities, some studies have also found that SPUP can activate exogenous or endogenous apoptosis pathways in various cancer cell lines through regulating the expression of apoptosis-related or signal proteins, cell-cycle regulatory proteins, and transcription factors (Hyun et al., 2009; Yamasaki-Miyamoto et al., 2009). This study found that SPUP could inhibit the proliferation, migration, and invasion of OC cells and induce apoptosis. In addition, SPUP significantly reduced the activation of the Hh signaling pathway at the protein level.
As previous study has shown that SPUP could inhibit the proliferation and migration and induce the apoptosis of breast cancer cells (Wu et al., 2019), we thought to investigate the role of SPUP in OC cells. A systematic evaluation of cell proliferation, migration, invasion, and apoptosis was conducted using a combination of CCK-8 assay, Transwell assay, and flow cytometry. We, for the first time, confirmed that SPUP could inhibit the cell proliferation of OC cells (SKOV3 and A2780) in a dose-dependent manner. The concentrations of SPUP (25, 50, 100, 150, and 200 μg/ml) we used in this study are consistent with Wu et al. (Wu et al., 2019), who once found that SPUP treatment could inhibit the proliferation and migration and induce the apoptosis of breast cancer cells. Considering that there are few studies that focus on the effects of SPUP in cancers, more experimental studies are still needed.
Moreover, this study also provided novel insights in the effects of SPUP on normal human ovarian epithelial cells. It was found that SPUP could promote the proliferation of human ovarian epithelial cells, suggesting that the side effects of SPUP treatment could be reduced to the minimum by administering a proper amount of SPUP. Migration and invasion are known to play an essential role in the progression of tumors. Our study also found for the first time that SPUP could significantly inhibit the migration and invasion of OC cells and induce the apoptosis of SPUP-treated OC cells.
The Hh pathway is very important for embryonic development (Wang et al., 2017). Many previous studies have shown that activation of the Hh pathway could promote the occurrence and development of tumors, including OC (Chen et al., 2013; Wu et al., 2019). The Hh pathway is known to have a high expression level in OC (Schmid et al., 2011). Taken together, inhibition of Hh signals could induce apoptosis and inhibit cell viability and migration. Nevertheless, inhibition of the Hh pathway may be an effective target for OC treatment. Corresponding to previous studies, this study also investigated the relationship between SPUP and the Hh signaling pathway. In our study, we compared the expression of the Hh signaling pathway-related proteins in human normal ovarian epithelial cells and OC cells and found that the levels of Shh, Ptch1, Smo, and Gli1 protein in OC cells were significantly increased, indicating that the Hh signaling pathway was activated in OC. Moreover, we were the first time to find that the activation of the Hh signaling pathway was diminished upon SPUP treatment in SKOV3 and A2780 cells. Therefore, we speculated that SPUP might play an anticancer role in OC by inhibiting Hh signal activation. Till now, there are few studies that reported the regulatory effects of polysaccharide on the Hh signaling pathway in cancers. Yamasaki et al. once found that protein-bound polysaccharide-K could inhibit the induction of a malignant phenotype in pancreatic cancer by suppressing the Hh signaling pathway (Yamasaki et al., 2016), suggesting that polysaccharide might suppress the progression of cancers by modulating the activation of Hh signaling. In our study, we also found similar results; however, the underlying mechanism effects of SPUP in OC still needs further research.
In this study, SKOV3 cells were used as a disease model and treated with SPUP, GANT61 (Hh pathway inhibitor), and SPUP and GANT61 to investigate the underlying mechanism of SPUP on the Hh signal pathway. We found that SPUP could induce apoptosis of OC cells and inhibit cell proliferation, migration, and invasion. The effect of the GANT61 treatment was similar to that of SPUP. In addition, the anticancer effect of SPUP combined with GANT61 was more efficient than that of GANT61 alone, suggesting that SPUP could enhance the anticancer effects of GANT61. The above results indicated that SPUP might induce OC cell apoptosis and inhibit cell proliferation, migration, and invasion by reducing the protein expression of Hh signal pathway proteins Shh, Ptch1, Smo, and Gli1, similar to other Hh signal pathway inhibitors.
In conclusion, this study identified SPUP, for the first time, as an effective drug which induced apoptosis and inhibited cell proliferation, migration, and invasion by inhibiting Hh pathway conduction in OC cells. However, the exact mechanism of how SPUP regulating Hh pathway in OC was still in need for further studies.
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As reported, breast cancer is one of the most common malignancies in women and has overtaken lung cancer as the most commonly diagnosed cancer worldwide by 2020. Currently, phototherapy is a promising anti-tumor therapy due to its fewer side effects, less invasiveness, and lower cost. However, its application in cancer therapeutics is limited by the incomplete therapeutic effect caused by low drug penetration and monotherapy. Herein, we built a charge-reversal nanoplatform (Ce6-PLGA@PDA-PAH-DMMA NPs), including polydopamine (PDA) and chlorin e6 (Ce6) for enhancing photothermal/photodynamic synergistic therapy. The PAH-DMMA charge-reversal layer enabled Ce6-PLGA@PDA-PAH-DMMA NPs to have long blood circulation at the normal physiological environment and to successfully realize charge reversal under the weakly acidic tumor microenvironment, improving cellular uptake. Besides, in vitro tests demonstrated that Ce6-PLGA@PDA-PAH-DMMA NPs had high photothermal conversion and greater anti-tumor activity than no charge-reversal nanoparticles, which overcame the limited tumor therapeutic efficacy of PTT or photodynamic therapy alone. Overall, the design of pH-responsive and charge-reversal nanoparticles (Ce6-PLGA@PDA-PAH-DMMA NPs) provided a promising approach for synergistic PTT/PDT therapy against breast cancer.
Keywords: cancer nanotechnology, charge-reversal, photodynamic therapy, photothermal therapy, pH-sensitive
INTRODUCTION
According to World Health Organization (WHO) statistics, almost 19.3 million cancer patients have been diagnosed, and close to 10.0 million deaths have occurred in 2020 worldwide (Ferlay et al., 2021; Sung et al., 2021). Every fifth people in the world have cancer in their lifetime, reflecting that cancer is one of the most critical public health issues. Based on the population growth and aging, the global burden of cancer incidence and mortality increases rapidly (Gersten and Wilmoth, 2002; Omran, 2005). Amazingly, breast cancer in women has become the most frequently diagnosed cancer, exceeding lung cancer (Printz, 2021).
Nowadays, conventional clinical cancer therapies for breast cancer, such as surgery, chemotherapy, and radiotherapy, have high toxicity and aggressiveness, low selectivity, and low efficacy (Dolmans et al., 2003; Bonavida and Chouaib, 2017; Cai et al., 2019). In recent years, some new approaches, including gene therapy, immunotherapy, and phototherapy, have been developed to improve breast cancer treatment (Wang et al., 2021). Phototherapy consisting of photodynamic therapy (PDT) and photothermal therapy (PTT) is a promising option for anti-breast cancer therapy because of its apparent advantages, such as fewer side effects, less invasiveness, high curative rate, and lower cost (Zeng et al., 2020; Zou et al., 2021). In PDT, the photosensitizer could transfer energy to oxygen to generate reactive oxygen species (ROS) after irradiating specific light wavelengths, killing neighboring cancer cells (Dolmans et al., 2003; Lucky et al., 2015). PTT can efficiently damage the tumor tissues by transforming near-infrared NIR light energy into heat (Zhang et al., 2020). However, monotherapy of PTT or PDT is limited by incomplete anti-tumor treatment caused by insufficient light penetration, heat resistance, or hypoxia (Jaque et al., 2014; Wang W. et al., 2020). Moreover, low drug penetration of the tumor tissue and low drug uptake of cancer cells weaken the therapeutic efficacy of monotherapy (Yang et al., 2020; Cao et al., 2021). Studies have found that the combination of PDT and PTT had a synergistic effect (Sun et al., 2021; Zhang et al., 2021). Under heat generated by the low-energy laser, the photothermal agent could not only improve the permeability of the cell membrane and increase the cellular uptake of the photosensitizer (Shi et al., 2013), but also increase the blood flow of the tumor tissue and relieve the hypoxia (Song et al., 2015).
It has been reported that nanoplatform-based phototherapy received considerable attention for breast cancer treatment (Dang and Guan, 2020; Shi et al., 2020; Huang et al., 2021; Yang et al., 2021). Nanoparticles (NPs) loading the photosensitizer and the photothermal agent could efficiently deliver to the tumor tissue via enhanced permeability and retention (EPR) effect (Zeng et al., 2020). Besides, NPs with positive surface charges were easier to be taken up by cancer cells with negative charge due to the charge interaction, while negatively charged NPs could effectively reduce the immune clearance, increasing circulation time (Liu et al., 2019). Thus, NPs with the charge-reversal layer could promote cellular uptake and reduce the side effects (Gao et al., 2019). In this study, we engineered the pH-responsive and charge-reversed NPs (Ce6-PLGA@PDA-PAH-DMMA NPs) to achieve synergistic PTT/PDT therapy against breast cancer.
As we all know, poly-lactic-co-glycolic acid (PLGA) has been widely applied in biomedical applications based on its excellent biocompatibility and biodegradability (Thamake et al., 2012; Peng et al., 2018). Meanwhile, PLGA has a good loading content and can satisfy the requirement of drug delivery (Park et al., 2012; Zeng et al., 2013). In this design, chlorin e6 (Ce6) was loaded into PLGA. Polydopamine (PDA), an excellent photothermal agent with good biocompatibility (Zeng et al., 2018; Li et al., 2021a; Li et al., 2021b; Hou et al., 2021), was applied to decorate Ce6-PLGA NPs. Then, positively charged poly-(allyamine) (PAH) produced by amino groups was connected to Ce6-PLGA@PDA NPs. Finally, the negatively charged polymer dimethyl-maleic acid (DMMA) was attached to shield the positive charge of PAH, assembling the PAH-DMMA charge-reversal layer (Feng et al., 2016; Xu et al., 2017). The amide bond of DMMA would break and expose positively charged amino groups under the weakly acidic tumor microenvironment (Li et al., 2021c), resulting in the surface charge reversal of Ce6-PLGA@PDA-PAH-DMMA NPs from negative to positive, facilitating cellular endocytosis and accumulating at the tumor tissue. Subsequently, after irradiating with the 808-nm and 660-nm lasers, the NPs produced a large amount of heat and toxic ROS, damaging the tumor tissue (Cui et al., 2019; Wang Y. et al., 2020) (Figure 1) In conclusion, the NPs (Ce6-PLGA@PDA-PAH-DMMA NPs) we developed offer a promising approach for efficient cancer synergistic PTT/PDT and have extensive clinical application prospects.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of the preparation progress of Ce6-PLGA@PDA-PAH-DMMA NPs. (B) Ce6-PLGA@PDA-PAH-DMMA NPs applied to PTT/PDT synergistic breast cancer therapy.
METHODS
Synthesis of Ce6-PLGA@PDA NPs
First, Ce6 (5 mg) and PLGA copolymers (200 mg) were dissolved in acetone (16 ml) and added into TPGS aqueous solution (200 ml, 0.03%). The solution was stirred overnight in the dark. The final reactant was centrifuged (20,000 rpm, 20 min) to obtain Ce6-PLGA NPs. Afterward, dopamine (15 mg) was dispersed in 150 ml of Tris-HCl buffer and stirred in darkness (12 h). Ce6-PLGA@PDA NPs were gained by centrifugation. Synthesis of Ce6-PLGA@PDA-PAH-DMMA NPs.
Briefly, Ce6-PLGA@PDA NPs and PAH were added in Tris-HCl buffer and stirred overnight. The PLGA@PDA-PAH NPs were obtained by centrifuging (20,000 rpm, 20 min) and washing twice. Subsequently, Ce6-PLGA@PDA-PAH NPs were dispersed in DMSO (5 ml) and then DMMA (30 mg) and triethylamine (130 μl) were added to stir for 24 h. Finally, Ce6-PLGA@PDA-PAH-DMMA NPs were obtained by centrifugation. The Ce6-PLGA@PDA-PEG NPs were prepared by replacing PAH with PEG-NH2.
Characterization of NPs
The morphology was determined by a transmission electron microscope (TEM, JEOL Ltd., Japan). Fourier transform infrared (FTIR) absorption spectrometry was used to observe the chemical bond connection after modification. X-ray photoelectron spectroscopy (XPS; ESCALAB 250Xi, Japan) was applied to analyze the surface chemistry. A UV-vis spectroscopy (LAMBDA365) was employed to evaluate the loading of Ce6. The 808-nm laser (BOHR-the 808-FCIR8) was used for photothermal therapy. An IR thermal imaging camera was used to record the temperature changes. The production of ROS by the cells and the NPs cellular uptake efficiency were detected by confocal laser scanning microscopy (CLSM). The cell viability was analyzed by a Spectra M2 plate reader (SpectraMax®i3x). An IR thermal camera (Fluke Ti480) was used to examine in vitro photothermal performance.
In Vitro Photothermal Property
For analyzing the photothermal property of different NPs, various solutions (PBS, Ce6-PLGA NPs, Ce6-PLGA@PDA NPs, Ce6-PLGA@PDA-PAH NPs, and Ce6-PLGA@PDA-PAH-DMMA NPs) were irradiated for 10 min via the 808-nm laser. To test the concentration effect of the NPs, different concentrations of Ce6-PLGA@PDA-PAH-DMMA NPs (0.25, 2.5, 12.5, 25, and 50 μg/ml) were irradiated for 10 min (808 nm, 1.5 W/cm2). The Ce6-PLGA@PDA-PAH-DMMA NPs solution (25 μg/ml) was irradiated for 10 min under various power densities. Finally, to observe the photothermal stability of the Ce6-PLGA@PDA-PAH-DMMA NPs solution (25 μg/ml), the solution was irradiated for 10 min in five times laser on/off cycles (1.5 W/cm2).
Cellular Uptake Experiments
MCF-7 cells were cultured in confocal dishes for 12 h in an incubator (37°C, 5% CO2). Then, medium, including various Ce6 preparations labeled with Cy5 (Ce6 = 2 μg/ml), was added. After co-incubation for 2 h, the cells were fixed with 4% paraformaldehyde and dyed with DAPI. The results were analyzed by CLSM (DAPI and Cy5 fluorescent channels). Moreover, MCF-7 cells were seeded in plates in an incubator (37°C, 5% CO2) for 24 h. Then, the medium including Ce6-PLGA@PDA-PAH-DMMA-Cy5 NPs and Ce6@PDA-PEG-Cy5 NPs was added, followed by incubating for 2 h. Finally, the MCF-7 cells were collected for flow cytometer analysis.
In Vitro Cytotoxicity Assay
Dark Toxicity
First, 4T1 or MCF-7 cells (5×103 per well) were cultured for 12 h in an incubator (37°C, 5% CO2) until complete adhesion. Then, the medium containing different concentrations of Ce6-PLGA@PDA-PAH-DMMA NPs (7.8, 15.6, 31.3, 63.5, 125, and 250 μg/ml) at pH 7.4 was added.
The Photo-Cytotoxicity
The cells (5 × 103 per well) were cultured for 12 h in an incubator (37°C, 5% CO2) until complete adhesion. Then, some medium, containing free Ce6, Ce6-PLGA@PDA-PEG NPs, Ce6-PLGA@PDA-PEG NPs, and Ce6-PLGA@PDA-PAH-DMMA NPs, was added separately, each group with concentrations of Ce6 (1, 2, and 4 μg/ml). After incubation for 6 h, the cells were treated with the 660-nm laser (200 mV/cm2, 5 min) and cultured for another 24 h.
Combination Therapy
For the combined therapy experiment, cells (5 × 103 per well) were cultured for 12 h. Then, some medium containing PBS, Ce6-PLGA@PDA-PEG NPs, and Ce6-PLGA@PDA-PAH-DMMA NPs (Ce6 = 2 μg/ml) was added, with or without irradiation by laser. After being co-cultured for 6 h, the drug-containing medium was removed. Then, the related groups were treated with the 660-nm laser (200 mV/cm2, 5 min) or the 808-nm laser (1.5 W/cm2, 10 min), or both, and cultured for another 24 h.
In Vitro 1O2 Generation
MCF-7 cells were seeded in confocal dishes for 12 h until complete adhesion (37°C, 5% CO2). Then, cells were treated with medium including Ce6-PLGA@PDA-PAH-DMMA NPs and Ce6@PDA-PEG NPs (Ce6 = 2 μg/ml), followed by incubating for 6 h. Next, the cells were co-cultured with DCFH-DA for 30 min and irradiated with the 660-nm laser (200 mV/cm2, 5 min). After that, MCF-7 cells after treatment were observed with CLSM.
RESULTS AND DISCUSSION
Preparation of Ce6-PLGA@PDA-PAH-DMMA NPs
The preparation of Ce6-PLGA@PDA-PAH-DMMA NPs was illustrated in Figure 1A, which included three steps. Briefly, Ce6, a photosensitizer with poor solubility, was loaded into PLGA by nanoprecipitation (Ce6-PLGA NPs). Secondly, Ce6-PLGA NPs were coated with PDA through an oxidative polymerization reaction in an alkaline environment (Ce6-PLGA@PDA NPs), which endowed Ce6-PLGA@PDA NPs with photothermal performance and groups (amino and carboxyl groups) for further modification. Finally, Ce6-PLGA@PDA NPs were modified with PAH-DMMA charge-reversal layer through the Michael addition reaction and electrostatic interaction.
Characterization of NPs
The morphology of Ce6-PLGA NPs and Ce6-PLGA@PDA-PAH-DMMA NPs was observed by transmission electron microscopy (TEM). Figures 2A,B show that Ce6-PLGA NPs were spherical at approximately 125 nm, but after modification, the surface of Ce6-PLGA NPs had significant coatings resulting in increased particle size of Ce6-PLGA@PDA-PAH-DMMA NPs (about 225 nm). Similarly, the increased size was also verified in the results of dynamic light scattering (Figure 2C, Supplementary Table S1). As we can see from the surface zeta potential results (Figure 2D), both Ce6-PLGA NPs and Ce6-PLGA@PDA NPs appeared as negative charges, but Ce6-PLGA@PDA-PAH NPs showed a positive potential (36.0 ± 2.3 mv) because of the cationic layer PAH. After being modified by 2,3-dimethylmaleic anhydride, the zeta potential of Ce6-PLGA@PDA-PAH-DMMA NPs became negative, increasing the circulation of the NPs. As reported, the negatively charged polymer PAH-DMMA could be hydrolyzed and become a positively charged polymer under a weakly acidic environment. To prove it, we analyzed the zeta potential of Ce6-PLGA@PDA-PAH-DMMA NPs at different pH. We found that Ce6-PLGA@PDA-PAH-DMMA NPs had a negative charge under normal physiological conditions (pH 7.4), while it had apparent charge-reversal capability from negative potential to positive potential under a mildly acidic environment. This phenomenon indicated that this nanoparticle could potentially flip into a positive charge under the weakly acidic tumor microenvironment, which may help the penetration of Ce6-PLGA@PDA-PAH-DMMA NPs in the tumor tissue.
[image: Figure 2]FIGURE 2 | Characterization of the synthesized NPs. TEM images of (A) Ce6-PLGA NPs; (B) Ce6-PLGA@PDA-PAH-DMMA NPs. (C) Particle size of synthesized NPs. (D) Surface zeta potentials of different NPs (1, 2, 3, 4, and 5 present Ce6-PLGA NPs, Ce6-PLGA@PDA NPs, Ce6-PLGA@PDA-PAH NPs, Ce6-PLGA@PDA-PAH-DMMA NPs-pH 7.4, and Ce6-PLGA@PDA-PAH-DMMA NPs-pH 5.5). (E) XPS spectra of PLGA NPs, PLGA@PDA NPs, PLGA@PDA-PAH NPs, and PLGA@PDA-PAH-DMMA NPs. (F) UV-vis spectra of Ce6, PLGA@PDA-PAH-DMMA NPs, and Ce6-PLGA@PDA-PAH-DMMA NPs.
In addition, we verified the successful loading of PDA and the charged layer on the surface of PLGA NPs by FT-IR and XPS analysis. After modifying PDA, a prominent absorption peak between 1,600 cm−1 and 1,530 cm−1 was observed, which was assigned to the overlap of the C=C resonance vibrations and the N–H bending vibrations, suggesting that the PDA layer successfully adhered to the surface of PLGA NPs (Supplementary Figure S2A). Furthermore, the results of the XPS analysis also verified it. Bands of the C–C group (∼284 eV) and C–O group (∼286 eV) intensities of PLGA@PDA NPs, PLGA@PDA-PAH NPs, and PLGA@PDA-PAH-DMMA NPs showed an increasing trend, which is attributed to the PDA layers and the successful connection of PAH and DMMA (Figure 2E). As for the N1s spectrum (Supplementary Figure S2B), the NPs appeared to significantly increase the band intensity at 400 eV. These results confirmed the successful synthesis of PLGA@PDA-PAH-DMMA NPs. The photosensitizer Ce6 had a characteristic ultraviolet absorption peak at 654 nm. Based on it, we measured the UV characteristic peak of NPs to confirm the success of Ce6-loaded. Compared to pure PLGA@PDA-PAH-DMMA NPs, Ce6-PLGA@PDA-PAH-DMMA NPs had an apparent absorption band at approximately 654 nm, indicating that Ce6 was successfully encapsulated into PLGA@PDA-PAH-DMMA NPs (Figure 2F). To test the encapsulation efficiency and loading content, we measured the free Ce6 in the supernatant after loading the drug by UV-vis absorption spectra. Results showed that the encapsulation efficiency (EE) and loading content of Ce6 were approximately 78% and 4.2%, respectively (Supplementary Figure S3).
Photothermal Performance
As reported, PDA had an excellent photothermal effect and could be used for photothermal therapy. To investigate the photothermal performance of NPs, we recorded the temperature of NPs under the 808-nm laser irradiation in vitro. We observed that the temperatures of the NPs with the PDA layer all increased rapidly by approximately 30°C in 10 min under NIR irradiation (1.5 W/cm2), performing excellent light and heat heating effect, while others did not (Figure 3A). Moreover, the temperature rise of Ce6-PLGA@PDA-PAH-DMMA NPs depended on nanoparticle concentration and irradiation intensity (Figures 3B,C), suggesting that we could adjust the concentration of the NPs and the irradiation intensity to meet actual application needs. Furthermore, the photothermal stability of the photothermal agent was crucial for the application of photothermal therapy. Thus, we irradiated Ce6-PLGA@PDA-PAH-DMMA NPs solution in five on/off cycles through NIR laser (2 W/cm2), finding no significant difference in temperature changes (Figure 3D). In summary, Ce6-PLGA@PDA-PAH-DMMA NPs had superior light-to-heat conversion performance and great light-to-heat stability.
[image: Figure 3]FIGURE 3 | Photothermal properties. (A) Heating curves of different NPs after irradiating by the 808-nm laser. (B) Photothermal heating curves of different concentrations of Ce6-PLGA@PDA-PAH-DMMA NPs irradiated by the 808-nm laser (1.5 W/cm2, 10 min). (C) Temperature changes of Ce6-PLGA@PDA-PAH-DMMA NPs exposed to the 808-nm laser in different power densities. (D) Heating/cooling curves for 10 min-on–10 min-off laser irradiations (808 nm, 1.5 W/cm2, 5 times). (E) Detection mechanism of ABDA for 1O2. (F) Absorption spectra of ABDA for 1O2 generation in different formulations treated in different ways.
In Vitro ROS Generation
Limited by the content of Ce6 and instrument sensitivity, we indirectly reflected the release of Ce6 by measuring the ability of drug release solutions of each group to generate ROS under the 660-nm laser irradiation. To explore the ability of NPs to generate ROS (such as 1O2) in vitro, we used ABDA as a singlet oxygen (1O2) indicator for determining. ABDA could react with single oxygen to generate corresponding endoperoxides, causing a drop in UV absorption at 400 nm (Figure 3E). Results showed that the ABDA fluorescence intensity of Ce6-PLGA@PDA-PAH-DMMA NPs (pH 5.5 + 808 nm) declined to 65.38%, which was slightly lower than 52.3% of Ce6 and higher than other groups after irradiating with the 660-nm laser (Figure 3F). Therefore, we anticipated that Ce6-PLGA@PDA-PAH-DMMA NPs increased the release of Ce6 at pH 5.5 and irradiated with the 808-nm laser, and could effectively produce toxic.
In Vitro Cellular Uptake
Owing to a weakly acidic environment, the surface charge of Ce6-PLGA@PDA-PAH-DMMA NPs would flip into the positive charge, which could interact with the negatively charged cell membrane of cancer cells, promoting cellular uptake. Thus, we evaluated its internalization by MCF-7 cells at pH 6.5 and pH 7.4 for 2 h. The Cy5 was used to label the Ce6-PLGA@PDA-PEG NPs and Ce6-PLGA@PDA-PAH-DMMA NPs. As revealed by confocal images, after 2 h co-incubation with MCF-7 cells, the group of Ce6-PLGA@PDA-PAH-DMMA NPs (pH = 6.5) had a strong red fluorescence signal distributed in the cytoplasm, which was much higher than it was at pH 7.4 and the groups of Ce6-PLGA@PDA-PEG NPs. This phenomenon demonstrated that Ce6-PLGA@PDA-PAH-DMMA NPs could promote the uptake of cancer cells under a weakly acidic environment (Figure 4A). At the same time, cell flow cytometry was also used to certify the internalization of Ce6-PLGA@PDA-PAH-DMMA NPs by MCF-7 cells and similar results were found. As shown in Figure 4B, we discovered that, after culturing with Ce6-PLGA@PDA-PAH-DMMA NPs for 2 h, the mean fluorescence intensity of MCF-7 cells at pH 6.5 is four times more than that at pH 7.4. In contrast, it was very weak when co-incubation with Ce6-PLGA@PDA-PEG NPs at pH 6.5 or pH 7.4.
[image: Figure 4]FIGURE 4 | (A) Confocal images of MCF-7 cells cultured separately with the NPs at pH 7.4 and 6.5 for 2 h at 37°C (Blue: DAPI; Red: Cy5 fluorescence). (B) Flow cytometric analysis of MCF-7 cells after treating with Ce6-PLGA@PDA-PEG NPs (A) and Ce6-PLGA@PDA-PAH-DMMA NPs (B) at pH 7.4 and 6.5.
In Vitro Cellular Cytotoxicity
To evaluate the ability of Ce6-PLGA@PDA-PAH-DMMA NPs to inhibit MCF-7 cells and 4T1 cells, a cell counting kit (cck8) was used. As we can see from Figure 5A, the survival rate of MCF-7 and 4T1 cells were all over 85% after co-cultivation with different concentrations of Ce6-PLGA@PDA-PAH-DMMA NPs for 24 h, indicating it had excellent biocompatibility in no near-infrared radiation. On the contrary, Ce6-PLGA@PDA-PAH-DMMA NPs containing different concentrations of Ce6 inhibited the growth of the cells under the 660-nm laser irradiation (Figures 5B,C). Furthermore, after irradiation with the 660-nm laser (200 mW/cm2, 5 min), Ce6-PLGA@PDA-PAH-DMMA NPs had a better-killing effect on cancer cells at pH 6.5 than that at pH 7.4. Reasons for this result may be more cell uptake promoted by charge flipping and faster drug release caused by the decomposition of PDA in a weakly acidic environment. Subsequently, to explore the effect of the combined PTT/PDT therapy, we selected Ce6-PLGA@PDA-PEG NPs or Ce6-PLGA@PDA-PAH-DMMA NPs with a Ce6 content of 2 ug/ml as therapeutic agents. As shown in Figure 5D, a significantly reduced cell survival rate (MCF-7: 59.43%; 4T1: 53.46%) was observed when the cancer cells were treated with Ce6-PLGA@PDA-PAH-DMMA NPs at pH 6.5 under the 808-nm laser irradiation, which was attributed to the photothermal ability of PDA. As expected, we found that the combination therapy (Ce6-PLGA@PDA-PAH-DMMA NPs + 660 nm + 808 nm) showed the lowest viability of MCF-7 (10.9%) and 4T1 cells (7.05%), compared with other groups. The above results indicated that, under weakly acidic conditions, the ability to inhibit cancer cell growth of synergistic PTT/PDT therapy was stronger than PTT or PDT alone. Furthermore, according to the Q value method: Q = V (a + b)/(Va + Vb—Va* Vb), we obtain the following results: QMCF-7 = 1.212; Q4T1 = 1.178. Both of them are greater than 1.15, proving that PDT and PTT are working synergistically.
[image: Figure 5]FIGURE 5 | (A) Viability of MCF-7, 4T1 cells after treating with different concentrations of Ce6-PLGA@PDA-PAH-DMMA (CM3) without lasers. Viability of MCF-7 cells (B) and 4T1 cells (C) after incubation with Ce6-PLGA@PDA-PEG NPs (CM2) and Ce6-PLGA@PDA-PAH-DMMA NPs (CM3) at concentrations of Ce6 (1.0 μg/ml, 2.0 μg/ml, and 4.0 μg/ml) under the 660-nm laser irradiation (200 mW/cm2, 5 min) at pH 6.5. (D) Viability of cancer cells after PTT or PDT alone and PTT/PDT treatments (t-test, *p < 0.05, **p < 0.01, ***p < 0.001 and n = 3); Q value method: Q = V (a + b)/(Va + Vb—Va* Vb). V (a + b) is the inhibition rate of combined A and B drug, Va and Vb are the A and B drugs alone (Q < 0.85 is antagonism, 0.85 ≤ Q < 1.15 is additive, and Q ≥ 1.15 is synergy).
In Vitro 1O2 Generation
To further verify the ability of Ce6-PLGA@PDA-PAH-DMMA NPs to generate ROS during intracellular PDT, the DCFH-DA kit, a molecule that could enter cells and react with 1O2 to emit fluorescence, was used to detect the intracellular 1O2 level. The results were observed by confocal images of MCF cells incubated with different NPs at different pH values (pH 6.5 and pH 7.4) and treated with DCFH-DA for 30 min before irradiating with the 660-nm laser. As shown in Figure 6, compared with other groups, the strongest intracellular fluorescence was discovered when treated with Ce6-PLGA@PDA-PAH-DMMA NPs at pH 6.5, illustrating that most 1O2 were generated. The cells incubated with Ce6-PLGA@PDA-PEG NPs at pH 6.5 and pH 7.4 or Ce6-PLGA@PDA-PAH-DMMA NPs at pH 7.4 showed weak fluorescence. In conclusion, Ce6-PLGA@PDA-PAH-DMMA NPs could efficiently generate massive toxic 1O2 at pH 6.5, which may be attributed to the mass internalization of Ce6-PLGA@PDA-PAH-DMMA NPs by cells at pH 6.5.
[image: Figure 6]FIGURE 6 | Confocal images of ROS generation by cells treated with PBS (control), Ce6-PLGA@PDA-PEG NPs, and Ce6-PLGA@PDA-PAH-DMMA NPs.
CONCLUSION
In conclusion, we built a pH-responsive and charge-reversal nanoplatform (Ce6-PLGA@PDA-PAH-DMMA NPs) that can enhance breast cancer therapeutic efficiency. Ce6-PLGA@PDA-PAH-DMMA NPs with a charge-reversal layer, which could maintain a negative potential at pH 7.4 and become a positive potential at the tumor extracellular microenvironment (pH 6.5), promoted their enrichment in the tumor and uptake by cancer cells. Subsequently, after irradiation with the 808-nm laser and the 660-nm laser, the photothermal effect of PDA and the ROS produced by Ce6 can synergistically damage breast cancer. In vitro experiments manifested that Ce6-PLGA@PDA-PAH-DMMA NPs showed increased uptake by cancer cells and overcame the limited tumor therapeutic efficacy of PTT or PDT alone. Taken together, Ce6-PLGA@PDA-PAH-DMMA NPs offer a promising approach with enhanced therapeutic efficiency for breast cancer treatment.
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Molecular dynamic behaviors of nanodisc (ND) formulations of free doxorubicin (DOX) and DOX conjugated lipid prodrug molecules were investigated by molecular dynamics (MD) simulations. We have unveiled how formulation design affects the drug release profile and conformational stability of ND assemblies. Our simulation results indicate that free DOX molecules loaded in the ND system experienced rapid dissociation due to the unfavorable orientation of DOX attached to the lipid surface. It is found that DOX tends to form aggregates with higher drug quantities. In contrast, lipidated DOX-prodrugs incorporated in ND formulations exhibited sufficient ND conformational stability. The drug loading capacity is dependent on the type of lipid molecules grafted on the DOX-prodrug, and the drug loading quantities in a fixed area of NDs follow the order: DOX-BMPH-MP > DOX-BMPH-TC > DOX-BMPH-PTE. To gain further insight into the dynamic characteristics of ND formulations governed by different kinds of lipidation, we investigated the conformational variation of ND components, intermolecular interactions, the solvent accessible surface area, and individual MSP1 residue flexibility. We found that the global conformational stability of DOX-prodrug-loaded ND assemblies is influenced by the molecular flexibility and lipidated forms of DOX-prodrug. We also found that the spontaneous self-aggregation of DOX-prodrugs with increasing quantities on ND could reduce the membrane fluidity and enhance the conformational stability of ND formulations.
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INTRODUCTION
Doxorubicin (DOX), a potent anthracycline cytotoxic drug, has been routinely used as a frontline chemotherapeutic agent in the treatment of various cancers. The anticancer mechanisms of DOX are known to involve multiple mechanisms, including intercalation of DOX into DNA double helix (Coldwell et al., 2008), inhibitions of several molecular targets (topoisomerase enzymes I and II, DNA and RNA polymerase) (Momparler et al., 1976; Foglesong et al., 1992; Marinello et al., 2018), generation of reactive oxygen species (ROS) (Davies and Doroshow, 1986), upregulation of C6 ceramide level (Ji et al., 2010), induction of autophagic cell death (Velez et al., 2011), and immunostimulatory effects (Mattarollo et al., 2011).
However, its clinical utility is restricted by dose-dependent toxicity on noncancerous cells of major organs, including the heart, liver, kidney, and brain (Chatterjee et al., 2010; Octavia et al., 2012; Tacar et al., 2013). Due to these unspecific side effects of conventional DOX therapy, various drug delivery systems (DDSs) such as liposomes, micelles, dendrimers, and inorganic nanoparticles have been developed to enhance therapeutic efficacy minimize the adverse effects of DOX. However, the optimized biocompatibility and pharmacokinetics of these DDSs are critically dependent on PEGylation technology. This approach potentially results in several negative aspects, including restriction of cellular uptake, anti-PEG immune response, non-degradability, and heterogeneity in production. These unfavorable impacts have plagued the clinical translation of most DDS, and hence this has motivated the discovery of alternative PEG-free DDSs.
Endogenous and synthetic lipoproteins, such as high-density lipoprotein (HDL)-like nanodiscs, have rapidly evolved as a promising DDS for small molecules, peptides, and nucleic acids because of their intrinsic long in vivo half-lives and passive targeting properties (Kuai et al., 2017; Kuai et al., 2018; Kadiyala et al., 2019). Therefore, nanodisc drug formulation has attracted significant attention in the field of nanomedicine (Lacko et al., 2015; Wang et al., 2018; Tang et al., 2021). Several studies regarding nanodisc-based DOX delivery that employed different encapsulation strategies have shown increased efficacy and reduced side effects in anticancer therapy (Murakami et al., 2010; Yuan et al., 2013; Wang et al., 2014; Kuai et al., 2018). However, nanodisc (ND) formulation of DOX approached by different encapsulation designs can lead to variable drug-loading capacity (DLC), distinct drug release profiles, altered structures, and surface charges, as well as stability of the ND system. These characteristics are critical for DOX-DDS development. Although conventional trial and error approaches may provide sufficient guidance on formulation development, this process is usually sophisticated, time-consuming, and costly (Boruah et al., 2019). Besides, the rational design of DDS formulation depends on a detailed understanding of molecular principles; the mechanistic insights at the molecular level are hard to obtain through experimental research (Ramezanpour et al., 2016). Theoretical studies based on computational modeling methods enable the initial screening of formulation variables to predict potential conditions to accelerate the experimental process (Mehta et al., 2019). In this regard, molecular dynamics (MD) simulations offer a powerful tool to inspect structural, molecular interactions, and dynamic features of drugs and carriers (Bunker and Rog, 2020). Taking into account these considerations, it appears desirable to initially predict the optimum ND formulation of DOX through computational methods.
Here we present an in silico approach that adopted the ND modeling and MD simulation techniques to investigate the effect of different formulation designs on DOX loaded ND DDS (Figure 1). Free DOX and lipidated-DOX prodrugs are designed to access the formulation variables on the structural and dynamical behavior of ND assemblies. The present study focuses on the influence of different lipidated forms of DOX and the drug-to-lipid ratio (D/L ratio) on drug release profile, the structural and dynamic properties of ND-DOX formulations. Moreover, the mechanism of the interaction between DOX and the ND lipid bilayer is poorly understood. This drove us to investigate the behavior of free DOX and lipidated-DOX prodrug molecules in the DPPC bilayer ND through MD simulations.
[image: Figure 1]FIGURE 1 | A flow chart summarizes the individual steps for the MD simulation of ND systems.
MATERIALS AND METHODS
Preparation of the Nanodisc System
Membrane scaffold protein 1 (MSP1) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were assembled into NDs using CHARMM-GUI (Qi et al., 2019). The diameter of all nanodiscs was 9.8 nm. For preparing four different ND formulation systems: 1. Free DOX, 2. DOX-BMPH-PTE (DOX-N-β-maleimidopropionic acid hydrazide-1,2-Dipalmitoyl-sn-Glycero-3-Phosphothioethanol), 3. DOX-BMPH-MP (DOX-N-β-maleimidopropionic acid hydrazide-2-Mercaptoethyl palmitate), and 4. DOX-BMPH-TC (DOX-N-β-maleimidopropionic acid hydrazide- Thiocholesterol), four corresponding structural analogs (1. Sitosteryl Glucoside, 2. DPPC, 3. Hexadecanoate, and 4. Campesteryl Glucoside) were selected from CHARMM-GUI for subsequent positional labeling. The selected structural analogs were randomly inserted into the ND system with a predefined set of proportions (10, 25, and 50%). Then DOX and Lipidated-DOX were superimposed to the labeled analog using flexible docking, and the labeled analog was subsequently removed. To eliminate the impact of the wrong docking poses on simulation accuracy, only the pose where the DOX sugar moiety is at the hydrophilic interface, and the molecule as a whole is wrapped in the pocket of the membrane layer is preserved. Each step in the process is presented in a flowchart (Figure 2). The control system (empty ND) consists of two MSP1 and 190 DPPCs, and the concrete composition of other ND formulation systems is described in Table 1. Each MSP1 contained 200 residues and a total of 400 residues in each ND system. The system was protonated at 298 K, the salt concentration was set to 0.145 M, and the pH was set to 7.35. All systems were solvated in cubic boxes using TIP3P water and neutralized by adding 0.145 M NaCl. Energy minimization for up to 10,000 steps was performed using the gradient descent algorithm to optimize the system.
TABLE 1 | The composition of each ND formulation system.
[image: Table 1][image: Figure 2]FIGURE 2 | MD simulation results of free-DOX incorporated DPPC ND formulation. The RMSD trajectory of DPPC, MSP1, and ND complex as a function of simulation time in nanoseconds (ns) for (A) the empty ND, (B) 10% DOX-ND, (C) 25% DOX-ND, and (D) 50% DOX-ND. (E) The RMSD trajectory of DOX molecules with increasing proportions (10, 25, and 50%) as a function of simulation time in ns. The initial and final snapshot of the simulation for each DOX-ND formulation: (F) 10% DOX-ND, (H) 25% DOX-ND, and (J) 50% DOX-ND. The interactions of the DOX molecules with the ND differed depending on the proportions of DOX: (G) 10% DOX, (I) 25% DOX, and (K) 50% DOX.
Parameter Settings of Molecular Dynamics Simulations
0.25 ns of NVT equilibration and 1.625 ns of NPT equilibration were performed. System temperature and pressure were maintained at 298 K, and at 1 bar using the Berendsen algorithm, respectively. The Nose-Hoover and Parrinello-Rahman algorithms were used to maintain temperature and pressure in the production simulation (Martyna et al., 1992). The constraints of heavy atoms in the system were gradually released until free in the equilibration stage. The simulation with the time step of 2 fs lasting 100 ns was performed for each system. The CHARMM36 force field was applied to all simulations (Huang and MacKerell Jr, 2013). The LINCS algorithm was used to constrain hydrogen bonds, and Coulomb interactions were calculated using particle-mesh Ewald (Hess et al., 1997). The root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF), solve accessible surface areas (SASA), and hydrogen bonds of the system were calculated in the trajectory analysis. All structures in the trajectory were clustered based on the RMSD of MSP1, and the structure in the largest cluster with the lowest RMSD relative to all other structures was defined as the central structure. All simulations were performed using GROMACS 2020.5 accelerated by CUDA modules, and all programs ran on AMD Ryzen™ Threadripper™ PRO 3995WX and The GeForce RTX™ 3080 Ti graphics card (Van Der Spoel et al., 2005).
RESULTS AND DISCUSSION
Dynamic Behaviour of DOX Molecules in DPPC ND Formulation
We initially investigated the MSP1/DPPC ND formulations of free DOX molecules through 100 ns all-atom MD simulations. Three different proportions of DOX ranging from 10 to 25% and 50% of total lipids were randomly placed into the ND bilayer. Considering the structural stability of ND and molecular motion of DOXs in the DPPC membrane, the root-mean-square deviation (RMSD) of DOX, DPPC, MSP (MSP1), and ND complex is determined in Figures 3A–E as a function of time. In the case of an empty ND system (Figure 3A), DPPC and MSP1 reach equilibrium in the first 12 ns of the 100 ns trajectories. Both DPPC and MSP show similar trends with an average RMSD (after 50 ns of simulation) of 1.00 and 1.20 nm, respectively. The global motions of the ND complex are plotted by the RMSD values comprising of DPPC and MSP in the trajectory, with RMSD quickly reaching a plateau of ∼1 nm after about 12 ns of simulation. In contrast to the empty ND system (control), the 10% DOX-incorporated ND assembly was unstable during the 100 ns of simulation (Figure 3B), with RMSD values undergoing a progressive increase of approximately 2.5-fold higher than control at the end of the simulation. However, The average RMSD value (after 50 ns of simulation) of DPPC and MSP1 is 1.18 and 1.22 nm, respectively. This indicates the significant RMSD increment of the ND complex is attributed to the random motion of DOXs.
[image: Figure 3]FIGURE 3 | RMSD trajectories and snapshots of center clusters for various types of lipidated-DOX prodrug ND formulations with increasing drug proportions (10, 25, and 50%). (A) ND formulation of DOX-BMPH-PTE. (B) ND formulation of DOX-BMPH-MP. (C) ND formulation of DOX-BMPH-TC.
To further study the role of DOX content in ND stability, ND with elevated DOX content of 25 and 50% were simulated under the same conditions. The structure of the ND complex (25% DOX) was increasingly unstable throughout the simulations, with the highest RMSD above 3.5 nm (Figure 3C). In contrast, the ND complex with higher DOX content (50%) generally shows lower RMSD with a maximum value of ∼2.6 nm (Figure 3D). However, the RMSD values of DPPC display the same increasing trend in 25 and 50% DOX of ND complex by maintaining an average of 1.31 and 1.35 nm during the second half of 50 ns, respectively. This implies the loss of constraints or reduced density between DPPC molecules. Moreover, all simulations show that an increase in the ratio of DOX results in little effect on the RMSD of MSP1. In this regard, the global instability mainly comes from the dissociation of DOX from the ND complexes. Interestingly, the RMSD profiles of 10 and 25% of DOX molecules in ND formulations show a similar trend with increasing RMSD values along the trajectories, while a higher proportion of DOX (50%) in the ND formulation leads to improved global stability, as reflected in lower RMSD pattern of the DOX molecules (Figure 3E). The simulation results suggest the self-aggregation propensity of DOX molecules.
In order to gain further insight into the dynamic behavior of DOX molecules, the first and last snapshots of MD trajectories are illustrated, and DOX-DPPC/MSP1 interactions are analyzed (Figures 3F–K). The drug leakage evaluation shows that 55% of DOX quantities were dissociated from the ND (10% DOX) throughout 100 ns MD simulations, suggesting variable interactions between DOX and DPPC ND bilayer (Figure 3F). However, the degree of DOX dissociation behavior is dropped to 25 and 15%, with increases in DOX-loading content from 25 to 50%, respectively (Figures 3H,J), indicating multiple network interactions were created via homomolecular and heteromolecular interactions. In the case of the low content of DOX (10%), DOX can interact with the DPPC molecules because of its amphiphilic structure. The positively charged amino sugar moiety can readily interact with the negatively charged phosphate group of DPPC through electrostatic interactions. The anthraquinone (AQ) ring of DOX can insert into the DPPC bilayer via hydrophobic interaction. In the case of the mid content of DOX (25%) (Figure 3I), additional interactions were formed between the DOX and polar or charged residues in MSP1. Specifically, Arg, Lys, and Glu residues frequently interact with the amino sugar and AQ moieties of DOX molecules. This results in the relocation of DOX molecules toward the ND rim, which is also reflected in the decrease of average RMSD values of MSP1 (Figures 3A–D). In addition to DOX-MSP1 interactions, the high content of DOX (50%) can form a giant network of DOX molecules on the interface of ND via both hydrogen bonding and hydrophobic π-π interactions (Figure 3K). This self-aggregation led to an arrested molecular motion and improved association of DOX with the ND. Therefore, we consider that the design of ND formulation involved free DOX molecules should be primarily concerned with the increased self-aggregation tendency at higher DOX concentrations (Fonseca et al., 1997; Fülöp et al., 2013). Such spontaneous homomolecular interactions may distort the orientational-dependent interactions between DOX and ND assembly.
The Impact of Drug Conjugation on ND Formulation
Three existing types of DOX lipidation are evaluated by a similar MD simulation approach. MD simulation results of ND formulation containing increasing quantities (10, 25, 50%) of BMPH-PTE, BMPH-MP, and BMPH-TC conjugated pH-sensitive DOX prodrugs and their corresponding central structure with the lowest RMSD score in the cluster are illustrated in Figure 4. In the group of ND formulations of DOX-BMPH-PTE (Figure 4A), no DOX leakage was observed during the MD simulations. Visual inspection on the ND complexes showed that DOX-BMPH-PTE molecules were tightly assembled with DPPC NDs. The RMSD profile of each component trajectory remains generally stable after 50 ns of simulations. Lower average RMSD values of DOX-BMPH-PTE and MSP1 are observed with an increase in DOX-BMPH-PTE proportion (Figure 4A). This implies the loss in the degree of ND conformational freedom and plausibly relative to the concentration-dependent DOX self-aggregation and DOX-MSP1 interactions.
[image: Figure 4]FIGURE 4 | MD simulation analysis of hydrogen bonds formed between DOX prodrug molecules and MSP1 protein in ND complexes. Dynamic measurements of hydrogen bond numbers in ND formulations of (A) DOX-BMPH-PTE (10%), DOX-BMPH-MP (10%), and DOX-BMPH-TC (10%). (B) DOX-BMPH-PTE (25%), DOX-BMPH-MP (25%), and DOX-BMPH-TC (25%). (C) DOX-BMPH-PTE (50%), DOX-BMPH-MP (50%), and DOX-BMPH-TC (50%). Dynamic measurements of hydrogen bonds per drug molecule in ND formulations of (D) DOX-BMPH-PTE. (E) DOX-BMPH-MP. (F) DOX-BMPH-TC. Electrostatic interactions between DOX prodrug molecules and MSP1 protein in ND formulations of (G) DOX-BMPH-PTE. (H) DOX-BMPH-MP. (I) DOX-BMPH-TC.
Similar dynamic behavior was observed in ND formulations of DOX-BMPH-MP and DOX-BMPH-TC. It is worth noting that each ND assembly possessed the same initial surface area, and the packing capacity is dependent on the surface area per lipid molecule. In this regard, the DOX-BMPH-PTE molecule occupies the largest area (63.0 Å2) on the ND among the simulated prodrugs, followed by DOX-BMPH-TC (40 Å2) and DOX-BMPH-MP (30 Å2). Therefore, ND formulated DOX-BMPH-MP appears to have the highest packing capacity. However, a parallel comparison between DOX-BMPH-PTE and DOX-BMPH-MP ND formulations shows that more DOX-BMPH-MP loading quantities do not seem to govern the stability of the MPS1 and ND complex significantly (Figures 4A,B). But the single acyl-chain characteristics of MP may subsequently influence membrane curvature. As the large head groups (DOX) of lipid clusters group together, DOX-BMPH-MPs impose a positive curvature on both sites of the ND membrane. Notably, the MD trajectory of DOX-BMPH-TC ND formulation exhibits the lowest RMSD values and fluctuations (except the case with a drug loading of 25%) than the formerly discussed ND formulations, which can be typically observed in the case with a 50% drug loading ratio (Figure 4C). We speculated that this significant RMSD improvement is primarily attributed to the cholesterol domain of DOX-BMPH-TC, which can stabilize the ND by increasing the order of the lipid packing, enhancing the rigidity, and reducing the fluidity of the membrane. Moreover, DOX-BMPH-TC with fewer rotatable bonds than DOX-BMPH-PTE and DOX-BMPH-MP can also result in reduced structural flexibility and lower RMSD.
The Electrostatic Interactions between DOX-Prodrug molecules and MSP1 Proteins
In MD simulations of DOX-prodrug ND formulations, we observed that the number of hydrogen bonds between DOX-prodrug molecules and MSP1 proteins is proportional to the loading quantities in all types of ND formulations (Figures 5A–C). The DOX-BMPH-PTE ND formulation consistently has the highest average counts of hydrogen bonds (after 50ns of simulation) across different loading quantities (10%, Hn = 16.1; 25%, Hn = 29.5; 50%, Hn = 45.5), followed by a consistent pattern for DOX-BMPH-MP ND formulation (10%, Hn = 13.1; 25%, Hn = 18.2; 50%, Hn = 35.8), and received the lowest average counts for DOX-BMPH-TC ND formulation (10%, Hn = 10.3; 25%, Hn = 11.5; 50%, Hn = 17.8). This regularity difference between the different types of ND formulations could be explained by the fact that the number of rotatable bonds and the structural flexibility of DOX-prodrug molecules are in descending order: DOX-BMPH-PTE > DOX-BMPH-MP > DOX-BMPH-TC (Figure 1). The loss of conformational freedom in DOX-prodrug molecules results in limited DOX-MSP1 interactions, and hence the less number of hydrogen bonds. This implies that increasing in conformational restriction of drug molecules may have a reduced influence on MSP1 dynamics.
[image: Figure 5]FIGURE 5 | A schematic illustration of the ND formulation designs for free DOX and lipidated DOX-prodrugs.
The fluctuations of hydrogen bonds per-DOX interaction with MSP1 over the simulation time show that hydrogen bonds per-DOX are significantly reduced with increasing DOX quantities (Figures 5D–F), and the minimum limits are achieved when the proportions of DOX rise to above 25%. In accordance with the center clusters of DOX-BMPH-PTE ND, we found abundant electrostatic interactions between DOX prodrugs and MSP1 proteins, including salt bridges and hydrogen bonds (Figures 5G–I). Similar interactions are observed in DOX-BMPH-MP ND central structures, whereas in DOX-BMPH-TC ND central structures, only a few hydrogen bonds were formed with MSP1 proteins. Collectively, Arg, Lys, Asp, and Glu residues of MSP1 proteins have commonly participated in hydrogen bonding and salt-bridge interactions with DOX-prodrug molecules.
SOLVENT ACCESSIBLE SURFACE AREA AND STABILITY OF DOX-PRODRUG LOADED ND ASSEMBLIES
Solvent accessible surface area (SASA) of DOX-prodrug loaded ND assemblies could be an important factor in stability studies. The SASA per prodrug molecule of different ND formulations is shown in Figures 6A–C. We noticed that a smaller head moiety of lipidated DOX-prodrugs can lower SASA per prodrug molecule. Besides, comparable trajectories are observed for 10 and 25% of both DOX-BMPH-MP ND and DOX-BMPH-TC ND (Figures 6B,C), which suggests rigidity of the DOX-BMPH-MP and DOX-BMPH-TC head moieties. It is notable that the SASA per prodrug molecule appears to be dropped at high proportions of DOX-prodrug quantity (50%), indicating that the tendency of decreasing in SASA could be governed by the quantity-dependent self-aggregation of DOX (Fülöp et al., 2013). Various interactions such as hydrogen bonding, π-π, π-alkyl stacking, and hydrophobic interaction are frequently involved in the aggregation networks of DOX. The visual inspection of central structures found that the presence of six-membered daunosamine sugar of DOX molecules plays a dominant role in forming hydrogen-bonding networks (Figures 6D–F). Other substructures, including aglycone moiety, phosphate groups, glycerol groups, and maleimide groups, also facilitated the intermolecular and intramolecular electrostatic interactions.
[image: Figure 6]FIGURE 6 | MD simulation analysis of the solvent accessible surface area (SASA) and self-aggregation behavior of DOX-prodrug ND formulations. Time evolution of the SASA per prodrug molecule during 100 ns of MD simulation for ND formulations of (A) DOX-BMPH-PTE. (B) DOX-BMPH-MP. (C) DOX-BMPH-TC. The aggregation networks of DOX molecules in ND formulations of (D) DOX-BMPH-PTE. (E) DOX-BMPH-MP. (F) DOX-BMPH-TC. Overall Stability and Flexibility of MSP1 Protein Assembled with Different DOX-ND Formulations.
To observe and compare the motion of MSP1 residues, we performed the root mean square fluctuation (RMSF) analyses for both the empty ND (reference structure) and different DOX-ND Formulations (Figure 7). In all cases, the most flexible regions are the C-terminal residues of the MSP1 (Figures 7A–D). As the DOX loading increased, each type of formulation followed a similar tendency with varying degrees of reduction in global RMSF values (Figure 7E). It is observed that residues of the ND formulation of DOX-BMPH-TC are more rigid than other ND formulations. This is in agreement with RMSD results and indicates that there were relatively strong interactions between the lipids/Drugs and MSP1 proteins, as well as lower fluidity of the membrane, which stabilized the DOX-BMPH-TC ND in a more compact conformation than others. Nevertheless, the rigidity of residues could be improved by loading a higher proportion of lipidated-prodrugs except for free DOX ND formulation.
[image: Figure 7]FIGURE 7 | Root Mean Square Fluctuation (RMSF) analyses MSP1 protein assembled with different DOX-ND formulations. Each MSP1 contained 200 residues, and the abscissa in the line charts represents the average value of RMSF in the same residue of two MSP1 proteins. RMSF of four systems compared with MSP1 residues in the empty ND: (A) MSP1 residues in the free DOX-ND formulations. (B) MSP1 residues in DOX-BMPH-PTE ND formulations. (C) MSP1 residues in DOX-BMPH-MP ND formulations. (D) MSP1 residues in DOX-BMPH-TC ND formulations. (E) Comparison of the fluctuations of each residue between four ND formulations and the empty ND with variants colored and sized according to its RMSF contribution. The coloring-thickness scale varies from deep red and thin (low fluctuations) to dark blue and thick (high fluctuations).
CONCLUSION
The molecular dynamic behavior of both free DOX and DOX conjugated lipid prodrug molecules loaded in ND formulations was investigated in depth by a series of all-atom MD simulations. We found that the interactions between free DOX molecules and the ND system are labile due to the strong electrostatic interaction between the amino sugar moiety of DOX and the phosphate head group of DPPC. These hydrogen bonds and intrinsic steric hindrance altered the ideal binding mode of DOX and resulted in an unfavorable orientation of DOX attached on the lipid surface rather than the vertical insertion of the AQ ring. Such amphiphilic characteristics of DOX may enable rapid membrane penetration and diffusion (Toroz and Gould, 2019). The stability of DOX binding modes to the ND membrane could be dependent on lipid composition (Siani et al., 2022). Through the comparison between three types of ND formulations of lipidated-DOX prodrugs, we observed that lipidation approaches could provide sufficient conformational stability for prodrug loading and different lipid used for lipidation led to variable loading capacity. ND formulation of DOX-BMPH-MP may be selected for more drug loading quantities as compared to other formulations. Our results also demonstrated that the global conformational stability of DOX-prodrug-loaded ND Assemblies is influenced by the molecular flexibility and lipid composition of DOX-prodrug molecules. Thus, ND formulation of DOX-BMPH-TC may be considered for better dynamic stability. We have also demonstrated that the increase in proportions of DOX-prodrug within a specific range (e.g., 10–50%) could induce DOX self-aggregation and hydrogen bonding with MSP1 residues, incidentally lowering the membrane fluidity and hence improving the conformational stability of ND formulations.
The main limitation of our study lies in the assumption that ND formulations of DOX satisfy the discoidal double-belt model and can be properly prepared under experimental conditions. Although this study mainly focused on comparing ND formulations with one another, simulated time could be another limitation that affects the accuracy. Besides, the effect of drug loading quantity on ND solubility was not within the scope of the study. Nevertheless, our findings offered a molecular insight into how lipidation of DOX influences the dynamic performance of ND formulations. The obtained information may guide the practical design and optimization of the ND formulation of DOX. The in silico approach adopted here exhibits future potential as a virtual screening or evaluation method to develop ND formulations.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is one of the leading cancer-related death, with morbidity and mortality rates increasing annually. As the most common treatment for HCC, transcatheter arterial embolization (TACE) plays an important role in HCC therapy (Singal et al., 2020). However, clinical practice has shown that the choice of embolic agents is limited by postoperative recanalization, non-targeted embolization, etc. (Chen et al., 2020b; Jiang et al., 2022). Furthermore, TACE also suffers from rapid drug release and insufficient therapeutic doses, which might contribute to drug resistance and poor therapeutic effects (Cao et al., 2021). Therefore, manufacture of the homogeneous drug dispersion in embolic agents is a revolutionary progress. Recently, He et al. reported a superstable homogeneous lipiodol-hydrophilic chemodrug formulation for TACE of HCC (He et al., 2022), which significantly enhanced the dispersion of chemotherapeutic drugs in lipiodol, thereby increasing the drug bioavailability of TACE in HCC patients and overcoming the shortcoming of rapid drug-releasee in clinic. Compared with the conventional surfactant emulsion strategy to increase drug dispersibility (Zhu et al., 2022), this superstable homogeneous intermixed formulation technology (SHIFT) is a green manufacture with any additions (Chen et al., 2020a; Cheng et al., 2020). And the chemotherapeutic drugs are assembled into nanostructures under the condition of cardon dioxide supercritical fluid. The specific nano-size effect offers the better dispersibility of chemotherapeutic drugs in lipiodol, suggesting this technology is universal in TACE. The chemotherapeutic drugs with nanostructures exhibit the better cellular uptake and sustained drug release properties. In general, this opinion prospects the interpretation of recent progress in the interventional embolization therapy of HCC, and focuses on the advantages of SHIFT technology in improving the stability of embolic reagents, improving the bioavailability of chemodrugs, and improving the prognosis of HCC.
THE DILEMMA OF TACE IN CLINICAL HCC
Recent studies reported over 900,000 new HCC global cases by 2020, and by 2025, over one million people are expected to suffer with HCC every year (Siegel et al., 2022). For many years, surgical resection and liver transplantation have proved as primary methods for curative HCC treatment. However, liver decompensation after hepatectomy is a great concern for surgeons. Small-disseminated nidus or multi-center occurrences may exist before surgery, therefore the 5-year recurrence rate for HCC patients after surgery is close to 70%, and the 5-year survival rate is only 10% (Llovet et al., 2021). The long-term prognosis of HCC patients undergoing liver transplantation is superior to those patients with surgical resection. However, donor shortages often deprive HCC patients with optimal transplantation opportunities due to tumor progression. Therefore, main treatments for unresectable HCC patients are local ablation, chemotherapy, radiotherapy or interventional embolization, all of which are called palliative treatments. Among them, TACE is the most widely used in clinical practice.
In a normal liver, hepatic arterial blood supply accounts for approximately 25% and portal venous blood supply for approximately 75%, while in HCC tissue, hepatic artery blood supply accounts for approximately 90%, and portal vein blood supply is lower to 10% (Shiraishi et al., 2008). These blood flow parameters constitute the theoretical foundation of vascular interventional therapy. TACE exploits this by dissolving chemotherapeutic drugs, such as doxorubicin or carboplatin, in embolic agents and injecting them into tumor feeding arteries, causing serious tumor cytotoxicity, ischemia and hypoxia, while inhibiting and killing tumor cells (Wei and Zhang, 2021; Reig et al., 2022). Compared to systemic chemotherapy, TACE significantly increases drug concentrations in liver cancer tissue and reduces systemic adverse events. However, for unresectable HCC tumors with a diameter over 10 cm, these therapeutic effects remain largely unsatisfactory and may cause serious adverse reactions, including iodine oil ectopic embolism, oncolytic reactions, fever, liver abscess, bone marrow suppression after chemotherapy, and other risks (Kishore et al., 2020). One possible reason for this is that the current hand-emulsifier lipiodol with hydrophilic chemotherapy drugs such as doxorubicin, epirubicin, and fluorouracil, displaying the rapid drug release into systemic blood circulation after TACE (<30 min), which unfortunately elevate postoperative patient side effects and reduce therapeutic efficacy. Therefore, a novel technology is urgently required to stably disperse hydrophilic chemotherapeutic drugs in lipiodol to improve the therapeutic effects and safety of TACE treatments.
SUPERSTABLE HOMOGENEOUS INTERMIXED FORMULATION TECHNOLOGY FOR ENHANCED TACE
SHIFT was developed to stably disperse chemotherapeutic drugs in lipiodol, overcoming the above mentioned issues during TACE (Figure 1). This technology skillfully combined lipiodol and hydrophilic chemotherapeutic drugs to prepare an effective and superstable homogeneous lipiodol and doxorubicin hydrochloride mixture (SHIFT and DOX), which was verified in several animal models, including decellularized liver, N1S1 rat orthotopic liver tumor and VX2 rabbit orthotopic liver tumor, showing improved clinical transformation and application value.
[image: Figure 1]FIGURE 1 | Illustration of superstable homogeneous lipiodol-chemodrug formulation in TACE. (A) SPFT was applied to produce nanoDOX with a nanoscale size and excellent uniformity. (B) nanoDOX was homogeneously dispersed into lipiodol via ultrasonication to achieve the superstable homogeneous lipiodol-DOX formulation (SHIFT&DOX). (C) The SHIFT&DOX embolic formulation showed the sustained drug release and enhanced therapeutic effects. Reproduced with permission (He et al., 2022). Copyright 2022, Ivyspring International Publisher.
Doxorubicin (DOX), a hydrophilic chemotherapeutic drug, was transformed into pure nano-doxorubicin by supercritical technology and then dispersed in a stable and uniform manner in the lipiodol with a simple low-power ultrasound. In addition to improving the stability of doxorubicin in lipiodol, the SHIFT and DOX formulation did not contain any additional additives. These benefits have ensured its safety and effectiveness, with great prospects in translational medicine. When compared with traditional lipiodol chemotherapy, this strategy significantly reduced chemotherapy levels reaching the systemic circulation, while ultra-high sustained-release properties were maintained for up to 21 days, thereby increasing local drug concentrations and anti-tumor efficacy. Animal studies reported that SHIFT and DOX showed good drug-specific deposition and sustained drug-release effects, therapeutic effects, and safety in tumor areas. Therefore, SHIFT and DOX could address issues with drug burst release, poor stability, poor efficacy, poor repeatability, serious side effects in current conventional TACE. Additionally, for those patients who cannot undergo surgery, SHIFT and DOX could ameliorate the transformation efficiency of patients with large and advanced liver cancer, favoring HCC patients enduring curative tumor resection. Furthermore, for HCC patients with a high risk of tumor recurrence after surgery, retrospective studies have demonstrated that postoperative TACE treatment can reduce recurrence and prolong survival (Chen W. et al., 2020). Considering the better performance of SHIFT and DOX in nanoscale size, it is believed SHIFT and DOX could penetrate into tiny lesions and kill tumors, thereby reducing tumor recurrence and improving the prognosis of patients with large and advanced liver cancer.
DISCUSSION
With the application of nanotechnology in clinical cancer treatments, it has shown remarkable prospects in improving drug solubility, increasing drug bioavailability, enhancing therapeutic efficacy and reducing side effects. Nab paclitaxel is a good example of nanotechnology in cancer treatment, which combined paclitaxel with albumin protein to assemble into nanostructure, improving the water solubility of paclitaxel and avoiding the severe immune response caused by the addition of castor oil (Ma et al., 2021). Similar examples are irinotecan and mitoxantrone liposome complexes for the enhancement of tumor chemotherapy (Li et al., 2021). However, while utilizing nanotechnology to enhance the efficacy of drugs, the potential side effects of vector introduction are also worthy of vigilance. Therefore, pure drug nanomedicine has received more and more attention in recent years. On the one hand, it makes effective use of nanotechnology in drug delivery and efficacy enhancement, and on the other hand, it avoids potentials risks caused by the introduction of additional carriers. For the application, SHIFT technology is to exploit this mechanism of pure drug nano-assembly to prepare homogeneous lipiodol formulation.
In addition, SHIFT technology could also be used in other medical field fields. While not just used for mixing lipiodol and chemotherapeutics, it can be used for the superstable and uniform mixture of lipiodol and indocyanine green (ICG) to improve ICG fluorescence properties and guide the complete resection of liver cancer (Chen et al., 2020a; Zhang et al., 2021). Based on the SHIFT approach, it is believed that the superstable homogeneous lipiodol-hydrophilic drug can be applied to the interventional treatment of colorectal tumors and pancreatic tumor liver metastases, and even internal irradiation based on nuclides (Chen et al., 2022). In summary, the formulation of hydrophilic lipiodol chemotherapy drugs based on SHIFT technology has significant clinical perspectives and translational value for interventional embolization therapy. In future translational clinical applications, this technology would fill existing technology gaps and modify palliative treatment strategies for patients with advanced liver cancer.
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A series of thermo- and light-responsive copolymers of poly (N-isopropylacrylamide) (PNIPAM) and 6-[4-(4-methoxy phenyl azo)-phenoxyl-hexyl methacrylate) (AzoMA) (PNIPAM-b-PAzoMA) were synthesized via reversible addition–fragmentation chain transfer (RAFT) radical polymerization. The resulting copolymers had a narrow molecular weight distribution range of 1.06–1.24, in which Mn changed regularly with the monomer concentration. Subsequently, the diblock copolymers were successfully modified on the surface of iron oxide nanoparticles through the interaction between the chemical bonds to prepare Fe3O4@(PNIPAM-b-PAzoMA) nanoparticles. The size of fabricated nanoparticles with excellent thermo-sensitivity and photo-sensitivity was controlled at about 40–50 nm. Cell viability assays suggested that the nanoparticles showed no significant cytotoxicity and potential drug delivery in the tumor microenvironment.
Keywords: Poly(N-isopropylacrylamide) (PNIPAM), magnetic nanoparticles, thermo-sensitive, light-sensitive, Poly(6-[4-(4-methoxy phenyl azo)-phenoxyl- hexyl methacrylate]) (PAzoMA)
1 INTRODUCTION
The cancer burden had risen to 19.3 million new cases and 10.0 million cancer deaths in 2020 (IARC, 2020). Cancer is characterized by highly metastatic and recurrent, traditional treatments such as surgery, chemotherapy, and radiation and is difficult to cure completely (Couzin-Frankel, 2013; Gotwals et al., 2017). Therefore, continuous endeavors by the researchers are being made to develop new low-cost and effective solutions for cancer treatments with few side effects, high specificity, and anti-metastasis (Lu et al., 2020; Baggiolini et al., 2021; Eberhardt et al., 2021). Polymeric nanomedicine has become crucial in clinical application with its precise and efficient targeting therapy of tumors (Farokhzad and Langer, 2006; Hawkins et al., 2008; Girase et al., 2019; Chen et al., 2021). A few drug-carrying polymeric nanoparticles (NPs) have been used in preclinical oncology treatment (Tong et al., 2012; Li et al., 2018; He et al., 2019). Stimulus-responsive NP drug delivery systems have attracted extensive attention because of their specificity, selectivity, and efficacy in tumor tissues and biocompatibility for normal cells (Karimi et al., 2016; Jia et al., 2018). The endogenous and exogenous (or external) stimuli could induce drug release from polymer vesicles. External stimulus-responsive factors included pH, magnetism, temperature, ultrasound, and light (Satarkar and Hilt, 2008; Brazel, 2009; Schroeder et al., 2009; Ge et al., 2012; Huo et al., 2014; Liu et al., 2014; Shanmugam et al., 2014; Olejniczak et al., 2015; Rwei et al., 2015; Alimoradi et al., 2016). Slight changes in the external environment could trigger the release of the polymer vesicles to the drug. The integration of multiple functions and various chemical nature of compounds to improve their functionalities was an innovative approach to obtaining nanoscale drug carriers.
Light-responsive nanocarriers have attracted extensive attention in the field of drug delivery (Olejniczak et al., 2015; Rwei et al., 2015). Using light as a trigger has many beneficial advantages. Light is easy to manipulate and make tiny adjustments. The photo-responsive nano-carrier acts as a biofriendly material, which could achieve accurate control of the location, time, and dose of released species (Sortino, 2012). The first example is azobenzene units, which could be handily transformed between trans- and cis-configuration to release encapsulated antineoplastic drugs. There are so many distinctions of azobenzene derivatives in physical, chemical, optical, and biological properties which are caused by E-to-Z isomerization. It is the reason that azobenzene compounds could be utilized to tune the characteristics of host materials. A growing number of studies were using azobenzene derivatives covalently linked to polymers as photoactivated drug delivery systems in NPs formed via self-assembly of polymers (Shibaev et al., 2003; Wang et al., 2015; Zhang et al., 2019; Shi et al., 2021a; Yao et al., 2021). It was reasonable to expect that as soon as the hydrophobic forces and π-π interactions are removed under UV irradiation, the vesicles with drugs dominated by electrostatic forces would expand rapidly to open the “gate” to achieve drug release (Yao et al., 2021).
Fe3O4 NPs are excellent nanoparticles for cancer therapy, which have been approved by the U.S. Food and Drug Administration (FDA) for the clinical treatment due to magnetic targeting and T2-weighted magnetic resonance imaging (MRI) (Ge et al., 2018). However, individual Fe3O4 NPs have no antitumor effect. Thus, composite materials based on ions have emerged, especially anti-tumor composites. In recent years, many substances have been used to combine with Fe3O4 to prepare antitumor nanoparticles, such as oxide-graphene (Lin et al., 2014), poly (ethylene glycol)-block-poly (lactic-co-glycolic acid) copolymer-encapsulated (Liu et al., 2022), and polymers (Swain et al., 2015; Du et al., 2017; Shi et al., 2021b; Ndebele et al., 2021). These composite Fe3O4 NPs showed great potential for cancer therapy. In the past few decades, the temperature sensitivity of poly (N-isopropylacrylamide) (PNIPAM) has been utilized to successfully synthesize so many drug nanocarriers with temperature responsiveness and high loading capacity. PNIPAM could respond to changes in the microenvironment temperature, which caused changes in the carrier structure and interactions with cells to achieve temperature-sensitive drug delivery and release (Liu et al., 2015; Bathfield et al., 2016; Nguyen et al., 2016). In our previous study, a series of biomaterials containing PNIPAM were also synthesized, and their lower critical solution temperature (LCST) was close to human body temperature (Cui G. et al., 2020; Cui G. H. et al., 2020). In this work, we took advantage of the thermo- and light-responsive properties of the polymer to synthesize polymer-coated magnetic nanoparticles, which may be used for drug delivery in the tumor microenvironment.
2 MATERIALS AND METHODS
2.1 Materials and Instrumentation
N- isopropylacrylamide (Aldrich, 98%) was recrystallized twice from a hexane/benzene mixture (3/2, v/v). 2,2′-Azobis (2-methylpropionitrile) (AIBN) (J&K chemical, 98%), 1,3,5-trioxane (Sigma-Aldrich, 99%), 1-dodecanethiol (Sigma-Aldrich, ≥98%), tetrabutylammonium bromide (Sigma-Aldrich, 99%), carbon disulfide (Sigma-Aldrich, 99.9%), p-anisidine (Aladdin, 99%), 1,6-dibromohexane (Aladdin, 99%), phenol (Aladdin, 99%), methacrylic acid (J&K chemical, 98%), and MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium were purchased from Acros. Human breast cancer cell (MCF-7) culture and NCTC clone 929 (L-929) were purchased from the Type Culture Collection of the Chinese Academy of Sciences, Shanghai.
The 1H nuclear magnetic resonance (NMR) spectra of polymers in CDCl3 were obtained on a Varian Unity 400 NMR spectrometer. The molecular weights (Mn) and polydispersity (Mw/M n) were measured by gel permeation chromatography (GPC) using a Waters 510 pump and a Model 410 differential refractometer at 25°C. The LCSTs of the polymer solutions were determined by turbidimetry, using a Shimadzu-2600 UV-Vis spectrophotometer with a heating rate of 0.1°C·min−1. FTIR spectra were recorded on a Shimadzu IR-8400S spectrometer. The average particle size and size distribution of the nanoparticles were characterized by dynamic light scattering (DLS) with a Malvern470 instrument at a fixed scattering angle of 90°, after being filtered by 0.45-μm Millipore filters. The scanning electron microscopy (SEM) images were obtained with JEOL JSM-6701SF. The morphologies of the nanoparticles were determined by transmission electron microscopy (TEM) with JEOL JEM-2100. Powder X-Ray Diffraction (XRD) was performed by using an X′-Pert PRO Philips X-ray diffractometer using Cu radiation (wavelength λ is 1.514056 [image: image]) in the 2θ range of 10 ∼100° with a scan rate of 20°/min. X-ray photoelectron spectra (XPS) were examined on a PHI-5702 instrument using Mg Ka radiation with a pass energy of 29.35 eV. The optical density (OD) was measured at 570 nm with a microplate reader, model 550 (Bio-Rad, United States). Cell viability was determined as a percentage of the negative control (untreated cells).
2.2 General Procedure for the Thermo- and Light-Responsive Block Polymer Synthesis
2.2.1 Synthesis of Dual-responsive Block Polymers
The procedure of AzoMA synthesis is shown in Supplementary Scheme S1. NaNO2 (3.0094 g, 43.6 mmol) was dissolved in deionized water (20 ml). Then, it was added to the hydrochloric acid solution of p-anisidine (5.0984 g and 41.4 mmol) solution and stirred at 0°C for 2 h. Miscible liquids were shifted to sodium hydroxide solution (4 g and 0.1 mol) of phenol (4.0902 g and 43.4 mmol) and stirred at 0°C for 2 h, and the pH was adjusted to neutral to obtain 4-hydroxy-4′-methoxy-azobenzene. The aforementioned product (2.43 g and 10 mmol) and 1, 6-dibromohexane (14.67 g and 53.6 mmol) and anhydrous K2CO3 (7.3922 g and 53.6 mmol) were added to acetone (100 ml) and stirred at 75°C for 24 h. The mixture was precipitated in petroleum ether (30∼60°C) and recrystallized by thermal filtration in ethyl acetate twice to obtain 1-bromo-6 -(4-methoxyazobenzene-4′-oxygen) hexane.
Methacrylic acid (0.2004 g, 2 mmol) and KHCO3(0.1002 g and 1 mmol) were dissolved in N,N-dimethylformamide(10 ml); then, 1-bromo-6-(4-methoxyazobenzene-4′-oxygen) hexane(0.3912 g, 1.09 mmol) was added dropwise under whisk and stirred at 65°C for 4 h. The pure AzoMA was acquired by column chromatography (the results are shown in Supplementary Figures S1, S2).
2.2.2 Synthesis of PNIPAM-b-PAzoMA
PNIPAM-b-PAzoMA was synthesized using NIPAM and AzoMA as monomers by RAFT, as shown in Scheme 1. There were three steps for the synthesis of block copolymers. First, S-1-dodecyl-S´-(α,α′-dimethyl-α´´-acetic acid) trithio-carbonate (DMP) (1) was synthesized as a chain transfer agent (CTA). DMP was synthesized by a method derived from Lai et al. (2002), and we have reported in previous research (Cui G. et al., 2020). Subsequently, the synthesis of macromolecular chain transfer agents 2) via reversible addition–fragmentation chain transfer (RAFT) was mentioned in our study (Cui G. et al., 2020).
[image: Scheme 1]SCHEME 1 | Fabrication strategy for thermo- and light-responsive polymer-coated magnetic nanoparticles.
Finally, for the synthesis of PNIPAM-b-PAzoMA, a mixture of AzoMA (0.132 g and 0.5 mmol), macro CTA (152.7 mg and 0.015 mmol), 1,3,5-trioxane (50.44 mg and 0.56 mmol), and AIBN (1.70 mg and 0.01 mmol) was added to anhydrous DMF: H2O (7.5 ml and 95:5, v/v) and was sealed on the middle side of an H-shaped ampoule glass and stirred. Nitrogen was bubbled through both mixtures for 20 min to remove any oxygen. Three freeze-pump-thaw cycles were performed to degas the solutions. The ampoule was placed at 80°C for 24 h. Polymerization was quenched by exposing the solution to air. The solution was concentrated under a vacuum, and the polymer was precipitated into petroleum ether (30∼60°C) thrice; then, the product was dried under a vacuum.
2.3 Synthesis of Polymer-Coated Magnetic Nanoparticles
Fe3O4 nanoparticles were synthesized by chemical coprecipitation (Wu et al., 2012). The details are mentioned in our report (Cui G. H. et al., 2020). The Fe3O4 nanoparticles were dissolved in N, N-dimethylformamide (20 ml) and dispersed by ultrasonic concussion. Then PNIPAM-b-PAzoMA (0.3 mmol), EDC·HCl (10 mg and 0.052 mmol), and DMAP (7.1 mg and 0.058 mmol) were added successively under stirring and stirred at 80°C in an oil bath for 24 h. The compound was washed continuously with excess methanol in order to remove the unreacted polymer after magnetic separation and dried under vacuum to obtain polymer-coated magnetic nanoparticles.
2.4 Biocompatibility Study
The cell viabilities of macro-CTA, PNIPAM-b-PAzoMA, and Fe3O4@PNIPAM-b-PAzoMA nanoparticles were preliminarily investigated by using NCTC clone 929 (L-929) and human breast cancer cell (MCF-7) culture. Specific details were referred to in our previous studies (Cui G. H. et al., 2020). Six replicate wells were used for the control and test concentrations for each sample. The optical density was measured using a microplate reader at 492 nm. The cell viability (%) was calculated according to the following Eq. 1:
[image: image]
where Asample was the absorbance of the cells incubated in DMEM and mixture, and Acontrol was the absorbance of the cells incubated in DMEM.
3 RESULTS AND DISCUSSION
3.1 Architecture Analysis
The morphologies of Fe3O4@PNIPAM-b-PAzoMA nanoparticles were investigated by SEM (Figure 1A) and TEM (Figure 1B). The diameter of the Fe3O4@PNIPAM-b-PAzoMA nanoparticles ranged from 40 to 50 nm. The size was basically identical to the intensity-average hydrodynamic radius distribution f (Rh) which was measured by DLS in Figure 2A. The nanoparticles had an almost spherical shape since the polymer shells of Fe3O4@PNIPAM-b-PAzoMA nanoparticles were mostly formed by esterification.
[image: Figure 1]FIGURE 1 | SEM and TEM images of Fe3O4@ PNIPAM-b-PAzoMA nanoparticles.
[image: Figure 2]FIGURE 2 | (A) DLS spectrogram for Fe3O4@ PNIPAM-b-PAzoMA nanoparticles. (B) GPC traces of PNIPAM-b-PAzoMA.
The PNIPAM-b-PAzoMA was synthesized by the different feed ratios of AzoMA/macro-CTA/AIBN, which could obtain products that had a narrow molecular weight distribution range of 1.06–1.20, as shown in Figure 2B and Supplementary Table S2. The GPC traces of the block copolymer demonstrated a clean shift toward a lower elution volume. The macro-CTA was a polymer containing 132 PNIPAM units because it had the highest LCST among many macromolecular chain initiators prepared by our study.
The architecture of the PNIPAM-b-PAzoMA and Fe3O4@PNIPAM-b-PAzoMA nanoparticles was authenticated by FT-IR spectra and 1HNMR. From Figure 3A, compared with AzoMA (Supplementary Figure S1), a characteristic signal of PNIPAM representing nitrogen atoms was shifted to 6.53 ppm. The peaks at 7.85, 6.98, 3.99, and 3.89 ppm were the characteristic signals of AzoMA. It was seen clearly that the new characteristic peak of PNIPAM at 3,286 cm−1 was assigned to the stretching vibration (νN–H) of the acylamino group in Figure 3B. The band at 1,645 fcm−1was ascribed to amide I [mainly the carbonyl stretching vibration (νC=O)], and the band at 1,544cm−1 was ascribed to amide II [mainly the N–H bending vibration (δN–H)], which has overridden the characteristic absorption peaks of AzoMA because of its high content of PNIPAM in the polymer. Two characteristic peaks appeared in the Fe3O4@PNIPAM-b-PAzoMA nanoparticles, which were located in 1,080 cm−1 and 583cm−1, and possessed the ester acid bond and Fe-O band.
[image: Figure 3]FIGURE 3 | 1HNMR spectra of PNIPAM-b-PAzoMA (A), FT-IR spectra of PNIPAM-b-PAzoMA, and Fe3O4@PNIPAM-b-PAzoMA nanoparticles (B).
XPS and XRD spectra were used to further investigate the composition of the nanoparticles. Figure 4A showed the XRD pattern of the bare Fe3O4 and Fe3O4@PNIPAM-b-PAzoMA nanoparticles. The characteristic diffraction peaks for Fe3O4 (2θ = 18.07, 30.32, 35.68, 43.32, 53.78, 57.38, 62.89, and 74.56) marked by their indices on (111), (220), (311), (400), (422), (511), (440), and (533) crystal planes can be observed. All the peak positions were basically consistent with the standard data of the Fe3O4 structure (JCPDS card file No. 85–1,436) (Cullity, 1978). The peak position did no’t change, but the peak intensity changed differently. The dispersion of nanoparticles in the solution was different because of the effect of the surface polymer. In Figure 4B, peaks at the binding energies (BEs) of 284.39, 403, and 533.23eV were corresponding to C1s, N1s, and O1s, which were from the copolymer. The BE values of about 55.86eV and 688eV were ascribed to Fe3p and Fe2p. These results indicated that the copolymer was successfully grafted onto the exterior surface of the Fe3O4 nanoparticles.
[image: Figure 4]FIGURE 4 | (A) XRD spectra of (a) bare Fe3O4 (b) Fe3O4@PNIPAM-b-PAzoMA nanoparticles and (B) XPS spectra of Fe3O4@PNIPAM-b-PAzoMA nanoparticles.
3.2 Thermo- and Light- Responsivity of Nanoparticles
It was found that the LCST of macro-CTA was 33.9°C in Figure 5A. It was higher than the homopolymer PNIPAM due to the hydrophilic carboxyl group of the macro-CTA. The LCSTs of all Fe3O4@PNIPAM-b-PAzoMA nanoparticles were lower than those of macro-CTA. This might be caused by the hydrophobic interaction of AzoMA in the nanoparticles. Also, the content of AzoMA in nanoparticles was inversely proportional to LCST, as shown in Supplementary Figure S3.
[image: Figure 5]FIGURE 5 | (A) Cloud point curve for the aqueous solution of macro-CTA and Fe3O4@PNIPAM-b-PAzoMA nanoparticles. (B) Plots of optical transmittance as a function of temperature for Fe3O4@(PNIPAM-b-PAzoMA) aqueous solution with the concentration of 1 mg/ml (10 min for each temperature four heating/cooling cycles between 25 and 45°C).
The effect of AzoMA’s content on the LCST of the polymer was also reflected in the change of LCST of nanoparticles before and after UV irradiation, as shown in Table 1. The reason for this phenomenon was that the azo group of AzoMA was in a low dipole moment of the trans configuration without UV irradiation, and the polarity of AzoMA was weak, and this resulted in the strong hydrophobicity of AzoMA, and the LCST of the nanoparticles was lower than that of the macro-CTA. After UV irradiation, the azo group underwent a trans-cis transition. Compared with the trans configuration, the dipole moment of the azo group in the cis configuration was much higher, and the polarity of the AzoMA was also increased so that the hydrophilicity of nanoparticles was significantly enhanced. Another possible reason was that the azo of AzoMA in the trans configuration was a planar configuration. Compared with the cis structure, the superposition between molecules was more likely to occur so as to enhance the hydrophobic association ability, which was manifested by the increased phase transition temperature of the product after UV irradiation. After the aqueous solution of the sample irradiated by UV light was placed in the shade or exposed to visible light, its LCST returned to the temperature before UV irradiation. This was due to a cis-trans configuration transition of the azo group in Figure 5B.
TABLE 1 | Summarized data on Fe3O4@PNIPAM-b-PAzoMA.
[image: Table 1]Figure 6 showed the UV spectrum changes of Fe3O4@PNIPAM-b-PAzoMA aqueous solutions with different contents of AzoMA that were irradiated by UV light. In the Figure 6A, the absorbance was proportional to the content of AzoMA. The sample showed a strong absorption peak at 358 nm, while the absorption peak at 450 nm was relatively weak. This was because AzoMA mainly with its trans configuration under such conditions, and the trans configuration of azobenzene was relatively low. Therefore, this study focused on Fe3O4@PNIPAM-b-PAzoMA nanoparticles with high AzoMA contents. However, in Figure 6B, the characteristic absorption peak of AzoMA’s cis configuration at 450 nm increased with the extension of UV irradiation time. This was because the azo groups in AzoMA gradually changed from trans configuration to cis configuration with the extension of UV irradiation time.
[image: Figure 6]FIGURE 6 | (A) Spectral changes of Fe3O4@PNIPAM-b-PAzoMA in aqueous solution during UV irradiation (365 nm, 8 W) (a) Fe3O4@PNIPAM132-b-PAzoMA5, (b) Fe3O4@PNIPAM132-b-PAzoMA9, (c) Fe3O4@PNIPAM132-b-PAzoMA15, and (d)Fe3O4@PNIPAM132-b-PAzoMA21. (B) Spectral changes of Fe3O4@PNIPAM132-b-PAzoMA21 under irradiation time: (a) 0 min, (b) 5 min, (c) 10 min, (d) 15 min, and (e) 20 min.
3.3 Thermostability and Magnetism of Nanoparticles
The thermogravimetric analysis (TG) is shown in Figure 7. We could clearly determine that below 600°C, after grafting PNIPAM-b-PAzoMA onto the surface of the Fe3O4@PNIPAM-b-PAzoMA nanoparticles, the weight loss was about 56%, while only about 7% of weight loss for bare Fe3O4 nanoparticles. Compared with bare Fe3O4 nanoparticles, the weight loss of Fe3O4@PNIPAM-b-PAzoMA is generally concentrated in three stages which were 70°C∼150°C, 150°C∼300, and 300°C∼500°C. In the first phase, the quality loss was about 5%, which was roughly consistent with the loss in 1), and this value was identified as the loss of Fe3O4. The mass loss in the second phase was mainly due to the thermal decomposition of PAzoMA. The weight loss in the third period was relatively large, especially due to the thermal decomposition of PNIPAM in the polymer, which was basically consistent with the data measured by GPC.
[image: Figure 7]FIGURE 7 | (A) TG curves of (a) Fe3O4 and (b) Fe3O4@PNIPAM-b-PAzoMA and (B) hysteresis loops of (a)bare Fe3O4 nanoparticles and (b)Fe3O4@PNIPAM-b-PAzoMA nanoparticles at room temperature.
Figure 7B shows the hysteresis graph of Fe3O4 and Fe3O4@PNIPAM-b-PAzoMA nanoparticles. Due to the small particle size, the saturation magnetization (Ms) of Fe3O4 was about 68.02 emu/g. The Ms of Fe3O4@PNIPAM-b-PAzoMA nanoparticles decreased significantly, which was 30.01 emu/g. This was because polymer-coated Fe3O4 changed the magnetic anisotropy and increased the directional obstruction on the surface. Fe3O4@PNIPAM-b-PAzoMA nanoparticles showed no coercivity, so we could judge that the nanoparticles had a certain degree of super-paramagnetism.
3.4 Assessment of the Cell Viability
The cytotoxicity study on normal cells (L-929, with high activity) and tumor cells (MCF-7, with insensitive to apoptosis induced by various chemotherapeutic drugs) was carried out to investigate the preliminary biocompatibility of the resulting Fe3O4@PNIPAM-b-PAzoMA nanoparticles in Figure 8. MTT studies showed that macro-CTA, PNIPAM-b-PAzoMA, and Fe3O4@PNIPAM-b-PAzoMA nanoparticles had very low toxicity to L-929 cells and MCF-7 cells, and the cell survival rate remained above 80% even at sample concentrations up to 60 μmol/ml.
[image: Figure 8]FIGURE 8 | Cell viability of (A) the L-929 cells and (B) the MCF-7 cells incubated with the samples (macro-CTA, PNIPAM-b-PAzoMA, and Fe3O4@PNIPAM-b-PAzoMA nanoparticles), over a range of sample concentrations from 0.006 to 60 μmol/ml by MTT assay for 48 h.
4 CONCLUSION
In this study, the thermo- and light-responsive polymer-coated magnetic nanoparticles were synthesized. The size of the Fe3O4@PNIPAM-b-PAzoMA nanoparticles was about 40–50 nm. Fe3O4@PNIPAM-b-PAzoMA nanoparticles had excellent temperature sensitivity, photosensitivity, thermostability, and super-paramagnetism and no significant cytotoxicity. Fe3O4@PNIPAM-b-PAzoMA may be used for good drug delivery in the tumor microenvironment and for potential antitumor therapy.
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Immunotherapy, which stimulates the body’s own immune system to kill cancer cells, has shown great promise in the field of cancer therapy. However, the uncontrolled biodistribution of immunotherapeutic drugs may cause severe side effects. Herein, we report an iodine-rich nanoadjuvant (INA) for photo-immunotherapy. INA is prepared by encapsulating a toll-like receptor 7 agonist (R837) and a photosensitizer (phthalocyanine) into an iodine-rich amphiphilic copolymer PEG-PHEMA-I. By virtue of the enhanced permeation and retention (EPR) effect, INA can effectively accumulate into the tumor site. Under light irradiation, photodynamic therapy (PDT) triggered by INA will induce immunogenic cell death (ICD) in the tumor region to trigger the release of immune-associated cytokines. Such a process may further induce the maturation of dendritic cells which will be accelerated by R837, leading to the proliferation of effector T cells for immunotherapy. The photo-immunotherapy mediated by INA shows good anticancer efficacy both in vitro and in vivo. Meanwhile, INA is also a CT contrast agent owing to its high density of iodine, which can successfully illuminate tumors by CT imaging. Thus, our study develops a light-triggered nanoadjuvant for CT imaging–guided enhanced photo-immunotherapy.
Keywords: nanoadjuvant, immunotherapy, photodynamic therapy, breast cancer, CT imaging
INTRODUCTION
Immunotherapy is a kind of promising cancer therapeutic modality that stimulates the body’s own immune system to attack cancer cells (Pardoll, 2012; Intlekofer and Thompson, 2013; Topalian et al., 2015). Until now, several immunotherapeutic modalities have been successfully applied, such as chimeric antigen receptor (CAR) T cell, immune checkpoint blockade, and cytokine therapy (Pardoll, 2012; Intlekofer and Thompson, 2013; Hargadon et al., 2018). However, because of the uncontrolled tissue accumulation of immunotherapeutic drugs, immunotherapy may suffer from the issue of immune-related adverse events (IRAEs), including hypokalemia, hypophysitis, myocarditis, and thyroid dysfunction (Kumar et al., 2017; Pollack et al., 2017; Darnell et al., 2020). To address such an issue, increasing the tumor accumulation of immunotherapeutic agents is a key point (Lu et al., 2018; Liu et al., 2019). Compared with small-molecular anticancer drugs, nanomedicines have been proven to exhibit better tumor accumulation (Shi et al., 2017; Tran et al., 2017; Youn and Bae, 2018; Miao et al., 2019; Wang X. et al., 2021). By virtue of such advantage, numerous nanomaterials have been designed for cancer immunotherapy to achieve a better therapeutic efficacy with lower IRAEs (Meng et al., 2019; Ji et al., 2020; Mai et al., 2020; Allen et al., 2021). In addition, owing to the multifunctionality of nanomaterials, different kinds of immune stimulants and agonists, and therapeutic modalities, can be easily integrated into one system (Meng et al., 2019; Wang H. et al., 2019; Wang T. et al., 2019; Guo et al., 2021; Wang Z. et al., 2021). Therefore, developing novel nanomedicines is of great significance for cancer immunotherapy.
Despite the improved tumor accumulation of nanomedicine, most therapeutic modalities for immunotherapy activation still have the issue of low specificity. Among different modalities, phototherapy which uses light as an exogenous stimulus has the advantages of high spatiotemporal resolution and low side effects (Chen et al., 2016; Jia et al., 2020). Such a feature makes light an ideal choice for immunotherapy as it can ensure the therapeutic process and induction of immunogenic cell death (ICD) only to occur in the tumor site (Xu et al., 2017; Ding et al., 2018; Li et al., 2019). Until now, nanomaterial-based phototherapy-induced ICD has been applied for treating both primary and metastatic tumors in vivo (Wang Z. et al., 2019). In addition to ICD, such a nanosystem may also trigger the delivery of inhibitors, enzymes, adjuvants, and hydrogen sulfide to enhance the immunotherapeutic efficacy (Han et al., 2017; Shi et al., 2018; Wang H. et al., 2019; Sun et al., 2021; Zhang et al., 2022). All of these examples indicate the great promise of nanomaterials in light-induced immunotherapy. But how to integrate light-induced nano-immunotherapy with reliable clinical imaging methods via a facile strategy is still a challenge. The combination of a reliable clinical imaging method can not only help examine the location of the tumor but also benefit the observation of the curative effect evaluation of light-induced immunotherapy.
Herein, we report iodine-rich nanoadjuvants (INAs) for photodynamic immunotherapy. Such a nanoadjuvant is prepared by co-encapsulating a near-infrared (NIR)–absorbing phthalocyanine and a toll-like receptor-7 (TLR7) agonist (R837) into an iodine-rich amphiphilic copolymer, PEG-PHEMA-I (Figure 1A). After accumulation into the tumor site via enhanced permeation and retention (EPR) effect, INA may conduct photodynamic therapy (PDT) under NIR light irradiation. The ICD induced by PDT subsequently triggers the release of danger-associated molecular patterns (DAMPs) and tumor-associated antigens (TAAs) from dying tumor cells. The ICD combined with released R837 will trigger the maturation of dendritic cells (DCs), which further promote the proliferation of effector T cells. As a result, photodynamic immunotherapy is achieved by INA under NIR light irradiation (Figure 1B). In addition, the high concentration of iodine makes INA an ideal candidate for X-ray computed tomography (CT) contrast agents. Thus, INA can be applied as a CT imaging–guided photodynamic immunotherapy for cancer.
[image: Figure 1]FIGURE 1 | (A) Schematic illustration of INA preparation. (B) Schematic illustration of the mechanism of INA for NIR light synergistic photodynamic immunotherapy.
EXPERIMENTAL
Materials
All the chemicals and solvents are purchased from Sigma-Aldrich and used as received unless otherwise mentioned. PEG-PHEMA-I was synthesized based on our previous study (Zhou et al., 2020).
Characterizations
Dynamic light scattering (DLS) was performed on a Brookhaven ZetaPALS. Transmission electron microscopy (TEM) images were captured on an HT7700 transmission electron microscope (acceleration voltage 100 kV). Absorption and fluorescence spectra were recorded on a Shimadzu UV-3600 ultraviolet–visible-near-infrared spectrophotometer and a Fluoromax-3 spectrophotometer (JobinYvon), respectively.
Preparation of Nanoparticles
INA was prepared via a nanoprecipitation method. Briefly, PEG-PHEMA-I, phthalocyanine, and R837 were dissolved into 1 ml of tetrahydrofuran (THF). The resulting solution was rapidly injected into 9 ml of water under vigorous sonication for 1 min. THF was then removed by gentle nitrogen gas flow, and the nanoparticle solution was filtered through a 0.22-μm filter to remove the aggregates. The obtained solution was stored at 4°C for further usage. The preparation of PEG-PHEMA-I nanoparticles was based on a similar procedure without the addition of R837.
Cellular Uptake
Fluorescein isothiocyanate (FITC) (5% w/w) was doped into INA to give INA-FITC a strong green fluorescence signal for confocal imaging. 4T1 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) and antibiotics (10 mg/ml of streptomycin and 10 U/mL of penicillin) at 37°C in an atmosphere of 5% carbon dioxide. The cells were then seeded into confocal dishes, and INA-FITC (4 μg/ml) was co-incubated with the cells for 4 h. After incubation, the cells were washed with fresh DMEM, and the cell nuclei were stained with DAPI. The cells were then imaged by an LSM880 confocal laser scanning microscope (Carl Zeiss, Germany) with an excitation wavelength of 405 nm for DAPI and 488 nm for INA-FITC.
Cytotoxicity Study
4T1 cells were seeded into 96-well plates for 24 h. INA with different concentrations was co-incubated with the cells for another 24 h. The cells were treated with or without 635-nm laser irradiation (1 W/cm2) for 10 min. MTT assay was applied to determine the viability of cells.
In Vitro and In Vivo CT Imaging Measurement
Aqueous solutions of INA at different concentrations (3.125 μg/ml, 6.25 μg/ml, 12.5 μg/ml, 25 μg/ml, 50 μg/ml, 100 μg/ml, 200 μg/ml 400 μg/ml, and 400 μg/ml) were directly imaged using Hiscan XM Micro CT (Suzhou Hiscan Information Technology Co., Ltd.). The X-ray attenuation for regions of interest was quantified with Hiscan Analyzer software (Suzhou Hiscan Information Technology Co., Ltd.). 4T1 tumor–bearing mice (n = 3) were injected with INA (0.5 mg/ml, 10 μL) and PBS (10 μL) via tumor subcutaneous tissue. Then, the mice were scanned using a CT imaging system for 30 min post injection. The 3D reconstruction images and CT values (Hounsfield units, HU) were obtained through RadiAnt DICOM Viewer software.
In Vitro DC Stimulation Experiments
Bone-marrow-derived dendritic cells were generated from the bone marrow of 8-week-old BALB/c mice from Nanjing Peng Sheng Biological Technology Co. Ltd. according to an established method. For in vitro DC stimulation experiments, we cocultured free R837, PEG-PHEMA-I, or INA nanoparticles [(PEG-PHEMA-I) = 100 μg/ml (phthalocyanine) = 25 μg/ml (R837) = 15 μg/ml] with 106 bone-derived DCs from BALB/c mice for 48 h. After various treatments, DCs stained with anti–CD11c-BB700 (BD Biosciences), anti–CD86-PE-Cy7 (BD Biosciences), and anti–CD80-APC (BD Biosciences) antibodies were then analyzed by flow cytometry (CytoFLEX LX). Data analysis was carried out using FCS express software.
In Vito DC Stimulation Experiments
After 4T1 tumors grown on BALB/c mice reached 100 mm3, 200 μL of PEG-PHEMA-I or INA (0.2 mg/ml PEG-PHEMA-I, 0.12 mg/ml R837) was injected intravenously. After injection for 48 h, the mice were exposed to a 680-nm laser with 0.5 W/cm2 for 30 min with 1-min interval for every 2 min of light exposure. The mice were killed 2 days after PDT treatment, the draining lymph nodes were cut off, and we assessed the expression levels of CD80 and CD86 by flow cytometry.
Cytometric Bead Array Analysis of Cytokines
The cytokines from sera and DC medium supernatants were measured by the BD CBA mouse Th1/Th2 kit according to the manufacturer’s protocol (BD Biosciences) with an appropriate diluent. The samples were run and FACS data were collected using an Accuri C6 Plus (BD Biosciences) flow cytometer and analyzed using FCAP version 3.0 array software (Soft Flow).
In Vivo PDT
The Ethics Committee of Nanjing Drum Tower Hospital approved all experiments in this study. All animal procedures were carried out in compliance with the guidelines set by the Animal Care Committee at Nanjing Drum Tower Hospital (Nanjing, China). The investigators were not blinded for animal studies. All efforts were made to minimize the number of animals used and their suffering. The mice were randomized on the basis of age and weight.
Female BALB/c mice (6–8 weeks) were purchased from Nanjing Peng Sheng Biological Technology Co. Ltd. and used under protocols approved by Drum Tower Hospital Animal Center. The mice were divided into groups randomly. For tumor inoculation, 4T1 cells (5 × 104) suspended in PBS were subcutaneously injected into the left flank of each female BALB/c mouse. The tumor volume was calculated according to the following formula: width2 × length × 0.5. When those tumors reached ∼100 mm3, PEG-PHEMA-I or INA nanoparticles were injected into the vein at the INA dose of 0.8 mg per mouse. After 24 h, the mice were irradiated with a 680-nm laser with a power density of 0.5 W/cm2 for 30 min with 1 min interval for every 2 min of light exposure.
In Vivo Immune Response Analysis
To analyze the immune cells in the tumors, those tumors mentioned above were harvested from mice and digested using 1500 U/mL collagenase (Sigma), 1000 U/mL hyaluronidase (Sigma), and Sigma DNase (Sigma) at 37°C for 30 min. The cells were filtered through nylon mesh filters and washed with PBS containing 1% FBS. The single-cell suspension was incubated with anti–CD3-AF700 (BD Biosciences) antibody. Afterward, those cells were washed with PBS containing 1% FBS and analyzed using flow cytometry analysis. Data analysis was carried out using FCS express software.
Statistical Analysis
The Graphpad Prism 5.0 software (Graphpad Software, La Jolla, CA, United States) was used for all statistical analyses. The mean ± SEM was determined for each treatment group in the individual experiments, and Student’s t-test was used to determine the significance between the treatment and control groups. The results of multiple groups including tumor volume curves have been compared using the variance (ANOVA) test. p-values < 0.05 were significant, as indicated with asterisks (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001).
RESULTS AND DISCUSSION
INA was prepared via a nanoprecipitation method, which used iodine-grafted amphiphilic copolymer PEG-PHEMA-I as the carrier to load hydrophobic phthalocyanine and R837. The color of the INA solution was blue, and the solution was transparent without the precipitate (Supplementary Figure S1). Transmission electron microscopy (TEM) imaging showed that INA had a spherical morphology with a diameter of approximately 30 nm (Figure 2A). The XRD spectrum of INA was recorded (Supplementary Figure S2). The hydrodynamic size of INA was calculated as 56 nm from dynamic light scattering (DLS), which was much higher than the size measured from the TEM image (Figure 2B). Such difference can be attributed to the shrinkage of nanoparticles during TEM sample preparation. The physiological stability of INA was tested by storing nanoparticle samples under 4°C, and DLS was used to determine the average hydrodynamic size of INA over time. The size remained almost the same even after storing for 12 days, indicating the good stability of INA (Figure 2C). The optical properties of INA were then studied. INA showed maximum absorption at around 600 nm, which was derived from the absorption of encapsulated phthalocyanine (Figure 2D). Almost no fluorescence was detected for INA maybe because of the self-quenching of phthalocyanine in the core of INA. A singlet oxygen (1O2) fluorescence probe and a singlet oxygen sensor green (SOSG) were then used to study the 1O2 generation of INA. Although INA showed no fluorescence emission, obvious fluorescence enhancement was observed for SOSG treated with INA under 635-nm laser irradiation, indicating the generation of 1O2 from INA (Figure 2E). Such a phenomenon may be attributed to the high concentration of iodine within INA, which can enhance the 1O2 quantum yield according to our previous study. Under laser irradiation for 30 min, the absorption of INA was nearly unchanged, while the absorption of phthalocyanine decreased 80% under the same condition (Figure 2F). Such a result demonstrated the superior photostability of INA. These data indicated that INA had good physiological and photo-stability and was a good candidate for PDT.
[image: Figure 2]FIGURE 2 | Characterizations of INA. (A) Representative TEM image of INA. (B) Hydrodynamic size distribution of INA. (C) Average hydrodynamic size of INA is a function of storage time. (D) Absorption spectrum of INA. (E) Fluorescence intensity change (F/F0) of SOSG with or without INA as a function of 635-nm laser irradiation time. (F) Normalized absorption changes of INA and phthalocyanine at 660 nm as a function of 635-nm laser irradiation time (0.1 W cm−2). Error bars represent the standard deviations of three different measurements.
INA was then applied for cell studies to evaluate its in vitro biocompatibility and anticancer efficacy, 4T1 cell was chosen as the cell model. As INA showed no fluorescence signal, 5% w/w fluorescein isothiocyanate (FITC) was loaded into INA to give INA-FITC. INA-FITC showed a strong green fluorescence signal, which was suitable for confocal imaging. After incubating INA-FITC with 4T1 cells for 8 h, strong green fluorescence was detected in the cytoplasm of cells, which showed that INA-FITC can be effectively internalized into 4T1 cells (Figure 3A). A quantification study showed that INA-FITC-incubated cells had a much higher fluorescence intensity than the cells without INA-FITC, further confirming the successful internalization of INA-FITC (Figure 3B). The fluorescence intensity within cells after 8 h incubation was 27-fold higher than that before incubation. To confirm whether INA could generate 1O2 within 4T1 cells under laser irradiation, a 1O2 fluorescence probe, dichloro-dihydro-fluorescein diacetate (DCFH-DA), was used. After irradiating 4T1 cells which were incubated with both INA and DCFH-DA by the 635-nm laser for 12 min, a strong green fluorescence signal was detected within cells, while almost no fluorescence signal was detected for the cells without INA incubation (Figure 3C). Such a phenomenon indicated that INA can efficiently generate 1O2 within 4T1 cells under laser irradiation. Then, in vitro biocompatibility and PDT efficacy of INA against 4T1 cells were evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. For the cells without laser irradiation, the cell viability was almost 80% even under the highest concentration of INA, indicating the good biocompatibility of INA. In contrast, under laser irradiation, the cell viability decreased gradually with the increase of INA concentration, and the cell viability was only 13.3% at the highest concentration, demonstrating the good in vitro PDT efficacy of INA.
[image: Figure 3]FIGURE 3 | Cell studies. (A) Confocal images of 4T1 cells with or without INA-FITC incubation for 8 h. The cell nuclei were stained with DAPI which indicated as blue color. (B) Quantification of fluorescence intensity in 4T1 cells incubated with INA-FITC for 8 h by flow cytometry. (C) Confocal images of 4T1 cells incubated with INA and DCFH-DA under 635-nm laser irradiation for 12 min (D) Cell viability of 4T1 cells after incubating with INA for 24 h at different concentrations with or without 635-nm laser irradiation (1 W cm−2). The scale bars represent 20 μm. The error bars represent the standard deviation of three separate measurements.
Live/dead assay was then utilized to further confirm the PDT of INA against 4T1 cells. 4T1 cells were treated under different conditions, and calcium green (Calcium-AM) and propidium iodide (PI) were stained for live and dead cells, respectively. For the control groups with or without laser irradiation and the INA group without laser irradiation, almost all the cells were alive. However, for the INA group with 635-nm laser irradiation, almost no living cells were observed, which further confirmed the in vitro PDT efficiency of INA (Supplementary Figure S3A). The flow cytometry analysis gave similar results, and only both treated with INA and 635-nm laser irradiation can significantly kill 4T1 cells (Supplementary Figure S3B). All these results demonstrated the superior PDT efficacy of INA, which showed its potential for in vivo anticancer evaluation.
CT is one of the most extensive imaging techniques for clinical diagnosis due to its deep penetration and high spatial resolution (Schlemmer et al., 2018; Ward et al., 2020; Hricak et al., 2021). The contrast agents used in clinical CT enhancement examination are generally water-soluble compounds containing iodine, which show strong X-ray attenuation capability (Chalela and Aguilar, 2016; Yeh et al., 2017; Zou et al., 2017). Thus, the high density of iodine in INA made it an excellent candidate for positive contrast agents of CT imaging. The CT contrast efficiency of INA was then evaluated, the image brightness was elevated, and the CT value reached about 200 HU at a high concentration (400 μg/ml) of INA (Figures 4A,B). A linear relationship of CT value versus concentration was confirmed (Figure 4B), validating the feasibility of the quantitative study. The ability of in vivo CT imaging of INA was further investigated by intratumoral injection of the nanoparticles into 4T1 tumor–bearing mice. The PBS injection group was used as a control. The three pictures on a continuous slice of axial, coronal, and sagittal CT images showed that the tumor which was injected with INA exhibited strong enhancement, while the PBS group showed no obvious contrast (Figure 4C). To observe the enhancement of the tumor site more intuitively, we reconstruct the 3D VR (Virtual Reality) images from the 2D CT images. Severe enhancement of the tumor was detected on the subcutaneous flank of the mice (Figure 4D). The CT values were further analyzed to evaluate the CT imaging ability of INA. The results showed that the CT value of the tumors at 30 min post injection increased over 2000 HU, about forty-fold higher than that of the control group (Figure 4E). These results taken together indicate a strong CT contrast efficiency in vitro and vivo was achieved by INA.
[image: Figure 4]FIGURE 4 | (A,B) CT images and the corresponding plot of the CT value (HU) of INA at different concentrations. (C) Axial, coronal, and sagittal CT images of 4T1 tumor–bearing mice after intratumoral injection of PBS or INA. Red circles indicate the location of the tumors. (D) 3D reconstruction images from CT scan images of 4T1 tumor–bearing mice after intratumoral injection of PBS or INA. Red arrows indicate the location of the tumors. (E) Corresponding CT values of tumors after intratumoral injection of PBS or INA.
The immune activation ability of the nanoparticles was then evaluated in vitro. Dendritic cells (DCs) are the most potent cells for activating and polarizing naive T cells. DCs are specialized immune cells that scan the surrounding tissue for foreign objects or abnormal cells, and they travel to the lymph nodes to activate T cells and immune response when they spot a danger signal. When they present peptide major histocompatibility complex (MHC) to the T cell receptors (TCR) of T cells, the costimulatory molecules (CD80 and CD86) are upregulated. The surface costimulatory molecules of DCs can reflect the degree of DC maturation. Therefore, we assessed the expression levels of CD80 and CD86 in bone marrow–derived DCs of BALB/C mice treated with PEG-PHEMAA-I, INA, or free R837 for 24 h. Flow cytometry analysis showed that the proportion of mature DC (CD11c+CD80+CD86+) treated by INA nanoparticles was significantly higher than that induced by the same dose of free R837, while PEG-PHEMAA-I nanoparticles without R837 had no obvious immune response to DC (Figure 5A and Supplementary Figure S4). As shown in Figures 5B,C, the INA group contained more CD11c+CD80+CD86+ DCs than the free R837 group (53.73 ± 2.899 vs. 43.13 ± 2.322, n = 3) and PEG-PHEMA-I group (53.73 ± 2.899 vs. 21.43 ± 3.964, n = 3). Taken together, these data represented that INA nanoparticles could act as a strong immune nanoadjuvant.
[image: Figure 5]FIGURE 5 | (A) Flow cytometry of CD86 and CD80 expressions of DCs after incubation with PEG-PHEMA-I, free R837, or INA for 24 h (B) Quantification results of flow cytometry from figure (A). (C) Flow cytometry of CD11c, CD80, and CD86 expression of DCs under different treatments. (D) Quantification results of flow cytometry from figure (C) (E,F) Cytokine levels of IFN-γ and TNF-α in sera from mice isolated on day 2 post INA-based PDT. Three mice were measured in each group. Error bars represent the standard deviation (SD) of at least three replicates.
Recent studies have shown that PDT therapy can activate tumor-specific immune responses by generating tumor-associated antigens from tumor cell residues, which may then be processed by APCs such as DCs and presented to T cells (Chen et al., 2016; Han et al., 2017; Li et al., 2019). We thus wonder whether PDT induced by INA, which could also act as an immune adjuvant, would be able to trigger strong immune responses in vivo. After 4T1 tumors grown on BALB/c mice reached 100 mm3, 200 μL of PEG-PHEMA-I or INA (0.2 mg/ml PEG-PHEMA-I, 0.12 mg/ml R837) was injected intravenously. After injection for 48 h, the mice were exposed to a 680-nm laser with 0.5 W/cm2 for 30 min with a 1-min interval for every 2 min of light exposure. The mice were killed 2 days after PDT treatment, the draining lymph nodes were cut off, and the mature level of DC was detected by flow cytometry. It was found that INA-based PDT therapy promoted a much higher level of DC maturation than that observed for PDT therapy with PEG-PHEMA-I in the absence of R837 (44.43 ± 1.247 vs. 22.43 ± 2.396, n = 3) and those with INA injection without laser irradiation (34.57 ± 1.34 vs. 19.60 ± 1.706, n = 3), as shown in Figure 5D and Supplementary Figure S5.
Meanwhile, the BD CBA mouse Th1/Th2 kit was used to analyze the changes of IFN-γ, TNF-α, and other cytokines in the serum of mice after different treatments. The expression of important cytokines IFN-γ and TNF-α was significantly upregulated after INA-induced PDT treatment (Figures 5E,F), and their levels were higher than those of PEG-PHEMA-I-induced PDT with laser irradiation (25.19 ± 1.752 vs. 7.570 ± 1.192 for IFN-γ, and 14.82 ± 0.4888 vs. 4.247 ± 1.006 for TNF-α), suggesting that INA-induced PDT had the highest capability for cellular immunity activation in vivo. These data indicated that R837 can effectively elevate the PDT-triggered immune response.
As INA has been demonstrated to trigger effective immune response under laser irradiation both in vitro and in vivo, INA was further applied for in vivo anticancer study. BALB/c mice bearing subcutaneous 4T1 tumors were intravenously injected (i.v.) with PEG-PHEMA-I or INA and then irradiated by a 680-nm laser at 0.5 W/cm2 for 30 min with 1-min interval for every 2 min of light exposure. The design of our animal experiment is shown in Figure 6A. The growth of tumors in different groups was measured by a caliper every 4 days. The photo-immunotherapy triggered by INA had better therapeutic efficacy than PDT-induced by PEG-PHEMA-I nanoparticles, indicating that the presence of R837 can enhance the therapeutic efficacy of photo-immunotherapy (Figures 6C,D and Supplementary Figures S6, S8–S9). The gradual increase of body weight of mice in all the groups demonstrated the safety of treatments (Figure 6B). In addition, no obvious damage was observed from H&E staining of major organs collected from INA-treated mice under laser irradiation, which further proved the biosafety of INA-induced photo-immunotherapy (Figure 6E, Supplementary Figure S7).
[image: Figure 6]FIGURE 6 | In vivo antitumor effects. (A) Schematic illustration of our experiment design. Mice with 4T1 tumors were used in our experiment. (B) Mice body weight curves of different groups of mice (six mice per group). (C) Tumor growth curves of different groups of mice (six mice per group). (D) Tumor weight of the treated mice 23 d since the start of the therapy. (E) H&E staining of the major organs of INA + laser group of mice. (F) Proportions of tumor-infiltrating CD3+ T cells.
The population of CD3+ T cells in the tumor region under different treatments was then determined to evaluate the level of immune activation. Flow cytometry results showed that INA-treated mice had a higher population of CD3+ T cells in the tumor than PEG-PHEMA-I nanoparticles, demonstrating that R837 can increase the effector T cells in the tumor region. Without laser irradiation, a higher percentage of CD3+ T cells was observed in the INA-treated mice (10.2 vs. 8.2). When using laser irradiation, the percentage of CD3+ T cells was also higher in the INA-treated mice (14.4 vs. 8.1). The highest population was observed in the INA with the laser group. Such a result indicated that the best anticancer efficacy of INA with laser can be attributed to the highest level of effector T cells in the tumor region (Figure 6F).
CONCLUSION
In summary, we have designed a CT imaging–guided photo-immunotherapeutic nanosystem (INA) for cancer theranostics. INA was prepared by co-loading a TLR agonist, R837, and a photosensitizer phthalocyanine into an iodine-grafted amphiphilic copolymer (PEG-PHEMA-I). Under laser irradiation, INA could conduct PDT to trigger ICD, which released immune-related cytokines to induce the maturation of DCs. Meanwhile, R837 in the INA accelerates the maturation of DCs, further leading to the proliferation of effector T cells for immunotherapy. INA showed good 1O2 quantum yield and photostability. The in vitro study indicated that INA could be effectively internalized into cancer cells and killed under NIR laser irradiation. Owing to the high density of iodine, INA had a relatively high CT attenuation coefficient and could indicate the location of the tumor via CT imaging. In vivo study demonstrated that INA induced the proliferation of cytotoxic T lymphocytes (CTLs) in the tumor region under laser irradiation and could inhibit the tumor growth via the photo-immunotherapy.
Our study thus provided a theranostic nanoplatform for imaging-guided photo-immunotherapy. In addition to CT imaging, optical imaging such as fluorescence or PA imaging could be incorporated into the nanoplatform by encapsulating optical materials other than phthalocyanine. In addition, other hydrophobic drugs may be loaded into the nanoplatform to achieve combination therapy for cancer.
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Polymeric nanoparticles (NPs) play an important role in controlled cancer drug delivery. Anticancer drugs can be conjugated or encapsulated by polymeric nanocarriers, which are known as polymeric nanomedicine. Polymeric nanomedicine has shown its potential in providing sustained release of drugs with reduced cytotoxicity and modified tumor retention, but until now, few delivery systems loading drugs have been able to meet clinical demands, so more efforts are needed. This research reviews the current state of the cancer drug-loading system by exhibiting a series of published articles that highlight the novelty and functions from a variety of different architectures including micelles, liposomes, dendrimers, polymersomes, hydrogels, and metal–organic frameworks. These may contribute to the development of useful polymeric NPs to achieve different therapeutic purposes.
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1 INTRODUCTION
It has been noticed for long that clinical application of many potent remedial drugs in cancer and other diseases have been limited due to the following reasons: 1) poor aqueous solubility, and consequently, minimal systemic bioavailability (Anitha et al., 2011; Tosca et al., 2021). During the treatment, patients need to be injected with a large amount of saline, which easily causes water intoxication (Lauersen and Birnbaum, 1975). 2) Instability in vivo—the drugs are dispersible in the whole living body and tend to be metabolized and eliminated, which causes the change of drug concentration in vivo and reduces its efficacy (Marczynski et al., 2021; Fontana et al., 2021). 3) Toxic side effects—the drugs are always toxic to the normal cells at the same time, including nephrotoxicity, neurovirulence, and gastrointestinal reactions (Chen Y. et al., 2020; Deng et al., 2021). Patients need to take cytoprotective agents, which increases their pain. So large doses are not acceptable at all, and the efficacy of the drug is limited. 4) Drug resistance—it is easy to cause multidrug resistance and reduce the effect of further treatment (Patil et al., 2010; Kim et al., 2013). Therefore, the development of new cancer drugs, the improvement of the absorption of the drugs, and the delivery of the drugs are urgent tasks.
Nanoparticles (NPs) are promising effective delivery tools as the candidates that overcome the difficulties in clinical applicability (Haley and Frenkel, 2008; Saw and Jon, 2020; Zheng et al., 2021). The colloidal particles with the size of 10–1,000 nm are termed as NPs. NPs can supply efficient therapeutic strategies by improving the bioavailability, stability, and target specificity to reduce side effects and overcome the limitations of conventional treatment methods (Gaumet et al., 2008; Yang et al., 2020; Ndebele et al., 2021). In addition, NPs have the potential to improve drug solubility, prolong cyclic half-life, and optimize drug pharmacokinetics (Verdurmen et al., 2021). NP-based drug delivery approaches have the potential of multifunction. They can disperse hydrophobic agents in aqueous media, thus improving the poor solubility, protecting the stability of drugs, and prolonging their circulation in the blood. They deliver the drugs to the target, therefore reducing the side effects and drug resistance. In general, NPs efficiently carry therapeutics to the target and are stable in vivo (Cotí et al., 2009; Sun et al., 2018; Li et al., 2020).
Nowadays, drug-loaded NPs are particularly viable for efficient cancer therapy due to their improved drug delivery and therapeutic effects in various types of cancer (Wang et al., 2010; Rejinold et al., 2011; Truong et al., 2015). Polymeric nanocarriers with conjugated or encapsulated anticancer drugs, also known as polymeric nanomedicines, show a variety of different architectures including polymer–drug conjugates, micelles, nanospheres, nanogels, vesicles, and dendrimers (Alexis et al., 2010; Liu et al., 2014) (Figure 1). They attract more attention for their ability to co-deliver multiple therapeutic agents and to target the tumor cells (Liu et al., 2020). Broad classes of therapeutics including cytotoxic agents, small interference RNA (siRNA), chemosensitizer, antiangiogenic agents, and so on can be carried by the nanoparticle platforms (Hu et al., 2010; Liao et al., 2014; Lammers and Ferrari, 2020). NPs enhance their retention effect and permeability on the basis of the exclusive pathophysiology of cancerous cells. NPs accumulate in cells without being recognized by P-glycoprotein, which results in the increased intracellular concentration of drugs. NPs can deliver chemotherapies to tumor cells at the right time when needed. They take the drugs to the right place, at the right concentration with greater efficacy and reduced cytotoxicity in peripheral healthy tissues (Gaitanis and Staal, 2010; Ambasta et al., 2011; Shao et al., 2015). Therein, a targeting strategy as a multitargeting system (MTS) has attracted extensive attention (Purushottamachar et al., 2013). In this strategy, the surface of NPs is decorated with two or more functional ligands for recognizing different receptors on the cells, which can enhance the multivalent interactions between the NPs and cell surface, and help to improve cell recognition and internalization. In addition, there are other strategies including adding pH-sensitive groups to improve drug efficacy (Asad et al., 2021). As NPs modify the cancer treatment techniques, various multifunctional NPs are now being investigated. Following are the overview of some typical polymeric NPs.
[image: Figure 1]FIGURE 1 | The structures of typical polymeric nanoparticles: (A) micelles, (B) dendrimers, (C) polymersomes, (D) hydrogel, (E) metal–organic framework (MOF).
2 TYPICAL POLYMERIC NANOPARTICLE CARRIERS
2.1 Micelles
The polymeric micelle delivery of anticancer drugs improve the tumor targeting of drugs and reduce the drug resistance, which has aroused extensive research interest in recent years (Chen J. J. Y. et al., 2020; Mignani et al., 2021; Son et al., 2021). The polymeric micelle consists of a hydrophobic core and hydrophilic shell. Their sizes vary in tens to hundreds of nanometers. Its hydrophobic core is capable of packaging various hydrophobic drugs, such as cisplatin, doxorubicin, camptothecin, paclitaxel, and so on (Wu Y. et al., 2010; Soltantabar et al., 2020). Most of the hydrophilic shells are made of polyethylene glycol (PEG). PEG helps micelles to escape recognition and capture by the reticuloendothelial system. So the drugs inside could stay in the bloodstream long enough. Through the enhanced permeability and retention (EPR) effect, drugs will be accumulated in tumor tissue passively (Hori et al., 2010; Liu T. J. et al., 2011; Zhao et al., 2020). In addition to these, by introducing small organic molecules, peptides, protein, sugar moieties, nucleic acid ligands (e.g., aptamer), antibodies, and other tumor-targeting groups to the surface of the micelles, or through the combination with magnetic nanoparticles, micelles may even target tumor proactively (Chen et al., 2013; Yu et al., 2014; Yu Z. et al., 2015). Therefore, the use of micelles as drug delivery can significantly increase the bioavailability and the anti-cancer ability of drugs such as chemotherapeutic compounds, DNA, and siRNA and at the same time, reduce their toxicity and side effects (Jiang et al., 2021). The first to prove the potential of clinic application of the micelles with active targeting capacity is the clinical study of PSMA-targeted polymeric nanoparticles (Hrkach et al., 2012). So far, various methods for anticancer drugs have been explored to enhance cell internalization and subcellular distribution. The basic standpoint is to discover the self-changes of physiological properties of tumors and therefore take advantage of these changes to improve the related structure of micelles and increase the anticancer efficacy.
2.1.1 pH-responsive micelles
In previous decades, it had been found that the delivery of polymeric micelles for anticancer drugs responding to tumor acidity may be an effective way. Plenty of pH-responsive copolymers responsive to weakly acidic tumor microenvironments (pH: 6.5–7.0) have been explored (Wu X. L. et al., 2010; Yang et al., 2010). Tumors show different acidic environments, including the extracellular pH (pHE), and the environment is more acidic in the endosomal and lysosomal compartments of cancer cells (endosomes: pH 5.5–6.3 and lysosomes: pH 5.0–5.5) (Jiang et al., 2012). The average pH of normal tissue is around 7.4. Anoxia in the tumor cell prompts the anaerobic glycolysis to produce lactic acid. But the lack of a vascular system in tumor cells does not allow the lactic acid to be excreted completely, which leads to the acidic environment in tumor cells (Crayton and Tsourkas, 2011; Shen et al., 2012). The acidic environments in tumors can be treated as a signal to trigger the drug release of micelle carriers.
pH-responsive polymer micelles are mainly prepared by self-assembly of amphiphilic blocks or grafted copolymers (Basak and Ghosh, 2013; Kim et al., 2014). pH-responsive polymer segments must be contained, which can be made by protonated or deprotonated polymers. A deprotonated polymer is alkalescent with amine, pyridine, imidazolyl, or other basic groups. The protonated polymer may contain a carboxylic acid group which shows weak acidity. When pH value varies, the ionization state of the copolymer changes, causing the difference of the solubility of micelles in water. Poly (N,N-diethylaminoethyl methacrylate) (PDEA), poly (4- or 2-vinylpyridine) (PVP), poly (L-histidine) (PHis), and poly (β-amino ester) (PbAE) are the most common alkalescence copolymers (Figure 2) (Vamvakaki et al., 2005; Manganiello et al., 2012; Cai et al., 2015). These coploymers are not soluble in neutral or alkaline circumstances. When they are in acidic environments, the basic group is going to be protonated and positively charged, which results in their solubility. The ones with carboxylic acid group are on the contrary. They are soluble in basic environments, such as the groups of poly (2-alkyl acrylic acid), poly acrylic acid, and so on. The pH of the transition state from insolubility to solubility (pHT) can be adjusted by the substituents (Gastaldi et al., 1996). The pHT of pH-responsive polymer micelles suitable for the delivery of anticancer drugs should be 4.0–7.0 according to the acidic tumor environment (Xu et al., 2009). Another type of polymer used to prepare pH-responsive micelles is the acid-labile polymer. They can rapidly hydrolyze in a weakly acidic environment and complete the conversion from hydrophobicity to hydrophilia. To date, the chemical bonds rapidly hydrolyzing under acidic conditions are hydrazone, β-carboxamide, ester bonds, and so on (Agut et al., 2010; Lee et al., 2014; Shi et al., 2015). In general, pH-responsive micelles all have the ability to dissociate in tumor microenvironment and release the drugs.
[image: Figure 2]FIGURE 2 | pH- and redox-sensitive micelles containing sulfobetaine for intracellular cell drug release. Adapted with permission from Cai et al. (2015).
People now focus more on the multifunctional pH-responsive micelles. Recently, a kind of micellar-like polymeric amphiphile modulated by host–guest interactions in the presence of a lipophilic dye to induce assembly and phase transition under precise pH control was studied (Figure 3) (Kawano et al., 2021). Jun Hu has reported a paclitaxel-loaded cationic micelle from a block copolymer of poly (L-histidine) (3.7 kDa) and shortly branched polyethyleneimine (1.8 kDa) (Hu et al., 2013). The micelle is cationic, and its surface can be shielded by a negatively charged complex mPEG (2 kDa)-block-polysulfadimethoxine (4 kDa) (mPEG-b-PSDM) at pH 7.4. That made the micelle charge shielded. It was proven by the experiment that at pH 7.4, two human cancer cell lines, MCF-7 and SKOV-3, uptake the unshielded and deshielded micelle rapidly, while the uptake of the shielded micelle was minimal. The in vivo results from a mouse model also showed significant anticancer therapeutic efficacy. Pengcheng Yu also reported a mitochondria-targeted pH-responsive micelle: it is DOX-loaded and pH-responsive (Yu P. et al., 2015). The micelles were synthesized by a pH-responsive diblock copolymer, poly (ethylene glycol)-block-poly (2-(diisopropylamino)ethyl methacrylate) (PEGb-PDPA), and a vitamin E derivate (D-a-tocopheryl polyethylene glycol 1000 succinate, TPGS). DOX was released by the acidic pH-triggered micelle dissociation. At the same time, the TPGS segment assisted the drug by targeting mitochondrial organelles and reduced the mitochondrial transmembrane potential. In vitro experiments on DOX-resistant MCF-7/ADR cells demonstrated the micelles reduced the IC50 of DOX by a sixfold magnitude. In vivo animal studies also showed its powerful efficacy. Many other pH-responsive micelles like these are still being explored. All these results imply that the pH-responsive micelles have significant potential for drug delivery.
[image: Figure 3]FIGURE 3 | Colloidal assembly system comprising the poly (NIPAM-AA-β-CD) solution as a function of pH and temperature in both the homogeneous and inhomogeneous NR inclusion systems. Adapted with permission from Kawano et al. (2021).
2.1.2 Reduction-responsive micelles
Reduction-responsive micelle is another effective delivery which has extensively been utilized for intracellular drug release as well. The point of reduction-responsive micelles is mainly based on the over-expressed glutathione (GSH) in cancer cells. GSH in the cytoplasm of tumor has a concentration of up to 10 mmol/L. Compared to normal tissues, the cancer cells exhibit an notably reduced microenvironment due to the higher concentration of GSH (Yan et al., 2012). For this kind of micelles, an important reduction-responsive bond–disulfide bond has to be mentioned, which generally cross-links the core and shell or acts as the linkage between PEG shell and micellar core (Xia et al., 2018). High intracellular GSH levels result in the break of this bond, and PEG (or the shell) detaches from micelles, which triggers drug release. A typical example with this function is the biocompatible reduction-responsive micellar system reported by Ding et al. (2013). It is made of methoxyl poly (ethylene glycol) (mPEG) and poly (3-benzyloxycarbonyl-L-lysine) (PZLL) with disulfide-link. DOX can be loaded by the micelles with loading efficiency of about 30 wt%. In phosphate-buffered saline with 10.0 mmol/L GSH, DOX-loaded micelle was accelerated to release DOX and show higher cellular proliferation inhibition toward HeLa and HepG2 cell lines. In addition to that, the water-soluble reduction-sensitive reversibly core-cross-linked micelles were also studied (Rapp and Deforest, 2021). It is based on poly (ethylene glycol)-b-poly (N-2-hydroxypropyl methacrylamide)-lipoic acid (PEG-b-PHPMA-LA) conjugates and can be triggered to release DOX in the presence of 10 mmol/L catalytic dithiothreitol (DTT) which provides the reduction environment.
2.1.3 Photosensitive micelles
Photosensitive micelles mainly rely on the photosensitive segment. On exposure to light of appropriate wavelengths, the photosensitizers lead to the formation of reactive oxygen and therefore trigger the disruption of endosomal or lysosomal membranes (Ding et al., 2013; Xia et al., 2018; Rapp and Deforest, 2021). For instance, the polymeric micelles loading camptothecin (CPT) exhibited photosensitive endosomal escape, which reduced the cytotoxicity of camptothecin on photoirradiation (Nishiyama et al., 2009). Photosensitive platinum (IV) prodrugs (UVA-Pt2) are attached to polymers and self-assembled into micelles. The synthesized NP-UVA-Pt2 can be actively transported by tumor endocytosis, activated under UVA irradiation, and can release cisplatin to eliminate the tumor (Rong et al., 2014). Moreover, photosensitive platinum drugs can overcome the resistance of cisplatin (Hai et al., 2015).
The photosensitive supramolecular drug-loaded irradiated micelles had more potent cytotoxic effects against cancer cells exhibiting much higher cellular uptake efficiency (Figure 4) (Alemayehu et al., 2019). They rapidly entered the tumor cells to induce massive cell death. In addition to all the above, temperature-sensitive and enzyme-responsive micelles are also studied and show the potential to reach improved antitumor efficiency (Lee et al., 2007).
[image: Figure 4]FIGURE 4 | Schematic illustration of micelle formation and drug loading/release by photosensitive BA-PPG/BU-PPG in aqueous buffer solutions. Adapted with permission from Alemayehu et al. (2019).
In general, the micelles can be used as carriers for the insoluble drugs which are with good therapeutic effect but have high toxicity. They are capable of loading insoluble anticancer drugs such as paclitaxel, hydroxycamptothecin, and doxorubicin with good results as we mentioned. They improve the solubility, the concentration, and the retention time of the drug at the tumor site, so as to improve the efficacy and reduce the side effects of the drugs. The micelles are also the carriers of gene drugs and protein drugs. The biodegradable micelle carriers have many advantages in gene delivery therapy, such as stability, non-toxicity, non-antigenicity, and gene protection. They act as non-viral vectors for plasmid DNA, small interfering RNA (siRNA), oligonucleotide, and so on. The development of safe delivery systems of the micelles will be the breakthrough of gene therapy. Furthermore, micelles also have applications in the traditional Chinese medicine. The micelles used in the study of active components, simple recipe, and compound recipe help to improve the dosage form and the therapeutic effect of the traditional Chinese medicine, which features in the modernization of traditional Chinese medicine. The group of Yan has obtained cationic nanomicelles as carriers of Chinese herbal medicine active components of ursolic acid. They enhance the drug efficacy in colorectal cancer treatment (Shu et al., 2020). At present, there are many researches on the multifunctional micelles. It is believed that with the developments of interdisciplinary research and new materials, nanomicelles will show more applications in pharmacy.
2.2 Dendrimers
A dendrimer is a synthetic nanomaterial. It was found and successfully synthesized by American chemist Tomalia D. A. in the early 1980s (Padias et al., 1987). In the past 20 years, dendrimers, with their unique structures and performance, have received attention in many fields such as material science and biomedicine (Liu X. et al., 2011; Li et al., 2016). The basic research and practical application of dendrimers have been studied continuously. With the development of the study on drug delivery, the delivery of dendrimers was explored. The dendrimers have been hot for a long time as the gene and drug delivery. Dendrimers have specific three-dimensional structures. It is the macromolecule which is synthesized nanometer by nanometer. Dendrimers can be distinguished from other polymers by its highly branched, tree-like structure. All branching monomers originate from one core, which can be divided into two types according to their growth directions: divergent growth and convergent growth. Different from ordinary polymers, dendrimers show low viscosity, high solubility, mixability, and high reactivity. At the same time, their volume and shape can be controlled in the synthesis process. The surface can be made into a dense area composed of different molecular groups, which play the role of hooks. In particular, each terminal functional group can be combined with the attachment point of polyvalent molecules on the surface of viruses and cells, so as to facilitate the adhesion of various useful molecules. A dendrimer parcels the drug in two ways. The drug molecules can be physically captured in the interior of the dendritic structure or covalently bonded to the surface or other groups of dendrimers forming polymer–drug conjugates. As drug or gene carriers, dendrimers selectively accumulate in the tumor tissue site actively by some targeted groups or passively through the EPR effect, which makes the delivery system targeted. It can be designed and synthesized for specific application. With these features, dendrimers are becoming a new type of promising cancer drug carrier. Dendrimers are safe and efficient non-biological carriers for the cancer drugs. In spite of these, there are still many problems to be solved, especially the specific toxicology and biocompatibility of dendrimers, which need to be further studied. It is believed that with the development of nanotechnology and the improvement of design and synthetic methods, dendrimers will eventually go into clinical application generally.
2.2.1 Divergent growth dendrimer
The divergent growth method refers to the dendrimer growing and spreading from a initiator like ethanediamine or propylamine through gradual polymerization. Each polymerization reaction may form a new layer (or called generation) on the surface, marked as G0, G1, G2···G10. So the size and number of generations are decided by the synthesis procedure. For the steric hindrance effect formed by the compression of high-density branches, the self-growth will be limited. After the cyclic reaction, the generations can be up to 10 at most. The choice of initiator is very important, which determines the charge density of the whole polymer and the surface charge. The end functional groups are added at the end generation. The chemical properties of the molecules depend on the type of end-functional groups and their physical properties, such as solubility and viscosity, are also affected by the end groups. For example, the dendrimer-entrapped gold nanoparticles synthesized by Xiangyang Shi belong to this type. They are modified by folic acid (FA) and fluorescein isothiocyanate (FI) molecules which are water-soluble, stable, and biocompatible (Shi et al., 2007). FA and FI help the anti-cancer drug to exhibit bioactivity better. As the author reported, the FA- and FI-modified dendrimer-entrapped gold nanoparticles show high inhibition to kB cells (a human epithelial carcinoma cell line). PAMAM-G7 reported by Mitra Gholami was synthesized by the divergent growth method (Gholami et al., 2017), and a 6th generation dendrimer was synthesized in a single day by Per Antoni through the divergent growth method (Antoni et al., 2010). DNA-dendrimer-based nanomedicine constructed by the flexible 3-arm building blocks with a highly efficient one-pot DNA assembly was designed (Figure 5) (Lu et al., 2021). This is the first DNA nanomedicine (D4‒3-As-DzSur in literature 109) genetically encoded, biotechnologically produced, and directly self-assembled. The good targeted gene regulation has been proved by in vitro and in vivo tests.
[image: Figure 5]FIGURE 5 | Targeted survivin regulation by the DNA-dendrimer-based nanomedicine D4‒3-As-DzSur. (A) Biotechnological production. (B) 2D structure. (C) Cryo-TEM image. (D) Survivin mRNA cleavage property. (E) qPCR tests. (F) Western blot analysis of survivin suppression in A549 cells. (G) Apoptosis analysis of A549 cell. (H,I) Chemosensitization effect on DOX (H) and paclitaxel (I). (Lu et al., 2021).
2.2.2 Convergent growth dendrimers
The convergent growth method is the second way to synthesize dendrimers. It refers to the dendrimer growing in reverse order as compared to the divergent growth method. It is triggered by the dendrons coupled with branch units. The dendrons target and link in one direction to the core molecule, and produce the tree-like polymer. The advantage of convergent growth method is that different terminal groups can be selected for different application requirements. The highly asymmetrical dendritic macromolecules containing well-defined functionalities at their periphery were synthesized by Craig J. Hawker using the convergent growth approach (Hawker and Fréchet, 1990). It was shown that the convergent growth method offered unparalleled control over the placement and number of functional groups at the periphery of dendritic macromolecules.
In summary, dendrimers achieved efficient gene transfer in a variety of cell tissues, which will lead to the targeted and multifunctional anticancer therapy. The dendrimers have many advantages such as no gene size limitation, being suitable for mass production with good reproducibility and low cost, and being easy to modify. They offer a new direction for the study of non-viral carriers. Different types of dendrimers have their own advantages and play a role in gene therapy, particularly the ones with the modifications of amino acids and peptides realize high transfection efficiency and targeting in specific cells. However, their biotoxicity and biocompatibility limit their development, so chemical modifications are needed. The modifications increase the uptake rate of cells, improve the efficiency of gene transfection in vivo, and expand the application of dendrimers. The modification of supramolecular parent material improves the membrane penetration of dendrimer, but the supramolecular parent material itself needs to be modified before binding to the dendrimer. Almost all the supramolecular parent materials, except natural cyclodextrin, were synthesized with complex steps, which limits their application. The modification from inorganic group confers dendrimers new properties and makes multifunctional gene vectors. However, inorganic substances cause the antigen and antibody reactions in vivo, which makes them unsuitable for safe gene therapy. Some functional responsive dendrimers improve the efficacy of drugs, while the clinical applications of them is still lacking. Therefore, the combination of organic and inorganic materials with dendrimers through physical or chemical methods is going to be explored to complete the safe multifunctional therapy of the dendrimers.
2.3 Polymersomes
Polymersomes are a kind of supramolecular aggregates formed by the self-assembly of amphiphilic molecules. They own spherical single-chamber or multi-chamber structures formed by closed bilayers, which are similar to the structure of cell membranes (Christian et al., 2009; Kim et al., 2009). As drug carriers, polymersomes modify the distribution of drugs in body, prevent drug degradation and inactivation, extend the action time of drugs, and reduce side effects. After being parceled by polymersomes, the drugs may prolong their circulation time in blood and target tumor selectively. The polymersomes are self-assembled by the synthetic or natural modified amphiphilic polymers (Pangburn et al., 2012). Compared with surfactants, liposomes, and other small vesicles, polymersomes show the advantages of easy molecular design, high intensity, good stability, strong permeability, and so on. In recent years, due to the rapid development of macromolecular self-assembly technology, as a new type of drug carrier, polymersomes have developed well and become the important current research on novel self-assembly drug delivery. Because the structure of polymersomes is similar to that of liposomes, they have a hydrophilic inner cavity and a hydrophobic membrane bilayer (Chandrawati and Caruso, 2012). So, similar to a liposome, it delivers hydrophilic drugs and hydrophobic drugs at the same time, being a unique drug carrier for these two kinds of active constituents. In addition, the hydrophilic shell on the surface of polymersomes shows better stability, enhanced permeability, and retention. Bioactive molecules, such as antibodies, polypeptides, and ligands, can be attached to the surface of polymersomes stably. These molecules also make the polymersome an active target or show other biological effects. Polymersomes can also be used as carriers for artificial oxygen (Wen et al., 2014). Different amphiphilic polymer molecules (different species, molecular weight, block proportion, polymer structure, etc.) affect the physical and chemical characteristics (particle size, film thickness, permeability, drug loading, etc.) and the in vivo behavior of the polymersome, which makes the polymersome system more controllable. Therefore, polymersome, as a new type multifunctional drug delivery, because of its high drug loading, high encapsulation efficiency, stability, and controllability, can be used to improve the targeting delivery and bioavailability of anti-cancer drugs. Like their low molecular weight analogues liposomes, they can be stimuli-sensitive (Li and Kellera, 2009; Siegel, 2014). Stimuli include pH, temperature hydrolysis, oxidation, reduction, light, and so on. Here, we discuss the thermo- and pH-sensitive polymersomes.
2.3.1 Thermo-sensitive polymersomes
For the polymers sensitive to temperature stimulation, their hydrophobicity increases as the temperature changes, and the polymersomes are formed so. The hydrophobic segment most commonly used for thermo-sensitive polymer is poly (N-isopropylacrylamide) (PNIPAAm) (Lorenzo et al., 2005; Cao et al., 2007). PNIPAAm has lower critical solution temperature (LCST) of 30–50°C. It is completely soluble in aqueous solution when the temperature is lower than LCST, while it becomes insoluble when the temperature is higher than LCST. The polymers with PNIPAAm block self-assembly to form micelles or polymersomes when they are more hydrophobic. Drugs can be loaded in these polymersomes at temperatures below LCST. When the temperature is above LCST, these polymersomes are collapsed to release the drugs. The drug release responding to the temperature change makes thermo-sensitive polymersomes, and they become excellent carriers for controlled drug release applications. So far, the blocks have been used for thermo-sensitive polymersomes including poly (N-(3-aminopropy1)-methacrylamide hydrochloride)-b-PNIPAAm, poly (2-einnamoylethyl methacrylate)-b-PNIPAAm, PEG-PNIPAAm, and so on (Pamies et al., 2009; Zhang et al., 2011; Quan et al., 2013). Thermo-sensitive poly (N-isopropylacrylamide-co-acrylamide- coallylamine) (NIPA-AAm-AH) polymersomes reported by Maham Rahimi with lower LCST can be incorporated with various molecules at the surface (Rahimi et al., 2008). The polymersomes were synthesized by the approach of free-radical polymerization. They can release the DOX most at 41°C. Biao Yang prepared the pore-covering polymer brushes by PNIPAAm onto the PET (Yang and Yang, 2003). With the change of the temperature, the pore size varied with the swelling and shrinkage of poly-PNIPAAm brushes and the membranes’ fluxes were adjusted.
2.3.2 pH-sensitive polymersomes
pH-sensitive polymers have titratable functional groups and can be protonated or deprotonated by adjusting environmental pH value. Thus, the solubility of the polymer will be changed to prepare pH-sensitive polymersomes. The pH-response can be obtained either by polyacid blocks which lose H+ and become ionized by a higher pH variation, or by polybase blocks that can be protonated and insoluble at lower pH. The best advantage of pH-triggered release is the fast response of the system. The release occurs almost instantaneously. For example, in the case of poly (2-(methacryloyloxy)ethyl phosphorylcholine)-b-poly (2-(diisoprop ylamino) ethylm ethacrylate (PMPC-PDPA) polymersomes reported by Du Jian-zhong, when the pH value of the solution altered from 2 to greater than 6, the hydrophobicity of PDPA was enhanced due to the deprotonation of the tertiary amine group in the PDPA segment, and the di-block copolymer PMPC-PDPA formed polymersomes (Du et al., 2005). In a similar way, for the di-block copolymer poly (butadiene)-b-poly (L-glutamic acid) (PBD-PGA), the particle size of 100–150 nm can be prepared through deprotonation of PGA by adjusting pH value. Polymersomes composed of poly (ethylene glycol)-polyester reported by Fariyal Ahmed were shown to break down into membranelytic micelles within hours at low pH (Ahmed et al., 2006). The antitumor drug with their delivery kill growing tumor rapidly and effectively. Thermo- and pH-sensitive polymers synthesized by N-isopropylacrylamide and methacrylate monomers derived from cholic acid with ethylene glycol and oligo spacers through free-radical polymerization were also reported by Benrebouh et al. (2001).
The polymersomes have so many advantages as we mentioned and they can deliver the water-soluble and hydrophobic drug molecules at the same time. They are widely used to encapsulate vulnerable proteins and genetic drugs. The time in blood circulation of the polymersomes can be extended with PEG modification. Drug release can be regulated by changing the type of polymer and the proportion of hydrophilic and hydrophobic segments. Stimulus-responsive polymersomes avoid unnecessary drug leakage, improve bioavailability, and reduce side effects. Targeted polymersomes enable targeted drug delivery. Compared with liposomes and other traditional NP delivery systems, polymersomes are easier to be prepared using cheaper raw materials and with better stability, which has become a new predominant NP delivery system. However, the clinical application of polymersomes still faces some challenges. First of all, the sterilization of polymersomes is the main obstacle to be used as nano-carriers. Because the sterilization temperature is higher than the transition temperature of gel liquid in the polymersome preparation, heat energy will break their structures, leading to drug leakage from the polymersomes, so heat sterilization (such as dry heat sterilization and high pressure steam sterilization) is not suitable for the polymersomes. Membrane hyperfiltration is not suitable for polymersomes with particle diameters larger than the membrane aperture (0.22 μm) either. The preparation of polymersomes under aseptic conditions may be a solution. Many pharmaceutical preparations, such as eye ointment, eye drops, and injections, are sterilized by gamma ray, which produces less heat. Therefore, gamma-ray sterilization has the potential to be applied to the sterilization of polymersomes. In addition, the potential toxicity is another limitation for the clinical application of polymersomes. The biodegradability of polymersomes, their responses to stimuli, and targeting ability need further study. Meanwhile, the mechanisms of circulation, distribution, and metabolism of polymersomes in the body are not very clear. Solving these problems will be an important task for researchers.
2.4 Hydrogels
Under certain conditions, colloidal particles connect with each other in the dispersion medium to form a spatial network. Meanwhile, the dispersion medium is filled in the interspace of the structure. The dispersion system formed thereby is called hydrogel. The hydrogel contains large amount of liquid without mobility. Their affinity to imbibe water is attributed to the hydrophilic groups such as -OH, -CONH-, -CONH2-, and -SO3H in the structures (Hamidi et al., 2008). So hydrogels are described as three-dimensional configurations capable of absorbing large amounts of water or biological fluids. Hydrogels composed of 3D hydrophilic polymer chains have unique configurations and adjustable physicochemical properties (Peng et al., 2020). Even though the hydrogels absorb water well, they cannot be dissolved in an aqueous solution. When in aqueous surrounding environment, hydrogels will swell as a consequence of the critical crosslinks in the structure. These crosslinks can be physically (entanglements or crystallites) or chemically (tie-points and junctions) formed by the present of covalent bonds, hydrogen bonds, van der Waals interactions, or physical entanglements (Bernhard and Tibbitt, 2021; Zhang et al., 2021). The hydrogels can be generally divided into two groups: elastic hydrogel and brittle hydrogel. Elastic hydrogel is permeable. With the loss of the dispersion medium, the volume of elastic hydrogel will obviously decrease, and when the dispersion medium is reabsorbed, the volume increases, such as gelatin. The shape and volume of brittle hydrogel, such as silica gel, do not change when the dispersion medium is released and absorbed. Because of the small particle size, high water content, long retention time in blood, and degradability, hydrogel can be used as a carrier for cancer drugs. However, nanogels are mostly prepared in traditional ways. The release process is difficult to control, and some cross-linking agents are toxic to the body. In order to improve the safety and efficiency of hydrogel carriers in clinical drug delivery, new materials and cross-linking agents are synthesized to obtain multifunctional nanogels with high drug load, strong controllability, and good safety, so as to benefit from its advantages in drug delivery. Controlled-release or stimuli-induced-release hydrogel systems have become the focus of attention.
2.4.1 Temperature-sensitive hydrogels
Due to the special constituents, the hydrogels repeat swelling-deswelling conversion. Temperature-sensitive hydrogels, also known as thermo-responsive hydrogels, are the ones accomplishing the conversion by responding to the environmental temperature changes. Most of the temperature-sensitive hydrogels have hydrophobic groups, such as methyl, ethyl, and propyl groups. As we mentioned, among the polymersomes, PNIPAAm is probably the most widely used. The hydrogels made up of LCST polymers display shrinkage when the temperature rises above the LCST. At lower temperatures, the hydrogen bonds in the hydrophilic block of polymer and water dominate to increase the dissolution in water. While with the temperature increases, hydrophobic interactions in hydrophobic segments dominate, and hydrogen bonding becomes weaker. That results in the hydrogel net shrinking because of interpolymer chain association through hydrophobic interactions. The more the hydrophobic constituents are contained, the lower the LCST becomes. LCST could be controlled by the ratio of hydrophilic and hydrophobic segments. The hydrogels with PNIPAAm show faster shrinkage and sensitivity to additional stimuli. For example, the temperature-sensitive hydrogels based on the interpenetrating network of PNIPAAm was immobilized on porous silica gel and hydroxyapatite (Shin et al., 2001; Shin et al., 2002). The ones with chitosan and hyaluronic acid were studied with their physicochemical characteristics. In vitro drug release and in vivo pharmacodynamics were examined in detail (Ayon et al., 2015). The ones with loaded carboplatin for controlled drug delivery have also been explored (Andre et al., 2007). These series of studies on the temperature-sensitive hydrogels in the pharmaceutical field showed promising results. Recent studies on temperature-sensitive hydrogels have shown that hydrogen bonding and hydrophilicity of polymers are important factors affecting the quality of delivery. At the same time, the large concentration and the addition of non-water-soluble agents will bring up safety problems. So modifying its structure or being mixed with other auxiliary materials or environmentally sensitive materials are the effective ways to improve the response to temperature, so as to prolong the drug retention time and improve the efficiency.
2.4.2 pH-sensitive hydrogels
pH-sensitive hydrogels have been most frequently used to develop controlled release systems. pH-sensitive hydrogels generally contain ionic groups—acidic or basic groups that either give out or accept protons in response to environmental pH changes. The change of the pH value will affect the electric charge of ionic groups of the hydrogels, which leads to the increase of charge repulsion, thus causing the hydrogel to change from collapsing state to stretching state. That is the process of swelling and deswelling. The microenvironment pH of tumor cells is more acidic than the normal ones, so the tumor cell can be the trigger of drug release of the pH-sensitive hydrogels. The hydrogels dissolve more or swell more at low pH due to ionization. Different comonomers give different hydrophobicity to the hydrogels, causing different pH-sensitive behaviors. Examples of these are hydrogels based on poly (lactic acid), methoxyl poly (ethylene glycol), and itaconic acid prepared by Ke Wang; pH-responsive co-polymeric hydrogels studied by Umaira Rehman; and polyacrylamide grafted pectin pH-sensitive hydrogel reported by Prashant B. Sutar (Omidia et al., 2019; Sarfraz et al., 2019; Rehman et al., 2021).
2.4.3 Other stimuli-sensitive hydrogels
Electro-sensitive hydrogels shrink or swell in the presence of an applied extra electric field. In some cases, the hydrogels show swelling on one side and deswelling on the other side, resulting in the hydrogels bending. The hydrogel shape changes (swelling, shrinking, and bending) with the trigger of the electric field. That is the basis of the electro-sensitive hydrogels, such as carbon nanotube-coated hydrogel hybrids made by Servant et al. (2013). The visible light-sensitive hydrogel is readily available, low-priced, safe, clean, and easily manipulated. They are prepared by introducing a light-sensitive chromophore to the hydrogels, such as the polypeptide hydrogel synthesized by Charati et al. (2010). In addition to these, pressure-sensitive, specific ion-sensitive, and antigen-responsive hydrogels were all studied (Ikeda et al., 2010; Liu et al., 2013; Peng et al., 2018). The dibenzo-18-crown-6 copolymer was introduced into the PNIPAM system, which showed ionic sensitivity due to selective complexation with the crown ether unit, making the hydrogel show good ionic response to potassium (Figure 6) (Peng et al., 2018).
[image: Figure 6]FIGURE 6 | (Ⅰ–Ⅳ) Aerogel assembled by Lig (lignosulfonate) and acid treated SWNCT (single-walled carbon nanotubes). (Ⅴ) SEM and TEM images of Lig/SWCNT and Lig/SWCNTHNO3. Adapted with permission from Peng et al. (2018).
Hydrogels have been widely used in drug delivery due to their excellent biocompatibility and high water content. They can release drugs selectively and continuously respond to different environments. Related products especially the transdermal hydrogels are already on the market. The dosage forms are diverse and show different advantages such as high drug loading efficiency, good permeability, and high bioavailability. Hydrogels control drug release more accurately, significantly improve the solubility of some drugs, and they are easy to remove. At present, hydrogel is still a hot topic in academic research. As can be seen from the launch of the hydrogel products, hydrogel has broad application and market prospect. However, some problems still restrict the application of hydrogel in drug delivery. For example: 1) most of the hydrogels have relatively low tensile strength and elasticity, which makes them easy to break; 2) water swelling occurs and the swelling rate is high; and 3) hydrogels do not degrade easily and lack biological functions. Therefore, there are two directions for the future research of hydrogels. One is the structural transformation of existing hydrogel materials. The other is exploring new hydrogels with better performance, and designing a stimulation-responsive hydrogel drug delivery system.
2.5 Metal–organic frameworks
Metal–organic frameworks (MOFs) refer to the infinite network of crystalline materials formed by the self-assembly of transition metal ions or a metal cluster with the organic ligand. They are mainly used in the field of chemistry research such as magnetism, optics, and biological imaging (Chen G. et al., 2020; Chang et al., 2021). In recent years, medical researchers have reduced the size of such materials to the nanometer scale (NMOFs) and tried to use them in the fields of biological medicine storage, slow release, biological imaging, and the transmission of gaseous signal molecules (Liang et al., 2016; Wang et al., 2020). NMOFs can be synthesized by reprecipitation, reverse microemulsion, solvothermal method, or template synthesis method. NMOF has a large specific surface area, which makes it possible to be used as a drug carrier. NMOF shows good polymorphism and tunability due to the diverse types of the metals and the various coordinating abilities of the ligands. The coordination numbers of different metal ions are different, and the same metal ion may have different coordination numbers in different coordination environments. There are numerous organic ligands, especially those containing multiple carboxyl groups. Therein, the carboxyl group has a variety of coordination modes, and there may be two or more carboxyl groups in the ligand, so the coordination mode is very complicated. These all increase the adjustability of NMOFs. The structure of NMOFs is also affected by the synthesis condition. So, numerous various kinds of NMOFs are obtained by now, such as square shape, brick wall shape, diamond shape, quartz shape, ladder shape, lattice structure, and so on (Tavra et al., 2015; Chen J. et al., 2020; Lazaro et al., 2020). Storage and the release of drugs in the porous material are determined by a series of factors, including the pore size, pore morphology, pore-to-pore connectivity, and guest affinity. For traditional porous materials such as silicon, the capacity is not high enough, so loaded drugs are difficult to release. Porous NMOFs with large volume of aperture and regular structure can achieve high drug loadings and controlled drug release. The reported NMOFs as carriers have shown high drug loading. They load nonsteroidal anti-inflammatory drugs, antiviral drugs, and the antitumor drugs. The active exchange of NMOFs was completed almost exclusively through clathrin-mediated endocytosis, while the uptake was concerned with both clathrin and caveolae-mediated endocytosis. The NMOF is situated mostly in lysosomes against lysosomal degradation for further degradation in the cytosol, and drugs are released and distributed to different cellular organelles (Figure 7) (Min et al., 2019). The advantage of the NMOF is that it can be administered through a variety of ways and improve the pharmacokinetics of loaded drugs. Experiments showed it improves the antitumor activity of the controlled release system applied to the drugs based on Pt. Moreover, Maspoch etc. chose doxorubicin, camptothecin, and several other anticancer drugs to be loaded by MOFs through the self-assembly process (Imaz et al., 2010). Because these drugs have fluorescent properties, the release process was monitored. The NMOF as a drug delivery carrier greatly reduces side effects for the body and improves the drug efficacy in the focal area of body. Through chemical modification, NMOF forms a new drug release system and has become a hot research topic.
[image: Figure 7]FIGURE 7 | Schematic illustration of an integrated nanosystem apatinib-loaded MOFs (aMMTm) preparation and proposed combination therapy of photodynamic therapy and antiangiogenesis. Adapted with permission from Min et al. (2019). (A) The construction of porphyrinic metal‐organic framework nanoparticle aMMTm through drug loading, MnO2 coating and tumor cell membrane decoration. (B) Proposed action mechanism of aMMTm in a mouse tumor model. The tumor cell membrane camouflage may help the nanoparticles to escape early clearance and to target tumor tissue through homotypic affinity.
2.5.1 Ordinary metal–organic frameworks
Here, the ordinary MOFs refer to the ones that are not environmentally sensitive. Through the modification to make them carry a variety of functional groups, MOFs for cancer drug delivery show different characteristics. Such as the NMOFs modified by folic acid, through the mutual connections of organic groups, the surface is filled with folic acid, which make the NMOF a folate receptor with targeting property (Sun et al., 2012). 5-FU uracil was loaded in, and the release could be sustained. This NMOF with larger drug loading capacity reduced the side effects and overcame the disadvantages. It has application prospects in antitumor treatment. The group of Lin synthesized Fe(III)-carboxylate nanoscale metal–organic frameworks with high specific surface area by the rapid microwave method (Rieter et al., 2008; Pashow et al., 2009). The ferric center is Fe3+ ion. 1,3,5,7-tetramethyl-4,4-difluoro-8-bromomethyl-4-bora-3a,4a-diaza-s-indaeene (Br-BODIPY) and ethoxysueeinato-cisplatin (ES-CP) were used to increase the histocompatibility. Coated with a shell of SiO2 with Na2SiO3 as the silicon source, the MOF was bonded with fluorescence and anticancer drug through a modified covalent bond. The drug loaded in the ferric MOF showed biotoxicity similar with cisplatin to human colon cancer cell line HT-29 at the same concentration. The nanoscale MOFs for the co-delivery of cisplatin and pooled siRNAs was also studied by Lin (Kathryn et al., 2009; He et al., 2014). The MOFs enhanced therapeutic efficacy in drug-resistant ovarian cancer cells.
2.5.2 Stimuli-sensitive metal–organic frameworks
Compared with other drug deliveries, the study of MOFs started late and is under development. Even though environment-sensitive MOFs are at the early stage, various stimuli-sensitive MOFs have been synthesized. A class of thermo- and solvatochromic metal–organic frameworks based on 4-(pyridin-4-yl)benzoic acid reported by Gift Mehlana was synthesized by solvothermal methods (Mehlana et al., 2012). pH-sensitive MOF with co-encapsulation of Pd@Au nanoparticles and doxorubicin for pH- and NIR-triggered synergistic chemo-photothermal treatment of cancer cells showed an excellent synergistic treatment effect on SMMC-7721 cells even at low concentrations (Figure 8) (Yang et al., 2017). Other pH-sensitive MOF like hollow mesoporous silica (HMS)@MOF capsules for DOX showed much higher cytotoxicity than the free drugs (Yang et al., 2017). Additionally, a core@shell nanocomposite material with biocompatible bovine serum albumin (BSA) as the core and pH-sensitive MOF as the shell loading DOX was prepared (Liang et al., 2018). It released DOX at low pH (5.0–6.0) with higher efficacy against the breast cancer cell line MCF-7. These all accelerate the development of MOFs for anticancer drug deliveries.
[image: Figure 8]FIGURE 8 | (A) DOX/Pd@Au@ZIF-8 and its application in pH and near-infrared-triggered chemotherapy photothermal synergistic treatment of cancer cells; (B) DOX/Pd@Au@ZIF-8 TEM images; (C) DOX/Pd@Au@ZIF-8 TEM-associated EDX spectra. Adapted with permission from Yang et al. (2017).
As a new type of organic-inorganic hybrid crystalline porous material, MOF has the advantages of large specific surface area, high porosity, and diverse structures. However, there are also some problems to be solved in the application of MOFs: 1) The present preparation technology for most MOFs is not suitable for industrial production. It requires high precision of the instrument, which is still mostly confined to laboratory preparation. To overcome it, we need to make more efforts in the production process and instrument specifications. 2) There is some toxicity of the MOFs. The preparation of MOFs mostly relies on organic solvents as the medium, resulting in the residue of organic solvents in the pores, causing toxicity. However, the selectivity and synthesis efficiency of organic ligands will be affected if water is used as the synthetic medium due to the poor solubility. At the same time, the surface tension of water is large, and in the activation process before drug loading, the stress on the pores will be generated with the removal of water, leading to the pore collapse and the reduction of drug loading. This can be improved by the optimization of the solvent and activation process. A good synthetic medium should be non-toxic, volatile, and with low surface tension. The freeze-drying method and supercritical CO2 fluid can protect the pore structure of MOFs by the sublimation process and less stress of supercritical CO2 fluid on pore, so as to improve drug loading efficiency. More methods will be studied. 3) At the beginning of the development, many MOFs are used for adsorption, catalysis and so on. The organic ligands are chosen according to the chemical properties, which is inevitably irritating to the human body. From the medicinal point of view, researchers should pay attention to the optimization of their organic ligands. The use of ligands with specific functions or anticancer pharmacological effects can further improve the anti-tumor effect, and shows the advantage of combining drugs with adjuvants. 4) Different MOFs may have different stability and safety. There are many configurations and types of MOFs. However, few studies evaluated the metabolic process, safety, or biocompatibility of different types of MOFs in vivo and in vitro, so specific studies are necessary in this field to provide sufficient evidence of the safety and support the clinical application of MOFs. Interdisciplinary cooperation of chemistry, materials, and biomedicine is deepening. The research is expected to further develop MOF materials in biomedicine. The materials, cargo and in vivo/vitro test status of some typical nanoparticles mentioned above are summarized in Table 1.
TABLE 1 | The materials, cargo and in vivo/vitro test status of some typical nanoparticles.
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Polymeric NPs, as a group full of vigor, have excellent prospects and commercial value. The whole development of polymeric NPs is based on theory, experiment, and practical application. At present, there are more than 60 nano-drugs being approved for marketing in the world, and more than 200 are under clinical research, among which anti-tumor drugs are the main ones, including antiviral drugs, anti-inflammatory drugs, polypeptide protein drugs, RNA drugs, and drugs for diagnostic imaging. Compared with other dosage form, NPs have the advantages of improving drug stability—avoiding the drugs being rapidly destroyed or degraded, prolonging circulation time of drugs, enhancing penetrating and retention effects, specific binding with tumor cells and achieving targeted delivery, blocking angiogenesis of tumor tissues, and so on. Nanomedicine shows great potential in improving drug distribution and improving bioavailability. It is developing steadily and lively. However, challenges in the preparation of NP materials, improvement of their biological compatibility, the unknown mechanism of drug carrying, and the toxicity of polymeric NP materials in vivo are the problems remaining to be solved. Additionally, the pharmacokinetic of most NPs in vivo and the intracorporal processes of drugs are still not clear, which lead to the different results between clinical efficacy and preclinical studies. This is also one of the important reasons that the clinical development of nanomedicine has been restricted. Based on the promising application prospect of NPs, we remain committed to solving these problems. First, diversified synthesis methods need to be used. Different nanocarriers need to be synthesized and selected for different drug molecules. At present, the synthesis of nanocarrier drugs is mostly in liquid phase, including hydrothermal synthesis, template synthesis, interface synthesis, and so on. More syntheses with new techniques need to be explored. Second, most of the polymeric NPs cannot be used in clinics because of their toxicity. Although a large number of biocompatible polymeric NP materials have been used, the study of their toxicity is still limited by the imperfect analysis methods for the mechanism of drug carriers. Third, the mechanism of action of NPs in vivo is under improvement. The pharmacokinetic study of NPs should also flourish with the development of drug delivery systems. To obtain the transport rate between plasma drug concentration and tissue drug concentration by establishing a reasonable pharmacokinetic model has an important meaning for the design and optimization of NPs. To sum up, it can be predicted that polymeric NP carriers will be developed and widely applied with the further improvement of synthetic methods, analytical methods, and the basic experimental work of pharmacology. In addition, with the development of sensing, interconnection, and big data technologies, mobile medical system and miniaturization of drug delivery are also important tasks in the future.
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GLOSSARY
NPs nanoparticles
PEG polyethylene glycol
EPR enhanced permeability and retention effect
pHE extracellular pH
PDEA poly(N,N-diethylaminoethyl methacrylate)
PVP poly(4- or 2-vinylpyridine)
PHis poly(L-histidine)
PbAE poly(β-amino ester)
pHT pH of the transition state from insolubility to solubility
DOX doxorubicin
PEGb-PDPA poly(ethylene glycol)-block-poly(2-(diisopropylamino)ethyl methacrylate)
TPGS d-a-tocopheryl polyethylene glycol 1000 succinate
GSH glutathione
mPEG methoxyl poly(ethylene glycol)
PZLL poly(3-benzyloxycarbonyl-L-lysine)
PEG-b-PHPMA-LA poly(ethylene glycol)-b-poly(N-2-hydroxypropyl methacrylamide)-lipoic acid
DTT dithiothreitol
CPT camptothecin
UVA ultraviolet A
BU-PPG uracil-end-capped oligomeric poly(propylene glycol)
BA-PPG adenine-end-capped oligomeric poly(propylene glycol)
RES reticuloendothelial system
LCL long circulation liposomes
GM-1 gangliosides
PEGS polyethylene glycol derivatives
PEI 1800-TA polyethylenimine 1800-triamcinolone acetonide
CHEDLA [(2-lactoylamido) ethylamino]formic acid cholesterol ester
STL successive targeting liposomes
PE phosphatidyl ethanolamine
DOPE dioleoyl phosphatidyl ethanolamine
FA folic acid
FI fluorescein isothiocyanate
KB cells a human epithelial carcinoma cell line
PAMAM-G7 dendritic polyamides-generation 7
PNIPAAm poly(N-isopropylacrylamide)
LCST lower critical solution temperature
PMPC-PDPA poly (2-(methacryloyloxy)ethyl phosphorylcholine)-b-poly (2-(diisoprop ylamino) ethylm ethacrylate
PBD-PGA di-block copolymer poly(butadiene)-b-poly(L-glutamic acid)
Lig lignosulfonate
SWNCT single-walled carbon nanotubes
MOFs metal–organic frameworks
NMOFs nanometer scale metal–organic frameworks
aMMTm apatinib-loaded MOFs coated with MnO2 and decorated with membranes
5-FU uracil 5-fluorouracil
Br-BODIPY 1,3,5,7-tetramethyl-4,4-difluoro-8-bromomethyl-4-bora-3a,4a-diaza-s-indaeene
ES-CP ethoxysueeinato-cisplatin
HMS hollow mesoporous silica
AFM atomic force microscopy
TEM transmission electron microscopy.
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 © 2022 Xiao, Teng, Shi, Chen, Wu, Wang, Meng, Essiet Imeh and Li. 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 October 2022
doi: 10.3389/fbioe.2022.1047598


[image: image2]
Inorganic nanomaterials for intelligent photothermal antibacterial applications
Bao Wang1, Yan Xu1, Donghan Shao1,2, Leijiao Li1,2*, Yuqin Ma1,2, Yunhui Li1,2, Jianwei Zhu2, Xincui Shi1,2 and Wenliang Li3*
1School of Chemistry and Environmental Engineering, Changchun University of Science and Technology, Changchun, China
2Zhongshan Institute of Changchun University of Science and Technology, Zhongshan, China
3Engineering Research Center of Antibody, Jilin Medical University, Jilin, China
Edited by:
Michel Assad, Charles River Laboratories, Canada
Reviewed by:
Fengchao Cui, Northeast Normal University, China
Xinan Shi, Guangxi University, China
Tsung-Rong Kuo, Taipei Medical University, Taiwan
* Correspondence: Leijiao Li, lileijiao@cust.edu.cn Wenliang Li, wenlilangl@ciac.ac.cn
Specialty section: This article was submitted to Biomaterials, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 18 September 2022
Accepted: 07 October 2022
Published: 21 October 2022
Citation: Wang B, Xu Y, Shao D, Li L, Ma Y, Li Y, Zhu J, Shi X and Li W (2022) Inorganic nanomaterials for intelligent photothermal antibacterial applications. Front. Bioeng. Biotechnol. 10:1047598. doi: 10.3389/fbioe.2022.1047598

Antibiotics are currently the main therapeutic agent for bacterial infections, but they have led to bacterial resistance, which has become a worldwide problem that needs to be addressed. The emergence of inorganic nanomaterials provides a new opportunity for the prevention and treatment of bacterial infection. With the continuous development of nanoscience, more and more inorganic nanomaterials have been used to treat bacterial infections. However, single inorganic nanoparticles (NPs) are often faced with problems such as large dosage, strong toxic and side effects, poor therapeutic effect and so on, so the combination of inorganic nano-materials and photothermal therapy (PTT) has become a promising treatment. PTT effectively avoids the problem of bacterial drug resistance, and can also reduce the dosage of inorganic nanomaterials to a certain extent, greatly improving the antibacterial effect. In this paper, we summarize several common synthesis methods of inorganic nanomaterials, and discuss the advantages and disadvantages of several typical inorganic nanomaterials which can be used in photothermal treatment of bacterial infection, such as precious metal-based nanomaterials, metal-based nanomaterials and carbon-based nanomaterials. In addition, we also analyze the future development trend of the remaining problems. We hope that these discussions will be helpful to the future research of near-infrared (NIR) photothermal conversion inorganic nanomaterials.
Keywords: inorganic nanomaterials, photothermal therapy, near infrared-induced, antibacterial, biomedicine
1 INTRODUCTION
The risk of bacterial infection is common in living environment and public facilities. Especially after surgery, the risk of infection with pathogenic bacteria is extremely high and difficult to treat (Sethulekshmi et al., 2022). Minor delay wound healing, and heavy produce life-threatening complications. Bacterial infections have become one of the enemies of human health. In order to effectively fight against bacterial infections, a series of antibiotics are manufactured and widely used, such as: penicillin, roxithromycin, vancomycin, cephalosporin, etc. (Hochvaldová et al., 2022). But antibiotic abuse has led to bacterial resistance, forming multiple multidrug-resistant (MDR) bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Staphylococcus aureus (VRSA) and vancomycin-resistant Enterococcus (Abbas et al., 2022). It is reported that 10 million people may die every year from 2022 to 2050 due to bacterial antibiotic resistance (O'Neill 2016). Antimicrobial-resistant (AMR) and multidrug-resistant (MDR) infections will have a higher mortality rate than all types of cancer combined, according to projections from the Centers for Disease Control and Prevention (CDC) (Pormohammad et al., 2021). Therefore, it is of great significance to develop unconventional antibiotic drugs to treat bacterial infections (Chaudhary 2016).
In recent years, nanotechnology has become increasingly linked to biomedicine, and some nanomaterials with antibacterial activity are considered an ideal way to treat and prevent bacterial infections. Nanomaterials generally refer to materials in the range of 1–100 nm in at least one dimension in three-dimensional space. Inorganic nanomaterials are widely used in the treatment of tumors, cancers and bacterial infections due to their low toxicity, small size, good biocompatibility, easy modification and large surface energy (Chaudhary et al., 2016). At present, a variety of inorganic nanomaterials have been synthesized, including: metal-based nanomaterials, transition metal-based nanomaterials and carbon-based nanomaterials. The size and morphology of nanomaterials are the main indicators affecting their performance, and among the nanomaterials that have been synthesized, the morphology mainly includes: nanorods (Zhang et al., 2021), nanospheres (Li et al., 2022), nanowires (Han et al., 2022), nanoflower (Mutalik et al., 2021), nanotubes (Zhao et al., 2023), nanosheets (Mutalik et al., 2022), etc. The unique antibacterial mechanisms of nanomaterials are the following: 1) Destruction of bacterial DNA and proteins through the release of metal ions or the production of reactive oxygen species (ROS); 2) Destruction of bacterial cell membranes through the aggregation of nanoparticles (Qi et al., 2020); 3) NPs accumulate on the surface of the cell membrane to block the transmembrane transmission of electrons; 4) Heat shock/stress caused by temperature increase (Hamblin 2016; Wang C. et al., 2020). However, many times a single nanomaterial has problems such as insignificant therapeutic effect, large dose of material used, and strong toxicity in the treatment of bacterial infection. To this end, the search for safer and more effective treatments for bacterial infections has become a major focus for scientists.
As a controllable and non-invasive treatment method, PTT has been widely used in biomedical fields as a new treatment model in recent years. The PTT converts light energy into thermal energy through physical means, and a photothermal agent is required during the conversion process. It has become a popular trend to carry out nanomaterials as photothermal agents in combination with photothermal therapy and applied in antibacterial therapy. The advantages of photothermal therapy are mainly in the good penetration of tissues, and this non-contact treatment can effectively avoid bacteria developing drug resistance. Ultraviolet light (<380 nm), visible light (380–760 nm), and NIR light (>760 nm) are commonly used light sources for several photothermal therapies. The wavelength of visible light is between 380 and 760 nm, accounting for about 52% of the solar spectrum, and the wavelength of ultraviolet light is less than 380 nm, which is in the invisible region along with NIR light, accounting for 4% and 44% of the solar spectrum, respectively. By adjusting the band structure engineering of the photothermal agent, the surface plasmon resonance effect or the addition of light enhancers to reduce the very small proportion of ultraviolet light in the solar spectrum, resulting in its photothermal conversion efficiency cannot be satisfactory. Therefore, achieve full use of the light source is a very meaningful thing (Wang L. et al., 2021).
Inorganic nano-photothermal conversion materials for the treatment of bacterial infections are fully discussed here (Figure 1). Starting from the synthesis method, the preparation and modification methods of inorganic nanomaterials of different morphologies and sizes, the antibacterial mechanism under different light sources, and various factors affecting the photothermal conversion efficiency of nanomaterials are described. Finally, the application of photothermal conversion nanomaterials in antimicrobials is described, and its future development direction and challenges are prospected. Here, we summarize several synthesis methods of inorganic nanomaterials and their advantages and disadvantages (Table 1), as well as the advantages and antibacterial mechanism (Table 2) of several inorganic nanomaterials used in photothermal treatment of bacterial infection.
[image: Figure 1]FIGURE 1 | Schematic illustration of the main topics covered in this review.
TABLE 1 | Synthesis methods and advantages and disadvantages of Inorganic nanoparticles.
[image: Table 1]TABLE 2 | Summary of inorganic nanomaterials for NIR photothermal antibacterial.
[image: Table 2]2 SYNTHESIS OF INORGANIC NANOMATERIALS
The synthesis of nanomaterials is usually mainly divided into “top-down” and “bottom-up” methods (Saravanan et al., 2021). Top-down generally refers to the decomposition of large pieces of material into smaller parts by physical or chemical methods such as ultrasonic crushing or laser etching (Nekoueian et al., 2019; Cui et al., 2022). Bottom-up generally refers to the formation of new materials by assembling different materials together by chemical or biological means such as one-pot method or biosynthesis (Jamkhande et al., 2019). In view of the fact that the internal stresses introduced by top-down synthesis methods in many cases will destroy the morphology of nanomaterials and affect the surface effect of NPs, most nanomaterials choose bottom-up methods for synthesis (Xia et al., 2019). Commonly used bottom-up synthesis methods are mainly as follows:
2.1 Radiation induced
Radiation induced technology has become a very popular method for the synthesis of nanomaterials because it is simple, fast, green and is not affected by the experimental temperature. It has been widely used in the fields of medicine and environment (Xiong et al., 2021). In the process of synthesis, the solution containing the corresponding precursor can be irradiated with accelerating electrons or gamma rays to synthesize NPs with smaller size (Čubová and Čuba. 2019), and high-purity products can be obtained without strictly controlling the experimental conditions. Ionizing radiation with high-energy gamma photons and accelerated electrons can uniformly generate free radicals in the transmitted medium (Güven 2021).This property makes ionizing radiation technology widely used in the preparation of nanomaterials.
By irradiating the carbon nanotubes with γ ray, the carbon nanotubes can be uniformly dispersed and kept stable without using a dispersant (Saif et al., 2018) (Figure 2A). Radiation induced technology is also commonly used in the synthesis of quantum dots (Gidwani et al., 2021). Li et al. (2011) Synthesized SnSe quantum dots by using ionizing radiation technology and adding surfactant CTAB at room temperature, which effectively avoided the problems of high synthesis temperature and the use of toxic precursors. In addition to the above nanoparticles, nano gel can also be synthesized by radiation-induced method. Recently, Sabatino et al. (2020) reviewed the progress made by γ ray, electron beam and ultraviolet radiation are used to mediate the formation of nano gel, and the application of the synthesized gel is briefly summarized (Matusiak et al., 2020; Sabatino et al., 2020). Radiation induced technology provides a simpler way for the synthesis of inorganic nanoparticles and is expected to be widely used in the future synthesis process.
[image: Figure 2]FIGURE 2 | (A) Linking the surface of MWCNT’s with different vinyl monomers by laser irradiation. Reproduced from (Yang et al., 2010) with permission from Radiation Physics and Chemistry. The biosynthesis of inorganic nanomaterials can be generated by (B) secreted enzymes and membrane proteins extracellularly, or (C) intracellularly, by combining proteins/peptides with inorganic ions or oxidoreductases. Reproduced from (Choi and Lee. 2020) with permission from Nature Reviews Chemistry. (D) General procedure for obtaining desired nanocrystals from metal precursors using a seed-mediated method. Inorganic-nanomaterial synthesis in microbial cells and bacteriophages. Reproduced from (Xia et al., 2016) with permission from Angewandte Chemie.
2.2 Biosynthesis
Green synthesis is one of the effective methods to reduce the biological toxicity of nanoparticles, which can effectively improve the biocompatibility of nanoparticles (Zonaro et al., 2015). In the process of green synthesis, biosynthesis mainly extracts the required elements from organisms or plant organisms. It is favored for its advantages of economy, safety and easy availability (Rambabu et al., 2021). There is no need to add additional reductant or capping agent during the synthesis process, nor high pressure and high temperature (Salem and Fouda 2021). Plants are more favorable for the synthesis of nanoparticles due to their various biological molecules such as polyphenols, proteins, flavonoids and bioactive amines (Lee et al., 2020). The method of synthesizing nanoparticles with plant extracts is a one-step synthesis method (Wang D. et al., 2019). Plant synthesis has the advantages of cheap and easy access to raw materials, low biological toxicity, high economic efficiency and safety. The synthesis of nanoparticles from plant extracts was first proposed by Gardea-Torresdey et al. (2003) using alfalfa sprouts to synthesize Ag-NPs. After that, some people successively proposed the biosynthesis of silver and gold NPs by golden rutin flower; Ag NPs with very small size (2–4 nm) were synthesized with Camellia sinensis (Rolim et al., 2019); Fe NPs with a size in the range of 30–100 nm were synthesized with tea leaves extract (Lin et al., 2020).
Microbial synthesis is the second largest biological source of nanoparticles. The mechanism for the synthesis of nanoparticles is that numerous metal or non-metal ions (such as Cu2+, Mg2+, Ag+, Cd2+) will interact electrostatically with the negatively charged cell membrane and adsorb to the surface of the cell membrane, transferring through the microbial membrane to the cell, which in turn activates the cell’s over-defence mechanism and is exported as a monomer by the cell using the efflux pump. The output monomer is the synthesized nanoparticles (Choi and Lee. 2020). The biosynthetic pathway of NPs can be divided into intracellular synthesis and extracellular synthesis (Figures 2B,C). The reducibility of enzymes is a very important factor for biomolecules to reduce metals and nonmetals. In extracellular synthesis, inorganic ions are mainly reduced to NPs by enzymes secreted by cells. For example, with Shewanella oneidensis MR-1, Pd NPs with a size of 10–100 nm can be synthesized in and out of the cell by enzymes secreted by the cell or enzymes on the extracellular membrane under the action of bioelectrochemistry (Wang W. et al., 2019). During intracellular synthesis, it mainly depends on reductase, polypeptide or non-enzymatic protein. Through the gene expression of protein MT, glutathione can be oligomerized into polypeptide PC to participate in the reduction of Cu2+, Ag+ and other inorganic ions (Jung et al., 2018), so that nanoparticles can be synthesized and grown in cells. For example, Ag nanospheres with a size of 20–70 nm can be synthesized by using the covering protein of Pseudomonas sp. and a wide range of secondary secretions (John et al., 2020). In addition, Fungi and yeast, also one of the bacterial genera, are also broadly used for the synthesis of NPs. The fungus itself has a large amount of mycelium, which enables it to synthesize nanoparticles with high efficiency (Kitching et al., 2022).
Biomolecules contain functional groups. In most cases, they can be used not only for the synthesis of nanoparticles, but also for the stabilization and functionalization of NPs (Choi and Lee 2020). This also provides a new idea for the application of nanoparticles in the field of antibacterial.
2.3 Seed mediated method
In the traditional sense, most nanocrystals are directly generated by using the one pot method in the presence of salt precursor and reducing agent, and by external conditions such as microwave, ultrasonic wave and current. Sometimes, the above methods cannot obtain ideal size and morphology, so Chen et al. (2013) proposed the seed mediated method to accurately control the synthesis of nanocrystals. The seed-mediated method divides growth and nucleation into two steps. Seed crystals of very small size (about a few nanometres) are added to a solution below supersaturated concentration to continue growth. It avoids the difficult to control homogeneous nucleation process by directing the newly formed atoms to nucleate twice on the surface of the pre-synthesised seeds (Xia et al., 2016) (Figure 2D).
The following problems should be paid attention to in the seed mediated method: 1) High purity reaction reagents should be used; 2) Control the concentration of precursor to ensure that no other reaction occurs except heterogeneous nucleation; 3) Be careful that the seed crystal is oxidized before use (Thanh et al., 2014). In order to ensure the accurate synthesis of crystal seeds, inert gas or capping agent is often introduced in the process of synthesis to protect the crystal seeds. The most typical seed mediated method is to use surfactants to prepare Au nanorods (GNRs). For example, cetyltrimethylammonium bromide (CTAB) is often used as a “soft template” to guide the directional growth of nanocrystals. This template is a simple and effective method to prepare rare and precious metal materials. Firstly, chloroauric acid was reduced by sodium borohydride in CTAB aqueous solution to prepare smaller Au seed solution. Secondly, the growth solution was prepared by reducing Au (III) complex ion to Au (I) complex ion with ascorbic acid (AA) in CTAB aqueous solution. Finally, a certain quantity of seed solution was added to the growth solution. The biggest advantage of seed mediated method is that any existing nanocrystalline seed can be added to the growth solution composed of capping agent or reducing agent to obtain high yield and new morphology nanocrystals (Shi et al., 2021).
2.4 Assisted synthesis of capping agent
The growth of nanocrystals usually requires stable control of capping agents (Loza et al., 2020). The addition of capping agent will have an important impact on the internal structure, surface structure and shape of nanocrystals, so it is widely used in nanomaterials and synthesis (Yang et al., 2019). At present, a great many capping agents have been reported to be used, such as biomolecules, anionic/cationic species, small molecules and macromolecular polymers (Abadi et al., 2022). The capping agent is mainly used to selectively adsorb on a plane of nanocrystals by changing the free energy of the surface to prevent further deposition and growth of atoms on the plane. There are many examples where the use of capping agent has changed the morphology of nanomaterials. For example, when fructose is used as capping agent to synthesize tellurium nanocrystals, tellurium nanorods are synthesized without fructose, and triangular tellurium nanostar is synthesized after fructose is added (Huang et al., 2020). In addition, when eight different chain lengths of CTAB (CnTAB, n = 2–16, Even) are used to synthesise GNRs, GNRs of different sizes from nanometres to micrometres can be obtained (Ye et al., 2013; Inaba et al., 2019).
A single capping agent cannot fully satisfy the basic needs of NPs in the synthesis process. In addition to morphology and size, dispersion and solubility are also important indicators to evaluate NPs. The future development direction will be toward the simultaneous use of two different types of capping agents, which can not only effectively improve the yield, but also obtain more nanocrystals with uniform size and good dispersion (Jana 2005; Zheng et al., 2021).
3 ANTIBACTERIAL APPLICATION AND ANTIBACTERIAL MECHANISM OF PHOTOTHERMAL CONVERSION INORGANIC NANOMATERIALS
In clinical applications, there are high requirements for the biocompatibility of photothermal therapy nanomaterials. Although many nanomaterials reported so far have excellent photothermal conversion properties, their long-term safety is doubtful and it is difficult to be directly applied to clinical treatment. For example, metal NPs have poor biological metabolic capacity, and carbon-based materials have been shown to trigger many toxic reactions, such as oxidative stress and lung inflammation. Therefore, improving the biocompatibility of photothermal materials to provide better biodegradability and low toxicity is also a key factor.
In the treatment of bacterial infection, PTT has been widely used because it can effectively prevent bacteria from producing drug resistance. In view of the poor penetration of visible light to tissues, NIR light is often used as the light source of PTT. The commonly used NIR photothermal conversion nanomaterials mainly include noble metal-based nanomaterials, transition metal-based nanomaterials and carbon-based nanomaterials.
3.1 Noble metal-based nanomaterials
3.1.1 Au
Noble metal-based nanomaterials have attracted extensive attention in photothermal therapy and imaging due to their surface plasmon enhanced fluorescence, plasma resonance effect and plasma photothermal effect. Among many noble metal nanomaterials, the preparation methods of nano Au have been very mature. Au nanoparticles have the benefits of easy surface modification and great biocompatibility. When irradiated with NIR light of a certain frequency, the Au NPs not only have high absorption capacity for light, but also can increase the absorption of light by the Au NPs through its adjustable regional plasmon resonance (LSPR). In view of the wonderful light absorption properties of Au NPs, they are often used as photothermal agents for the treatment of bacterial infections.
At present, the low photothermal conversion efficiency of Au is an urgent problem to be solved. In order to remove the application limitation brought by the photothermal conversion efficiency, scientists have explored the Au NPs with different morphologies and modified by different methods. GNRs are one of the most common morphologies in the synthesized gold nanomaterials, with strong absorption in the range of 600–900 nm (Vankayala and Hwang. 2018). When used for PTT, plasma resonance begins to attenuate with the heating of the lattice, resulting in an increase in the ambient temperature. In the process of photothermal conversion, the more electrons, the higher the thermal energy conversion. Based on this principle, Ma et al. (2019) constructed a core-shell nanostructure GNR@LDH of GNRs and layered double hydroxide (LDH). Under 2 Wcm−2 808 nm laser irradiation, the temperature of individual GNRs could be increased by 31.8°C. GNR@LDH containing the same concentration of GNRs is 50°C warmer and can achieve a photothermal conversion efficiency of 60%.When using PEG GNR@LDH after functionalization, 300 μg ml−1 GNR@LDH-PEG (including 30 μg ml−1 GNRs) for 5 min, the bactericidal rates of Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were 99.25% and 88.44%, respectively (Figures 3A,B). Compared with single component GNRs, noble metal semiconductor heterostructures exhibit new functions and better performance due to the synergistic effect between different components of heterostructures. The charge separation and light absorption at the heterostructure interface can be promoted by the surface plasmon resonance (SPR) of noble metals, which can effectively improve the photothermal conversion efficiency of GNRs (Leng et al., 2018). Li et al. (2019) combined GNRs and Bi2WO6 nanosheets, reduced the recombination of electrons and holes through the SPR effect induced by 808 nm NIR, improved the photocatalytic performance of Au@Bi2WO6 coatings, and was more likely to produce a large amount of ROS. When irradiated with NIR laser for 15 min, it was able to kill 99.96% and 99.62% of E. coli and S. aureus, and the sterilization rate was much higher than that when GNRs were used alone (Figure 3C). Sibidou et al. confirmed through experiments that the Au nanomaterials with biconical shape with (111) crystal plane have better photothermal effect than GNRs with (200) crystal plane (Yougbare et al., 2021a), and can kill all E. coli when irradiated at 808 nm for 7 min. In addition to the large Au nanostructures, the ultra-small gold nanoclusters also have ideal antibacterial effects. The use of biomolecules plays an important role in the synthesis of gold nanoclusters. Common biomolecules such as glucose, DNA, polypeptide, protein, etc. are reductive and have rich functional groups. They can not only act as reductants in the synthesis of gold nanoclusters, but also as ligands to realize the functionalization of Au nanoclusters (Pranantyo et al., 2019). Among many biomolecules, antimicrobial peptides (AMPs), as a kind of non-antibiotic biomolecules, can not only kill bacteria, but also be used as reducing agents to prepare gold nanoclusters with fluorescence emission. When the photothermal conversion efficiency reached 34.2%, the AMPs modified Au nanoclusters achieved the progressive killing of E. coli and HT-29 (Zhu et al., 2020) (Figure 3D). The unique SPR effect of noble metals enables it to be used in combination with a variety of materials to improve the therapeutic effect. GNRs can show a huge electric field enhancement at both ends of the rod under resonance excitation (Chen et al., 2013). Among them, the combination with nano enzymes has been proven to be effective in the treatment of bacterial infections. Liu et al. (2021) Deposited CeO2 nano enzyme at the end of GNRs to form a spatially separated dumbbell shaped nanostructure, which can simultaneously have plasma induced hot carriers and thermal effects (Figure 3E). Under 808 nm irradiation, Au@CeO2 The significant enhancement of peroxidase like activity of the Au composite enables the Au composite to have a broad-spectrum antibacterial effect (Liu et al., 2021) (Figure 3F).
[image: Figure 3]FIGURE 3 | (A) Survival rate of S. aureus in corresponding group (n = 3); (B) Survival rate of E. coli in corresponding group (n = 3). Reproduced from (Ma et al., 2019) with permission from ACS Appl. Mater. Interfaces. (C) Photocatalytic mechanism of the Au@Bi2WO6 composite. Reproduced from (Li et al., 2019) with permission from Journal of Hazardous Materials. (D) Schematic diagram of carrier dynamics and carrier reaction of Au@CeO2 for peroxidase-like reaction under plasmon excitation. Enhanced antibacterial activity of Au@CeO2 nanozyme. Bacteriostatic activity of (E) S. aureus and (F) E. coli with different samples without and with NIR irradiation, respectively. Reproduced from (Liu et al., 2021) with permission from Applied Catalysis B: Environmental.
The above antibacterial mechanism of Au NPs can be simply summarized as follows: Metal NPs are oxidized by NIR laser and released in the form of particles, generating ROS, destroying bacterial cell membranes, causing internal ribosomal instability, mitochondria and protein damage, and finally causing bacterial death (Faisal et al., 2013; Fu et al., 2014).
3.1.2 Ag
Ag NPs have similar chemical properties to Au NPs. For example, large specific surface area, enhanced optical performance and the same LSPR effect. However, due to the size, shape, dosage and other reasons, Ag has non negligible biological toxicity.
Behravan et al. proved that the use of biosynthesis to obtain Ag NPs that can be used for the treatment of bacterial infection can effectively reduce the biological toxicity of Ag NPs, and the aqueous extract of Berberis leaves and roots was successfully used to synthesize Ag NPs with a size of 30–70 nm (Behravan et al., 2019). The antimicrobial performance was tested by disk diffusion method, which proved that it has a great inhibitory effect on E. coli and S. aureus. As a common biomolecule, polysaccharides also have low biological toxicity and are often used in the synthesis of hydrogels. Liu et al. (2020) embedded the Ag NPs synthesized with gallic acid (GA) into the network structure synthesized by polysaccharide carrageenan, and obtained a GA-Ag NP hydrogel with coagulation, air permeability, anti-dehydration and good bactericidal effect under 808 nm laser irradiation. It can also promote wound healing while treating bacterial infection. In the follow-up study, Mei et al. (2020) combined Ag and Au and also synthesized micro-Au/Ag NRs that can promote wound healing and can be used for the treatment of MRSA infection. On this basis, the micro-NPs can also be used for photoacoustic imaging (PA). In vitro and in vivo experiments showed that the synergistic effect of free Ag+ and 1,640 nm NIR could effectively eliminate MRSA and the biological toxicity was extremely low (Figure 4A). Meanwhile, activatable NIR PA can monitor the treatment process and provide timely feedback.
[image: Figure 4]FIGURE 4 | (A) Schematic diagram of NIR II combined with released Ag+ in the treatment of MRSA. Reproduced from (Mei et al., 2020) with permission from Biomaterials. (B) Synergistic antibacterial mechanism of Ag/CS@MnO2-Ti and 808 nm NIR. Reproduced from (Wang X. et al., 2019) with permission from ACS Appl. Mater. Interfaces.
It has been proved in medicine that Ag nanoparticles have excellent antibacterial properties, and its antibacterial mechanism can be summarized as follows: when Ag NPs are used alone for antibacterial, Ag NPs have a high tendency to sulfur and phosphorus in cells, and can interact with phosphate and sulfur-containing proteins inside and outside cells. When the nanoparticles reach a certain concentration, they can achieve complete inhibition of bacterial growth (Tamboli and Lee, 2013). When Ag NPs are combined with PTT and hydrogel, under the irradiation of NIR light and heat, the hydrogel coated on the wound surface is locally heated, causing protein denaturation and membrane damage in bacterial cells (Liu et al., 2020), and promoting the release of Ag NPs. Ag NPs with larger surface area and smaller size are more likely to enter the cell and interact with thiol groups, causing bacterial death (Wang X. et al., 2019) (Figure 4B). Different antibacterial mechanisms show the great potential of Ag nano photothermal conversion materials in the biomedical field, and the combined treatment system of Ag NPs will effectively improve the therapeutic effect.
3.2 Metal like nanomaterials
3.2.1 Boron
Boron (B) is one of the necessary trace elements for organisms. It can not only fight inflammation and regulate metabolism, but also maintain the stability of cell membrane (Xie et al., 2020; Duo et al., 2021; Jakubczak et al., 2021). In the past decade, many boron containing drugs have been approved for clinical use. However, due to potential toxicity, some boron compounds are still in the research stage. In recent years, researchers have paid much attention to the property that boron compounds can transform between neutral triangular plane sp2 and tetrahedral hybrid state sp3.
Boron derived compounds play a significant antibacterial role. In many previous studies, boric acid was considered as a promising drug that can resist antibiotic resistance (Song et al., 2021) (Figure 5A). Since 2015, tuberculosis (TB) caused by Mtb has caused about 250,000 deaths every year, and the treatment success rate of multi drug resistant tuberculosis (MDR-TB) is only 56%. It is reported that boric acid can treat tuberculosis by selectively killing MTB, and can also be used as an inhibitor of Staphylococcus aureus caseinolytic protease P (SaClpP) (Song et al., 2021). Under the driving of visible light, the boron doped TiO2 thin film can exhibit the inhibitory effect on S. aureus, Acinetobacter baumannii and Streptococcus pyogenes through the combined action of photocatalysis and B (Wong et al., 2020; Wang et al., 2022). The doping of B increases the specific surface area of nanoparticles, promotes the separation of electrons and holes, further improves the photocatalytic activity, and can produce a large number of ROS under light conditions, thus greatly improving the antibacterial activity (Ran et al., 2022).
[image: Figure 5]FIGURE 5 | (A) Boron compounds and their interaction modes with biological targets. Reproduced from (Song et al., 2021) with permission from Acta Pharmaceutica Sinica B. (B) Preparation of B-QCS-BNN6 and its application in photothermal-NO synergistic antibacterial. Reproduced from (Lv et al., 2022) with permission from Biomaterials Science. Antibacterial activity of Te and Te-SO nanoneedles (NNs) toward (C) S. aureus. (D) and E. coli. antibacterial rate in the presence of Te and Te-SO NNs at different concentrations. Reproduced from (Huang et al., 2022) with permission from Materials Today Bio. (E) Bactericidal action of Te–CTX nanocomposites. The intracellular CTX and PTT synergism against MRSA for accelerating wound healing in mice. Reproduced from (Wu et al., 2022) with permission from Journal of Materials Chemistry B.
Recently, someone proposed a photothermal antibacterial mode for B nanosheets. The multifunctional nano platform with B nanosheets as the carrier can capture negatively charged bacteria, and the NO generated after 808 nm illumination can better diffuse to the bacterial surface, thus achieving the ideal therapeutic effect of typical Gram-negative bacteria and Gram-positive bacteria (Lv et al., 2022) (Figure 5B). In conclusion, boron based photothermal nanomaterials still have a lot of space to explore in the field of antibacterial.
3.2.2 Tellurium
Tellurium (Te) is a semiconductor metal, which belongs to the chalcogenide group together with Se and O. after the biological application of Se was developed, scientists were surprised to find that Te in the same group also has excellent biomedical application prospects. In fact, the antibacterial activity of Te was discovered earlier than the use of antibiotics (FLEMING and F. R. C. S., 1940), which also shows that tellurium is a promising antibacterial agent.
Lin et al. (2012) synthesized four different morphologies of Te NPs using TeO2 as raw material and N2H4 as reducing agent, and preliminarily explored their antibacterial activities, laying a foundation for the subsequent antibacterial application of tellurium nanoparticles. Tellurium is rarely natural, and most tellurium exists in the form of oxidized state, for example, −2 (telluride: Te2−), 0 (elemental element: Te0), + 4 (tellurite: TeO32−), and + 6 (tellurite: TeO42−) (Vahidi et al., 2021). The antibacterial effect of inorganic Te nanoparticles alone is not ideal (Lin et al., 2012). In order to expand its efficacy without affecting the performance of nanoparticles, many researchers choose to dope tellurium with other metals or some non-metallic materials or functionalize the synthesized tellurium nanoparticles to enhance the therapeutic effect. Brown D. et al. coated polyvinylpyrrolidone (PVP) on the surface of Te nanorods and analyzed the parameters representing the bacterial growth lag time λ, it was confirmed that the coating of PVP could delay the maturation of bacteria and then inhibit the growth of bacteria (Brown et al., 2018). However, the toxicity of tellurium nanoparticles remains a concern.
In order to reduce the toxicity of Te, scientists have made many attempts. On the one hand, plant extracts were selected as precursors for the synthesis of tellurium NPs (Zambonino et al., 2021). On the other hand, the reducing agent or capping agent needed in the synthesis process is changed. For example, Rosales-Conrado et al. synthesized spherical Te nanomaterials of different sizes using extracts from different kinds of tea leaves (Rosales-Conrado et al., 2021); Medina Cruz et al. Synthesized cubic Te NPs with lemon juice and lime juice respectively, and confirmed that when the concentration of nanoparticles was greater than 15 μg ml−1, they had a significant inhibitory effect on MDR E. coli and MRSA (Medina Cruz et al., 2019); Huang et al. green synthesized triangular star Te NPs (Huang et al., 2020) with common fructose as reductant; Vahidi et al. synthesized Te NPs (Vahidi et al., 2021) with strong antioxidant and bactericidal properties using fungi.
The research data show that the size of nanoparticles has a significant impact on their antibacterial activity. In fact, the smaller size nanoparticles will show higher antibacterial activity than the larger size nanoparticles (Pormohammad et al., 2021). The lethality of tellurium NPs to bacteria is mainly due to the specific binding of tellurium oxyanion and GSH in bacterial cells, which makes TeO32− be reduced to Te (0) and accumulated in cells. At the same time, ROS is generated in cells due to Fenton reaction, which activates the oxidative stress reaction in cells and finally kills bacteria (Huang et al., 2022) (Figures 5C,D). Secondly, Te NPs can also damage the integrity of bacterial biofilms, resulting in impaired function of cell membranes or cell walls. However, according to the previous research results, the antibacterial properties of many tellurium NPs synthesized at present are not ideal. Based on the great photothermal properties of tellurium NPs, the combination of tellurium NPs and PTT has gradually become a new popular trend. Wu et al. (2022) used cefotaxime (CTX)-loaded tellurium nanoparticles (Te-CTX NPs) as a photothermal agent, which, when irradiated by laser, produced a combined antibacterial effect of two synergistic pathways of PTT and CTX. On the one hand, Te restores the sensitivity of CTX to MRSA; on the other hand, the high temperature effect induced by PTT can destroy the antioxidant defense system of bacteria (Figure 5E). Under the synergistic effect of the two, 50 μg ml−1 Te-CTX NPs could effectively kill more than 90% of MRSA. The successful synergistic treatment of tellurium NPs and PTT provides more directions and possibilities for subsequent experiments. There are still more unknown about the combined use of the two.
3.3 Carbon-based nanomaterials
3.3.1 Carbon quantum dots
Carbon quantum dots (CQDs) generally refer to carbon-based nanomaterials with a size less than 10 nm. The small size gives CQDs excellent photostability, water dispersibility, photocatalytic activity, biocompatibility, and bacteriostatic properties (Mintz et al., 2019). The excellent optical properties of CQDs have been widely used in the biomedical field in recent years (Nekoueian et al., 2019). In addition to being widely used in biological imaging, photodynamic therapy and photothermal therapy of tumors (Liu et al., 2022), it is also widely used in antibacterial.
As a promising photothermal inorganic nanomaterial, it has been reported that CQDs have intrinsic antibacterial properties in the blue light region of 400–470 nm. Under the excitation of 470 nm blue light, carbon dots can generate ROS by light to destroy MRSA and E. coli (Wang B. et al., 2021). The greatest advantage of CQDs is that they can be easily removed from the body and have low biological toxicity (Chung et al., 2020). The absorption coefficient of CQDs is low in the NIR region, but the temperature can be increased to the required range by adjusting the power density of the irradiated laser or doping other elements or modifying (Geng et al., 2020). Some researchers have synthesized composite fluorescent carbon dots (CsWO3-FCD) with the function of detecting and clearing bacteria. The carbon dots were coated with tungsten oxide (CsWO3). On the one hand, it can target bacteria; on the other hand, it can also use the strong NIR absorption of catechol and CsWO3 on the FCD surface to achieve photothermal antibacterial. At a small dose, it can effectively kill most E. coli and S. aureus within 5 min (Robby et al., 2021).
Qie et al. (2022) functionalized CQD with chiral biomolecules to prepare a bacterial affinity photothermal carbon point (BAPYCDs) for MurD ligase, and combined 808 nm 1.5 W cm−2 NIR laser with BAPYCDs. In 10 min, the BAPYCDs temperature of 200 μg ml−1 can be raised to 70.3°C. The temperature shows that BAPYCDs has excellent photothermal conversion efficiency. The addition of chiral molecule D-glutamic acid (D-Glu) enables BAPYCDs to be targeted and can be accurately localized to bacterial infection sites (Xin et al., 2017). When BAPYCDs were used alone for in vitro bacteriostatic experiments, 89.27% of S. aureus and 80.33% of E. coli were killed. When the above carbon dots were combined with NIR laser, almost all S. aureus and E. coli were killed (Figures 6A,B).
[image: Figure 6]FIGURE 6 | Bacterial viability of E. coli (A) and S. aureus (B) were obtained by the colony-forming count method. Reproduced from (Qie et al., 2022) with permission from Frontiers in Bioengineering and Biotechnology. General bactericidal mechanisms of action of CDs. (C) Electrostatic interactions between CDs and bacterial cell walls. (D) Internalization of CDs leads to irreversible damage caused by cytoplasmic leakage (E) CDs generate ROS under laser irradiation causing DNA damage. (F) Some factors of ROS production induced by carbon points and inhibition of bacteria. (G) Some mechanisms of toxicity of NPs. Reproduced from (Yougbare et al., 2021b) with permission from International Journal of Nanomedicine.
The antibacterial effect of the above CQDs is closely related to the charge and N content on the surface of CQDs (Verma et al., 2020). Most of the CQDs synthesized with amines or quaternary ammonium salts have certain antibacterial properties, but only the cationic groups of CQDs have limited antibacterial effect. Positively charged CQDs and negatively charged bacteria enter the cell interior through electrostatic interaction (Figure 6C) and cause cell wall damage and cytoplasmic leakage (Figure 6D) (Ghirardello et al., 2021), Irradiation with NIR raised the local temperature of bacteria and produced ROS, which further accelerated bacterial apoptosis (Figure 6E).
3.3.2 Graphene and its derivatives
Since the discovery of graphene in 2004, graphene has become a hot scientific research field due to its good thermal conductivity and optical transmittance, high intrinsic mobility, large specific surface area and excellent conductivity (Yang et al., 2016). With the continuous expansion of the research field of photothermal nanomaterials, graphene and its derivatives have also become one of the research objects. The full-spectrum absorption properties of graphene and its derivatives make it very representative in the field of photothermal materials, which are widely used in antibacterial applications. The excellent heat transport characteristics also give graphene more important practical significance. When covid-19 broke out in 2019, in order to better resist the virus, Zhong et al. (2020) prepared a graphene coated mask with both photothermal and hydrophobic properties. Under the Sun, the coating can quickly heat up and kill bacteria. Wang H. et al. (2020) prepared a graphene quaternary ammonium salt platform functionalized by boric acid. The platform can not only use the targeting effect generated by electrostatic adsorption to mediate the antibacterial effect, but also synergistically enhance the antibacterial effect through the high temperature generated by 808 nm NIR laser irradiation. The experiments show that the nano platform can effectively treat biofilm infection and multi drug resistant gram-negative bacterial infection. In addition to the above-described PTT using laser light of the first near infrared window (NIR-I), PTT in the second near infrared window (NIR-II) has also been reported in recent studies. Geng et al. (2022) Selected 1,064 nm (NIR-II) NIR laser with stronger penetration ability than NIR-I as the treatment light source and graphene quantum dots (N-GQDs) doped with graphitized nitrogen as the treatment platform. Under the irradiation of 1,064 nm laser, N-GQDs showed nearly 100% inhibition and biofilm efficiency against multidrug-resistant bacteria. It also showed a function of promoting wound healing in a mouse model after being infected with MRSA.
Most of the graphene-based materials reported at present have relatively sharp edges and high photothermal conversion efficiency. Therefore, in addition to using photothermal effect to kill bacteria, mechanical/physical destruction can also be used to kill bacteria (Xin et al., 2019). The antibacterial mechanism is mainly to destroy the cell membrane and cell wall of bacteria.
To sum up, the antibacterial mechanism of the common photothermal conversion nanomaterials at present mainly includes three viewpoints: first, the generation of ROS (Figure 6F), and the damage mechanism of ROS to bacteria can be summarized into two ways: 1) Destroying the permeability of plasma membrane, causing some substances to flow out, or affecting the metabolic activities of bacteria (Ma et al., 2021); 2) DNA strand breaks and depolymerizes to produce stable oxidation products (Gao et al., 2017; Wentao et al., 2019); Second, release metal ions to destroy bacterial DNA and proteins (Figure 6G); Third, NPs gather on the surface of bacterial cell membrane and destroy the cell membrane and cell wall (Qi et al., 2020), blocking transmembrane electron transfer. The damage of cell membrane or cell wall will lead to the dysfunction of bacteria or the leakage of cytoplasmic components, and eventually cause the death of bacteria (Xin et al., 2019).
4 SUMMARY AND PROSPECT
The toxicity and potential side effects of inorganic nanomaterials limit their application in the treatment of bacterial infection to a certain extent (Pormohammad et al., 2021). At present, modifying the synthesized inorganic nanoparticles or doping with other metal or non-metallic elements is an effective measure to deal with the toxicity of materials. However, in the specific implementation process, it often needs to face the problems of complex reaction process and harsh reaction conditions. The introduction of PTT successfully avoids the above-mentioned problems, and can achieve a more ideal bacteriostatic effect when using less nanomaterial dosage.
In recent years, the development of inorganic nanomaterials has also created more convenience for the use of PTT. More and more metal and non-metal inorganic nanomaterials with different sizes, morphologies and synthesis methods have shown excellent bacteriostatic effects in the process of combined use with PTT. However, some complications such as skin rash, allergic reaction, itching, etc. of these bactericides synthesized at present may still exist (Punjataewakupt et al., 2019). We still need to conduct a large number of clinical experiments to prove the safety of inorganic photothermal nanomaterials in terms of antibacterial.
We hope to turn the existing challenges into opportunities and develop inorganic photothermal nanomaterials that can be used for both antibacterial and wound healing in the near future.
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Intracellular delivery of message RNA (mRNA) technique has ushered in a hopeful era with the successive authorization of two mRNA vaccines for the Coronavirus disease-19 (COVID-19) pandemic. A wide range of clinical studies are proceeding and will be initiated in the foreseeable future to treat and prevent cancers. However, efficient and non-toxic delivery of therapeutic mRNAs maintains the key limited step for their widespread applications in human beings. mRNA delivery systems are in urgent demand to resolve this difficulty. Recently lipid nanoparticles (LNPs) vehicles have prospered as powerful mRNA delivery tools, enabling their potential applications in malignant tumors via cancer immunotherapy and CRISPR/Cas9-based gene editing technique. This review discusses formulation components of mRNA-LNPs, summarizes the latest findings of mRNA cancer therapy, highlights challenges, and offers directions for more effective nanotherapeutics for cancer patients.
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INTRODUCTION
Messenger RNA (mRNA) is an unstable intermediate in the central dogma conveying genetic information from genes to proteins. As the therapeutic agent, compared with DNA, mRNA is safe and has no potential risk of integrating into the genome. Additionally, the mRNA is not needed to transfer into nucleus, which is relatively easy for transferring and translation. In 1990, it was proved that in vitro transcribed (IVT) naked mRNA is translated in mice by direct intramuscular injection (Wolff et al., 1990). However, mRNA is unstable in harsh physiological conditions and is rapidly degraded by endoribonucleases and exoribonucleases of the extracellular and intracellular milieu before translating an encoded therapeutic protein (Dirisala et al., 2019). To overcome these shortcomings, the first thing is to improve the stability of mRNA. The mature mRNA molecules consist of five key elements, 5′ cap structure, 5′ untranslated regions (UTRs), coding regions, 3′ untranslated regions (UTRs) and 3′ poly(A) tail. The sequence of modification and optimization strategies have been built up for the above structural elements to augment translation efficiency and stability and to become immune-silent including modification mRNA with cap structure analog, non-nature base substitution and polyA tail synthesis (Kaczmarek et al., 2021). On the other hand, the delivery system remains another limiting factor for the employment of mRNA therapy. Subsequently, non-viral nanoparticles, such as polymer- and lipid-based materials were applied to cancer therapy (Cheng et al., 2018a; Cheng et al., 2018b). However, lipid-based nanoparticles show the advantages of providing protection for mRNA from nuclease degradation, accelerating acidic endosome escape after introduction into the cell and high payloads over polymer (Liu et al., 2021) and advances have been achieved in LNP-mRNA therapy (Figure 1). Lipids, which are the basic fabric of cell membranes, could self-assemble into nanoparticles in polar solvents and are essential for performing their biological functions. LNPs have excellent physical and chemical properties including their shape, size, surface characteristics and interaction with anionic molecules, thus they are widely applied in the medicine and health field as a delivery carrier for active pharmaceutical ingredients (Ndebele et al., 2022). Since LNPs have been used to deliver mRNA, a series of cancer nanomedicine was rapidly developed and entered into clinical trials, which made mRNA molecules possible to become a potent therapeutic system for cancer treatment (Kazemian et al., 2022).
[image: Figure 1]FIGURE 1 | Hallmarks of mRNA-lipid nanoparticles. LNP, lipid nanoparticle; COVID-19, coronavirus disease 2019; CRISPR/Cas9, Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-associated protein 9.
In this Review, we focus on the mRNA modification and the key component of lipid nanoparticles in the process of formulation improvement and optimization. Subsequently, we highlight the progress in cancer therapy fields and describe key steps in tumor treatment. Finally, we discuss the future perspectives toward developing mRNA-LNPs as next-generation therapy vehicles.
MRNA MODIFICATION
Cap structure analog design
It is believed that mRNA lifespan is controlled by the 5′ cap structure and length of poly (A) tail. The mRNA is capped with the first base covalently linked with N7-methylated guanosine group via a 5′-5′ triphosphate bond (Hâkansson Wigley, 1998). In vivo, the RNA guanine-7-methyltransferase could cap the mRNA with GTP and Ado-met as the substrate. However, IVT RNA cap is inefficient. Both RNA polymerase and RNA ligase could ligate the cap structure (m7G(5′)ppp (5′)G) to the IVT mRNA 5′ terminals. Since the cap structure has two 3′ OH, almost half cap structure is reversed cap, that is Gpppm7GpN cap, which cannot be recognized by translation machinery (Carberry et al., 1990). Hence, the “anti-reverse” cap analogs (ARCAs) were designed to eliminate the possibility of reverse ligation of cap structure, which could get 2.7-fold protein translation efficiency than normal m7GpppG cap substrate (Figure 2).
[image: Figure 2]FIGURE 2 | The optimization of IVT mRNA stability.
mRNA body modification
The mRNA body modification can also enhance translation efficiency and stability. The first found mRNA modification is m6A which is enriched in 5 termini of mRNA body. Inosine (I) is the intermediate of adenosine and guanosine, which is the nature modification found in the untranslated region. It is believed that inosine is a modulator for mRNA stability and translation efficiency. Pseudouridine also abounds in the mRNA coding region, which could increase levels of ribosome loading onto transcripts (Figure 2).
REPRESENTATIVE LIPID COMPONENT MATERIALS
Over the past several decades, the groundwork for genetic drug delivery platforms was laid. With the approval of two COVID-19 mRNA vaccines (Comirnaty® (Pfizer-BioNTech), and Spikevax®(Moderna)), the preferred nano-delivery system is commonly lipid nanoparticles (LNPs) (Guerin Thompson, 2021). LNP can be prepared with different techniques, such as conventional lipid Thin-Film Hydration subsequent Size-Reduction Techniques, Ethanol-Injection Method, and next-generation In-line T-junction mixing and microfluidic mixing which are all based on a rapid mixing self-assembly process, namely a spontaneous organization of individual lipid molecule into a nanostructured sphere driven by non-covalent interactions (Figure 3) (Shepherd et al., 2021). Microfluidic mixing is a promising new method for preparing large-scale lipid-based cargos. It is well-made and can be expanded from the research laboratory to good manufacturing practice (GMP) production preferred nowadays for use in clinical trials and commercial pharmaceuticals. Another advantage of the microfluidics method is the ability to control various parameters. LNP formulations typically consist of 1) an ionizable or cationic lipid, possessing a positive charged tertiary or quaternary amines head to interact with the mRNA macromolecular; 2) a helper lipid (e.g., DSPC) acting like the phospholipid in the hydrophobic membrane; 3) cholesterol providing stabilization of the LNP bilayer; and 4) an outer PEGylated-surface to give the nanoparticle a hydrophilic surface, lengthen the blood circulation time and reduce nonspecific protein absorption (Kowalski et al., 2019).
[image: Figure 3]FIGURE 3 | Scheme of next-generation lipid nanoparticles preparation.
Cationic and ionizable lipids
Cationic lipids or ionizable lipids consist of three parts: A hydrophilic amine head region, a nonpolar alkyl tail group, and a core linker connecting the two domains (Figures 4, 5), acting as a capable nanomaterial to increase the entrapment efficiency. Cationic lipids bear nonionic ammonium head groups and remain in their pH-independent positive charge, such as DOTMA, DOTAP, DOSPA, and EDOPC. The mRNA-lipoplexes (RNA-LPX) formulated on DOTMA combined with DOPE, can target to deliver the mRNA into dendritic cells (DCs) and macrophages by changing the surface charge ratio from positive to negative through intravenous administration, and induce an antigen-specific adaptive immune response and type-I-IFN-associated innate immune response for cancer immunogenic therapy (Kranz et al., 2016). The same lipid formulation for the treatment of autoimmune encephalomyelitis is utilized as a non-inflammatory mRNA vaccine (Krienke et al., 2021 January 8). The hybrid Poly (lactic-co-glycolic acid) (PLGA)-DOTAP core carrying histone deacetylase inhibitors (HDACIs) mRNA to inhibit metastatic lung cancer was also developed (Peng et al., 2021). Metal−lipid hybrid nanoparticle (MLN) containing EDOPC to mediate genome editing transforming growth factor-β (TGF-β) can restructure the tumor microenvironment and prevent tumor recurrence in combination with near-infrared light to heat (Kim et al., 2021). BHEM-Cholesterol was developed by replacing the methyl group with two hydroxyl regions on the basis of DC-Cholesterol in the head group aimed to augment membrane/lipid interaction, combined with poly(ethylene glycol)-block-poly(lactic-co-glycolic acid) (PEG-b-PLG) and PLGA to synthesize a lipid–polymer hybrid particle for mRNA entrapment (Zeng et al., 2020b).
[image: Figure 4]FIGURE 4 | Structure of six typical cationic lipids.
[image: Figure 5]FIGURE 5 | Structure of some typical ionizable lipids.,
Cationic lipid-based nanoparticles have shown wide application prospects in mRNA therapy, not only for their capability to promote mRNA molecules to stay in LNPs core but also because they can elicit an innate immune response, thus acting as immune adjuvants to improve immunogenicity (Bevers et al., 2022). For example, DDAB is a cationic lipid as an immune adjuvant that stimulates an immune response, activates macrophages, and binds to antigens. The DOTAP-polymeric hybrid nanoparticles exhibited the most powerful results in inducing humoral and cellular immunity among other candidates in vivo (Anderluzzi et al., 2020).
However, we are still facing toxicity issues induced by the permanent positive charge of cationic lipid when broadening the applications of lipid-based non-viral vectors to mRNA therapy, hence, the pH-dependent tertiary amine ionizable lipids that could change to positive charges by protonation effect under lower acidic pH and become electrically neutral at physiological pH were developed to overcome this issue by changing structural domains of cationic compounds. Among fifty-six amino lipids, the most effective LNPs were confirmed with a high acid dissociation constant (pKa) between 6.2 and 6.4 which is close to the protonation point of ionizable lipids (CullisHope, 2017). In an acidified endosome, ionizable amino lipids receive hydrogen ions due to higher pKa than PH. The cationic lipids enhance interaction with negatively charged endosome bilayer and promote the endosome membrane unstableness and endosomal escape, which is a major obstacle in LNP technology, following internalization by the target cell and the release of RNA molecules into the cytosol (Farbiak et al., 2021; Dirisala et al., 2022). Hence, ionizable cationic lipids exhibit the advantage of minor toxicity and prolonged existing times in the body in comparison with cationic delivery vehicles after extracellular vaccination.
Ionizable lipids, such as DOGS, multivalent lipid 5 (MVL5), DC-Cholesterol and GL67, initially get development for DNA transfection, later, some have also been investigated for mRNA therapy. Heyes et al. synthesized DODMA by modifying DOTMA and further displaced the oleyl lipid tails with the linoleyl chains to form DLinDMA, and then compared the effect of different saturation degrees on gene silencing ability (Heyes et al., 2005). Taking linoleyl alcohol as raw material, DLin-KC2-DMA was synthesized through five steps reactions with pKa values between 6.2 and 6.7, and has vastly higher activity than DLinDMA (Semple et al., 2010). In order to screen for ionizable lipids, the Factor VII model offers a high-throughput approach for hepatic gene silencing with effective siRNA dose, and further modifications on the linker domain led to the development of DLin-MC3-DMA (MC3). It has been proven to work effectively in low doses and is a key component of Onpattro, the first siRNA drug approved by the United States Food and Drug Administration (FDA) (Akinc et al., 2019). To improve the biocompatibility of LNPs, the researchers focused on lipid biodegradable functionality by introducing ester groups into the hydrocarbon tail, which can be easily degraded to reduce potential toxicity, immunogenicity, and other side effects. By changing the ester bond position, L319 was proven to be the lead biodegradable tertiary amine lipid (Maier et al., 2013). In the same way, the biodegradable lipids ATX-100, Lipid 5, Lipid H (SM-102), ALC-0315, Acuitas A9 and LP-01 have better delivery ability in vivo pharmacokinetics (Buschmann et al., 2021). These results demonstrated that the branching alkyl tails may improve RNA molecules’ release within the endosome. Additionally, Lipid H nanoparticles revealed a relationship between LNPs size and immunogenicity in mice from various formulations (Hassett et al., 2021). Further, A6 incorporating alkyne groups into the non-polar tails could facilitate their interaction with the endosome membrane, thus enhancing endosomal escape from aqueous inner core (Miao et al., 2020). In Lokugamage et al. (2019) synthesized a library of 16 diverse ionizable lipids using diethylamino head region or 1-pyrrodinyl head group conjugated to carbonate linkers and the 11-A-M LNPs perform the best effects than others. The CMVLn (n = 2–5), a new degradable multivalent cationic lipids containing a disulfide-bond group between the head group and the hydrophobic tails, and this disulfide bond could be cleaved by reducing agents leading to attenuate toxicity (Shirazi et al., 2011). The ssPalmE, a lipid-like nanomaterial with a disulfide bond and incorporated alpha-tocopherol succinate as the lipid tails, could efficiently suppress tumor growth (Akita et al., 2015). ssPalmO-Phenyl-P4C2, optimized from ssPalmE, using oleic acid as the scaffold of biodegradable lipidoid material showed superior delivery efficiency. Additionally, the introduction of the aromatic ring surprisingly contributes to endosomal membrane destabilization (Tanaka et al., 2020).
The pH-sensitive amino lipid YSK05 displays high fusogenic with the cell membrane (Miyabe et al., 2014). Further optimization of the hydrophilic head region of YSK05 contributed to YSK12, which significantly facilitated gene silencing in mouse DCs (Warashina et al., 2016). The efficient gene silencing ability (50% effective dose: 0.0025 mg/kg) and biodegradability were observed in the third generation YSK series of ionizable lipids CL4H6 (Sato et al., 2019).
In 2014, ionizable truncated acyl backbone amino lipids with asymmetric tails were reported. They were well-tolerated and showed high scavenging capacity in vivo addressing a key pharmaceutical challenge through rational formulation optimization (Gindy et al., 2014). Derived from this work, Suzuki et al. (2017) synthesized a string of ionizable lipids with two asymmetric hydrocarbon tails (e.g., L021), and further optimization of ester bond into the lipid tail generated L101, a biodegradable lipid displayed potent gene-silencing activity in mouse hepatocytes and resulted in rapid pharmacokinetics of the lipid.
Combinatorial conjugation and screening approaches have been applied for the synthesis of ionizable lipidoid libraries to improve delivery efficiency. With Design of Experiment methods, several types of reactions have been applied for the synthesis of lipidoids, such as the ring-opening reaction of epoxides, reductive animation reaction and Michael Addition (Zhang et al., 2021; Hu et al., 2022). In 2008, Anderson’s laboratory synthesized a large library of more than 1,200 structurally varied lipid-like materials, and the 98N12-5 acting as the top one performed potent specific gene knockdown in three animal models (Akinc et al., 2008). In addition, they developed two-generation libraries, 304O13 and 503O13 turned out to be the lead lipids respectively, with high levels of transportation efficiency (Whitehead et al., 2014). Oi10, a ten-carbon branched tail, was conjugated to alkyl-amine to synthesize 306Oi10 which can potently ionize at low pH and facilitate more efficient mRNA delivery (Hajj et al., 2019). An ionizable lipid library was synthesized by the addition reaction of amine head and acrylate tail containing the disulfide bond, among which, 306-O12B indicated the capability of liver targeting through co-delivery of Cas9 mRNA and gRNA for Angptl3 gene editing in vivo (Qiu et al., 2021). BAMEA-O16B, a biodegradable lipid integrated with disulfide bonds, can simultaneously deliver Cas9 mRNA and sgRNA into cells for gene editing (Liu et al., 2019). A library of over 1,500 bio-reducible lipidoids was constructed via addition between diverse amine groups and acrylate esters reacted with alkyl thiols. 5A2-SC8, the lead-performing lipid of the library, provided a potent therapeutic material for gene therapy system (Zhou et al., 2016). Based on 5A2-SC8, replacing amino scaffold 5A2 with 4A3 results in 4A3-SC8, which was formulated in dendrimer-based lipid nanoparticles and achieved gene editing through CRISPR/Cas9 protein (Farbiak et al., 2021 July). Anderson’s group synthesized a lipidoid library via another ring-opening approach of epoxides altering carbon lengths with amine substances, such as C12-200 and cKK-E12. A1-D1-5 also called iLY 1809, a thermostable analog of cKK-E12, achieved an effective dose of 0.18 mg/kg of ED50 for siRNA (Hu et al., 2022) and enable robust gene editing via the delivery of plasmid which expresses both Cas9 protein and sgRNA targeted for Polo-like kinase 1 (PLK1) (Li et al., 2022). Additionally, 7C1 (Lokugamage et al., 2021) and G0-C14 (Islam et al., 2021) were synthesized via ring-opening of alkyl epoxide with PEI600 and generation 0 of poly (amidoamine) (PAMAM) respectively.
Amines, isocyanides, and alkyl ketones were used to synthesize a library of 1,080 ionizable lipids. The high-performing lipids, A18-Iso5-2DC18 can induce a strong immune response and show remarkable tumor growth suppression and the survival was prolonged in tumor models through the systematic administration of LNPs (Miao et al., 2019). Lipid-like derivatives (TT2-TT8) were developed via Reductive Amination. TT3-LNP can potently provide protection for human factor IX mRNA (Li et al., 2015), and in 2020, it was used to encapsulate the SARS-CoV-2 spike subunits mRNA (Zeng et al., 2020a). FTT5, a biodegradable analog of TT3, further facilitates the release of mRNA encoding human factor VIII into cytoplasm (Zhang et al., 2020). Most recently, Cornebise et al. (2022) reported that squaramides as a part of aromatic four-membered rings, participated in pi-pi interactions, hence, the top-performing lipid 29 can cause high expression of mRNA.
Helper lipids—phospholipid, cholesterol and PEGylating lipids
Extensive research has shown that LNP generally consists of additional lipid nanomaterials besides cationic or ionizable lipids to stabilize the RNA delivery system, such as phospholipids, cholesterol, and polyethylene glycol lipids (Figure 6). Phosphatidylcholines (PCs), characterized by cylindrical geometry structure, is the most abundant phospholipid of cell membrane bilayers, approximately accounting for about 50%. DSPC has two symmetric saturated tails with high melting temperatures and is typically used to formulate highly stable LNPs (Witzigmann et al., 2020). Recently, due to the pandemic of COVID-19, DSPC has been applied for mRNA-1273 and BNT162b2 vaccines (Puranik et al., 2022). DOPE, a phosphoethanolamine with two unsaturated tails groups, replacing DSPC in LNPs formulations achieves potent mRNA delivery efficiency in vivo because DOPE is inclined to adopt a hexagonal H(II) conformation transformation, which makes endosome bilayer more unstable and accelerates endosome escape of lipid nanoparticles after uptake (Hou et al., 2021). The 9A1P9 from a library of ionizable phospholipids through combinatorial reaction schemes got 40 and 965 times more efficient than DOPE and DSPC in mRNA delivery, respectively (Liu et al., 2021).
[image: Figure 6]FIGURE 6 | Structure of some helper lipids.
As a key member of the lipid nanoparticle formulation, cholesterol can serve as a helper lipid that can make nanoparticles more stable by filling in gaps between phospholipids and facilitating the fusion of the nanoparticles with the biological membrane (Zhang et al., 2021). The studies reported that the amount of cholesterol in LNP components is larger than what can be stably retained in LNPs. Moreover, it was demonstrated that about 30–40 mol% helper lipid is necessary for the encapsulation of siRNA into LNPs, providing another insight into the part of helper lipids.
The enhanced permeability and retention (EPR) effect influences the preferential accumulation of LNP into solid tumors (Sindhwani et al., 2020; Zheng and LiDing., 2021). However, this effect would depend on relatively longer circulation time and relatively small particle size. Liu et al. (2022) synthesized a new shielding material by conjugating low molecular weight polyethylene glycol (PEG) to a hyaluronic acid (HA) core forming a protective layer through electrostatic interactions. Hence, PEGylating lipids are incorporated into LNP formulations to extend the circulation time within the blood by reducing immune clearance regulated by the kidneys. (Forfull names of lipid compounds, see Supplementary Material).
POTENT CANCER TREATMENT
International Agency for Research on Cancer (IRAC) reported that there are 19,292,789 new cancer cases and 9,958,133 cancer deaths all over the world with 40 types in 2020 and the top three are breast, lung, and colorectal cancer. Therefore, it is critical to develop the anti-tumor vaccine. More recently, Moderna and Pfizer/BioNTech LNP-mRNA vaccines approved by the FDA to prevent the pandemic of COVID-19, are receiving global attention. The main application associated with the use of LNP for cancer therapy has been broadly studied during the past years, and still, nanoparticles display potent interest because of their relatively small size and large surface-to-volume ratio, and they lead to absolutely novel revolution compared to the large vehicles of bulk material. Besides, LNP-mRNA vaccines have several advantages over conventional vaccines: 1) safety, they eliminate concerns associated with intracellular toxicity and infection risk (CullisHope, 2017). In contrast with DNA nucleoside vaccines and viral vehicle-based vaccines, the risk of genomic integration and toxicity is not posed in mRNA vaccines because they act in their activity in the cytoplasm. The transient property of mRNA molecules is beneficial to avoiding an overexpression of the target protein. Additionally, the researchers have developed a procession of favorable degradable biomaterials. 2) flexibility, mRNA vaccines can easily achieve different targets by changing the coding region and furthermore enable the co-delivery of multiple mRNA molecules to the same cell allowing the generation of multi-antigen complexes thus we can simultaneously prevent different pathogens by injecting a single vaccine. 3) Speediness and repeatability, GMP-leveled manufacture of mRNA vaccines enable reproducible and homogeneous production of lipid-mRNA nanoparticles within weeks (Gebre et al., 2021).
Immunotherapy
The majority of mRNA-LNP vaccines can be internalized by the uptake of vaccinated cells through systemic administration and can express into antigen proteins that are presented to T and B cells by MHC molecules to kill diseased cells and facilitate the death of tumor cells (Figure 7).
[image: Figure 7]FIGURE 7 | LNP-mRNA vaccines immune response process.
Cancer vaccines involve the elicitation of tumor-specific T lymphocyte response aiming at removing or rejecting tumor cells without harming normal cells by providing cancer antigens under the action of immune stimulators. The attempt to use mRNA to treat tumors can date back to 1995, which showed to elicit antigen-specific immune responses in mice (Hou et al., 2021). Prior to the broad application of the LNP-mRNA anti-cancer vaccine, one of the key manufacturing limitations is that it is difficult to select a target antigen. Following the discovery of Tumor-associated antigens (TAAs), we can design cancer vaccines to target TAAs that are preferentially translated into malignant cells. The proof-of-concept research of LNPs from 2016 by Kranz et al. reported that the RNA-LPX vaccine can target to DCs in vivo via intravenous injection of TAAs-lipoplexes based on DOTMA or DOTAP cationic lipid combined with DOPE (Kranz et al., 2016). The encapsulation of TAAs-mRNA into the lipoplex efficiently kept the TAAs molecules from extracellular ribonucleases and boosted their expression in various lymphoid organs. And the authors demonstrated that not only can the mRNA-lipoplex vaccine elicit a type I IFN-associated innate immune response, but also lead to a potent adaptive response, efficiently down-regulating the growth of tumors. DC-based immunotherapies make up the main part of mRNA cancer vaccines in clinical trials and delivery of mRNA molecules into DCs for adoptive immune was the first-in-human clinical trial based on an mRNA therapeutic cancer vaccine (Kowalski et al., 2019). And currently, lipid nanoparticle–mRNA formulations for cancer are extensively developed as a consequence of the promising antitumor efficacy shown in CureVac, BioNTech, and Moderna as pioneers in the battle.
To further improve vaccine effects, we can optimize the processes of APC uptake and T cell activation by co-delivery of antigen mRNA cargos with adjuvants and co-stimulatory molecules to obtain a more comprehensive oncology therapeutic effect, for instance, mannose functionalized LNPs vaccines are preferentially taken up by DCs (Van der Jeught et al., 2018). Stimulator of interferon genes (STING) is key receptor proteins in the natural immune response that can co-adjust innate immunity and acquired immunity. After vaccination, STING will evoke type I interferon. The occurrence of cytokines and T lymph cell recruiting factors arouse tumor-specific cytotoxic T cells (CTLs) response, which can accelerate the expression of antigen in vivo, as well as evoke the STING signaling pathway, and remarkably promote the tumor-associated antigen immune activation (Li et al., 2022). At the same moment, it is worth noting that T cell initiation may better determine whether an immune response will be elicited rather than antigen expression as the final criteria for assessing the efficiency of an mRNA vaccine. Another mRNA-2752 involves OX40L/IL-23/IL-36 multiple mRNA macromolecules to treat lymphoma (NCT03739931). Within the mRNA-2752 cocktail vaccine, OX40L functions as the activated co-stimulating signal to potentiate T cell effector function and expansion. IL-36 acts as pro-inflammatory cytokines to further augment anticancer effects and elicit a favorable tumor microenvironments (TME) change. IL-23, as a member of the IL-12 family, functions both in innate immunity and adaptive immunity (Hewitt et al., 2019).
With the recent advancement in cancer immunotherapies, the application of immune checkpoint inhibitors, particularly the discovery of neo-antigens and the development of personalized vaccines, a series of improvements have been achieved to reveal the feasibility of mRNA vaccines to conquer cancer. Several immune checkpoint blockades, monoclonal antibodies (mAbs) targeting immune regulatory molecules have been found out in the last few years, such as anti-programmed cell death 1 (PD-1), programmed cell death-ligand 1 (PD-L1) and cytotoxic T-lymphocyte-associated protein 4 inhibitors. FixVac melanoma mRNA vaccine formulated with four non-mutated antigens combined with a checkpoint inhibitor, anti-PD-1 antibody mediates persistent immune responses in patients (Sahin et al., 2020). Wu et al. formulated IVT-mRNA encoding the Pembrolizumab, a commercial anti-PD-1 mAb in LNP via optimizing the addition of signal peptide and the molar ratio of heavy/light chain of antibody leading to an excellent tumor growth inhibition (Wu et al., 2022). Tumor-associated macrophages (TAMs) are extremely abundant and play an important part in provoking immunosuppression in liver malignancies. To eliminate this immunosuppression, an antibody that specifically neutralizes CCL2 and CCL5 (BisCCL2/5i), two key chemokines taking the responsibility for TAM infiltration, is developed. And BisCCL2/5i combined with PD-1 ligand inhibitor encapsulating in lipid nanoparticles leads to death inhibition in mouse models of primary or metastasizing liver cancer (Wang et al., 2021).
Cancer neo-antigens originated from non-synonymous somatic mutations in tumor cells represent a promising orientation for cancer immunotherapies and neo-antigen-based cancer vaccines currently exhibit prominent therapeutic capacity in both preclinical and clinical trials (Miao et al., 2021). The mRNA-4157 is a personalized therapeutic vaccine for melanoma from Moderna. An attractive therapeutic candidate approach that combined a novel CpG-B class oligodeoxynucleotide (CpG 2018B) enhanced cytokine generation with neo-antigen mRNA and promoted the antitumor effect via intratumoral injection (Li et al., 2021). Other recent work has paid attention to chimeric antigen receptor (CAR)-T-cell cancer immunotherapy. Specifically, synthetic mRNA molecules encoding CAR are internalized into T lymph cells, and then CAR protein scaffolds are expressed in T cells to identify and kill antigen-specific tumor cells (Gao et al., 2021). Ionizable lipids have delivered CAR mRNA to primary human T cells and achieved potent cancer-killing activity (Billingsley et al., 2020). To overwhelm the limitation of inefficient CAR-T cell stimulation in vivo, tight junction protein claudin 6 mRNA composed in RNA-LPX was delivered into lymphoid compartments and promoted the expansion of CAR-T cells in solid tumors (Reinhard et al., 2020). Margaret M. et al. synthesized sequential libraries of ionizable lipid harnessing Orthogonal Design of Experiments for mRNA engineering of CAR-T cells and achieved a 3-fold increase for mRNA expression and low cytotoxicity in comparison to a standard formulation (Billingsley et al., 2022).
Gene targeting therapy
mRNA therapeutics utilizing LNPs as a targeting delivery vehicle have provided a toolbox in disease states where gene mutations lead to abnormal and non-functional protein expression. In addition to direct delivery of the mutant mRNA to restore function, gene editing such as CRISPR/Cas9 technique served as the next promising application of mRNA therapeutics has been investigated to inactivate or correct mutated cancer-related genes (QiuLi, 2021). However, delivery of the CRISPR/Cas system to malignant tumors for efficient treatment keeps challenging and faces critical obstacles. Wang’s laboratory published the report of hyperbranched poly (β-amino ester) based polyplex nanoparticles involving delivery of CRISPR/Cas9 and sgE7 targeted plasmid and achieved the treatment of HPV infection-associated cervical malignancy (Xiong et al., 2022). Zhang et al. utilized dLNPs for the co-delivery of focal adhesion kinase (FAK) siRNA, Cas9 mRNA and sgRNA-PD-L1 (siFAK + CRISPR-LNPs) to enhance >10-fold gene-editing efficacy in tumor tissues. FAK-knockdown promoted cellular uptake and tumor EPR and CRISPR-LNPs significantly inhibited PD-L1 expression via CRISPR/Cas gene editing systems, which achieved a strong tumor growth inhibition and metastasis in four different mouse models of cancer (Zhang et al., 2022). Peer’s laboratory synthesized a novel ionizable amino lipid involving co-delivery of Cas9 mRNA and sgRNAs-PLK1 (sgPLK1-cLNPs) to inhibit tumor growth and prolong survival by 80% (Rosenblum et al., 2020). Recently, TME, which play a critical role in activating immune cells, has gained attention for immunotherapy. TGF-β, a major immunosuppressive cytokine, widely interacts with various immune cells and can induce immune evasion of the TME. Kim et al. successfully used MLN encapsulating sgRNA targeting TGF-β and CRISPR/Cas9 system to restructure the TME and protect against tumor recurrence (Kim et al., 2021). The ability of gene editing to disrupt gene expression in tumors opens a new era for cancer treatment. And more research is desired to explore the next-generation nano-vectors to deliver the CRISPR/Cas9 mRNA genome editing tool to treat cancers for clinical application.
SUMMARY AND FUTURE PROSPECTIVE
LNP-based mRNA therapies have retained great appeal and a promising rank of drugs for diversified therapeutic applications were developed over the past few years by replacing ideal mRNA cargoes. Importantly, BNT162b2 (Pfizer/BioNTech) raises robust prevention for the COVID-19 pandemic and a new era of mRNA therapeutics has been opened up. Although significant advances have been achieved in recent years, it is worth noting that several obstacles still hamper the broad applications of LNP-mRNA therapies. It is a long road to optimize nonviral vector formulations for nucleic acid delivery, which the development of Patisiran perhaps best exemplified. Meanwhile, LNP-mRNA development has submitted fundamental insights into optimal formulations for delivery efficiency from endosome escape, GMP, safety profiles, stability, and cost-effectiveness to establish next-generation mRNA-LNPs.
At the same moment, the determinants of performance for LNP-mRNA delivery technology are multifactorial and interactive and they bear a versatile toolbox with many possibilities to promote future gene therapies. Future mRNA therapeutic platforms remain to be explored in the following directions: 1) selective organ targeting (SORT) technology needed to be detailed in the LNP corona composition 2) personalized framework 3) reprogramming the tumor microenvironment, to promote CD4+ and CD8+ cells infiltrates in the tumors 4) biodegradablity and biocompatibility, covalently coupling degradable chemical groups to reduce cytotoxicity 5) pharmacokinetics and pharmacodynamics, appropriate duration of pharmacological effects, and 6) adjuvanticity, the relationship between innate immune and inflammation. As these design criteria and modular parameters are rigorously investigated and established with large multidimensional spaces, it is anticipated that a therapeutic revolution that breaks through the current limits will come in the near future.
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