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Editorial on the Research Topic 
Microenvironmental stimuli-responsive nanomedicine for biomedical application


The purpose of this Research Topic, Microenvironmental stimuli-responsive nanomedicine for biomedical application, is to bring together the latest developments from researchers working on smart nanomaterials for biosensing and therapy applications. The guest editorial team would like to thank all colleagues who submitted their reviews and research articles for the Research Topic.
The releasing of a microenvironment-responsive drug in the morbid site is one of the most effective therapeutic approaches, especially nanoparticles, for enhanced therapeutic outcomes for tumor therapy. That is because the compromised potency of nanomedicines has been attributed to its limited delivery efficiency into tumors, with less than ∼1% of the nanoparticle dose reaching the solid tumors. Shen et al. analyzed the clinical value of magnetic resonance-guided microwave ablation in lung cancer. It showed that MRI-guided percutaneous ablation had significant prospects for the treatment of lung tumors and provided a satisfactory outcome. This suggested that local drug delivery could achieve favorable therapeutic efficacy. As it could not only significantly increase the local drug concentration but also decreased the number of drug administrations, it improved compliance and minimized side effects.
Stimuli-responsive drug delivery systems are promising for the control of drug release in vivo. Various responsive systems triggered by microenvironment stimuli have been widely reported in the literature for controlled drug release studies. Among all types of stimuli-responsive drug delivery systems, pH-sensitive releasing has received increasing attention. Unlike the direct response to pH, Yang et al. developed an indirect pH-responsive insulin release system, which regulated insulin release behavior for diabetes therapy. In this work, glucose oxidase was employed as the microenvironment-responsive switch and converted a change in the hyperglycemic environment to a pH-stimulus to control the insulin releasing behavior. Furthermore, the regulation of the local microenvironment by ultrasound altered the release behavior of the insulin, because ultrasound can generate reactive oxygen species (ROS) and regulate the pharmacological effects in a timely manner. Inspired by this, Chen et al. showed a remote ultrasound-induced lidocaine delivery system for postoperative pain management. Under remote stimulation, drugs were released into the bloodstream because of the high-concentration ROS microenvironment. These results suggest an effective strategy to spatiotemporally control the release of drugs.
As increasing attention has been paid to the treatment of tumors, research in microenvironmental stimuli-responsive nanomedicine has become active, and a wide range of work has been executed to enhance tumor treatment efficacy. Yang et al. reviewed the recent advances in potentiating the oxygenation in tumor tissue with nanomaterials and highlighted the superiority of microenvironmental stimuli-responsive nanomaterials in enhancing the therapeutic effect in tumor treatment. In order to strengthen the mitochondrial respiration suppression efficacy of atovaquone, Li et al. developed a targeting strategy with RGD-modified silk fibroin-based nanocarriers. An increased inhibition efficacy, enhanced chemotherapy effect, and strikingly suppressed tumor development was observed in the tumor models treated by the RGD-modified silk fibroin-based nanocarriers due to the targeting ability of RGD. These results suggest that an RGD-based targeted drug carrier could reverse the hypoxia microenvironment in vivo for enhancing chemotherapy, thereby suggesting a promising candidate for tumor therapy. Moreover, therapeutic specificity might also be achieved by targeting tumor cell-specific metabolic alterations. Previous studies suggested that most of the cancer cells exhibited the phenomenon of glutamine (GL) addiction, that is, the tumor cells actively absorb and accumulate GL in tumor tissues for growth. Zhang et al. showed an oxygen-deficient TiO2-x coated with a GL layer for targeted delivery with the joint application of sonodynamic therapy and photothermal therapy. This study presented a nanomedicine with high target efficacy to the tumor.
The studies about microenvironmental stimuli-responsive nanomedicine for biomedical application are not limited to abovementioned research. Recently, Zhang et al. summarized the mechanism of action, administration methods, and engineered production for exosomes in medical aesthetics. However, exosomes used as drug delivery vehicles still face many challenges in clinical practice. Shi et al.studied the nasopharyngeal carcinoma immune microenvironment through ferroptosis-related genes. The results show that ATG5 has potential as a significant independent prognostic marker and might be used to attain drug targeting. Zhao et al. studied the role of Notch signaling and fluid shear stress in regulating osteogenic differentiation. The results reveal new information concerning the osteogenic differentiation of hMSCs under shear stress and the regulatory role of Notch signaling. Enhancing targeting efficiencies for drug delivery applications could be pursued by considering those findings as microenvironmental stimuli-responsive candidate switches.
In summary, this Research Topic has collected diverse aspects of microenvironmental stimuli-responsive nanomedicine for biomedical applications. More specifically, it illustrates a variety of microenvironmental stimuli-responsive switches with different stimuli-responsive properties, and relevant stimuli-responsive mechanisms are systematically investigated and presented. The development of microenvironmental stimuli-responsive nanomedicine is a fascinating subject, and the current Research Topic is anticipated to provide a valuable reference for the exploration of this hot research field.
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Safe and non-invasive on-demand relief is a crucial and effective treatment for postoperative pain because it considers variable timing and intensity of anesthetics. Ultrasound modulation is a promising technique for this treatment because it allows convenient timed and non-invasive controlled drug release. Here, we created an ultrasound-triggered lidocaine (Lido) release platform using an amino acid hydrogel functioning as three-dimensional (3D) scaffold material (Lido-PPIX@ER hydrogel). It allows control of the timing, intensity and duration of lidocaine (Lido) to relieve postoperative pain. The hydrogel releases Lido due to the elevated reactive oxygen species (ROS) levels generated by PPIX under ultrasound triggering. The Lido-PPIX@ER hydrogel under individualized ultrasound triggering released lidocaine and provided effective analgesia for more than 72 h. The withdrawal threshold was higher than that in the control group at all time points measured. The hydrogel showed repeatable and adjustable ultrasound-triggered nerve blocks in vivo, the duration of which depended on the extent and intensity of insonation. On histopathology, no systemic effect or tissue reaction was observed in the ultrasound-triggered Lido-PPIX@ER hydrogel-treated group. The Lido-PPIX@ER hydrogel with individualized (highly variable) ultrasound triggering is a convenient and effective method that offers timed and spatiotemporally controlled Lido release to manage postoperative pain. This article presents the delivery system for a new effective strategy to reduce pain, remotely control pain, and offer timed and spatiotemporally controlled release of Lido to manage postoperative pain.
Keywords: ultrasound-triggered drug release, postoperative pain, lidocaine, on-demand release, erythrocytes
INTRODUCTION
Postoperative pain management, particularly acute postoperative pain analgesia, remains a leading clinical problem (Gao et al., 2021; Joseph et al., 2021). Without personalized, adjustable, and convenient regional anesthesia, many patients experience intolerable pain. Studies have reported that 10%–50% of patients undergoing surgery experience postoperative pain lasting more than 1 month, and 2%–10% of these patients continue to experience moderate to severe chronic pain (Wang et al., 2020). Although many new devices for postoperative pain have been developed, inadequate postoperative analgesia occurs because the anesthetic cannot meet the on-demand requirements (Tobe et al., 2010; Wang et al., 2016; Rwei et al., 2017; Chen et al., 2020). Inadequate management of postoperative pain can lead to severe consequences, such as poor immediate postoperative effects, prolonged hospital stays, poor patient satisfaction, and increased burden on patients and health systems (Beaulieu, 2021; Joseph et al., 2021; Park et al., 2021). Thus, variability in the patients’ ability to modulate pain has clinical application in the control of postoperative pain.
Remotely triggered drug release systems have been developed that can meet the need to regulate pharmacological effects in a timely manner (Raoof et al., 2013; Park et al., 2019; Pedersen et al., 2020; Yao et al., 2021). Ultrasound is already commonly used in both hospital and family therapy for diagnostic and therapeutic practice (Tharkar et al., 2019; van Rooij et al., 2021). Ultrasound is non-invasive and can penetrate deep into tissues (Rwei et al., 2017). It can be applied in a focused manner to minimize the energy applied to the surrounding, non-targeted tissues. Many of the current ultrasound-triggerable drug release systems, such as micelles, liposomes, composites, and hybrid materials are responsive to the thermal and mechanical effects of ultrasound waves (Song et al., 2016; Singh et al., 2018; Jing et al., 2019; Kuls et al., 2020). To improve the effect of sonodynamic therapy, more sonosensitizers have been developed, such as protoporphyrin IX (PPIX) (Rwei et al., 2017). Ultrasound can induce sonochemistry—that is, the use of ultrasonic waves for chemical reactions in which sound sensitizers are activated by acoustic energy to generate reactive oxygen species (ROS). Remote-controlled ROS generation has been widely explored to trigger drug release (Xia et al., 2019).
Erythrocytes (ER), which can deliver various drugs, are attractive systems with adequate lifespans, large internal capacities, and good biocompatibility (Al-Achi and Greenwood, 1998; Hamidi et al., 2007; Favretto et al., 2013). Remote laser-controlled drug delivery systems, showing spatiotemporally controlled drug release, allow on-demand drug release without invasive injury (Wang et al., 2021). Photosensitisers generate reactive oxygen species (ROS) by laser irradiation, working as optical switches to be used in remote laser-controlled drug delivery systems (Strauss et al., 2017). Under remote stimulation, drugs are released into the bloodstream from the laser-regulated drug release system because of ROS generation, opening the ER phospholipid bilayer and triggering drug release. Once the remote stimulation disappears, ROS is no longer produced, and the generated ROS is scavenged by superoxide dismutase and catalase, leading to ROS exhaustion in the hydrogel (Xia et al., 2019). The pores on the ER membrane are then closed to terminate the release behavior.
Inspired by the characteristics of sonodynamic therapy and erythrocytes as drug carriers, an injectable erythrocyte-inspired, ultrasound-activated hydrogel (Lido-PPIX@ER hydrogel) was reported (Scheme 1). In this system, ERs are used as reservoirs for both Lido and PPIX (Scheme 1A), and the deformed hydrogel can be subcutaneously injected into the body and function as a 3D scaffold containing Lido- and PPIX-loaded ER to improve their subcutaneous stability. This Lido-PPIX@ER hydrogel releases Lido because of the elevated content of reactive oxygen species (ROS) generated by PPIX under ultrasound. Conversely, ROS are scavenged without ultrasound irradiation and stop Lido release from the Lido-PPIX@ER hydrogel (Scheme 1B). Thus, an ultrasound-triggered anesthetic release system with remote-controlled timing and intensity is obtained to regulate postoperative pain on demand. Collectively, we highlight the potential of this ER-enabled on-demand nerve block system, which can use off-the-shelf ultrasound clinical equipment and may ease the clinical transformation of on-demand drug delivery systems in postoperative pain management.
[image: Scheme 1]SCHEME 1 | Schematic representation of erythrocyte-inspired and ultrasound-triggered Lido on demand release platform. (A) Formation of the Lido-PPIX@ER hydrogel in which ultrasound (0.3 W/cm2, 30 s) triggers the release of lidocaine (Lido). ERs (erythrocytes) were selected as the lidocaine and PPIX carrier. The amino acid hydrogel functions as a hydrogel 3D scaffold material, which offers increased subcutaneous ER stability. (B) A schematic representation showing the ultrasound-regulated Lido release from the Lido-PPIX@ER hydrogel. After surgery, following ultrasound irradiation (0.3 W/cm2), PPIX improves active oxygen production, promoting pore formation on the erythrocyte membrane, and allowing lidocaine release. Turning off the ultrasound leads to closure of the pores on the ER membrane, suppressing lidocaine release. The Lido-PPIX@ER hydrogel allows on-demand lidocaine release from the subcutaneous lidocaine reservoir by remote control.
MATERIALS AND METHODS
Materials and Animals
Lidocaine hydrochloride (5 ml: 0.1 g) was obtained from Tiancheng Pharmaceutical (Hebei, China). Protoporphyrin IX (PPIX) and dialysis bags (molecular cutoff, 0.5 kDa) were obtained from Bomei Biotechnology (Hefei, China). Fluorescein isothiocyanate lidocaine (FITC-Lido) was provided by Qiyue Biological Technology (Xi’an, China). Fmoc-Phe and Phe2 were purchased from Yuanye Biotechnology (Shanghai, China). Lipase from Pseudomonas fluorescens (PFL) was provided by Aladdin Industrial Corporation (Shanghai, China). An malondialdehyde (MDA) kit was obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). All other reagents were of reagent grade.
SPF Sprague–Dawley (SD) rats were purchased from the Experimental Animal Center of Nantong University. All the animals were housed at 24 ± 2°C, 40%–70% humidity, and a 12 h photoperiod. The procedures used in our study were approved by the Committee of the Animal Research of Nantong University (20210421-072), and followed the guidelines the Use of Animals in Research of the International Association for the Study of Pain and the directive of the European Parliament (2010/63/EU).
Preparation of the Lido-PPIX@ER hydrogel
Fresh blood was collected from SD rats using an appropriate anticoagulant (heparin). ERs were normally centrifuged at 4°C and then washed with 10–15 ml of PBS solution at least three times. The hypotonic dialysis method was adopted to prepare the Lido-PPIX@ER. Briefly, PPIX was dissolved in 1 ml of dimethyl sulfoxide (DMSO). Next, lidocaine hydrochloride and PPIX were added to the ER suspension. The mixture was subjected to dialysis (molecular cut off, 0.5 kDa) before immersion in hypotonic buffer (72 mOsm/kg, pH 8) at 4°C for a set time and resealing buffer (550 mOsm/kg, pH 8) for 30 min at 37°C. Finally, free lidocaine hydrochloride and PPIX were removed using repeated centrifugation.
Hypotonic buffer was used to prepare Lido-PPIX@ER, comprising 15 mM NaH2PO4·2H2O, 15 mM NaHCO3, 2 mM ATP, 3 mM glutathione, 20 mM glucose, and 5 mM NaCl in 100 ml of distilled water, and the resealing buffer included 250 mM NaCl, 12.5 mM glucose, 12.5 mM sodium pyruvate, 12.5 mM inosine, 12.5 mM NaH2PO4·2H2O, 0.63 mM adenine, and 550 mOsm/kg in 100 ml of distilled water (Millán et al., 2004).
The deformable peptide hydrogel was prepared as described previously (Chronopoulou et al., 2012). Briefly, the substrates Fmoc-Phe and Phe2 were suspended in 420 µL of 0.5 M NaOH. The final concentrations of the Fmoc-Phe derivative and Phe2 were 11.3 and 8.5 mg/ml, respectively. Next, 500 µL of Lido-PPIX@ER, 0.1 M catalase, and SOD were added and dispersed in the suspension using a magnetic stirrer. The pH (7.0) was adjusted using 0.1 M HCl, and a final volume of 3.5 ml was obtained. Next, 100 µL of 50 mg/ml of lipase solution was added to the substrate suspension, and incubation was performed in a controlled temperature bathtub (37°C) for up to 30 min.
Characterization of the Lido-PPIX@ER hydrogel
For SEM analysis, Lido-PPIX@ER, and Lido-PPIX@ER hydrogel samples were prepared as follows. The samples were treated with 2.5% (v/v) glutaraldehyde in PBS (0.1 M, pH 7.4) for 3 h at 4°C. Next, after washing with PBS, the samples were mixed with different ethanol solutions (60%–100%) for 15 min at room temperature. All the samples were coated with a 10 nm thick gold film using a sputter coater, and the coated samples were examined using a JSM-6700F microscope (JEOL, Japan) in the secondary scattering and backscattering electron modes at a 10 keV electron acceleration voltage.
FITC-labeled lidocaine was tested in vitro. Images of ER-encapsulated FITC-Lido (green) and PPIX (red) were obtained using a Leica DM400 B LED (Leica, Germany) fluorescence microscope. LasX and Huygens were used for microscopy operation and data analysis, respectively.
The Lido-PPIX@ER was mixed with the amino acid hydrogel under stirring for 30 s using a vortex mixer, and then PFL was added. Photographs were taken at 2 and 8 min. The rheology experiment was performed using a rheometer at 37°C to determine the elastic modulus (G’) of the formed gel. The inflammatory activity of the Lido-PPIX@ER hydrogel was evaluated as follows: 1.0 ml of Lido-PPIX@ER hydrogel was subcutaneously injected into the back of the rat, and blocks of skin tissue from the injection site were collected on the third day and sliced. The anti-inflammatory activity was evaluated by imaging macrophages stained with rabbit anti-F4-80 fluorescent antibody. The sections were analyzed using a Leica SP8 STED instrument.
The weight fraction in percent vs. time and volume change of peptide hydrogel was tested as follows: After freeze-drying, the hydrogel was immediately weighed (W0), the volume was measured (V0), and the water absorption capacity of the samples was obtained. The wet specimens were weighed (W) and the volume (V) was measured at specified intervals after immersion in PBS at room temperature. The weight change was calculated as follows: weight fraction % = W/W0 × 100%. The volume change was calculated as follows: volume fraction % = V/V0 × 100%.
In Vitro Release Behavior of the Lido-PPIX@ER hydrogel
The lidocaine concentration was determined by LC-2030 series HPLC (Shimadzu Corporation, Japan). The analysis was performed using a Hypersil OD S2 C18 5 µm column (250 × 4.6 mm, Å). The mobile phase was methanol/ammonium dihydrogen phosphate 0.01 M (NH4H2PO4) (25:75, v/v). The flow rate was set to 1.0 ml/min, and the detection was monitored at 220 nm.
The release behavior of the Lido-PPIX@ER hydrogel under different ultrasound powers (0–1 W/cm2 for 60 s) was monitored. The lidocaine concentration was monitored because the Lido@ER hydrogel (without PPIX) and Lido-PPIX@ER hydrogel (with 10 mg/ml of lidocaine in the ER) were triggered by ultrasound (0.3 W/cm2) for approximately 180 s. The spatiotemporally controlled release behavior of the Lido-PPIX@ER hydrogel was examined as 0.3 W/cm2 for repeated 30 s irradiation, and the assay was replicated a minimum of five times. HPLC was used to measure the PPIX concentration in the supernatant.
Singlet Oxygen and MDA Determination
To analyze the laser irradiation-dependent release mechanism of the Lido-PPIX@ER hydrogel, singlet oxygen was labeled using a chemical probe (DCFH-DA; BestBio, Shanghai, China). The release at different time points was monitored based on fluorescence using a Leica DM400 B LED fluorescence microscope.
The malondialdehyde (MDA) concentration was measured using an MDA kit. The OD values of the measuring tube (ODm), control tube (ODc), standard tube (ODs) and blank tube (ODb) were measured at 533 nm.
The MDA concentration of Lido-PPIX@ER at different glucose concentrations was calculated as follows:
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Postoperative Pain Model
The surgery was performed according to the procedure described by Brennan et al. (1996). In this model, a 1 cm incision was made on the plantar surface of the left hind paw under isoflurane anesthesia (2% isoflurane in 100% oxygen). The incision was started immediately beginning at the distal end of the heel and extended to the proximal end of the first set of footpads. Forceps were used to elevate the plantar muscle, and the incision was lengthwise. The wound was sutured with two mattress sutures using 5-0 silk. After surgery, the rats recovered from anesthesia in their cages. Wounds were checked for signs of dehiscence before the behavioral test.
In Vivo Behavioral Testing
To assess the in vivo management of postoperative pain, Lido-PPIX@ER hydrogel was subcutaneously injected around the created wound in the postoperative pain model rats before solidifying. The rats were divided into two groups (n = 10 per group)—namely, the free Lido group (6 mg) and 1 ml Lido-PPIX@ER hydrogel (with 5.6 mg lidocaine) + ultrasound group (0.3 W/cm2, 30 s).
The rats were placed in individual plastic chambers with a plastic mesh floor and allowed to acclimate to the environment for 30 min. The mechanical withdrawal threshold was measured using calibrated von Frey filaments (Stoelting, Wood Dale, IL, United States). The filaments were applied vertically in the area adjacent to the wound for 5–6 s with slight bending of the filament. Withdrawal of the hind paw from the stimulus was scored as a positive response. As described previously, the up-down method was used to identify tactile stimuli with a 50% likelihood of producing a withdrawal threshold (Chaplan et al., 1994).
Long-term postoperative pain management was administered as 30 s ultrasound irradiation (0.3 W/cm2, 30 s) every 2 h within 12 h after surgery, every 4 h from 12 to 48 h, and every 6 h from 48 to 72 h after surgery. The withdrawal threshold was determined after ultrasound triggering.
Histological Observation
For histological evaluations, the postoperative pain model, treated with Lido-PPIX@ER hydrogel + ultrasound, was sacrificed to collect the skin tissue at the injection site and key organs, including heart, liver, kidney, lung, and spleen.
Blood Biochemistry Index
Following the administration of Lido-PPIX@ER hydrogel + ultrasound for 5 and 15 days, an automated biochemical analyzer (Trilogy, France) was used to determine liver function indices, including alkaline phosphatase (ALP), alanine aminotransferase (ALT), and aspartate aminotransferase (AST). Likewise, the kidney function markers blood urea nitrogen (BUN), creatinine (Cr), and globulin (GLB) were also evaluated (Wang et al., 2019).
Statistical Analysis
All values were reported as means ± SD unless stated otherwise. Statistical analysis was performed using SPSS 18.0 software. Multiple variables were compared using ANOVA, while two groups were compared using two-sample t-test. p < 0.05 was considered statistically significant.
RESULTS
Preparation of Lido-PPIX@ER
In the present study, ERs were used as lidocaine carriers because of their high drug loading capacities and long in vivo circulation features in vessels (Xia et al., 2018). The lidocaine content inside Lido-PPIX@ER is a key factor that affects the therapeutic efficiency in postoperative pain. During the preparation of Lido-PPIX@ER, the ERs were first dispersed in a hypotonic solution to achieve a pre-swelling status to facilitate drug loading (Figure 1A). The ER carriers bulged and became enlarged, but maintained their original shape (concave disk-like). Subsequently, the Lido-PPIX@ER was dispersed in a hypertonic solution for reannealing. The ER carriers became smaller, and the fovea of the ERs became enlarged. Finally, the Lido-PPIX@ER was dispersed in isotonic solution for resealing. Because the ER cell membrane comprises phospholipid bilayers, the high tension (hypoosmotic conditions) loosened the bilayers and allowed the drugs to enter (Figure 1B). Similarly, the bilayers became compact under hypertonic reannealing and returned to normal under isotonic resealing. Thus, we established a practical lidocaine-loaded ER system.
[image: Figure 1]FIGURE 1 | Construction of Lido-PPIX@ER. (A) SEM images of Lido-PPIX@ER during hypotonic, hypertonic or PBS treatment. (B) Schematic diagram of phospholipid bilayer changes during hypotonic, hypertonic or PBS treatment. (C) Relationship between the initial Lido concentration and loading content. (D) Effect of dialysis duration on the Lido loading content. (E) Relationship between the temperature and loading content.
To achieve a practical lidocaine-loaded erythrocyte system, the optimal loading condition was first challenged using a procedure involving the lidocaine concentration, dialysis time and temperature. The loading content of lidocaine increased with increasing Lido concentration until it approached 15 mg/ml (Figure 1C). Extending the incubation time also resulted in more Lido entering ERs to reach equilibrium (Figure 1D). The temperature of 4°C was selected as the best reaction temperature in hypotonic dialysis (Figure 1E).
In the present study, PPIX was loaded inside the ER to act as an ultrasound-activated switch to control lidocaine release. The resulting decrease in the lidocaine concentration in ERs (Figure 2A) indicated that PPIX and ER bind competitively to lidocaine. An optimized PPIX concentration (0.3%) was adopted to achieve a high lidocaine loading content without compromising the Lido-loading efficiency. To further demonstrate that lidocaine and PPIX were enclosed within ERs, the loading of lidocaine and PPIX was characterized by fluorescence imaging (Figure 2B). FITC-labeled PPIX (green) and lidocaine (red) were both observed in ERs. The overlapping image of Lido and PPIX demonstrated the successful encapsulation of lidocaine and PPIX inside Lido-PPIX@ER.
[image: Figure 2]FIGURE 2 | Structure of Lido-PPIX@ER. (A) Relationship between the initial PPIX concentration and loading content. (B) Confocal images of FITC-labeled Lido (green), PPIX (red), and merged fluorescence. (C) Hematological parameters of normal blood and Lido-PPIX@ER, including red blood cells (RBCs), hematocrit (HCT), mean corpuscular volume (MCV), red cell distribution width (RDW), hemoglobin (Hb), and mean corpuscular hemoglobin (MCH).
Even after the loading of lidocaine and PPIX, ERs maintained their original shape (concave disk-like) and size. Additionally, hematological parameters showed no significant differences between the native ER and Lido-PPIX@ER, such as the RBC number (RBC), hematocrit (HCT), mean corpuscular volume (MCV), red blood cell distribution width (RDW), hemoglobin (Hb), and mean corpuscular hemoglobin (MCH) (Figure 2C). These results suggested that the encapsulation of Lido and PPIX did not alter the biological properties of the ERs. The stabilities of Lido-PPIX@ER were examined as the size, morphology, and stability in PBS or culture medium (Supplementary Figures S1, S2). These results demonstrated that the Lido-PPIX@ER were stable during storage, and provided a possible favorable condition for preparing in advance.
Preparation of the Lido-PPIX@ER Hydrogel
The ER drug carriers were administered subcutaneously and scavenged by macrophages (Millán et al., 2004). To extend their lifetime in vivo, the Lido-PPIX@ER were embedded in a stable scaffold comprising an amino acid hydrogel, which could be subcutaneously implanted. Pseudomonas fluorescens (PFL) was used to catalyze the formation of a peptide bond between Fmoc-Phe and Phe2 at 37°C. The mechanical properties of this hydrogel obtained at different reaction times are shown in Figure 3A and Supplementary Figure S2A. After 8 min, the highest rheological property was reached and maintained a constant value for at least 4 days. The effect of PLF on the mechanical of hydrogel cured was investigated (Supplemantary Figure S2B). We observed a rapid rise in compressive strength of hydrogel and it was maintained on subsequent days. The lipase-catalyzed reaction rapidly changed the reaction medium from solution to gel, enhancing the mechanical properties. When the reaction was completed, the hydrogel was no longer formed, resulting in a constant mechanical property.
[image: Figure 3]FIGURE 3 | Characterization of the Lido-PPIX@ER hydrogel. (A) Rheology properties of PFL-catalyzed Fmoc-Phe3. (B) Photographs showing the gelation behavior of the Lido-PPIX@ER hydrogel after adding PFL for 2 and 10 min and photograph of the injectable Lido-PPIX@ER hydrogel. (C) Photograph of peptide hydrogel in vivo. The peptide hydrogel was subcutaneously injected within 2 min. Ten minutes later, the mixture and PFL could also shift from liquid to a homogeneous gel state in vivo. (D) Volume change curve of the Lido-PPIX@ER hydrogel in PBS at 37°C. (E) Weight fraction in precent vs. time of Lido-PPIX@ER hydrogel in PBS at 37°C. (F) The SEM imge of Lido-PPIX@ER hydrogel. (G) Stability of Lido-PPIX@ER hydrogel in vitro. (H) Immunohistochemical staining for f4/80 to identify infiltrated macrophages in the subcutaneous tissues. The experiment was repeated at least three times.
Mixing Lido-PPIX@ER and amino acids (1:1, vol/vol) formed a cohesive network (Lido-PPIX@ER hydrogel) following the addition of lipase (PFL). After lipase addition, the mixture of Lido-PPIX@ER and PFL shifted from liquid to a homogeneous gel state (Figure 3B). Next, the changes from liquid to gel in vivo were examined. The peptide hydrogel was subcutaneously injected within 2 min. Ten minutes later, the mixture and PFL also shifted from liquid to a homogeneous gel state in vivo (Figure 3C).
The hydrogel worked as a scaffold to support the Lido-PPIX@ER and prolonged the action time. We hypothesized that the hydrogel could support the structure of Lido-PPIX@ER because a small change in the volume of the Lido-PPIX@ER hydrogel was observed during the following 3 days (Figure 3D). The hydrogel swelled in PBS, resulting in a slight increase in weight in the first 6 h. Next, it reached weight balance and maintained a constant weight for more than 3 days (Figure 3E).
This transforming ability ensured that the Lido-PPIX@ER hydrogel was injected into a mold to obtain a stable 3D structure. The SEM image in Figure 3F illustrates the porous structure of this obtained amino acid hydrogel comprising a 3D network with microchannels. ERs, exhibiting a typical concave disk structure similar to normal ERs, were still clearly observed in this hydrogel. As envisioned, the Lido in the Lido-PPIX@ER hydrogel exhibited excellent stability in vitro because most of the Lido still exited the ERs (Figure 3G). Combining the results in Figure 1, we confirm the successful loading of ERs.
Good compatibility, without an inflammatory-like response, is a vital feature of subcutaneous scaffolds to prevent macrophage infiltration, preventing the early destruction of drug-loaded ER (Rose and Currow, 2009). The infiltrated macrophages in the subcutaneous tissues after the hydrogel implant were labeled with f4/80 (green) and are shown in Figure 3H. Compared with the direct injection of Lido-PPIX@ER, the injection of Lido-PPIX@ER hydrogel did not induce significant infiltration of macrophages even after 5 days. This finding partly demonstrated that the Lido-PPIX@ER hydrogel would not induce inflammation in vivo.
Ultrasound-Triggered In Vitro Release of Lido From Lido-PPIX@ER Hydrogel
We expected that when the Lido-PPIX@ER hydrogel is triggered by ultrasound, PPIX will produce ROS, which consequently destroy the integrity of the ER membrane, leading to Lido release. To confirm the ultrasound-triggerable response leakage of Lido, the release of Lido from the Lido-PPIX@ER hydrogel was monitored by ultrasound from 0 to 1 W/cm2 for 60 s (Figure 4A). The burst release of Lido was observed when the ultrasound power was greater than 0.3 W/cm2 (p > 0.01), while almost no Lido was released when the power was off. This result demonstrated that ultrasound (0.3 W/cm2) was effective in regulating Lido release from the Lido-PPIX@ER hydrogel.
[image: Figure 4]FIGURE 4 | Ultrasound-triggered release behavior of the Lido-PPIX@ER hydrogel. (A) In vitro lidocaine release from the Lido-PPIX@ER hydrogel at increasing ultrasound power at 37°C. (B) In vitro lidocaine release from the Lido@ER hydrogel or Lido-PPIX@ER hydrogel with or without laser intensities at 37°C (0.3 W/cm2, 60 s). (C) Release profile of lidocaine from 1.0 ml of Lido-PPIX@ER hydrogel during continuous ultrasound triggering. (D) In vitro release profile of lidocaine when the ultrasound was cyclically varied between on and off for several repetitions. (E) Morphological changes of Lido-PPIX@ER during “on-off” lidocaine release. (F) Ultrasound-triggered release behavior of the Lido-PPIX@ER hydrogel after storage in PBS at 4°C for 9 days.
By contrast, almost no Lido was released from the Lido@ER hydrogel (without PPIX) with/without ultrasound or the Lido-PPIX@ER hydrogel without ultrasound (Figure 4B). Interestingly, Lido release from the Lido-PPIX@ER hydrogel could be accelerated with the extension of ultrasound (Figure 4C). To evaluate the responsible release behavior of the Lido-PPIX@ER hydrogel, the Lido concentration was monitored when the ultrasound was cyclically turned on and off every 30 s. Lido released from the 1 ml Lido-PPIX@ER hydrogel responded to 0.3 W/cm2 ultrasound irradiation for 30 s (Figure 4D). The concentration of lidocaine increased as the ultrasound was turned on, while lidocaine was no longer released from the Lido-PPIX@ER hydrogel when the power was turned off. The effect of ultrasound on the morphology change of Lido-PPIX@ER was examined by SEM (Figure 4E). With the power on, the Lido-PPIX@ER showed an irregular morphology, and morphological changes of ER were observed facilitating lidocaine release.
Unsurprisingly, the Lido-PPIX@ER hydrogel maintained its bioactivity even after 9 days in PBS, representing a crucial property of Lido-PPIX@ER for postoperative pain management (Figure 4F). The Lido concentration in the supernatant was very low in the first 9 days, indicating that most of the Lido was stored inside the ERs and would not be released into PBS. On Day 9, the remaining Lido-PPIX@ER hydrogel was treated with ultrasound. The Lido concentration in the suspension increased rapidly after 30 s.
Releasing Mechanism of the Lido-PPIX@ER Hydrogel
We expected that when the Lido-PPIX@ER hydrogel is irradiated by ultrasound, PPIX will produce ROS, which consequently destroy the integrity of the ER membrane, leading to Lido release. To confirm the ultrasound-triggered leakage of Lido, Lido release from the Lido-PPIX@ER hydrogel was monitored following ultrasound treatment (0.3 W/cm2, 30 s) (Figure 5A). Given that the lipid bilayer membrane of ERs would be damaged in the presence of accumulated ROS to release the packed drugs (Xia et al., 2018), the relationship between ultrasound treatment and ROS production was studied and is shown in Figure 5B.
[image: Figure 5]FIGURE 5 | Release mechanism of the Lido-PPIX@ER hydrogel under ultrasound. (A) Schematic representation showing the ultrasound-regulated release of lidocaine from the Lido-PPIX@ER hydrogel. (B) Concentration profile of singlet oxygen with ultrasound (0.3 W/cm2) in the on/off state. (C) MDA concentration changes of the Lido-PPIX@ER hydrogel under ultrasound regulation (on-off state) at 37°C.
The ROS concentration was directly related to ultrasound because PPIX generated singlet oxygen after triggering. Once the ultrasound was turned off, ROS were no longer produced, and the residual ROS could be scavenged by SOD and CAT, leading to ROS exhaustion in the hydrogel. Therefore, the ROS concentration showed pulsate changes with the laser on and off. The accumulated ROS promoted pore formation in the ER membrane, allowing Lido release. Likewise, ROS generation was stopped when ultrasound was turned off, leading to closure of the pores in the ER membrane and inhibited PPIX release.
Additionally, we evaluated changes in the malondialdehyde (MDA) levels in Lido-PPIX@ER as an indicator of oxidative stress (Figure 5C). The changes in the MDA and H2O2 levels were consistent, reflecting ultrasound triggering.
Postoperative Pain Management In Vivo
To investigate the possibility of the Lido-PPIX@ER hydrogel controlling postoperative pain with ultrasound triggering, we treated a postoperative pain rat model with the Lido-PPIX@ER hydrogel. First, the mean serum Lido concentration after free Lido (6 mg) or 1 ml of Lido-PPIX@ER hydrogel (containing 5.6 mg/ml of lidocaine) treatment must be evaluated. In the lidocaine (6 mg)-treated group, the mean serum lidocaine concentration steadily increased to 1,790 ng/ml at 2 h after subcutaneous administration (Figure 6A). In the Lido-PPIX@ER hydrogel-treated group, the serum lidocaine concentration did not show a burst increase after ultrasound triggering (0.3 W/cm2, 30 s).
[image: Figure 6]FIGURE 6 | Effects of managing postoperative pain in vivo. (A) Change curve of the serum Lido concentration and (B) paw withdrawal threshold (2 h after surgery) after one ultrasound trigger. (C) Ratio of the remaining lidocaine in free lidocaine and Lido-PPIX@ER hydrogel after one ultrasound-triggered removal from the administration site in rats. (D) Duration of ultrasound-triggered lidocaine release and effect of pain relief application in the rat model of postoperative pain in the Lido-PPIX@ER hydrogel-treated group. (E) Change curve of the serum Lido concentration and (F) the hind paw withdrawal thresholds after on-demand ultrasound triggering in the Lido-PPIX@ER hydrogel group (triggered for every 2 h in the first 12 h and every 4 h for the next 36 h, and then every 6 h until 72 h after surgery). (G) Effective time at different paw withdrawal thresholds in the ultrasound-triggered Lido-PPIX@ER hydrogel group. ***, p < 0.001.
To further prove that the ultrasound-triggered Lido-PPIX@ER hydrogel could be used in postoperative pain management, mechanical hypersensitivity was observed 2 h after paw incision (Figure 6B). Subcutaneous administration of the Lido-PPIX@ER hydrogel produced antihypersensitivity effects compared with the control group (p > 0.05). We confirmed that the ultrasound course of lidocaine released by the Lido-PPIX@ER hydrogel in vivo was similar to that of free Lido to manage postoperative pain in the first 4 h.
As expected, examination of the residual Lido-PPIX@ER hydrogel removed from rats after one ultrasound-triggered (0.3 W/cm2, 30 s) in vivo treatment revealed that approximately 91% and 90% of the administered lidocaine remained at 4 and 10 h, respectively (Figure 6C). Conversely, approximately 11 and 6% of the administered lidocaine remained at 4 and 10 h, respectively, in the free Lido-treated group. Thus, sufficient subcutaneous storage of the Lido-PPIX@ER hydrogel provides a favorable condition for long-term ultrasound-triggered postoperative pain management.
The on-demand release of Lido in postoperative pain management meets the needs of the most acute care. We next tested the on-demand release behavior of the Lido-PPIX@ER hydrogel under different ultrasound-triggered times. With increasing ultrasound-triggered time, the Lido concentration increased as expected (Figure 6D).
Ultrasound at 0.3 W/cm2 for 30 s for triggered release in the Lido-PPIX@ER hydrogel was optimal because it achieved a stable plasma concentration (Figure 6E). After surgery, severe pain continued for approximately 12 h and was relieved. To address this issue, ultrasound was triggered every 2 h in the first 12 h, every 4 h for the next 36 h, and then every 6 h until 72 h after surgery. Thus, the mean serum lidocaine concentration was steadily high initially and then decreased from 592 ng/ml at 12 h to 487 ng/ml at 18 h after the administration of the ultrasound-triggered time interval. Unsurprisingly, the mean serum lidocaine concentration from 48 to 72 h after surgery decreased to a lower level. Naked Lido without protection, by contrast, can be cleared from organisms by 4–8 h after subcutaneous administration.
The paw withdrawal threshold changed with the mean serum lidocaine concentration (Figure 6F). The group treated perineurally with repeatedly ultrasound-triggered Lido-PPIX@ER hydrogel showed stable withdrawal thresholds at various time periods, higher concentrations at all time points after paw incision than the free Lido-treated group, and lasted approximately 72 h. However, the free lidocaine treatment group disappeared 4 h after paw incision, and the paw withdrawal thresholds were decreased to less than 4 g.
To better fit the needs of men with different pain thresholds, the effective time at different paw withdrawal thresholds was examined (Figure 6G). The Lido-PPIX@ER hydrogel controlled the paw withdrawal thresholds over 4 g or 10 g for approximately 48 and 12 h compared with the free lidocaine-treated group (p < 0.001). Therefore, repeated administration of the Lido-PPIX@ER hydrogel meets the requirement to ensure sustained postoperative pain management.
Safety Analysis
Next, to evaluate the potential health risks after treatment with the Lido-PPIX@ER hydrogel plus laser irradiation, the treated mice were euthanized on Day 5 and 15. The main organs, including the heart, liver, kidney, lung, and spleen tissues, were stained with hematoxylin and eosin (H&E) (Figure 7A).
[image: Figure 7]FIGURE 7 | Biosafety of the Lido-PPIX@ER hydrogel in vivo. (A) Images of H&E staining after treatment with the Lido-PPIX@ER hydrogel. (B) H&E-stained sections of surrounding tissues at the site of subcutaneously injected Lido-PPIX@ER hydrogel. Scale bar = 100 µm. (C) Kidney function (BUN, Cr, and GLB) and the levels of liver (ALP, ALT, and AST) markers on Days 1, 3, 5, and 15 in the control and Lido-PPIX@ER hydrogel treatment groups.
To evaluate the in vivo degradability of the Lido-PPIX@ER hydrogel, the size of the resultant subcutaneous skin lump was monitored over time (not shown). We noticed that 15 days post-injection, no obvious skin protrusion was noticed, illustrating the complete degradation of the Lido-PPIX@ER hydrogel. From the H&E staining results of surrounding tissues at the site of subcutaneously injected Lido-PPIX@ER hydrogel, the lesion region was covered with connective tissue after 15 days (Figure 7B). Collectively, the hydrogel provided structural support and exhibited self-degradation in vivo.
Furthermore, analysis of liver function (ALP, ALT, and AST) and kidney function (BUN, Cr, and GLB) markers (Figure 7C) revealed that Lido-PPIX@ER hydrogel + ultrasound treatment did not cause hepatic or kidney damage. Therefore, the Lido-PPIX@ER hydrogel exhibits good biocompatibility in vivo.
DISCUSSION
To maximize postoperative pain relief, enhance patient satisfaction, and facilitate postoperative rehabilitation, pain management is essential. Lidocaine has been used in clinical medicine for more than half a century, and multimodal lidocaine-containing products have proven effective to treat postoperative pain. However, lidocaine may induce nerve demyelination and contribute to the neurotoxicity of lidocaine, and multiple dosing delivery was used in the clinic using conventional intravenous administration. This presents a challenge, such as the requirement of skilled professionals, a situation that is not easily achievable for families. Studies specifically designed to address this issue are required. Sustained-release local anesthetics have been reported to treat postoperative pain (Wang et al., 2016). The liposomal bupivacaine injectable suspension (EXPAREL®; Pacira Pharmaceuticals, Inc., United States) has received FDA Approval for infiltration into a surgical site to provide postoperative analgesia in adults based on clinical trials in which subjects had undergone bunion reaction (Golf et al., 2011) and hemorrhoidectomy (Gorfine et al., 2011), demonstrating efficacy for 36 and 72 h, respectively. Furthermore, clinical trials of liposomal bupivacaine for epidural block (Viscusi et al., 2012), femoral nerve block (Surdam et al., 2015), transversus abdominis plane block (Fayezizadeh et al., 2016) and interscalene block (Namdari et al., 2017) have been reported previously. However, different people have different pain thresholds or pain tolerance scores. Therefore, an effective treatment for postoperative pain should consider variable timing and intensity of anesthetics.
Generally, men show severe pain on the day after the operation. With the extension of the treatment time, the postoperative pain is reduced over time. Different people have different pain thresholds or pain tolerance scores. Relieving local pain as needed, allowing patients to control the timing and intensity, would be the excellent choice to maximize personalized postoperative pain. An ultrasound-triggerable, on-demand nerve block system allows control of the duration and intensity of nerve block simply using the duration and intensity of the ultrasound (Rwei et al., 2017). In the present study, ultrasound-triggered on-demand local anesthesia was reported, and the intensity and duration of local anesthesia were controlled by adjusting the intensity and duration of the ultrasound. The Lido-PPIX@ER hydrogel described here allowed an on-demand release of lidocaine from the subcutaneous lidocaine reservoir by remote ultrasound control without frequent injection. Thus, additional time for on-demand nerve blocks is allowed, leading to personalized anesthesia-free pain management.
Alternatively, a sufficient action time must be considered in its clinical application because patients undergoing major spine surgery frequently experience severe postoperative pain lasting more than 3 days. Here, we designed a large capacity lidocaine vector that controls the timing, intensity and duration of lidocaine to relieve postoperative pain. Recently, the erythrocyte membrane has been extensively studied to develop novel drug delivery systems to prolong the cyclic persistence of drugs. As “innate carriers,” ER have many unique characteristics, such as perfect biocompatibility, a long circulation half-life (approximately 120 days in humans), membrane flexibility and stability. In the present study, ER were used as lidocaine carriers because of their high drug loading capacities and long in vivo circulation features in vessels (Xia et al., 2018). Furthermore, the presence of accumulated H2O2 caused the pores in the erythrocyte membrane to open rapidly. Considering that PPIX produces H2O2 when triggered by ultrasound, we describe the development of an ultrasound-triggered drug release platform (Lido-PPIX@ER hydrogel) for postoperative pain management. From the results in Figure 3, the drug release platform was very stable in vivo, providing a prerequisite to obtain ultrasound-triggered on-demand release behavior.
Ultrasound, as an integral part of drug-delivery modalities, has many attractive features, including simplicity and cost-effectiveness (Covotta et al., 2020). Sonication can be performed non-invasively, and ultrasound waves can be directed to deep locations for precise energy-deposition patterns (de la Fuente et al., 2021; Mi et al., 2021). In early studies, microbubbles, which are clinically recognized as ultrasound contrast agents, were used to load therapeutic agents for effective tumor chemotherapy. However, the shortcomings of these gas-filled microbubbles prevent their widespread use in drug delivery. In the present study, the hypothesis that sonochemistry and ROS production played a major role in ultrasound-triggered cargo release is supported by the observation that PPIX-loaded ER produced more ROS, opening the ER phospholipid bilayer and triggering drug release. Ultrasound-induced cavitation can produce light (sonoluminescence), which activates the photosensitizer PPIX to produce ROS. Implosion of ultrasound-induced cavitation bubbles can also induce the formation of sonosensitizer-derived free radicals that generate ROS. These effects depend on inertial cavitation following insonation, which may be caused by the ultrasound conditions used here (0.3 W/cm2). Therefore, we designed a novel multimode osmotic analgesia scheme for wound infiltration.
In this study, we report an injectable, remote ultrasound-induced lidocaine delivery system for postoperative pain management. The Lido-PPIX@ER hydrogel exhibited high lidocaine loading capacity with efficient ultrasound-triggered release of lidocaine, making it a potential delivery system for well-regulated postoperative pain. In vivo experiments in a postoperative pain model showed that a single injection of Lido-PPIX@ER hydrogel can effectively control the duration and intensity of nerve block by simply adjusting the duration and intensity of ultrasound. Therefore, we suggest that this delivery system is an effective strategy to reduce pain, remotely control pain, and offer timed and spatiotemporally controlled release of Lido to manage postoperative pain. Although, this kind of ultrasound-triggered on demand release system cannot be applied clinic in present form due to limited source of ER, we hope this Lido delivery stratagem can provide new insights for the management of postoperative pain.
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Biopolymer silk fibroin (SF) is a great candidate for drug carriers characterized by its tunable biodegradability, and excellent biocompatibility properties. Recently, we have constructed SF-based nano-enabled drug delivery carriers, in which doxorubicin (Dox) and atovaquone (Ato) were encapsulated with Arg-Gly-Asp-SF-Polylactic Acid (RSA) to form micellar-like nanoparticles (RSA-Dox-Ato NPs). The RGD peptide was decorated on micellar-like nanoparticles, promoting tumor accumulation of the drug. Meanwhile, Ato, as a mitochondrial complex III inhibitor inhibiting mitochondrial respiration, would reverse the hypoxia microenvironment and enhance chemotherapy in the tumor. In vitro, the biopolymer alone showed extremely low cytotoxicity to 4T1 cell lines, while the RSA-Dox-Ato demonstrated a higher inhibition rate than other groups. Most significantly, the ROS levels in cells were obviously improved after being treated with RSA-Dox-Ato, indicating that the hypoxic microenvironment was alleviated. Eventually, SF-based targeted drug carrier provides biocompatibility to reverse hypoxia microenvironment in vivo for enhancing chemotherapy, strikingly suppressing tumor development, and thereby suggesting a promising candidate for drug delivery system.
Keywords: biocompatibility, hypoxia, chemotherapy, atovaquone, breast cancer
INTRODUCTION
While the 5-year survival outcome in traditional antitumor modalities has clinical progress, the mortality in patients with advanced tumors remained undiminished owing to metastasis and recurrence (Zhang et al., 2016; Zhang et al., 2017; Zhang et al., 2018a; Zhang et al., 2020a; Cai et al., 2022). Hypoxic tumor microenvironment (TME) is gradually recognized as an essential factor in tumor progression, especially in multidrug resistance, radiosensitivity, immunologic escape, and metastasis (Jiang et al., 2020; Jin et al., 2021). According to previously described, the lower oxygen levels in locally advanced tumors (less than 2.5 mm Hg) compared with that in normal tissue (20–150 mm Hg) (Vaupel et al., 2007). Obviously, the difference is mainly caused by high oxygen consumption for tumor proliferation and abnormal angiogenesis in the hypoxic tumor, resulting imbalance in oxygen supply and depletion (Ye et al., 2018). Against this background, probing a robust TME-modulating nanocarrier as preludes for tumor combination therapies is extremely crucial.
To reverse the oxygen imbalance, a series of therapeutic strategies have been proposed around the hypoxic tumor microenvironment for improving chemotherapy efficiency. For instance, oxygen-carrying and oxygen-generating with multifunctional nanodrug delivery systems were performed to overcome tumor hypoxia (Zhang et al., 2018b; Zhao et al., 2018; Zuo et al., 2018; Zhang et al., 2020b; Huang et al., 2020; Zhao et al., 2020). Such strategies may still have restricted therapeutic effects, especially toward unlimited proliferation of tumor cells with rapid oxygen consumption (Li et al., 2018; Wang et al., 2019; Li et al., 2020; Xia et al., 2020). Recently, the mitochondria-targeted metabolism strategy may be a promising treatment to inhibit proliferation and hypoxia in tumor. The mechanism of mitochondria-targeted strategy is inhibition of mitochondrial complex III in Krebs (TCA) cycle which deplete the oxygen to produce ATP for energy metabolism and the cell proliferation (Jeena et al., 2019; Frattaruolo et al., 2020). To date, atovaquone (Ato), known as an FDA-approved antimicrobial agent, competitively replaced the ubiquinol to occupy the active center of mitochondrial complex III, interrupting the respiratory chain in breast cancer cells (Xia et al., 2019; Cheng et al., 2020). In addition, mitochondria-targeted atovaquone increases tumor-infiltrating CD4+ T cells in PD-1 blockade immunotherapy (Huang et al., 2022). However, circulation time, targeted effect, and hydrophilia featured in small molecular drugs have limited the clinical antitumor and therapeutic effect.
Silk fibroin (SF), a promising biomaterial that has attracted substantial attention, is a natural biopolymeric protein with good biocompatibility and drug-loading capability (Zhao et al., 2015; Hu et al., 2018; Mao et al., 2018). Under low pH conditions, doxorubicin-loaded silk nanoparticles readily release the payloads due to changes in surface properties (Seib et al., 2013; Xia et al., 2014; Montalbán et al., 2018). What’s more, SF as a protein nanoparticle could be decomposed in the lysosome and rapidly eliminated by kidneys (Nguyen et al., 2019; Li et al., 2021). Compared with inorganic nano-delivery systems, the biodegradable SF nanocarriers have no long-term toxicity problems in vivo applications (Mathur and Gupta, 2010; Subia et al., 2015). In addition, TME-responsive SF-based nanocarriers with outcoming biocompatibility enable efficient therapeutics to realize the lysosomes targeting and escape (Tan et al., 2019; Zhang et al., 2020c; Yu et al., 2022). Considering off-target toxicity in normal tissues, nanocarrier was modified by an active targeting agent (RGD) to enhance the injected doses of drugs end up in tumor tissue. According to previously reports, RGD is a targeted small molecule peptide that specifically interacts with integrin ɑvβ3 overexpressed on tumor cells (Meyer et al., 2006; Subia et al., 2014; Mao et al., 2018; Bari et al., 2021). The surprising case of RGD decorated polymer-based nano-micelles encouraged us to investigate whether the SF-based nanocarriers decorated with RGD as multifunctional nanoplatforms enables low side-effect and efficacy in chemotherapy treatment.
Herein, we therefore custom-constructed SF-based biocompatible nanoplatform as a nano-enabled drug delivery system for targeting the tumor in a highly-efficient manner, realizing TME-responsive drug release to enhance chemotherapy by reversing hypoxia in the tumor (as shown in Scheme 1A). For this system, SF proteins were FDA-approved natural materials in medical applications with outstanding biodegradability under weakly acidic environments and proteases. Therefore, payloads of silk nanoparticles would be dissociated to release Dox for enhanced chemotherapy upon encountering a lower pH environment. Meanwhile, the released atovaquone competitively banded to mitochondrial complex III, obstructing mitochondrial respiration and oxygen consumption to modulate hypoxia in the tumor (as shown in Scheme 1B). Therefore, this work focuses on the reversal of hypoxic tumor microenvironment by promising SF-based nano-systems to improve the chemotherapy efficacy, providing a new angle in fighting tumors.
[image: Scheme 1]SCHEME 1 | Schematics demonstration the RSA-Dox-Ato alleviating tumor hypoxia and improving the antitumor efficacy (by Figdraw). (A) Scheme illustrating the synthesis of RSA-Dox-Ato NPs; (B) The mechanism of RSA-Dox-Ato NPs alleviate tumor hypoxia in vivo.
MATERIALS AND METHODS
Materials
All reagents in this study were purchased from commercial suppliers without further purification. The paraformaldehyde (4%), sodium chloride (NaCl), disodium hydrogen phosphate (Na2HPO4), sodium dihydrogen phosphate (NaH2PO4), potassium chloride (KCl), potassium hydroxide (KOH) were purchased from Sigma-Aldrich (Shanghai, China). RPMI-1640 incomplete medium with 1% (v/v) penicillin-streptomycin, trypsin-EDTA digestion supplemented with 0.25% trypsin and 0.02% EDTA were purchased from KeyGen Biotech Co., Ltd., (Nanjing, China). The reactive oxygen level in tumor cells was observed by CM-H2DCFDA reagent kit under laser scanning confocal microscope. About 10% (v/v) serum (FBS) was supplemented in cell culture media (RPMI-1640). Dimethyl sulfoxide (DMSO) and thiazolyl blue (MTT) were obtained from Solarbio Technology Ltd (Beijing, China). Doxorubicin (DOX) was obtained from Titan technology Co. Ltd (Shanghai, China). The mitochondrial respiratory chain was competitively inhibited by atovaquone (Marck KGaA, Shanghai, China). Silk protein (SF) and SF-polylactic acid (SF-PLA) was bought from Hongxin Liyu Fine Chemical Ltd (Wuhan, Hubei, China). RGD peptide (The purity >90%) was purchased from PeptideValley (Nanjing, China). Hoechst 33,342 was obtained from Beyotime Biotechnology Ltd (Shanghai, China). The mouse-derived 4T1 cancer cells were incubated in RPMI-1640 complete media containing with 10% FBS, and obtained from Shanghai Institute of Cells (Shanghai, China). All-female BLAB/c mice (SPF, 5-weeks-old, weighing 16–19 g, Animal Certificate NO: SCXK (Beijing) 2019–0010) were purchased from SPF Biotechnology Co., Ltd., (Beijing, China), and housed under room temperature with the pathogen-free environment. All mice experiments were approved by the Institutional Animal Ethics Committees of Guangxi University of Science and Technology (Liuzhou, China). All experiments in this study were performed with deionized water (Persee, 18.2 MΩ cm-1).
Preparation of SF-Based Nanocarriers
SF-based nanocarriers were synthesized by the oil-in-water emulsion solvent diffusion method as described in previously reported (Qiao et al., 2015; Mao et al., 2018; Wei et al., 2021). Firstly, the EDC and NHS were successively added with RGD solution to activate the carboxyl group. The NH2-SF-PLA (SA) was added to synthesize the RSA under pH 5.0 at room temperature. RSA was collected after freeze-drying and stored at 4°C. Then, the fabrication process includes dissolution, filtration, agitation, centrifugation, sonication, and lyophilization. For instance, 2.0 mg of doxorubicin (Dox) and 1.9 mg of atovaquone (Ato) were firstly dissolved using 5 ml of chloroform. The dissolved solution was then dropped into 25 ml of SF-based micelles (the concentration of SF-based micelles was 0.5 mg/ml in deionized water) at the speed of six drops/minute. Ultrasound continued for 25 min after the solution was added. The mixture was then dialyzed in deionized water. After lyophilization, the SA-Dox-Ato and RSA-Dox-Ato nano micelles were collected and saved at 4°C.
Characterization
To observe the RSA-Dox-Ato NPs, the morphology was visualized with a transmission electron microscope (HC-1, Hitachi, Japan). The UV-vis spectrophotometer UV-2600 (Shimadzu, Japan) was successfully performed to record the absorption spectra of Ato, Dox, RSA, and RSA-Dox-Ato. To investigate the release behavior under different pH environment, the RSA-Dox-Ato NPs were resuspended in PBS (1 ml) with pH 5.0 and pH 7.4, respectively. Then, the sediment of RSA-Dox-Ato NPs was collected at a fixed time after centrifugation, while the precipitate was redispersed with PBS under different pH conditions. Then, the absorbance of Ato and free Dox were respectively monitored by UV-vis spectrophotometer UV-2600 (SHIMADZU, Japan) at room temperature.
Cell Culture
The mouse breast cancer cells (4T1) were cultured for cytotoxicity studies in vitro. First, the 4T1 cells were cultured with a complete medium (prepared with 100 U/ml penicillin, 10% (v/v) fetal bovine serum (FBS), 100 μg/ml streptomycin, and RPMI-1640 incomplete medium) in a cell incubator (BPN-80CH, Blue Pard, Shanghai) at 37°C with 5% CO2 under a humidified atmosphere. When the 4T1 cells reached 80% confluence, discarded the medium and washed all dishes with PBS (pH 7.4) three times. Then, the cells were digested with trypsin-EDTA under 37°C and collected in 15 ml sterile centrifugal tubes for subculturing in a fresh RPMI-1640 medium.
Cytotoxicity Assay
The MTT assay was employed to investigate the cytotoxicity of RSA-Dox-Ato for 4T1 cells in vitro. Firstly, 4T1 cells were seeded under standard protocol and subcultured in a multi-well plate with 100 μL of RPMI-1640 medium at a density of 5 × 103 cells/well. After 12 h, all groups were respectively treated with PBS, Dox, RSA-Dox, and RSA-DOX-Ato at different concentrations (n = 3) as an experimental procedure. Then, the time-dependence effect of cell viability was respectively evaluated within 12 and 24 h. Subsequently, the medium of all groups was removed and washed three times with PBS for 5 min, re-incubated with MTT solution (100 μL) at a concentration of 5 mg/ml for 4 h according to cytotoxicity protocol. All these processed 4T1 cells were incubated under a humidified environment at 37°C with 5% CO2. Meanwhile, 150 μL of DMSO was applied to dissolve the solid crystals following washed by PBS (pH 7.4) in each well. After that, the absorbance of samples in each well was reported using a microplate reader at 490 nm (Victor Nivo 3S, US). The cytotoxicity (%) of nanodrugs was evaluated and calculated as OD treatment/OD control × 100%.
Evaluation of Endocytosis
The receptor-mediated endocytosis in 4T1 cells of RSA-Dox-Ato NPs was assessed utilizing confocal laser scanning microscopy (CLSM, Nikon). The laser confocal dish was seeded with 5 × 104 cells per well and placed in a cell incubator (37°C, 5% CO2) for 24 h. These tumor cells were seeded with RPMI-1640 medium contained 100 U/ml penicillin, 10% (v/v) serum (FBS), 100 μg/ml streptomycin. After 24 h incubation, RSA-Dox-Ato (500 μL, 100 μg/ml) and Dox (500 μL, 100 μg/ml) were respectively added and co-cultured with 4T1 cells at 37°C with 5% CO2. Later, the supernatant of each dish was removed, and the 4T1 cells in each dish were washed three times with PBS. Subsequently, 4% paraformaldehyde (1 ml) in PBS (pH 7.4) was added to dishes to fixed tumor cells for 20 min. Then, triton X-100 (1 ml, 0.1% v/v) was employed to wash cells three times. Afterward, the cell nucleus was stained using Hoechst 33,342 (blue) in the dark field for 20 min. Finally, the cells were washed with PBS (pH 7.4) three times, and the fluorescence images were obtained by confocal microscopy.
The Oxygen Consumption Rate
The oxygen consumption rate (OCR) was detected as the previous methods (Diepart et al., 2012; Xia et al., 2019; Xia et al., 2020). Briefly, the 4T1 cells were seeded in a 12-well plate within 24 h at a cell concentration of about 3 × 104 cells/well. All cells in the 12-well plate were incubated with RPMI-1640 medium containing 100 U/ml penicillin, 10% (v/v) fetal bovine serum (FBS), and 100 μg/ml streptomycin. To test the oxygen concentration in the medium, all groups treated with nanodrugs were placed in the anaerobic environment with AnaeroPack system. Then, the oxygen concentration in the medium was continuously evaluated for 4 h at a multi-time-point using a dissolved oxygen instrument (Huihe intelligent Electronic Instrument Co., Ltd., China). The OCR level (%) was calculated after oxygen concentration normalized.
ROS Detection In Vitro
Inspired by the oxygen consumption under medium, the ROS in 4T1 cells treated with reactive oxygen species detection assay kit (CM-H2DCFDA) was furtherly observed under fluorescence microscopy. All operations follow the protocol. Rosup as a ROS activator was used to induce ROS production. Firstly, 4T1 cells with a density of 5 × 104 cells/well were incubated in a 12-well plate under complete RPMI 1640 medium at 37°C with 5% CO2. DCFH-DA After an incubation of 24 h, all groups were respectively treated with RSA-Dox (500 μL, Dox concentration is 12.5 μg/ml) + Rosup (50 μg/ml) and RSA-Dox-Ato (500 μL, Dox concentration is 12.5 μg/ml) + Rosup (50 μg/ml) for 2 h. The control group was added with PBS in plate. The H2DCFDA was diluted in RPMI 1640 medium without serum and injected into chambers of the 12-well plate. After incubated for 15 min in a cell incubator (37°C, 5% CO2), the culture media was respectively removed, and 4T1 cells were further added with PBS (pH 7.4) to wash the H2DCFDA. Then, the cells were co-stained with Hoechst 33,342 in the dark field for 15 min. Subsequently, 4T1 cells were fixed with 4% paraformaldehyde (1 ml) in PBS (pH 7.4) for 20 min. Finally, the cells were washed three times with PBS and observed with an inverted fluorescence microscope (IX73, OLYMPUS). The generated fluorescence was visualized under 495/529 nm and analyzed by ImageJ software.
Scratch Assay
In order to assess the influence of RSA-Dox-Ato in cell migration, the scratch assay as a direct and economical approach was adopted in vitro. In short, the cells were incubated into each well of a 6-well plate and co-incubated with RPMI 1640 medium with 100 U/ml penicillin, 10% FBS containing, and 100 μg/ml streptomycin. Afterward, the sterile pipette was used to wound the monolayer 4T1 cells, and the cell debris was removed by washing three times with PBS. Subsequently, all treatment groups were incubated with Dox (1 ml, Dox concentration is 5 μg/ml), RSA-Dox (1 ml, Dox concentration is 5 μg/ml) and RSA-Dox-Ato (1 ml, Dox concentration is 5 μg/ml), while the control group was injected with 1 ml of PBS (pH 7.4). After incubation for 24 h, the images of 4T1 cells were observed using an inverted microscope and analyzed by ImageJ software.
The 4T1 Tumor-Bearing Mice Models
About 5 weeks old healthy female Balb/c mice (About 20 g/mouse) were obtained and housed under pathogen-free conditions. After a week, the 4T1 tumor-bearing mice models were built by subcutaneous injection with 4T1 cells (5 × 106 cells/mouse, 100 μL) into the right forelimb. Then, the tumor volume on mouse was monitored and measured by a vernier caliper after 6 days. Meantime, the tumor volumes were calculated as length × width2 × 1/2. Then, the 4T1 tumor-bearing mice models were divided randomly after the tumor volume reached about 100 mm3.
Antitumor Efficacy In Vivo
The 4T1 tumor-bearing mice models were divided randomly into the following five groups, including the PBS group, RSA group, Dox group, RSA-Dox, and RSA-Dox-Ato. The treatment groups were injected intravenously with RSA, Dox, RSA-Dox, and RSA-Dox-Ato, while the PBS group as control was treated with PBS every other day. Meanwhile, the tumor-volume change and mouse weight were recorded to assess the therapeutic effects. Finally, all treated mice were weighted and humanely sacrificed, and tumors were collected to assess the inhibition effect. In addition, the major organs were isolated and saved in 4% paraformaldehyde for further histopathology experiments.
Inhibition of Metastasis
To further investigate tumor metastasis, the xenograft-bearing mice were treated with nanodrugs in vivo. The lungs in mice were collected and washed three times in PBS. The metastasis nodules in the lung were counted and calculated to analyze the suppression efficiency of nanodrugs. Afterward, the lungs were obtained from mice and fixed in 4% (w/v) paraformaldehyde solution for metastasis evaluation in histopathology.
Histopathology Analysis
The major organs (heart, liver, spleen, lung, and kidney) and tumors from the treated mice in the antitumor experiment were collected and were fixed in 4% paraformaldehyde solution, followed by paraffin embedding. After that, the tumors and the major organs were co-stained for immunohistochemical analyses. All of the sections from mice were collected and imaged by an inverted microscope for histopathology analysis.
Statistical Analysis
All statistical analyses were conducted with a t-test in Excel with no outliers (two-sided tests). All data in pictures were presented as means ± standard deviation (n > 2, *p < 0.05, which represented the significant differences).
RESULTS
Characterization of the RSA-Dox-Ato Nano-Micelles
According to the previous reports, SF-based nano-carries were fabricated utilizing the oil-in-water emulsion solvent diffusion method (Qiao et al., 2015; Mao et al., 2018; Wei et al., 2021). The Dox and Ato were firstly enveloped with RGD-SF-PLA (RSA) amphiphilic polymers (as shown in Scheme 1). Then, the synthesized RSA-Dox-Ato nano-micelles were furtherly characterized using a TEM micrograph. The nanoparticles of RSA-Dox-Ato had a uniformly dispersed spherical morphology, as indicated in the TEM micrograph illustrated in Figure 1A. The mean diameters were 85.38 ± 26.75 nm, as displayed in Figure 1B, indicating an excellent blood circulation time for Dox and Ato in vivo. In Figure 1C, the mean hydrodynamic diameter of RSA NPs was 92.67 ± 9.50 nm, which was investigated utilizing dynamic light scattering. For RSA-Dox-Ato NPs, the mean hydrodynamic diameter was detected to be 114.67 ± 14.29 nm, which was higher than that of RSA NPs. The mean hydrodynamic diameter of RSA-Dox-Ato NPs had no obvious changes for 6 days, preliminary indicating the stability under room temperature (as shown in Supplementary Figure S1). The zeta potential of the RSA NPs was -24.73 ± 1.98 mV (as shown in Supplementary Figure S2). To further evaluate the RSA-Dox-Ato NPs, the absorption spectra of Dox and Ato presented, respectively, strong unimodal pink at 480 and 524 nm, as depicted in Figure 1D. After synthesizing nanomicelles, two absorption peaks were observed with the RSA-Dox-Ato NPs, which correspond to the Dox and Ato spectrograms, as shown in Figure 1E. According to the pioneering reports, the silk protein-based nanocarriers were observed with excellent drug release behavior under an acidic environment. Notably, the acidic microenvironment appeared in the most tumors due to alter tumor vascularization and insufficient oxygen supply for glucose metabolism. Triggered and controlled SF-based nanomicelles release system was an essential factor for nanomedicine. Therefore, the release behavior of SF-based nanoparticles was evaluated under different pH conditions. As illustrated in Supplementary Figure S3, the release ratio of Dox under an acidic environment was higher than that in a slightly alkaline environment (pH 7.4), evidencing a pH-dependent release behavior. As the Ato serves as a mitochondrial inhibitor, we envisioned that hypoxia in the tumor environment could be alleviated to enhance the chemotherapy. To this end, the oxygen consumption rate (OCR) in the medium was monitored utilizing a dissolved oxygen instrument under an anaerobic environment with AnaeroPack system. As shown in Figure 1F, the treatment group with Ato revealed a higher mean dissolved oxygen concentration in medium (44.63 ± 1.69%) than the PBS group (39.17 ± 2.23%) within 1 h, indicating inhibition of the oxygen consumption in mitochondrial could be conducive to hypoxia alleviation.
[image: Figure 1]FIGURE 1 | Characterization of SF-based nanoparticles. (A) TEM images of the RSA-Dox-Ato NPs. (B) The size distribution of the RSA-Dox-Ato NPs; (C) The mean hydrodynamic diameter distribution of RSA NPs (92.67 ± 9.50 nm) and RSA-Dox-Ato NPs (114.67 ± 14.29 nm); (D) UV-vis spectra of Ato and Dox; (E) UV-vis spectra of RSA-Dox-Ato NPs and SA NPs; (F) Oxygen concentration in the cell medium after treatment with and without Ato under an anaerobic environment.
Cytotoxicity In Vitro
To evaluate the cytotoxicity of Dox and Ato released by the prepared nanoparticles on 4T1 cells. The SF drug-loaded nanoparticles were incubated with 4T1 cancer cells for 12 h or 24 h with different concentrations, and cell viability was measured by MTT assay. As indicated in Figure 2A and Figure 2B, the cell viability of 4T1 cells was gradually decreased after treatment with nanodrugs under 37°C (5% CO2), indicating a dose-dependent relationship. Figure 2A shows that when cells were treated with a concentration drug of 1 μg/ml for 12 h, the cell survival rate was 82.6% in the Dox group, 62.1% in the RSA-Dox group, and 59.9% in the RSA-Dox-Ato group, and there was a significant difference. The results revealed that SF-based nanocarriers with RGD could enhance drug concentration in cells, and Ato could contribute to improved toxicity. What’s more, the cell viability demonstrated a time-dependent manner after treatment with nanodrugs at different times. As shown in Figure 2B, groups treated respectively with varying drugs for 24 h, including Dox, RSA-Dox, and RSA-Dox-Ato, displayed a higher antitumor effect than that in 12 h. Meanwhiles, the survival rate of 4T1 cells with high concentration drug treatment within 24 h, could be seen that the RSA-Dox group had a higher inhibition rate than the Dox group at the same concentration, regardless of whether the drug was treated within 12 h or 24 h. The increased inhibition efficacy of RSA-Dox was observed due to the RGD plays a better targeting ability to enable Dox enrichment in cells. It was worth noting that the RSA-Dox-Ato group exhibited the lowest cell viability than other treatment groups, even at a low concentration of 1 μg/ml, implying the outstanding antitumor efficacy of SF-based nanocarriers.
[image: Figure 2]FIGURE 2 | The cell cytotoxicity and endocytosis were evaluated in vitro. (A) The cell cytotoxicity of 4T1 cells in a dose-dependent manner was recorded by MTT assay in vitro (Dox, RSA-Dox, RSA-Dox-Ato). (B) The cell cytotoxicity of 4T1 cells in a time-dependent manner was recorded by MTT assay in vitro (Dox, RSA-Dox, RSA-Dox-Ato). (C) The endocytosis of 4T1 cells was observed by microscope with a ×40 objective in vitro. (n = 5, ∗p < 0.05, ∗∗p < 0.01).
The Evaluation of Endocytosis
Considering the internalization as a major biological barrier, the targeting strategy of RGD modified with SF-based nanocarriers was furtherly evaluated to improve endocytosis. To confirm the hypothesis, 4T1 cells were firstly treated with RSA-Dox and free Dox, then stained with Hoechst 33,342 and photographed. As depicted in Figure 2C, the RSA-Dox NPs group had stronger fluorescence than those in the DOX group, demonstrating that RGD modified SF-based nanocarrier contributed to Dox internalization by 4T1 cells. Therefore, SF-based drug-loaded nanoparticles modified with RGD enabled drugs to specifically bind with tumor cells, realizing targeted drug aggregation in tumors and off-target toxicity reduction.
The Wound Healing Assays
Given the inhibition of nanodrugs loaded-Dox for tumor cells in previous reporters, the scratch assays, as an economical and easy processing method, were carried out to evaluate further the cell migration. In this study, the healing of scratch in cell plates by treating SF-based nanocarriers with the same concentration of Dox was observed and imaged. As shown in Figures 3A,B, the wound area of the PBS group without nano-drug treatment was narrowest, indicating that 4T1 cells had the fastest wound healing within 24 h. While wound healing of the 4T1 cells treated with Dox and silk fibroin nanodrugs was slower. It was worth noting that 4T1 cells were treated with RSA-Dox-Ato, resulting the extremely slow speed of wound healing after 24 h. That was to say, the RSA nanocarriers were capable of inhibiting tumor migration in vitro.
[image: Figure 3]FIGURE 3 | The effects of SF-based nanomicelles on cell migration and hypoxia. (A) The effects of drugs on cell migration in 4T1 cells after treatment within 0 hour and 24 hours (all cells were observed by microscope with a 4× objective); (B) The migration rate was calculated after various therapies; (C) The images of SF-based NPs against 4T1 cells hypoxia after various treatments.
Intracellular ROS Detection
ROS levels with appropriate improvement often favor cell proliferation, whereas an excessive number of ROS inhibit cell viability. Tumor cells lack oxygen owing to proliferation too fast, leading to large amounts of ROS intracellular production, so it is prone to trigger oxidative stress response leading to cell damage and apoptosis (Mirzaei et al., 2021). Recently, it has been reported that Ato alleviated tumor hypoxia by intervening in the function of mitochondrial complex III and increasing the level of intracellular ROS (Zhao et al., 2020). Consequently, we prepared RGD modified SF-based nanoparticles enveloped with Ato to evaluate the hypoxia in vitro. Encouraged by the surprising OCR in the RSA-Dox-Ato treatment group, its triggered ROS level was visually monitored by using reactive oxygen species (ROS) analysis kit. ROS production was indicated as green fluorescence (490/525 nm), and the cell nucleus was marked with blue fluorescence (Hoechst 33,342). In addition, the Rosup was an induced agent to activate ROS in vitro. As shown in Figure 3C, under a fluorescence microscope, stronger blue and green fluorescence were observed in RSA-Dox-Ato + Rosup group. In contrast, the RSA-DOX + Rosup group had weaker fluorescence. The fluorescence intensity of the RSA-Dox-Ato + Rosup group was higher than that of the other groups, as shown in Figure 3C and Supplementary Figure S4. These results demonstrated that Ato enabled the mitochondrial respiratory to inhibit for alleviating tumor hypoxia, which is consistent with previous investigations (as seen in Figure 1F). Collectively, RSA-Dox-Ato NPs prepared in this experiment could reduce oxygen consumption by inhibiting the function of mitochondrial complex, further improving ROS level for alleviating tumor hypoxia, which is helpful against tumor chemotherapy.
Antitumor Effect In Vivo
Encouraged by the satisfactory therapeutic effect in vitro, RSA nanoparticles had a very high probability of achieving effective cancer treatment for breast cancer. In order to verify the remarkable anti-tumor effect of RSA nanodrugs, further 4T1 tumor-bearing mice were prepared to investigate the behavior of RSA-Dox-Ato in vivo. As shown in Figure 4A, the mice were injected with PBS as the control group, and other mice treated intravenously with the Dox, RSA NPs, RSA-Dox NPs, and RSA-Dox-Ato NPs, respectively. The RSA-Dox group exhibited a retarded tumor development within 14 days, compared with PBS and RSA groups. Importantly, it was confirmed by the significant inhibition ratio for the tumor volume in the RSA-Dox-Ato NPs treated mice when compared to the other treatment groups, indicating the RSA-Dox-Ato contributed to retard tumor development as a promising drug delivery system (as seen in Figure 4A and Figure 4B). By monitoring the weight of mice within the treatment period, it was found that the weight change of the mice treated with nanodrugs was unobvious (Figure 4C). Meanwhile, the tumors were weighted for evidencing the inhibition of RSA-Dox-Ato NPs as shown in Figure 4D. Then, the mice were dissected, and the tumors were harvested and fixed in 4% (w/v) paraformaldehyde solution (as displayed in Figure 4E). There was a significant suppression for the tumor weight of treatment groups in comparison with the control group, indicating the excellent antitumor efficacy of the SF-based nanocarriers. As a result, the inhibition tendency of tumor weight was consistent with Figure 4A.
[image: Figure 4]FIGURE 4 | The behavior of RSA-Dox-Ato NPs post-i.v. injection in vivo. (A) The tumor volume growth curves of 4T1 tumor-bearing mice injected with nanodrugs for 14 days. The data were represented as the mean ± SD (n = 5, ∗p < 0.05, ∗∗p < 0.01); (B) The tumor growth inhibition ratio of each group; (C) The body weight curve of 4T1 tumor-bearing mice upon the period of treatment; (D) The tumor weight curve of 4T1 tumor-bearing mice upon the period of treatment; (E) Representative photos of tumor-bearing mice from different treatment groups at the end of the study.
Alleviation of Tumor Hypoxia and the Inhibition of Lung Metastasis
Dox, as an inducer of immunogenic cell death ICD, activated the immune system by abscopal effect to inhibit tumor metastasis. Enhanced chemotherapy of RSA-Dox-Ato NPs were enable Dox to enhance ICD occurrence in vivo, which was beneficial to inhibit tumor metastasis. As a proof-of-concept, the metastasis inhibition of 4T1 tumor-bearing mice was investigated by injected intravenously with RSA-Dox-Ato NPs. As exhibited in Figures 5A,B, there were the most significant lung metastases in the PBS group than the other groups. It was noted that the RSA-Dox-Ato group had the least lung metastasis, indicating that SF-based nanocarriers loaded with Dox and Ato had a better inhibition effect on tumor metastasis. Given the outstanding therapeutic efficacy of RSA-Dox-Ato NPs compared with other treatment mice, tumor hypoxia as an important factor was evaluated in vivo. When an imbalance between oxygen supply and consumption, the hypoxia-inducible factor 1α (HIF-1α) was often induced to overexpress in the tumor cell. Based on this, the hypoxia-inducible factor 1α (HIF-1α) in the tumor section was stained with an immunohistochemical method to carried out for evaluation of tumor hypoxia in vivo. Compared to other treatment groups, the expression of HIF-1α in the RSA-Dox-Ato group was significantly lower (as exhibited in Figure 5C). Furtherly, all samples from 4T1 tumor-bearing mice after in vivo treatment with SF-based nanocarriers were evaluated utilizing pathological analysis. As shown in Figure 5C, the tumor sections stained with hematoxylin and eosin (H&E) from the RSA-Dox-Ato group showed obvious necrotic areas, while no significant damage was observed in the PBS group. From the result of the Ki-67 stained, the RSA-Dox-Ato group revealed the most negligible proliferation factor than that in other groups. Together with H&E staining analysis, the relief of hypoxia (HIF-1α), and low levels of proliferation marker Ki-67, the RSA-Dox-Ato NPs had excellent behavior in vivo.
[image: Figure 5]FIGURE 5 | The pathological analysis and lung metastasis of mice received RSA-Dox- Ato NPs with the intravenous injection (n = 3). (A) Scheme of RSA-Dox-Ato NPs against tumors. (B) Representative images of tumor metastasis were collected from mice after treatments with RSA-Dox-Ato NPs. (C) The pathological sections were analyzed by unitizing H &E staining, HIF-1α, and Ki-67 (×10 objective).
The Evaluation of Safety In Vivo
Silk fibroin, as drug delivery materials, was often applied in the clinic owing to its excellent biocompatibility and biodegradability. Therefore, the primary safety assessment was employed using H&E staining of major organs from mice, as indicated in Figure 6. Compared with the PBS group, there were ignorable changes in heart, liver, spleen, lung, and kidney in the RSA-Dox-Ato group, indicating that the RSA-Dox-Ato had better biocompatibility as a promising value for antitumor application in the future.
[image: Figure 6]FIGURE 6 | The primary safety was evaluated by H&E staining of major organs from treatment mice (×10 objective).
DISCUSSION
In summary, the RGD modified SF-based nanocarriers were successfully custom-designed, which could suppress mitochondrial respiration to alleviate the hypoxia microenvironment. This versatile platform played a significant role in drug delivery and active targeting to improve antitumor efficacy. Significantly, the tumor hypoxia microenvironment had been alleviated by biodegradable SF-based nanomicelles, eventually rendering systematic chemotherapy against tumor metastasis. As expected, RGD modified SF-based nanomicelles as a biodegradable drug delivery platform inhibited primary tumor and metastasis, lighting up an alternative biomaterial in clinical application.
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Nasopharyngeal carcinoma (NPC), a subtype of head and neck squamous cell carcinoma (HNSCC), is a malignant tumor that originates in the mucosal epithelium of the nasopharynx. Ferroptosis plays a key role in tumor suppression, while its prognostic value and critical factors in NPC have not been further explored. We select the Cancer Genome Atlas (TCGA) HNSCC dataset and the Gene Expression Omnibus (GEO) dataset of NPC samples, and find that ferroptosis-related factor ATG5 shows a high expression level with poor overall survival (OS) in HNSCC and NPC samples and is positively correlated with PD-L1/PD-L2 expression (p < 0.05). Furthermore, ATG5 high expression HNSCC patients show poor efficacy and short survival after receiving immune checkpoint blockade therapy treatment (p < 0.05). Moreover, ATG5 is significantly positively correlated with G2M checkpoint pathway (ρSpearman = 0.41, p < 0.01), and G2M checkpoint inhibitor drugs have lower IC50 in HNSCC patients with high expression of ATG5 (p < 0.01), indicating the potential value of G2M inhibitors in HNSCC/NPC treatment. In summary, our study shows that ferroptosis-related factors play a key role in immune infiltration in NPC and HNSCC, and ATG5, as a key immune invasion-related ferroptosis-related factor, has the potential to be a novel prognostic biomarker and a potential target in therapy for NPC and HNSCC.
Keywords: ferroptosis-related genes, immune infiltration, nasopharyngeal carcinoma, head and neck squamous cell carcinoma, the Cancer Genome Atlas
INTRODUCTION
Nasopharyngeal carcinoma (NPC) is a type of head and neck squamous cell carcinoma (HNSCC) originating in the epithelial tissue of the nasopharynx (Lo and Huang 2002). Within addition, it is frequently an Epstein-Barr virus (EBV)-associated epithelial malignancy. Unlike other HNSCCs, the occurrence of NPC has a distinct ethnic and regional predisposition, mainly endemic in southern China, southeast Asia, north Africa, and the Arctic (Ma, Hui et al., 2017). NPC causes 50,000 deaths each year (Mahdavifar, Ghoncheh et al., 2016; Shivappa, Hebert et al., 2016), with the majority of new and fatal cases concentrated in China (Torre, Bray et al., 2015; Chen, Zheng et al., 2016). Early treatment efficacy rates for NPC are high, with a 10-year survival rate of more than 90% for stage I and more than 50% for stage II (Chua, Sham et al., 2003). However, most patients are already in advanced stage of NPCs when diagnosis, accounting for 60%–70% of total NPCs (Chen, L et al., 2012). At the same time, 10%–40% of patients with cured NPC show recurrence (Yu, Xia et al., 2016). Due to the late presentation of lesions, accompanied by some degree of cancer cell metastasis, the response of available therapies is poor, and the median survival in advanced patients is only 3 years (Al-Sarraf, LeBlanc et al., 1998). Studies have found that NPC was characterized highly infiltrated immune cells around and inside tumor lesions (Wang, Chen et al., 2018; Chen, Yin et al., 2020). Although immunotherapy has been introduced as treatment for NPC, there is still a need to improve the therapeutic effect (Hsu, Lee et al., 2017; Ma, Lim et al., 2018).
Ferroptosis is a cell death pathway that relies on iron ions to product reactive oxygen species (ROS), which causes the accumulation of lipid peroxide, and eventually damages the cell membrane structure, resulting in cell death (Stockwell, Friedmann Angeli et al., 2017). Cancer cells require and contain more iron ions than normal cells (Liang, Zhang et al., 2019). Through this differentiated property, iron ions can be induced to promote ferroptosis in cancer cells, achieving precise treatment of cancer (Hassannia, Vandenabeele et al., 2019). It was found that NPC cells could be killed by the induction of ferroptosis pathways, and they were most sensitive to ferroptosis inducers (Huang, Cao et al., 2021). According to the report, during cancer immunotherapy, ferroptosis can be activated by interferon gamma (IFNγ) released from CD8+ T cells, and IFNγ down-regulates the expression of SLC3A2 and SLC7A11 to reduce the uptake of cystine in tumor cells, leading to ferroptosis in tumor cells (Wang, Green et al., 2019). Thus, ferroptosis may be a significant factor of NPC immunotherapy. However, the role of ferroptosis in NPC immunotherapy still needs more comprehensive studies.
In order to better understand the mechanisms of ferroptosis in NPC immunotherapy and explore more efficiency treatment for NPC, in this study, we selected the clinical data of HNSCC in the Cancer Genome Atlas (TCGA) to screen out the differential ferroptosis-related genes, and verified them by generating the expression data of NPC samples in the Gene Expression Omnibus (GEO). At the same time, aiming at the high association between NPC and immune microenvironment, we further studied NPC immune microenvironment through ferroptosis-related genes. Our data and studies have shown that the ferroptosis-related genes possessed high value in targeted drug development in NPC.
MATERIALS AND METHODS
Data acquisition
RNA-sequencing expression (level 3) profiles and corresponding clinical information for HNSCC were downloaded from TCGA dataset (https://portal.gdc.com). GSE12452 and GSE53819 microarray datasets were downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). The extracted data were normalized by log2 transformation. The GEO microarray data were normalized by the normalize quantiles function of the “preprocessCore” package in R software (v3.4.1).
Bioinformatic analysis
The “limma” package in the R software (v4.0.3) was used to study the differentially expressed mRNA. “Adjusted p < 0.05 and Log2 (Fold Change) > 1 or Log2 (Fold Change) < −1” were defined as the threshold for the differential expression of mRNAs. Consistency analysis using “ConsensusClusterPlus” R package (v1.54.0) was performed; the maximum number of clusters was 6, 80% of the total sample was drawn 100 times, and “pheatmap” (v1.0.12) package was used for clustering heatmaps. The “immuneeconv” package was used to assess the results of immune score evaluation. Potential immune checkpoint blockade (ICB) response was predicted with the Tumor Immune Dysfunction and Exclusion (TIDE) algorithm using “ggplot2” (v3.3.3) and “ggpubr” (0.4.0) packages in the R software (v4.0.3). To evaluate the correlations between individual genes and pathway scores, “GSVA” package was used; Parameter was chosen as method = ‘ssgsea’ and scores were analyzed by Spearman correlation. The chemotherapeutic response for each sample was predicted based on the Genomics of Drug Sensitivity in Cancer (GDSC) (https://www.cancerrxgene.org/), used by “pRRophetic” package. All parameters were set as the default values. Using the batch effect of combat and tissue type of all tissues, the duplicate gene expression was summarized as a mean value.
Statistical analysis
Kaplan-Meier survival analysis of the different groups of samples from TCGA datasets was performed. Comparison among different groups was performed by log-rank test. The median survival time (LT50) for different groups was determined. For Kaplan-Meier curves, p-values and hazard ratio (HR) with 95% confidence interval (CI) were generated by log-rank tests and univariate Cox proportional hazards regression. The samples’ half-maximal inhibitory concentration (IC50) was estimated by ridge regression. All parameters were set as the default values. Using the batch effect of combat and tissue type of all tissues, the duplicate gene expression was summarized as a mean value. The statistical difference between two groups was compared through the Wilcox test, and significance differences between the three groups were assessed using the Kruskal–Wallis test.
RESULTS
Differences in the expression of ferroptosis-related genes in NPC-affiliated HNSCC and normal tissues
To understand the role of ferroptosis-related genes in NPC, we investigated differences in the expression of ferroptosis-related genes between cancer tissues and normal tissues using TCGA HNSCC dataset and the GEO dataset of NPC samples. First, we downloaded and analyzed the expression profiles of 504 HNSCC and 44 normal cases and found that 69 genes, including GPX4, BID, PHKG2, ULK1, ATG13, TFRC, ATG3, CARS1, SLC1A5, SOCS1, MAPK8, TFR2, and others, were significantly highly expressed (p < 0.05); TF, PRKAA2, CDO1, PEBP1, LPIN1, and other 15 genes were significantly expressed at low levels (p < 0.05, Figure 1A); the expression of other ferroptosis-related genes were not significantly different between the tissues (p > 0.05, Supplementary Table S1); we found a similar trend in the GSE12452 dataset (Figure 1B). At the same time, most ferroptosis-related genes were positively correlated with HNSCC in prognosis analysis (Figure 1C). Taken together, these findings suggest that ferroptosis-related genes may play a key physiological role in the development of NPC and HNSCC.
[image: Figure 1]FIGURE 1 | The expression distribution of ferroptosis-related gene in HNSCC and NPC patients. (A) ferroptosis-related gene in HNSCC and normal samples base on TCGA HNSCC dataset. (B) The expression distribution of ferroptosis-related gene in NPC and normal samples base on GSE12452 dataset. (C) The correlation of ferroptosis-related gene in HNSCC samples, circles represent the ferroptosis-related gene, red and blue represent positive and negative correlation between each gene, the size of the circle represent log rank p. *p < 0.05, **p < 0.01, ***p < 0.001.
Relationship between ferroptosis-related genes and immune cell infiltration in NPC-affiliated HNSCC
Considering NPC is highly infiltrated by immune cells and ferroptosis was activated by immunotherapy, we studied the relationship between ferroptosis-related genes and immune cell infiltration. Based on the expression level of ferroptosis-related genes, we first divided 504 patients with HNSCC into two groups, one with 475 patients and the other with 29 patients (Figure 2A) by R packet, and analyzed the gene expression profiles between the two groups (Figure 2B) by principal component analysis (PCA) method. The results showed that there were differences in gene expression between the two groups. Most ferroptosis-related genes were expressed at low levels in group 2 (Figure 2C), which had a better overall survival (OS) (p < 0.05, Figure 2D). Then we studied the expression of PD-L1 and PD-L2 in patients with HNSCC. It was shown that both PD-L1 and PD-L2 were overexpressed in HNSCC tissues and group 1 patients (p < 0.01, Figures 2E,F; Supplementary Figures S1A,B). Similar trends were found in two GSE datasets of NPCs (PD-L1, p < 0.01; PD-L2, p < 0.05, Figure 3A). Further analysis found that the expression of PD-L1 was positively correlated with the expression of 44 ferroptosis-related genes and negatively correlated with that of 24 genes in HNSCC tissues (p < 0.05, Figure 3B). Interestingly, PD-L2 expression was also positively correlated with that of 44 ferroptosis-related genes, although the specific genes are not same as PD-L1, 29 genes were negatively correlated with that of PD-L2 (p < 0.05, Supplementary Figure S1C). In the relationship between ferroptosis-related genes and HNSCC immune microenvironment, we found different ferroptosis-related gene expression level affect different immune cell types (Figure 3C). Naïve B cell, memory B cell, memory resting CD4+ T cell, resting NK cell, gamma delta T cell, and macrophage M1 have higher activity (p < 0.05) in group 1 patients, while CD8+ T cell, T cell follicular helper, and activated NK cell have high activity in group 2 patients, respectively (p < 0.05).
[image: Figure 2]FIGURE 2 | The relationship between ferroptosis-related genes and immune cell infiltration in two HNSCC subtypes. (A) The consensus clustering cumulative distribution function curves for k = 2–6. (B) The PCA of two HNSCC clusters. (C) The consistency of clustering results heatmap (k = 2), rows and columns represent samples, the different colors represent different types. (D) The Kaplan–Meier survival analysis of two clusters of samples from TCGA HNSCC dataset. (E) The expression level of PD-L1 in HNSCC and normal samples. (F) The expression level of PD-L1 in two clusters of HNSCC samples. *p < 0.05, **p < 0.01, ***p < 0.001.
[image: Figure 3]FIGURE 3 | The expression of PD-L1 and PD-L2 in HNSCC and NPC patients. (A) The expression of PD-L1/PD-L2 in NPC and normal samples base on GSE12452 and GSE53819 dataset. (B) The correlation of PD-L1 with ferroptosis-related genes in TCGA HNSCC dataset. (C) The expression distribution of CIBERSORT immune score in two clusters of HNSCC samples. *p < 0.05, **p < 0.01, ***p < 0.001.
The ferroptosis-related gene ATG5 is overexpressed in NPC and can be used as a significant independent prognostic marker
To further explore the role of ferroptosis-related genes in NPC development and tumor immune infiltration, we screened ferroptosis-related genes with high-expression, low OS, and positive association with PD-L1/PD-L2 expression in HNSCC. A comparison of the two groups showed that ATG5 is the key ferroptosis-related gene, which was not only highly expressed and had worse OS in HNSCC, but also positively correlated with PD-L1 and PD-L2 expression (p < 0.05, Figure 4A). In addition, ATG5 was significantly highly expressed in the GSE dataset for NPC (p < 0.05, Figure 4B). We also observed high ATG5 expression in late-stage HNSCC patients, with a p < 0.05 (Figure 4C). High expression of ATG5 was found in HNSCC patients with a worse OS (p < 0.05, Figure 4D), similar result also can be found in the Kaplan-Meier analysis (p < 0.05, Figure 4E). Using Cox analysis, we found in univariate and multivariate analysis, age, TNM staging, and ATG5 expression were significantly correlated with HNSCC OS (p < 0.01, Figure 4F). Those results suggested that ferroptosis-related ATG5 plays an important role in tumor development and immune infiltration in NPC and HNSCC, and thus, ATG5 could be used as an independent prognostic marker for NPC and HNSCC patients.
[image: Figure 4]FIGURE 4 | Analysis of ferroptosis-related gene ATG5 expression in HNSCC and NPC. (A) The Venn diagram of PD-L1/PD-L2 positive ferroptosis-related gene and high expression with OS in HNSCC samples, four ferroptosis-related genes were conformed. (B) ATG5 gene up-expression in HNSCC samples compared with normal samples. (C) ATG5 gene also highly expressed in NPC GSE12352 dataset (D) Boxplots of expression of ATG5 gene in different stage of HNSCC. (E,F) The Kaplan–Meier analysis of high and low ATG5 expression level in TCGA HNSCC dataset. (G) Forest plots of univariate and multivariate Cox regression of ATG5 expression and other clinicopathological factors. *p < 0.05, **p < 0.01, ***p < 0.001.
Relationship of ATG5 expression with ICB and immune cell infiltration
To gain a better understanding of the function of ATG5 in NPC immune cell infiltration, further studies showed that in HNSCC samples with high expression of ATG5, CD8+ T cell, memory resting CD4+ T cell, activated mast cell, monocyte, macrophage M2, and other immune cells were significantly reduced, and only T cell regulatory (Tregs) and macrophage M0 cells increased significantly, respectively (p < 0.05, Figure 5A). A heatmap showed trends and percentages of tumor-infiltrating immune cells in high and low ATG5 expression HNSCC samples (Figures 5B,C). To further understand the effect of ATG5 in HNSCC, based on expression profiling data, we used the TIDE algorithm to predict the responsiveness of high and low ATG5 expression groups in HNSCC to immune checkpoint inhibitors. The results showed that ATG5 high expression HNSCC patients had a higher TIDE score (p < 0.05, Figure 5D), predicted poor efficacy of ICB therapy, and poor survival after receiving ICB treatment.
[image: Figure 5]FIGURE 5 | The relationship of ATG5 expression with immune cell infiltration. (A) The expression distribution of CIBERSORT immune score in ATG5 high expression HNSCC samples and normal samples. (B) Immune cell score heatmap of ATG5 high expression and ATG5 low expression in HNSCC samples. (C) The percentage abundance of tumor infiltrating immune cells between ATG5 high expression and ATG5 low expression HNSCC samples. (D) The distribution of immune response scores in ATG5 high expression and ATG5 low expression HNSCC samples in the prediction results. *p < 0.05, **p < 0.01, ***p < 0.001.
ATG5 is significantly associated with the G2M checkpoint pathway in HNSCC
Given the important role of the ferroptosis-related gene ATG5 in NPC and HNSCC, we obtained the relationship between ATG5 and different pathways by single sample gene set enrichment analysis (ssGSEA) method, which calculated the correlation score between ATG5 gene and pathways in each HNSCC samples. The results demonstrated that ATG5 expression was significantly positively correlated with tumor proliferation signatures, MYC targets, DNA repair, DNA replication, and G2M checkpoint in HNSCC (p < 0.05, Figures 6A–E), and the Spearman coefficients were 0.38, 0.28, 0.25, 0.34, and 0.41, respectively. The CDK family genes are important regulators of G2M checkpoint, and ATG5 expression was also positively correlated with CDK1-10 expression in HNSCC (p < 0.01, Figure 7A). Based on this result, we performed drug therapy response prediction of high and low ATG5 expression in transcriptome of HNSCC samples, and found that the IC50 of G2M checkpoint inhibitors were lower in ATG5 high expression HNSCC samples (p < 0.05, Figures 7B–G), which showed a high sensitivity to G2M checkpoint inhibitors.
[image: Figure 6]FIGURE 6 | The correlations between ATG5 and pathways. (A) Tumor proliferation signatures, (B) MYC targets, (C) DNA repair, (D) DNA replication, and (E) G2M checkpoint. The abscissa represents the distribution of the gene expression, and the ordinate represents the distribution of the pathway score.
[image: Figure 7]FIGURE 7 | The correlations between ATG5 and G2M checkpoint. (A) The correlation of ATG5 and CDK family genes in TCGA HNSCC dataset. G2M checkpoint inhibitors (B) CGP-082996, (C) RO-3306, (D) PD-0332991, (E) VX-680, (F) GSK1070916 and (G) ZM-447439 had lower IC50 in ATG5 high expression HNSCC samples. *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
Head and neck cancer refers to tumors and tumor-like conditions in anatomical areas of the head and neck. These anatomical areas include the oral cavity, paranasal sinuses, nasopharynx, larynx, pharynx, thyroid gland and its associated lymph nodes among others. Most head and neck cancers originate from the mucosal epithelium of the mouth, pharynx, and larynx and are collectively known as HNSCC (Johnson, Burtness et al., 2020), clinic information for HNSCC patients showed in Supplementary Table S2. NPC is the most aggressive epithelial tumor in HNSCC, with a high rate of aggressiveness and high incidence of metastasis (Cramer, Burtness et al., 2019; Jicman Stan et al., 2022). The incidence and development of NPC has a distinct regional pattern, with more than 70% of new cases concentrated in East and South-East Asia (Chen, Chan et al., 2019); researches on NPC in these regions are far less compared to other global high-prevalence cancers. Here, we used NPC-affiliated HNSCC database to study the role of ferroptosis-related genes in HNSCC and NPC, and found that it is possible ferroptosis-related genes affect the tumor immune microenvironment of NPC. Through screening, we found the ferroptosis-related gene ATG5 could serve as a significant independent prognostic marker. ATG5 is not only overexpressed with low OS, but also positive correlated with PD-L1/PD-L2 expression in HNSCC and NPC. Furthermore, ATG5 has a strong correlation with multiple pathways in HNSCC and affects the therapeutic efficacy of ICB therapy. In addition, the drug IC50 prediction showed ATG5 high expression HNSCC samples were more sensitive to G2M checkpoint inhibitors.
Ferroptosis is an iron-dependent regulatory process of cell death caused by excessive lipid peroxidation, and the occurrence and therapeutic effect of different types of tumors are related to ferroptosis (Chen, Kang et al., 2021). In this study, HNSCC patients were divided into two groups based on the characteristics of ferroptosis-related genes. Group two had a lower OS and higher correlation with CD8+ T cells and activated NK cells by CIBERSORT analysis which is a method to characterize complex tissue cell composition from gene expression profiles (Newman, Liu et al., 2015). In addition, the low-expression of PD-L1/PD-L2 in group two was beneficial to recover T cell tumor response. The abundance of CD8+ T cell is generally closely related to the prognosis of variety of tumor patients. CD8+ T cells kill target cells by secreting perforin, or indirectly releasing cytokines such as tumor necrosis factor alpha (TNFα) (Zhang and Bevan 2011; Deng, Luo et al., 2019). The study found that CD8+ T cells screen and eliminate invaders, and if CD8+ T cell infiltration is less than 2.2% in tumor, the risk of developing disease progression after surgery will be 4-fold higher (Jansen, Prokhnevska et al., 2019). Activated natural killer (NK) cells also produce cytokines such as TNFα and IFNγ and inhibit cancer angiogenesis and proliferation (Whiteside 2020; Wang, Chen et al., 2021).
The better OS and immune infiltration levels in group 2 suggested the important role of ferroptosis-related genes in HNSCC and NPC, therefore, we further screened poor prognosis of ferroptosis-related genes. Finally, ATG5 was found not only to be significantly highly expressed in HNSCC and NPC, but also showed a low prognosis and positively correlation with PD-L1/PD-L2 expression. ATG plays a central role in the process of autophagy, and is critical to the formation of autophagosomes (Xie, Kang et al., 2015), while ATG5-mediated autophagy contributes to ferroptosis (Dixon, Lemberg et al., 2012; Hou, Xie et al., 2016). Unrestricted lipid peroxidation during ferroptosis could lead to plasma membrane rupture, and in cancer, ferroptosis also occurs in an autophagy-dependent manner (Liu, Kuang et al., 2020). Knocking down autophagy-related proteins including ATG3, ATG5, ATG7 and ATG13 inhibits ferroptosis (Gao, Monian et al., 2016; Hou, Xie et al., 2016; Chen, Kang et al., 2021). ATG5 is necessary for the fusion of autophagosomes in both canonical and non-canonical autophagy (Ye, Zhou et al., 2018; Fraiberg and Elazar 2020), and immune-related diseases happened when ATG5 gene mutated (Martin, Gupta et al., 2012; Zhang, Cheng et al., 2015). Here we demonstrated the value of ATG5 with multiple approaches (Figures 4B–G). Furthermore, the abundance of CD8+ T cells decreased in ATG5 high expression HNSCC patients, nevertheless the abundance of Tregs increased (p < 0.05, Figure 5A). High abundances of Tregs have been reported to be associated with adverse clinical outcomes (Sato, Olson et al., 2005; Beyer and Schultze 2006). Tregs create an immunosuppressive environment that impairs the activity of cytotoxic CD8+ T cells (Serrels, Lund et al., 2015). We further assessed the effect of ATG5 in HNSCC through predictive effects of ICB therapy. ICB therapy helps immune system recognize and attack tumor cells to achieve cancer treatment (Mahoney, Rennert et al., 2015), but in most cancer types only one-third patients benefit from ICB therapy (Sharma, Hu-Lieskovan et al., 2017). Using TIDE, which is a bioinformatic method (Jiang, Gu et al., 2018), it was predicted that ATG5 high expression group had a higher TIDE score than ATG5 low expression group in HNSCC. It means dysfunction of tumor-infiltrating cytotoxic T lymphocytes (CTL) and rejection of CTL by immunosuppressors are stronger in ATG5 high expression HNSCC, and the ICB efficacy is worse. These results suggest that ATG5 is an effective prognostic biomarker and a predictive target for immunotherapy efficacy in HNSCC and NPC.
G2M checkpoint is an important regulatory mechanism in eukaryotic cells that regulates the normal operation of the cell cycle, ensuring the integrity of the number of chromosomes, and most tumor cells have a G1 checkpoint, thus, controlling the proliferation of tumor cells to the G2M stage is a feasible tumor treatment regimen (Chen T et al., 2012). Controlling tumor cells at the G2M phase through the G2M checkpoints not only inhibits the proliferation and growth of tumors, but also induces the apoptosis of tumor cells by DNA damage (Chen, Landen et al., 2013). Previous studies showed some autophagy genes contribute to cell cycle (Qu, Yu et al., 2003; Lee, Kawai et al., 2012; Maskey, Yousefi et al., 2013), and research found lack of ATG5, autophagy in proximal tubular epithelial cells significantly aggravated cell cycle arrest in the G2/M phase (Li, Peng et al., 2016). We found that ATG5 expression was significantly positively correlated with the G2M checkpoint signaling pathway in HNSCC (Spearman coefficient = 0.41). We used GDSC, the largest publicly available pharmacogenomics database, to predict the sensitivity of G2M checkpoint inhibitor drugs in high and low ATG5 expression HNSCC samples, which based on sample transcriptomes. The results showed ATG5 high expression samples were more sensitive to G2M checkpoint inhibitors. An unexpected finding that G2M checkpoint inhibitors may have a therapeutic effect on ATG5 high expression HNSCC and NPC, but more basic studies and clinical trials are still needed to validate the therapeutic effect.
In conclusion, in order to explore the role of ferroptosis in immunotherapy in HNSCC and NPC, this study analyzed the expression of ferroptosis-related genes in HNSCC and NPC. We found that ferroptosis-related genes were positively correlated with PD-L1 and PD-L2 expression, and the types of immune infiltrates were clearly different between two groups of HNSCC patients with different ferroptosis-related genes expression level. Ferroptosis-related gene ATG5 played a key role in HNSCC and NPC treatment, as ATG5 high expression HNSCC patients showed poor OS, and had poor response and survival after ICB therapy. Furthermore, ATG5 expression was significantly positively correlated with G2M checkpoints in HNSCC (p < 0.001, Spearman coefficient = 0.41) and ATG5 high expression HNSCC patients had lower IC50 of G2M checkpoint inhibitors by predicted. Therefore, ATG5 has potential as a significant independent prognostic marker in HNSCC and NPC, and ATG5 is an important target in HNSCC and NPC treatment of ferroptosis, immunotherapy and G2M checkpoint inhibitor.
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One of the most effective treatments for diabetes is to design a glucose-regulated insulin (INS) delivery system that could adjust the INS release time and rate to reduce diabetes-related complications. Here, mixed multiple layer-by-layer (mmLbL)-INS microspheres were developed for glucose-mediated INS release and an enhanced hypoglycemic effect for diabetes care. To achieve ultrafast glucose-activated INS release, glucose oxidase (GOx) was assembled with a positively charged polymer and modified on INS LbL. The mmLbL-INS microspheres were constructed with one, two, and four layers of the polyelectrolyte LbL assembly at a ratio of 1:1:1. Under hyperglycemia, GOx converts a change in the hyperglycemic environment to a pH stimulus, thus providing sufficient hydrogen ion. The accumulated hydrogen ion starts LbL charge shifting, and anionic polymers are converted to cationic polymers through hydrolytic cleavage of amine-functionalized side chains. The results of in vitro INS release suggested that glucose can modulate the mmLbL-INS microspheres in a pulsatile profile. In vivo studies validated that this formulation enhanced the hypoglycemic effect in STZ-induced diabetic rats within 2 h of subcutaneous administration and facilitated stabilization of blood glucose levels for up to 2 days. This glucose-activatable LbL microsphere system could serve as a powerful tool for constructing a precisely controlled release system.
Keywords: glucose-activity, diabetes, insulin, charge shifting, layer-by-layer
INTRODUCTION
In diabetes care, maintaining stable blood glucose levels (BGLs) in normoglycemia is a must because hyperglycemia would induce secondary complications, such as vascular, renal, or neural damage (Kang, 2018; Kaura Parbhakar et al., 2020; Shah and Wu, 2022). Most patients with type 2 diabetes need direct intravenous exogenous insulin (INS), and therefore, they are administered multiple injections of INS with careful dosing, which ultimately results in poor compliance (Ling and Chen, 2013). Various INS delivery systems are sensitive to different external stimuli, such as pH (Akhmedov et al., 2010; Yoshida et al., 2012; Dmitriev et al., 2019), temperature (Huynh et al., 2008; Killeen et al., 2020), or light (Solimena and Speier, 2010; Sarode et al., 2016; Yu et al., 2022), were investigated. However, most INS delivery systems are associated with a lag time of more than 2 h in hypoglycemia. Thus, precise control of the amount and rate of INS released into the blood in order to maintain the BGL within the narrow concentration window required to avoid hyperglycemia and hypoglycemia is challenging.
The layer-by-layer (LbL) assembly method relies on solid exfoliation to produce colloids of sheets and can control drug release under particular external stimulus (Baba et al., 2010; Huang et al., 2013; Zheng et al., 2014; Jiang and Kobayashi, 2017; Zhang et al., 2021). LbL drug administration has showed some advantages in the precise control of size, or membrane thickness at the nanoscale level (Balabushevich et al., 2003; Xing et al., 2007). Although great success has been obtained with these LbL-modified INS therapies in controlled release, they exhibited a slow rate of INS release, which restricted timely BGL control, probably because of mass transport limitation (Ravaine et al., 2008). The rate of INS release needs to be improved to enhance the effects of glycemic control.
Blood glucose-activated drug release systems allow rapid and precisely controlled responses to changes in BGLs, thereby ensuring good glycemic control (Xia et al., 2018). In the past few decades, many studies have focused on developing glucose-responsive systems capable of continuously delivering accurate levels of INS in response to the BGL because it is immediate and effective (Chen et al., 2011; Paez et al., 2013; Li et al., 2015; Llanos et al., 2015; Kompala and Neinstein, 2022). To achieve the desired glucose-activated INS release, glucose oxidase (GOx) and a positively charged polymer were assembled with INS to form multilayer films (Chen et al., 2012). These multilayer films showed a linear release and exhibited the desired on–off sensitivity in response to stepwise glucose challenge. Gu et al. also reported that a useful glucose-mediated INS delivery platform consisting of GOx exhibited good results (Gu et al., 2013). GOx plays a major role in the construction of glucose-activated controlled INS release devices (Chu et al., 2012).
An anionic polymer can rapidly convert back to a cationic polymer in acidic environments within seconds. In this study, mixed multiple layer-by-layer (mmLbL)-INS microspheres were developed for glucose-mediated INS release and an enhanced hypoglycemic effect for diabetes care (Figure 1). The mmLbL-INS microspheres were constructed with one, two, and four layers of the polyelectrolyte LbL assembly at a ratio of 1:1:1. We anticipate that the resulting mmLbL-INS microspheres can be used for glucose-regulated INS delivery to enhance the hypoglycemic effect and maintain blood glucose homeostasis to reduce complications in diabetic patients.
[image: Figure 1]FIGURE 1 | Scheme of the mixed multiple layer-by-layer insulin (mmLbL-INS) microcapsules. (A) Synthesis of the multiple LbL-INS microcapsules. The anionic polymer was regarded stable in physiologically relevant environments and hydrolysis of the charge-shifting anionic polymer under acidic conditions yields a cationic polymer. Based on the LbL assembly of multilayered polyelectrolyte films, with repeat assembly sequences polycation PAH and anionic polymer, we fabricated LbL-INS microspheres with different layers. (B) Synthesis of degradable anionic polymers. (C) Schematic of mmLbL-INS microcapsules controlling the INS release time. (D) In hyperglycemia, glucose-activated changes in the net charge of the polymer led to changes in the nature of ionic interactions in the multilayers and promoted film disruption. (E) Hydrolysis of the citraconic amide side chains of the charge-shifting anionic polymer under acidic conditions.
MATERIALS AND METHODS
Materials and animals
Poly (allylamine hydrochloride) (PAH, MW ≈ 60,000) was purchased from Alfa Aesar Organics (Ward Hill, MA). Recombinant cow INS (potency: 27 U/mg) was obtained from Bomei Biotechnology (Hefei, China). Citraconic anhydride and poly (styrene sulfonate) (PSS) were purchased from J&K Scientific (Beijing, China). GOx was obtained by Tokyo chemical industry (Tokyo, Japan). Streptozocin (STZ) was purchased from Sigma-Aldrich, (St. Louis, MO, United States). The dialysis bag (molecular cutoff, 3500 Da) was purchased from Sangon Biotech (Shanghai, China). All other reagents were used without further purification unless noted.
The Sprague–Dawley (SD) rats (275–300 g) were provided by the Experimental Animal Center of Nantong University. All animal experiments were performed in compliance with all relevant ethical regulations and institutional guidelines provided by the Division of Comparative Medicine at Nantong University.
Synthesis of charge-shifting anionic polymers
The synthetic route used for degradable anionic polymers is shown in Figure 1B, which was reported in a previous paper (Liu et al., 2008). Briefly, 100 mg PAH was dissolved in 1.0 M NaOH (4 ml) and stirred until completely dissolved. Then, 400 μL citraconic anhydride was added dropwise to PAH solution, and aqueous NaOH was added as necessary to maintain the pH above 8. Finally, the resulting reaction mixture was placed in dialysis bag (MWCO = 3500) and no reacting parts were removed by dialysis with water (pH > 7.4) for 24 h.
Preparation of premixed LbL-INS microcapsules
The cores of the microcapsules were fabricated according to early reported (Bosio et al., 2014). In brief, 0.35 g Na2CO3, 0.02 g PSS and certain amounts of INS was added to 10 ml distilled water, then 10 ml CaCl2 solution (0.33 M) was added and vigorous stirred for 10 s. The obtained microparticles were washed for three times and were separated by centrifugation.
Multilayered films were fabricated on the INS microcapsules using an alternate dipping procedure according to the following general protocol: microcapsules are submerged in a solution of anionic polymers for 5 min, and washed with water (pH > 7.4), anionic polymers modified microcapsules were submerged in a solution with excess of PAH for 5 min, and washed. The following two, three and four bilayers were fabricated in the same way by alternating adsorptions of anionic polymers and PAH as shown in Figure 1A. The premixed LbL-INS microcapsules with 1, 2, four layers at the rate of 1:1:1 was used in this study.
Scanning electron microscopy and zeta potentials
To investigate morphological changes in mmLbL-INS microspheres after the LbL process, the morphologies of CaCO3-INS and four-bilayered microspheres were selected for characterization. The surface morphology of mmLbL-INS microspheres corroded in different pHs was also investigated through scanning electron microscopy (SEM) (JSM-6700F, JEOL, Japan) on conductive adhesive tapes (Briones et al., 2010).
LBL deposition of anionic polymers/PAH on the particles and the charge conversion in different pH were qualitatively monitored by measuring the zeta potentials of the coated particles by using Zetasizer Nano ZS (Malvern, Worcestershire, United Kingdom).
Drug loading content
According to our previous study, a HPLC detection method was established to determine the INS concentration (Xia et al., 2018). HPLC was performed using a LC-2030 series (Shimadzu Corporation, Japan).
Then, 1, 3, 5, and 10 mg of INS (WT) was dissolved in CaCl2 solution in advance, followed by the preparation of the four-bilayered LbL-INS microspheres. INS was encapsulated in the LbL-INS microspheres using a hypotonic dialysis method. The LbL-INS microspheres (3 mg/ml) were dispersed in dilute hydrochloric acid, and a clear solution was used for measurement with HPLC. The loading content can be calculated as follows.
[image: image]
Release rate tests
After being suspended in 100 mg/dl (equivalent of 5.6 mM) d-glucose for 10 days, the mmLbL-INS microspheres were incubated in PBS with 400 mg/dl (equivalent of 22.2 mM) glucose in vitro. The INS released from the mmLbL-INS microspheres was collected at predetermined time intervals and detected through HPLC. Then, the release rates were calculated.
In vitro testing of release behavior of mmLbL-INS microspheres and fluorescence microscopy analysis
To verify the effect of “charge-conversional”, LbL-INS microspheres were resuspended in PBS containing different glucose concentrations at 37°C to study the INS release behavior. At predetermined times, the amounts of INS released into the supernatant was determined through HPLC, and morphological changes were investigated through SEM.
INS-FITC (green) and rhodamine B (red)-modified GOx were packed in the LbL-INS microspheres and resuspended in PBS containing different glucose concentrations. Fluorescence microscopy was performed using a Leica DM 2500 microscope (Wetzlar, Germany) at the same laser power.
In vivo oral glucose tolerance test in STZ diabetic rats
STZ diabetic rats were prepared by treated with STZ (50 mg/kg) into male SD rats. The rats were considered diabetic if their plasma glucose levels were ≥10 mM (Shao et al., 2021).
The diabetic rats were separated into three groups (n = 8): Control group: 1 ml PBS was subcutaneously injected; CaCO3-INS group: 1 ml of 0.035 mg/ml CaCO3-INS microspheres (the diabetic rats treated with >0.035 mg/ml CaCO3-INS microspheres died within 15 min because of hypoglycemia. So, in the following studies, 0.035 mg/ml of CaCO3-INS microspheres were used in in vivo studies); and mmLbL-INS microspheres group: 1 ml of mmLbL-INS microspheres was subcutaneously injected. The oral glucose tolerance test (OGTT) was performed as described by Kim (Kim et al., 2016). In brief, diabetic rats were orally administered glucose (2.0 g/kg b.w), blood was collected from the tail vein to measure blood glucose and INS concentrations. The plasma glucose was measured using a hand-held glucometer at regular intervals (0, 15, 30, 60, 120 min). Blood was collected from the tail vein 0, 15, 30, 45, 60, 75, 90, 105 and 120 min after glucose administration. The blood INS was then quantified via HPLC as previous report (Xia et al., 2018).
Long-term effect of mmLbL-INS microspheres
The diabetic rats were subcutaneously injected with PBS (blank), CaCO3-INS microspheres (0.035 mg/ml), and mmLbL-INS microspheres (1 mg/ml) into the back. Each diabetic rat was individually housed in metabolic cages and fed with maintenance diets (Xietong Engineering Co., Ltd, referring to the national standard GB 14924.1-2001) 3 times daily. 0.5 h after every feeding, leftover food was removed, and feed intakes were measured. After feeding for 2 h, BGLs were measured.
Hematological indices
Hematological parameters such as hematocrit (HCT), released hemoglobin (HGB), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC) were determined using an HEMAVET 950FS Hematology System analyzer after the administration of LbL-INS microspheres for 24 h.
Blood biochemistry index
After administering mmLbL-INS microspheres for 2 days, the levels of liver function markers, including alkaline phosphatase (ALP), alanine aminotransferase (ALT), and aspartate aminotransferase (AST), the kidney function marker urea nitrogen (BUN), as well as creatinine (Cr), were determined using an automated biochemical analyzer (Trilogy, France).
Statistical analysis
All values were averaged and expressed as the mean ± standard error of the mean. Analysis of variance was performed, with dialysis time, initial INS concentration, and volume ratio as three independent variables. p values ≤0.05 were considered significant.
RESULTS
Preparation of LbL-INS microspheres
In this study, the microspheres were prepared by the LBL assembly of multilayered polyelectrolyte films, with repeat assembly sequences polycation PAH and anionic polymer, as shown in Figure 1B. Morphological changes in the LbL-INS microcapsule with different polyelectrolyte films were monitored through SEM (Figures 2A–C). CaCO3-INS microparticles with the one-layer polyelectrolyte film showed clearly visible wrinkles and inward depression on the surface (Figure 2A). The surface of the LbL-INS microspheres became smooth and glossy as the layers increased (Figures 2B, C). The average diameter of the LbL-INS microspheres, through dynamic light scattering (DLS), increased slightly with an increase in the number of layers (Supplementary Figure S1).
[image: Figure 2]FIGURE 2 | Characterization of the mmLbL-INS microcapsules. (A–C) SEM images and DLS results of LbL-INS microcapsules with (A) one layer, (B) two layers, and (C) four layers. (1) SEM images, (2) high-magnification SEM image, (3) dynamic light scattering (DLS) results. (D) Zeta potentials of multiple LbL-INS microcapsules with different layers. (E) Relationship between the initial INS concentration and INS loading content in the LbL-INS microcapsules. (F) INS release behavior of multiple LbL-INS microcapsules in pH 6.5 solution. (G) SEM images, DLS results, and the image of mmLbL-INS microcapsules.
The LbL assembly process was also monitored through zeta-potential measurements (Figure 2D). The uncoated CaCO3 microparticles produced a negative zeta-potential (−32 mV). The average zeta-potential value for the first layer increased to 14 mV, corresponding to the adsorption of the polycation PAH, that for the second layer (−20 mV) corresponded to the adsorption of the anionic polymer, that for the third layer (15 mV) corresponded to another layer of PAH, and that for the fourth layer (−10 mV) corresponded to a new layer of anionic polymer. Alternating zeta-potentials were obtained with the subsequent deposition of PAH and polyanions, suggesting the gradual adsorption of the PAH/anionic polymer layers on the CaCO3-INS microparticles.
Not unexpectedly, the loading content was significantly positively correlated with the initial INS concentration, not only in one-layer LbL-INS microspheres but also in two- and four-layer LbL-INS microspheres (Figure 2E). Increasing the layers of microspheres resulted in high INS loading content. Combining the results in Figures 1A–C, we speculated that the polycation PAH and anionic polymer modified on the CaCO3-microparticles could prevent INS leakage, leading to an increase in INS loading content. In consideration of the loading efficiency and cost-savings, in the following experiment, an initial INS concentration of 5 mg/ml was adopted to achieve the acceptable encapsulation concentration in mmLbL-INS microspheres.
The hyperglycemia response time of LbL-INS microspheres with different bilayers was studied (Figure 2F). The one-layer LbL-INS microspheres took approximately 4.1 ± 0.4 min to transform to explosive release. Relatively, the multilayered polyelectrolyte films on the four-layer LbL-INS microspheres took as long as 9.3 min to remove and start INS release. The retention time of LbL-INS microspheres extended with an increase in the number of layers. The aforementioned results revealed that mmLbL-INS microspheres with different layers showed different glucose-activated response rates. According to the characteristics of INS clinical needs (Gracia-Ramos et al., 2016; Maiorino et al., 2017), premixed INS analogs (rapid-acting and long-acting analog ratio in varying proportions) represent an alternative treatment for type 2 diabetes. In this study, mmLbL-INS microspheres constructed with one, two, and four layers at a ratio of 1:1:1 and the INS concentration of 0.98 ± 0.13 mg/ml were used in the following studies. The SEM, dynamic light scattering, and images of the mixture of LbL-INS microspheres are presented in Figure 2G. The mmLbL-INS microspheres with different layers maintained their respective structure and size.
In vitro testing of glucose-activated release behavior
Next, we investigated the glucose-activated release behavior of mmLbL-INS microspheres in response to BGLs. To validate our design, mmLbL-INS microspheres were incubated in PBS (pH 7.4) at 37°C with 25–400 mg/dl glucose and INS release was monitored by HPLC. As shown in Figure 3A, increasing the glucose concentration to >100 mg/dl would greatly accelerate INS release.
[image: Figure 3]FIGURE 3 | Glucose-activated INS release behavior of the mmLbL-INS microcapsules. (A) The INS release behavior at different glucose concentrations (B and C) Cumulative INS release behavior of mmLbL-INS microcapsules immersed in 100 and 400 mg/dl glucose solutions. (D–G) Fluorescence images of mmLbL-INS microcapsules that released INS into the medium after being immersed in different glucose concentrations (green fluorescence: FTIC-INS). (H) Stability analysis of the glucose activity effect. After being stored in 5 mmol/L glucose solution at 4°C for 10 days, the mmLbL-INS microcapsules released INS in vitro (read line) when immersed in 400 mg/dl glucose solution. (I) INS release behavior of the mmLbL-INS microcapsules changed over time in 400 mg/dl glucose solution. (J) INS release exhibited a pulsatile profile in response to different glucose concentrations. The mmLbL-INS microcapsules were immersed in normal (100 mg/dl) or hyperglycemic level (400 mg/dl) solution for several repetitions.
In glycemia, GOx could convert glucose to glucose acid (Botezatu et al., 2021). As more and more lactic acid is produced, pH falls. Based on the principle, the mmLbL-INS microspheres were expected to show glucose-activated release behavior. To examine whether the glycemia control effect of the INS microspheres was due to sustained INS release or glucose-responsive INS release, the cumulative INS released from mmLbL-INS microspheres were determined in normal glycemia or hyperglycemia, respectively. As shown in Figures 3B,C, incubation of mmLbL-INS microspheres at the normal glucose level resulted in a slightly increased cumulative release of INS within 15 min. When the glucose concentration increased to the hyperglycemic level, >60% of INS was released by 15 min from the mmLbL-INS microspheres group. As expected, the cumulative release rate of CaCO3-INS microspheres increased straightly not only in hypoglycemia but also in normoglycemia.
To further assess glucose-responsive INS release, FITC-INS was used to trace the INS release behavior of mmLbL-INS microspheres. When 2 ml of the mmLbL-INS microspheres were imaged in the presence of 50 and 100 mg/dl glucose (Figures 3D,E), slight green fluorescence was found, clearly indicating that almost no INS released. When these mmLbL-INS microspheres were in hyperglycemia (Figures 3F,G), the fluorescence intensity of the supernatant enhanced remarkably (Supplementary Figure S2). The results indicated that the sensitivity of mmLbL-INS microspheres to BGLs can enhance the INS release rate.
To examine the stability of the glucose activity effect of mmLbL-INS microspheres incubated in the normoglycemic solution (100 mg/dl of glucose). After immersion for 10 days, INS concentrations in the supernatant were stable (Figure 3H). Then, the glucose concentration was immediately adjusted to 400 mg/dl, the concentration of released INS rose quickly and reached 27 μg/ml within minutes. The INS concentration in the supernatant showed a steady rise with the long-term storage of mmLbL-INS microspheres in a high sugar solution (400 mg/dl) (Figure 3I).
Furthermore, the INS release profile of mmLbL-INS microspheres exhibited a pulsatile pattern (close-loop) when the glucose concentration was cyclically varied between the normal and hyperglycemic levels for several repetitions, as shown in Figure 3J. The mmLbL-INS microspheres responded to changes in glucose levels, and the INS release rate increased to over 25 μg/mL/h in hyperglycemic state.
As more and more lactic acid was produced in hyperglycemia, because GOx in the mmLbL-INS microspheres converted glucose to glucose acid, pH fell. The charge-shifting anionic polymers on the mmLbL-INS microspheres disrupted the ultrathin polyelectrolyte multilayers in acidic media and the INS released. Contrarily, in normal glycemia, the INS released behavior stopped in the mmLbL-INS microspheres as the pH value came to normal. These results also confirmed that GOx maintains its bioactivity even after 10 days, and thus makes the delivery system highly stable.
Release mechanism and charge-shifting effect
Polyelectrolyte films and GOx, modified on the surface of LbL-INS microspheres, were expected to realize the glucose-responsive INS releasing behavior. Then, FITC was used as a tracer of INS, and visible green fluorescence observed in the solution further confirmed the absence of INS in the LbL-CaCO3-INS microspheres (Figure 4A). From the confocal images of LbL-INS microspheres, a red color (rhodamine B-modified GOx) could be found on the surface of the LbL-INS microspheres. In the overlay image, the green spheres were covered by red loops, which confirmed that poly-GOx was modified on the LbL-INS microspheres.
[image: Figure 4]FIGURE 4 | The mechanism of glucose-activated INS release behavior of mmLbL-INS microcapsules. (A) Fluorescence image of mmLbL-INS microcapsules. FITC-labeled INS (green) and rhodamine B (red)-modified biotin-GOx were used to fabricate mmLbL-INS microcapsules. (B) Relevant pH changes observed in different incubation solutions with mmLbL-INS microcapsules. (C) Charge conversion of anionic polymers at different pH. (D) INS release behavior of mmLbL-INS microcapsules in different pH solutions. (E,F) SEM of mmLbL-INS microcapsules immersed in different glucose concentrations.
The pH of body (interstitial) fluids can be reduced by GOx, which can convert glucose to gluconic acid (Wu et al., 2011). The GOx, on the surface of LbL-INS microspheres, causing a local decrease in pH with an increase in glucose concentrations (Figure 4B). GOx catalyzes the conversion of glucose to gluconic acid as follows:
[image: image]
The charge-shifting anionic polymers can disrupt the ultrathin polyelectrolyte multilayers in acidic media. Based on this understanding, we designed a glucose-activated INS release system by using charge-shifting anionic polymers. As the normal blood sugar range is 70–100 mg/dl (Barkoudah and Weinrauch, 2015), the in vitro release of INS from the mmLbL-INS microspheres was evaluated in different concentrations of glucose within the solutions. To examine the glucose-responsive dissociation of mmLbL-INS microspheres, the microspheres were collected in micro-centrifuge tubes and incubated with PBS solutions with 100 (corresponding to the normal level) or 400 mg/dl (corresponding to the hyperglycemic level) glucose. In Figure 4B, the recorded pH values decreased from 7.4 to 5.4 within 30 min in 400 mg/dl glucose, confirming the enzymatic conversion of glucose to gluconic acid. By contrast, both control samples (no glucose and 100 mg/dl glucose) showed no observable changes in pH (pH > 7.0).
The polyelectrolyte multilayer was thus expected to show a charge conversion behavior in the acid environment (Figure 4C). Compared with incubation at pH 7.4 and 7.0, the zeta potential of the polyelectrolyte multilayer increased significantly when incubated at pH 6.5 and 6.0. The zeta potential became positive within 2 min, despite the potential of the polyelectrolyte multilayer slowly increasing with incubation at pH 7.4 and 7.0.
Charge-shifting of the net charge of the polymer leads to changes in the nature of ionic interactions in the multilayers and promotes film disruption and the release of cationic film components (Figure 4D). To offer a rapid glucose responsibility to these mmLbL-INS microspheres, GOx was conjugated with charge-conversional polyelectrolyte multilayers in the presence of N, N′-carbonyldiimidazole. When the BGL increased, GOx catalyzed the conversion of glucose to gluconic acid in the presence of oxygen, which provided enough hydrogen ion, leading to the low pH environment (Qiu et al., 2009). When exposed to low pH environments, hydrolysis of citraconic amide side chains of the charge-shifting anionic polymer yields a cationic polymer.
Morphological changes in the mmLbL-INS microspheres immersed during the course of glucose-activated INS release were also investigated through SEM (Figures 4E,F). The mmLbL-INS microspheres submerged in 50 mg/dl of glucose showed negligible INS release and remained intact. By contrast, the LbL-INS microspheres were found to corrode the polymer and rupture the CaCO3 shell when exposed to a hyperglycemic environment. The CaCO3-INS microparticles changed from smooth to inward depression on the surface. Their fluorescence intensity increased with the glucose concentration. Collectively, these results indicate the charge-shifting effect of the LbL-INS microspheres and the subsequent glucose-mediated and pH-dependent INS release.
In vivo OGTT result
The OGTT was used to determine the regulation of the BGL in STZ-induced diabetic rats after treatment with 1) PBS, (b) 0.035 mg/ml CaCO3-INS microspheres, and (c) 1 mg/ml mmLbL-INS microspheres. Not surprisingly, the BGLs increased rapidly and were maintained over 25 mM (equivalent of 450 mg/dl) after 1 h of gastric perfusion of glucose in the PBS-treated control group (Figure 5A). As expected, the BGLs were well-controlled in the normal range of 3.9–6.1 mM within 2 h in the CaCO3-INS and mmLbL-INS microspheres groups, like the normal rats (Supplementary Figure S3). The blood INS levels were also measured as shown in Figure 5B. More and more INS was found as time elapsed when higher amounts of CaCO3-INS microspheres were applied. A peak release behavior was observed in the mmLbL-INS microspheres group, and the INS release amount decreased as the glucose concentration returned to the normal blood glucose level (Supplementary Figure S4).
[image: Figure 5]FIGURE 5 | In vivo glycemic control tests results of mmLbL-INS microcapsules. (A) Change in glucose concentrations and (B) change in the INS concentration of the whole blood in the oral glucose tolerance test. (C) Long-term plasma blood glucose concentration. (D) Food intake in diabetic rats administered STZ. (E) Pictures of the injected set of mmLbL-INS microcapsules on different days. (F) The change of mmLbL-INS microcapsules in subcutaneous.
mmLbL-INS microspheres control hyperglycemia in diabetic rats
To examine the efficacy of mmLbL-INS microspheres in diabetes treatment, STZ-induced diabetic rats were subcutaneously injected with PBS solution, CaCO3-INS (0.035 mg/ml INS), and mmLbL-INS microspheres (1 mg/ml INS). Figure 5C showed that the mmLbL-INS microspheres could maintain normoglycemia glucose levels in diabetic rats for more than seven feed times (approximately 3 days), after which the levels gradually increased, possibly due to the depletion of the reservoir INS with time. By contrast, the control group (PBS treated) demonstrated elevated BGLs between 230 and 450 mmol/L. As the CaCO3-INS group released INS after dosing (could not release INS response to BGL), the BGL decreased to the normoglycemic level at first, and then increased directly with the depletion of the reservoir INS. Furthermore, the diabetic rats in the mmLbL-INS microspheres treatment group took more fodder, with no mortality (Figure 5D and Supplementary Figure S5). By contrast, diabetic rats in the control and CaCO3-INS groups took less fodder because of diabetic ketoacidosis. Then, in order to maintain the BGL in normoglycemia as normal rats, the diabetes should administrate mmLbL-INS microspheres every 3 days.
To further investigate the in vivo biocompatibility and degradability of the mmLbL-INS microspheres, the sizes of skin protrusion caused by the subcutaneous injection were monitored over time (Figure 5E). The average lump size in the injection sites of rats treated with mmLbL-INS microspheres rapidly decreased in 1 h, as the tissue absorbed moisture into the mmLbL-INS microspheres. In the following days, the average lump size steadily decreased, suggesting that glucose-mediated degradation was substantially triggered (Supplementary Figure S6). No significant skin protrusion can be found after 10 days maybe due to the clearance of phagocytosis (Figure 5F).
Biosafety of mmLbL-INS microspheres
The mmLbL-INS microspheres showed satisfactory biocompatibility in vitro (Supplementary Figure S7). A complete blood analysis was performed after injection for 48 h, all parameters of the treated group were normal (Figure 6A). No inflammation was found around the injection site and no pathologic changes were noted through hematoxylin and eosin staining (Figure 6B). The liver function markers and the kidney function marker were normal (Figure 6C), suggesting no injury in rats after treatment with the mmLbL-INS microspheres.
[image: Figure 6]FIGURE 6 | Biosafety of the mmLbL-INS microspheres. (A) Hematological parameters after administration of mmLbL-INS microcapsules for 3 days. Red blood cell (RBC), white blood cell (WBC), platelet count (PCT), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC) were chosen. (B) H&E staining of the injected set. Bar = 100 μm. (C) Results of liver function markers, including alkaline phosphatase (ALP), alanine aminotransferase (ALT), and aspartate aminotransferase (AST), the kidney function marker urea nitrogen (BUN), and creatinine (Cr). Ns = not statistically different. (n = 8).
DISCUSSION
Due to the short half-life of INS in vivo, directly providing exogenous insulin may lead to multiple injections with careful dosing (Ling and Chen, 2013). Such widely applied treatment can not realize the on-demand release of insulin, leading to the poor patient compliance, and sometimes hypoglycemia, which probably results in the potential risk of brain damage or death (Alloubani et al., 2018; Kawada, 2018). Developing a “closed-loop” system capable of glucose-activated INS control release behavior was of great significance. In this study, the mmLbL-INS microspheres were stable in physiologically relevant environments. Once the blood sugar level increased, GOx converted a dramatic change in the environmental glucose level to a pH stimulus, and the outer anionic polymer was converted readily back to a cationic polymer through amide hydrolysis. The glucose-activated changes led to changes in the nature of ionic interactions in the multilayers and promoted film disruption. The INS release behavior was accomplished through premixed multiple LbL-INS microspheres with different retention times of INS release.
Various glucose-responsive controlled INS release strategies have been approved to maintain normoglycemia for diabetic patients (Chen et al., 2011; Paez et al., 2013; Li et al., 2015; Llanos et al., 2015; Abebe et al., 2022). An INS reservoir (GOx, CAT, and BSA) and could counter hyperglycemia in diabetic rats over a 1-week period (Chu et al., 2012). A glucose mediated INS delivery (consisting of GOx) presented a long-time diabetes management through an injectable nano-network was reported (Gu et al., 2013). A calcium carbonate templated INS microparticles also was reported for improving the efficiency of INS delivery by inhalation (Schmidt et al., 2014). PAH was chosen as the model polymer in preparation of mesoporous hybrid microcapsules, with high and tunable permeability, good stability and multiple functionalities (Jiafu et al., 2013). Although, great success has been obtained as these INS replacement therapies controlled blood glucose by close-loop release behavior, they showed a slow glucose-responsive rate as the mass transport limitation (Ravaine et al., 2008). There was a lag time of more than 2 h in hyperglycemia, which is not suitable for the practical application (Paez et al., 2013). One of the most critical challenges in diabetes treatment is to design self-regulated INS delivery systems, which could control INS release as soon as possible in response to the change of BGL, just like artificial pancreases. In this study, GOx was assembled with the anionic polymer to construct an ultra-fast glucose-activated anionic polymer. The anionic polymer was regarded stable in physiologically relevant environments and hydrolysis of the charge-shifting anionic polymer under acidic conditions yields a cationic polymer. Based on the LbL assembly of multilayered polyelectrolyte films, with repeat assembly sequences polycation PAH and anionic polymer, we fabricated LbL-INS microspheres with different layers and mixed multiple LbL-INS (mmLbL-INS) microspheres proportionally to control the INS release rate in response to the BGL. The results of the mmLbL-INS microspheres showed that it was glucose-mediated INS release and an enhanced hypoglycemic effect for diabetes care. Once the blood sugar level increased, GOx converted a change in the environmental glucose level to a pH stimulus, and the outer anionic polymer was converted readily back to a cationic polymer through amide hydrolysis upon exposure to acidic environments. The results of in vitro INS release suggested that glucose can modulate the mmLbL-INS microspheres in an ultrafast glucose activated INS control release and pulsatile profile. In vivo studies also validated that this formulation enhanced the hypoglycemic effect in STZ-induced diabetic rats within 2 h of subcutaneous administration. Clinically, patients start on a total daily dose of about 0.5 U/day of INS per kg, and about 30 U of INS is needed daily (adult body weight ∼60 kg). From the results in Figure 2, the INS concentration in mmLbL-INS microspheres could achieve (0.98 mg/ml, roughly corresponding to 28 U/mL). That is to say, a single injection of this mmLbL-INS microspheres into the diabetes patient can maintain the BGL in the normal range about 1 day. To improve the feasibility of clinical application, we could increase the INS content in mmLbL-INS microspheres or increase the injection volume.
In conclusion, this study presented a new glucose-activated mmLbL-INS microsphere INS delivery system as a promising therapeutic strategy in the sustained treatment of hyperglycemia. The LBL assembly of the polyelectrolyte could increase the stability of CaCO3-INS, and glucose responsiveness was realized through the charge-shifting effort in aqueous environments by using GOx, which thus resulted in an increased INS release rate, without compromising the BGL response time. In vivo results showed that mmLbL-INS microspheres could overcome hyperglycemia within 2 h and maintain the baseline glucose level up to 2 days. This glucose-activatable LbL microspheres system can be a promising alternative in diabetes therapy and serve as a powerful tool for constructing a precisely controlled INS release system.
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Hypoxia, as a typical hallmark of the tumour microenvironment (TME), has been verified to exist in most malignancies and greatly hinders the outcome of tumour treatments, including chemotherapy, photodynamic therapy, radiotherapy, and immunotherapy. Various approaches to alleviate tumour hypoxia have been reported. Among them, biomimetic nanomaterial-facilitated tumour oxygenation strategies, based on the engagement of human endogenous proteins, red blood cells, the cell membrane, and catalase, are the most impressive due to their excellent tumour active-targeting ability and superior tumour-selective capability, which, however, have not yet been systematically reviewed. Herein, we are ready to describe the current progress in biomimetic nanomaterial-facilitated tumour oxygenation strategies and corresponding improvements in tumour treatment outputs. In this review, the underlying mechanism behind the superior effect of these biomimetic nanomaterials, compared with other materials, on alleviating the hypoxic TME is highlighted. Additionally, the ongoing problems and potential solutions are also discussed.
Keywords: tumour hypoxia, nanomaterials, biomimetics, tumour microenvironment, tumour treatment
INTRODUCTION
Tumour hypoxia, which is usually characterized mainly by insufficient oxygen supply and caused by the rapid proliferation of tumour cells and incomplete development of the vascular system, has been shown to exist in most solid tumors (Brahimi-Horn et al., 2007; Chu et al., 2017; Huo et al., 2020; Yang et al., 2022a). Moreover, tumour hypoxia, as a typical hallmark of the tumour microenvironment (TME), has been recently proven to be one of the main reasons for cancer treatment failure (Carlson et al., 2011; Bouleftour et al., 2021). The hypoxic TME seriously reduces the sensitivity of tumours to conventional chemotherapy, radiotherapy (RT), and photodynamic therapy (PDT) (Baggiani et al., 2011; Baumann et al., 2016; Ayob and Ramasamy, 2021; Bouleftour et al., 2021; Carvalho et al., 2021). Meanwhile, the hypoxic TME also induces an immunosuppressive TME through four aspects: 1) initiating macrophage polarization from M1-phenotype (anti-tumour) to M2-phenotype (pro-tumour) (Delprat et al., 2020; Lee et al., 2020; Wu et al., 2020); 2) upregulating the expression of immune checkpoint blockades, such as programmed death ligand 1 (PD-L1) and programmed death 1 (PD-1) (Noman et al., 2014; Voron et al., 2015); 3) recruiting the immunosuppressive cells, (M2-phenotype macrophages, regulatory T cells, and myeloid-derived suppressor cells) (Huang et al., 2012; Lindau et al., 2013); and 4) preventing dendritic cells from maturing (Gabrilovich et al., 1996). The hypoxia-associated TME not only interferes with T lymphocyte activation and proliferation but also induces rapid tumour proliferation and metastasis. As such, reversing the hypoxic TME would be an effective strategy for enhancing tumour treatment outcomes.
Some approaches to alleviate tumour hypoxia, such as mitochondrial respiration inhibition, tumour vasculature, and oxygen (O2) delivery, have been extensively reported. While these strategies indeed have the ability to alleviate tumour hypoxia to some extent, they also lead to inescapable side effects on normal tissues due to their nontargeting and nonselectivity toward tumour cells (Zhou et al., 2018; Song et al., 2020; Tang et al., 2020; Liu et al., 2021a; Yang et al., 2022b). Some small molecules were also reported that could effectively carry or generate oxygen in vitro. However, their short blood half-life and poor tumor accessibility greatly limit the tumor oxygenation efficiency in vivo. Recently, biomimetic nanomaterial-facilitated tumour oxygenation strategies have been reported to be capable of making up for the shortcomings of the abovementioned tumour oxygenation strategies (Chen et al., 2019; Feng et al., 2019; Dong et al., 2020; Fang et al., 2021; Chen et al., 2022). For example, when hypoxia regulators (e.g., mitochondrial respiration inhibitors, tumour vasculature antagonists, and O2 carriers) are encased by human endogenous proteins, erythrocytes, red blood membranes, platelet membranes, cancer cell membranes, or exosomes, their tumour accessibility and blood half-life can be greatly improved (Gao et al., 2018; Gao et al., 2020; Gong et al., 2021; Gong et al., 2022). Furthermore, natural catalase (CAT) and nanozymes with CAT-like properties can also overcome the hypoxic TME through the in situ catalytic decomposition of tumour-overexpressed hydrogen peroxide (H2O2) and the in situ generation of O2 (Liang et al., 2017; Ai et al., 2018; Liang et al., 2018; Chang et al., 2019; Liu et al., 2019; Yu et al., 2019).
In this review, we summarize the present advances in biomimetic nanomaterial-empowered tumour oxygenation strategies. These biomimetic nanomaterials integrate multitudinous advantages, such as excellent biocompatibility, prolonged circulation time, immune evasion, and tumour-targeting and tumour-selecting efficacy, which explains the superior effect of these biomimetic nanomaterials on alleviating the hypoxic TME and improving tumour treatment outputs compared with other materials (Kuo et al., 2014; Jiang et al., 2019a; Li et al., 2020a; Li et al., 2021a). In the present review, not only are the merits highlighted, but the ongoing problems and the potential solutions are also discussed and concluded. We hope this review will help researchers better understand the field of tumour hypoxia, which will promote the development of cancer treatment.
HUMAN ENDOGENOUS PROTEIN-FACILITATED TUMOUR OXYGENATION STRATEGIES
Human endogenous proteins, such as haemoglobin (Hb), albumin (HSA), glutathione S-transferase (GST), and bovine serum albumin (BSA), have long been employed to fabricate biomimetic nanomaterials through an eco-friendly biomimetic synthesis technology due to their wonderful biocompatibility, good flexibility, and green synthesis features (Zhang et al., 2012; Yang et al., 2016a; Yang et al., 2017; Zhang and Han, 2018). Recently, human endogenous protein-fabricated biomimetic nanomaterials have also been reported to alleviate tumour hypoxia and improve tumour treatment outcomes (Yang et al., 2016b; Zhao et al., 2017; Yang et al., 2018).
Haemoglobin -based biomimetic nanomaterials
Hb is a special protein that has an iron-containing haem group (Zhao et al., 2016). The iron state of Hb can be transformed from Fe2+ (ferrous) to Fe3+ (ferric) under high O2 pressure (oxidative environment), allowing for efficient O2 binding and transport (Zhu et al., 2019). However, under low O2 pressure (reductive environment), the iron state returns to Fe2+, which is responsible for the rapid O2-unleashing capacity. By virtue of their superior O2-carrying/release capability, Hb-based biomimetic nanomaterials have been applied to tumour oxygenation to boost antitumor therapy. Recently, Zhang’s group designed Hb-mediated biomimetic nanomaterials (Gd@HbCe6-PEG NPs) to overcome the hypoxic TME-limited efficacy of PDT (Figure 1A) (Shi et al., 2020). The paramagnetic O2-evolving Gd@HbCe6-PEG NPs were synthesized through an eco-friendly biomimetic synthesis technology based on Hb’s biological template role. The loading of Ce6 was mainly due to hydrophobic interactions, while the loading of Gd3+ metal ions occurred via the strong affinity of transition metals with the amino acid residues of Hb. PEGylation endowed biomimetic nanomaterials with better biocompatibility and stability. They next assessed the oxygen delivery capability of oxy-Gd@HbCe6-PEG by measuring oxygenated haemoglobin (HbO2) through PA imaging. HbO2, as a positive indicator of tumour oxygenation, displayed an increased signal intensity over time after the i.v. injection of oxy-Gd@HbCe6-PEG NPs (Figure 1B), suggesting that Gd@HbCe6-PEG is an applicable O2 nanocarrier. Diffusion-weighted (DW) imaging in vivo is a powerful technology for measuring the direction and extent of the localized diffusion of water molecules. As a functional magnetic resonance (MR) imaging modality, DW imaging can reflect visible changes in tumour size and morphology. According to Figure 1C, the lowest intensity on the DW imaging map of the lesion areas was shown in the oxy-Gd@HbCe6-PEG NP-rendered PDT group, indicating a noticeable treatment outcome.
[image: Figure 1]FIGURE 1 | (A) A schematic diagram showing the Hb-mediated biomimetic nanomaterials (Gd@HbCe6-PEG NPs) for tumor oxygenation. (B) Representative PA images of the tumor sites after indicated treatments. (C) Representative DW images of the tumor sites after indicated treatments. Reprocessed with permission from ref 52. Copyright 2020, Ivyspring International Publisher.
HSA-based biomimetic nanomaterials
HSA is the protein in human plasma, accounting for approximately 60% of the total plasma protein. Recently, Wu’s group selected HSA as the drug carrier to construct PFTBA@HSA nanoparticles (PFTBA@HSA NPs) (Zhou et al., 2018). The constructed HSA-mediated biomimetic nanomaterials could overcome the platelet-maintained tumour blood barrier and improve oxygen-sensitive antitumor efficacy (Figure 2A). A clot retraction experiment was performed to analyse the effects of PFTBA@HSA NPs on platelet functions. A shrinking amount of released serum that matched the inhibited shrinkage of blood clots was observed after treatment with PFTBA@HSA NPs (Figures 2B,C), suggesting the blocking platelet function of PFTBA@HSA NPs. After effective platelet inhibition by PFTBA@HSA NPs, the tumour vessel barriers were successfully disrupted along with an enhanced tumour vessel permeability (Figure 2D) and a decreased degree of tumour hypoxia (Figure 2E). Eventually, the strong tumour oxygen perfusion assisted by PFTBA@HSA NP treatment amplified ROS production and cell death (Figure 2F).
[image: Figure 2]FIGURE 2 | (A) The scheme showing PFTBA@HSA mediated platelet blocking for improved efficacy of oxygen-sensitive antitumor drugs. (B,C) Quantification of serum weight (B) and clotting weight (C). (D) Representative immunofluorescence images of CD31 staining to depict tumor vessels (scale bar = 50 μm). (E) Representative immunofluorescence images of HIF-1α staining to track the degree of tumor hypoxia. (F) Representative images of H&E staining of the tumor tissues after indicated treatments (scale bar = 100 μm). Statistical significance was calculated by two-tail Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001. Reprocessed with permission from ref 53. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
RED BLOOD CELL-FACILITATED TUMOUR OXYGENATION STRATEGIES
The principal function of red blood cells (RBCs) is delivering oxygen to all tissues in the body, including tumors (Beutler et al., 1977). Inspired by this, some RBC-based strategies to overcome hypoxia have been designed and release oxygen under hypoxic conditions (Tang et al., 2016).
As haemoglobin is bound to oxygen (oxyhemoglobin) and surrounded by the phospholipid bilayer of RBCs, bursting the RBS membranes can release oxygen to overcome hypoxia in the tumour. Due to its high spatial and temporal precision, laser light is a widely studied remote trigger in the drug release process. To achieve better controlled release outcomes, the Food and Drug Administration (FDA)-approved agent indocyanine green (ICG) was used. Based on this, an RBC-based biomimetic nanomaterial (UCNPs@RB@RGD@avidin crosslinked with RBC@ICG@biotin) was fabricated for near-infrared (NIR) II fluorescence bioimaging-guided tumour surgery and tumour oxygenation-boosted PDT (Figure 3A) (Wang et al., 2019). In this RBC-based biomimetic nanomaterial, UCNPs (lanthanide-doped NaGdF4:Yb,Er@NaGdF4 nanocrystals) were synthesized for translating 980 nm laser irradiation into 550 nm luminescence and demonstrated a core-shell nanostructure (Figures 3B,C). Additionally, the SEM and TEM results in Figures 3D,E show that lanthanide-doped NaGdF4:Yb,Er@NaGdF4 nanocrystals were successfully anchored onto the membranes of RBCs without any alteration of the RBC morphology. The in vivo results demonstrate that the RBCp structures could be completely destroyed, and O2 was released immediately and activated by 808 nm laser irradiation for 10 min (Figure 3F). Moreover, the RBCps could also be used in NIR II fluorescence bioimaging-guided liver tumour surgery, as NIR II fluorescence signals can be observed within the liver tumour for 4 h (Figure 3G). The results showed that the modified RBCs could absorb heat and swell, resulting in the burst release of ICG and O2, which could overcome hypoxia in tumours and amplify PDT output.
[image: Figure 3]FIGURE 3 | (A) The scheme showing the fabrication of RBCp and the application for NIR II fluorescence bioimaging-guided tumor surgery and PDT. (B,C) TEM images of NaGdF4:Yb, Er (B) and NaGdF4:Yb,Er@NaGdF4 (C). (D,E) SEM images of RBC-based multimodal probes attached without UCNPs (D) and with UCNPs (E). (F) Representative PA images of tumors after indicated treatments. (G) NIR II fluorescence bioimaging of the tumor-bearing mice after the i.v. injection of RBCp. Reprocessed with permission from ref 56. Copyright 2019, Ivyspring International Publisher.
Antiangiogenic drugs (such as Endo) have been demonstrated to be able to alter the oxygenation status of a tumour, but most of them fail to acquire satisfactory clinical therapeutic effects, mainly due to their unstoppable degradation and unstable features in vivo (Ding et al., 2014; Li et al., 2018). To solve this problem, Xia et al. recently reported a RBC-based biomimetic nanomaterial (Endo@GOx-ER), in which GOx served as a glucose-activated switch for responding to glucose and releasing Endo (Figure 4A) (Huang et al., 2020). Under hyperglycaemia, the accumulation of H2O2 (the product of GOx-catalysed glucose oxidation) would promote pore formation on RBCms. In normoglycaemia, the Endo release would be suppressed as the pore closed, thus contributing to a pulsatile release manner and sustained high plasma levels (Figures 4B–E). According to the immunofluorescence analysis of tumour sections stained with CD31 and HIF-1α as well as the representative PA images and micro-PET scanning images, it was obvious that Endo@GOx-ER treatment resulted in vascular normalization and accomplished long-term tumour hypoxia relief (Figures 4F–I). When Endo@GOx-ER treatment was combined with RT, persistent tumour regression and higher survival were obtained (Figures 4J,K), suggesting that this RBC-based biomimetic nanomaterial has clinical potential in overcoming tumour hypoxia-limited RT.
[image: Figure 4]FIGURE 4 | (A) The scheme showing the synthesis of Endo@GOx-ER. (B,C) The scheme displaying glucose-mediated release of Endo from Endo@GOx-ER. (D) The scheme representing the released Endo is capable of promoting tumor vascular normalization, reversing tumor hypoxia, and improving therapeutic outcomes of RT. (E) Confocal images demonstrating the encasement of Endo by biotin-GOx. The scale bar is 5 μm. (F) Immunofluorescence analysis of tumor sections stained with CD31 and HIF-1α. The scale bar is 100 μm. (G) Representative PA images showing the ratio of oxygenated hemoglobin to deoxygenated hemoglobin in tumors after indicated treatments. (H) Representative micro-PET scan images showing the absorption of 18F-MISO in tumors after indicated treatments. (I) % ID/g of 18F-MISO after indicated treatments. (J,K) Tumor volume (J) and survival number (K) of mice after indicated treatments. Reprocessed with permission from ref 59. Copyright 2020, American Chemical Society.
CELL MEMBRANE-FACILITATED TUMOUR OXYGENATION STRATEGIES
To achieve controlled drug release and overcome tumour hypoxia, bionic functional membranes derived from RBC membranes, platelet membranes, tumour cell membranes, etc., are valid choices (Zhang et al., 2018; Zhang et al., 2019a; Feng et al., 2019; Li et al., 2020a; Lyu et al., 2021).
Red blood cell membrane-based biomimetic nanomaterials
The possibility of using RBC membranes, termed RBCms, as drug carriers has become popular (Meng et al., 2021). Considering the potential clinical usefulness, RBCms are readily available, cost-effective, and allow scaled up preparation. Their long half-life (approximately 28 days) and low immunogenicity in circulation make them particularly well-suited to serve as a popular coating for chemotherapy drugs (Li et al., 2020a).
As we know RBCs coursing through veins primarily transport oxygen throughout the body, including the tumour. This has inspired the utilization of RBCms as oxygen carriers to overcome both diffusion-limited and perfusion-limited hypoxia (Figure 5) (Jiang et al., 2019b). In detail, a functional iRGD peptide was modified on the RBCms to enhance extravascular and hypoxic region penetration. The graphdiyne oxide (GDYO) nanosheets were loaded into iRGD-RBCm and denoted GDYO@i-RBM (Figure 5A). GDYO@i-RBM showed prolonged blood circulation and enlarged extravascular and hypoxic region penetration because of the functional iRGD peptide. When exposed to irradiation with a 660 nm laser, GDYO nanosheets can evolve sufficient O2 to relieve perfusion-limited hypoxia; at the same time, the hyperthermia effect of GDYO overcomes perfusion-limited hypoxia because of the dilation of vessels and blood perfusion (Figure 5B). After i.v. injection, GDYO@i-RBM synchronously alleviated diffusion- and perfusion-limited hypoxia (Figure 5C) and further enhanced PDT, resulting from the changes in tumour volume and weight and pathological changes (Figures 5E–G). This work sheds new light on RBCm-based biomimetic nanomaterials for overcoming hypoxia.
[image: Figure 5]FIGURE 5 | (A) The Scheme showing the synthetic process of GDYO@i-RBM. (B) The Scheme showing the working principles of GDYO@i-RBM: (C) The Scheme showing the reoxygenation process. (D) Immunofluorescence analysis of tumor sections stained with anti-CD31 antibody and anti-pimonidazole antibody after indicated treatments. (E–G) Photos (E); tumor weight (F) and representative images of H&E staining (G) of the tumor tissues after I–VI treatments (I: PBS-laser; II: PBS + laser; III: GDYO@i-RBM-laser; IV: GDYO@PEG + laser; V: GDYO@RBM + laser; VI: GDYO@i-RBM + laser). Statistical significance was calculated by two-tail Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001. Reprocessed with permission from ref 64. Copyright, 2019 American Chemical Society.
Platelet membrane-based biomimetic nanomaterials
In addition to RBC membranes, platelet membranes have also been utilized to design biomimetic nanomaterials (Hu et al., 2015a; Hu et al., 2015b). These biomimetic nanomaterials retained the surface glycoproteins of platelets as well as the tumour active targeting function (Sarkar et al., 2013; Zhang et al., 2020). In addition, these biomimetic nanomaterials could be activated by tumour cells, leading to size tuning, deep tumour penetration, and better antitumor output (Zuo et al., 2018). In a recent study, Bao and his coworkers fabricated a platelet membrane-based biomimetic nanomaterial by coating core-shell Au@AuPd nanospheres with a platelet membrane (PLT/CANS) for enhanced interstitial brachytherapy (BT) (Figure 6A) (Lyu et al., 2021). TEM and element mapping results showed that the as-prepared CANS had a core-shell spherical structure (Figures 6B–D). Compared to RBC membrane-coated nanoplatforms, PLT-derived membranes not only can effectively evade blood clearance but also have a special tumour targeting ability. From the immunofluorescence analysis of tumour sections stained with TUNEL and HIF-1α, one can see that PLT/CANS treatment could conquer tumour hypoxia (Figure 6E). After the combinational treatment of PLT/CANS and BT, the tumour-bearing mice showed longer survival, stable bodyweight growth, and lower tumour mass (Figures 6F–H). Histological analysis further showed that the combinational treatment of PLT/CANS and BT most effectively induced cellular apoptosis (Figure 6I). Overall, this work showed that platelet membrane-based biomimetic nanomaterials could be a robust and efficient strategy for tumour treatment.
[image: Figure 6]FIGURE 6 | (A) The scheme showing the preparation of PLT/CANS and its application in alleviating tumor hypoxia. (B) TEM image of CANS. (C,D) TEM image (C) and (D) element mapping image of PLT/CANS. (E) Immunofluorescence analysis of tumor sections stained with TUNEL and HIF-1α after indicated treatments (scale bars: 50 μm). (F–H) Survival rates (F); body weights (G) and tumor masses (H) of mice after indicated treatments. (I) H&E staining of tumor slices collected from different groups of mice (scale bars: 50 μm). Reprocessed with permission from ref 62. Copyright 2021, Ivyspring International Publisher.
Cancer cell membrane-based biomimetic nanomaterials
As the study develops in depth, it has been found that the tumour cell membrane has a selective targeting homing ability due to the self-recognition to oncogenic cell lines. As a cancer cell membrane with a negative charge, the positive nanoparticles are easily bound to the tumour cell membrane, resulting in preferential uptake in tumors (Zhang et al., 2019b; Fang et al., 2021). Zhao et al. developed a biomimetic nanoplatform based on homologous tumour cell membranes with homologous targeting and low phototoxicity (Figure 7A) (An et al., 2020). Cancer cell membrane-based biomimetic nanomaterials (GCZ@M) were formed by the encapsulation of GSNO/Ce6@ZIF-8 by the cancer cell membrane. The in vivo results revealed that GCZ@M could accumulate in tumours with the help of the homologous tumour cell membrane. The encapsulated drug that accumulates in tumours could be sustainably released, triggered by pH and ultrasound. Then, the therapeutic effect of sonodynamic therapy could be improved by the effect of overcoming hypoxia in tumours through the use of ultrasound and the therapeutic properties of GCZ (Figure 7B). As tumours have a dense stroma, GCZ@M showed a uniform size and good dispersion, while the cancer cell membrane was a thin film, which did not reduce the inherent size advantage of the nanoparticles (Figures 7C,D). Immunofluorescence analysis of tumour sections after GCZ@M treatment revealed that the NO and ROS produced by US could relieve tumour hypoxia, while the photographs of tumour-bearing mice after GCZ@M treatment exhibited an excellent therapeutic outcome (Figures 7E,F).
[image: Figure 7]FIGURE 7 | (A) Schematic illustration of the synthesis process of GCZ@M. (B) Schematic illustration of the tumor therapy principle. (C,D) TEM and magnification images (inset) of GCZ (C) and GCZ@M (D). (E) Immunofluorescence analysis of tumor sections after indicated treatments. (F) Photos of tumor-bearing mice after indicated treatments. Reprocessed with permission from ref 71. Copyright 2019, Elsevier Ltd. All rights reserved.
CATALASE-FACILITATED TUMOUR OXYGENATION STRATEGIES
Hydrogen peroxide (H2O2) is overexpressed in the TME (Han et al., 2019; Li et al., 2020b). The overexpressed H2O2 can be catalysed into O2 by the natural catalase (CAT) or CAT-like nanozymes (Wang et al., 2020). The in situ generated O2 in tumour sites can be taken advantage of to overcome hypoxia-confined poor tumour treatment outcomes.
Catalase -based biomimetic nanomaterials
As a natural antioxidant enzyme, CAT suffers from limited retention in tumour sites, leading to the limited generation of O2 in deep hypoxic areas (Ansar et al., 2020; Li et al., 2020c). To address this problem, a series of CAT-based biomimetic nanomaterials was developed (Yen et al., 2019). Meng et al reported Ce6-CAT/RPNPs/PEGDA biomimetic nanomaterials (Meng et al., 2019). As a light-induced in situ hybrid hydrogel system, Ce6-CAT/RPNPs/PEGDA realized sustained tumour hypoxia modulation to facilitate both PDT and immunotherapy (Figure 8A). Immunofluorescence staining with pimonidazole as the hypoxyprobe was conducted to track the tumour hypoxia states. While the decomposition of H2O2 by CAT could generate O2 in the TME, the poor retention ability of Ce6-CAT alleviated the tumour hypoxia status at the initial state, but it was recovered within 48 h after PDT treatment. In contrast, after light irradiation, the Ce6-CAT/PEGDA group showed a striking reduction in the degree of hypoxia over a period of 96 h, indicating that the retention of CAT could realize persistent tumour hypoxia relief (Figure 8B). With the sustained modulation of the hypoxic TME as well as the additional engagement of α-CTLA4 checkpoint blockade, the survival time was significantly prolonged (Figure 8C). Additionally, after combinational treatment with Ce6-CAT/RPNPs/PEGDA and α-CTLA4 checkpoint blockade, the antitumor immunotherapeutic responses were also strengthened (Figures 8D–F), as reflected by the increased populations of CD8+ CTLs (cytotoxic T lymphocytes) and the decreased populations of Treg cells (a kind of immunosuppressive cell). TNF-α and IFN-γ, two major indicators related to antitumor immune responses, were also detected in sera after different treatments. The TNF-α and IFN-γ concentrations were both significantly increased in the RPNPs/Ce6-CAT/PEGDA group, which is useful for effectively preventing tumour recurrence (Figures 8G,H).
[image: Figure 8]FIGURE 8 | (A) Schematic illustration of the light-triggered fabrication of Ce6-CAT/PEGDA hydrogel in tumor sites. (B) Immunofluorescence analysis of tumor sections stained with anti-pimonidazole antibody (yellow) and anti-CD31 antibody (red). TUNEL (C) Morbidity free survival of the tumor-bearing mice after indicated treatments (n = 7). (D–F) Proportions of tumor-infiltrating CD8+ CTLs (D); Treg cells (E) and CD8+ CTLs/Treg cells (F) after indicated treatments (n = 3). (G) The secretion of IFN-γ from restimulated splenocytes by the addition of the dead cell (antigen) in vitro (n = 3). (H) Serous cytokine (TNF-ɑ, IFN-γ) levels after indicated treatments (n = 4). Statistical analysis was performed via one-way ANOVA using the Tukey post-test. p < 0.05; **, p < 0.01; ***, p < 0.001. Reprocessed with permission from ref 78. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
Catalase -like nanozyme-based biomimetic nanomaterials
CAT-like nanozymes are nanomaterials that possess CAT-like catalytic activity and enable the decomposition of H2O2 into O2 (Gordijo et al., 2015; Lin et al., 2018). Recently, Qin and coworkers tailor made hollow Ru@CeO2 (a type of CAT-like nanozyme)-based biomimetic nanomaterial (Ru@CeO2-RBT/Res-DPEG) to alleviate tumour hypoxia and inhibit tumour metastasis and recurrence (Zhu et al., 2020). TEM images showed that the as-obtained Ru@CeO2 has a uniform spherical core-shell structure with an average size of ∼70 nm (Figure 9A). Meanwhile, the high-resolution TEM images showed that the lattice fringes with a spacing of 0.314 nm perfectly matched the (111) plane of CeO2, indicating that the 3-6 nm interpenetrating CeO2 nanocrystals composed the mesoporous shell of Ru@CeO2 (Figure 9B). In addition, SEM images showed that Ru@CeO2 had a roughly spherical morphology (Figure 9C), and STEM-EDX elemental mapping confirmed that Ru (red) was the core component of Ru@CeO2, while Ce (purple) and O (yellow) were the shell components of Ru@CeO2 (Figure 9D). Subsequently, Ru@CeO2 was coated with RBT/Res-DPEG to improve the biocompatibility, reduce protein adsorption, and prolong the blood circulation time. Since Ru@CeO2-RBT/Res-DPEG has the ability to effectively deplete H2O2 in the TME to generate O2 and alleviate tumour hypoxia, Ru@CeO2-RBT/Res-DPEG exerted a dramatic antitumor effect, as verified by more than half area of cell apoptosis (Figure 9E), serious cell necrosis and inhibited cell proliferative activity (Figure 9F).
[image: Figure 9]FIGURE 9 | (A–D) TEM images (A); HTEM images (B); SEM images (C) and STEM-EDX elemental mapping images of Ru@CeO2 YSNs. (E) Immunofluorescence analysis of tumor sections stained with TUNEL and CD31. (F) H&E and Ki-67co-staining of tumor slices collected from different groups of mice. Reprocessed with permission from ref 81. Copyright 2020 Elsevier Ltd. All rights reserved.
CONCLUSION AND OUTLOOK
Herein, we have summarized the latest progress in biomimetic nanomaterial-driven tumour oxygenation strategies. We depicted in detail the multiple merits of these biomimetic nanomaterials, including immune evasion, prolongation of the circulation time, enhanced biocompatibility, and wonderful tumour-targeting and tumour-selecting efficacy. In light of these multiple merits, the biomimetic nanomaterials exerted superior effects on alleviating the hypoxic TME and improving tumour treatment outputs relative to other materials (Li et al., 2021b; Gowda et al., 2022; Li et al., 2022).
Although the current biomimetic nanomaterial-driven tumour oxygenation strategies have remarkably surmounted hypoxia-associated resistance in tumour treatment, there are still some ongoing challenges that should be solved before these strategies can be applied to clinical cancer treatment.
(1) In human endogenous protein-facilitated tumour oxygenation strategies, the protein structure may be altered due to covalent or noncovalent modifications and the application of organic solvents. Additionally, the release of the delivery systems from the human endogenous protein is also a challenge (Yang et al., 2020).
(2) In red blood cell-facilitated tumour oxygenation strategies, the limited proliferative ability of red blood cells extremely confines the mass production of red blood cell-based biomimetic nanomaterials and thus cannot meet clinical needs (Tang et al., 2016).
(3) In cell membrane-facilitated tumour oxygenation strategies, the cell membrane has difficulty completely covering the surface of nanomaterials and is easily detached from the surface of nanomaterials due to the lack of covalent bond constraints, thus limiting clinical applications (Liu et al., 2021b).
(4) In catalase-facilitated tumour oxygenation strategies, the intratumourally endogenous H2O2 amount is limited, which greatly restricts the ability of biomimetic nanomaterials to generate sufficient in situ O2 (Song et al., 2018).
We envision that the ongoing challenges will be solved in the future and that biomimetic nanomaterial-empowered tumour oxygenation strategies will promote the development of cancer treatment in the clinic.
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Osteoporosis is a common bone and metabolic disease that is characterized by bone density loss and microstructural degeneration. Human bone marrow-derived mesenchymal stem cells (hMSCs) are multipotent progenitor cells with the potential to differentiate into various cell types, including osteoblasts, chondrocytes, and adipocytes, which have been utilized extensively in the field of bone tissue engineering and cell-based therapy. Although fluid shear stress plays an important role in bone osteogenic differentiation, the cellular and molecular mechanisms underlying this effect remain poorly understood. Here, a locked nucleic acid (LNA)/DNA nanobiosensor was exploited to monitor mRNA gene expression of hMSCs that were exposed to physiologically relevant fluid shear stress to examine the regulatory role of Notch signaling during osteogenic differentiation. First, the effects of fluid shear stress on cell viability, proliferation, morphology, and osteogenic differentiation were investigated and compared. Our results showed shear stress modulates hMSCs morphology and osteogenic differentiation depending on the applied shear and duration. By incorporating this LNA/DNA nanobiosensor and alkaline phosphatase (ALP) staining, we further investigated the role of Notch signaling in regulating osteogenic differentiation. Pharmacological treatment is applied to disrupt Notch signaling to investigate the mechanisms that govern shear stress induced osteogenic differentiation. Our experimental results provide convincing evidence supporting that physiologically relevant shear stress regulates osteogenic differentiation through Notch signaling. Inhibition of Notch signaling mediates the effects of shear stress on osteogenic differentiation, with reduced ALP enzyme activity and decreased Dll4 mRNA expression. In conclusion, our results will add new information concerning osteogenic differentiation of hMSCs under shear stress and the regulatory role of Notch signaling. Further studies may elucidate the mechanisms underlying the mechanosensitive role of Notch signaling in stem cell differentiation.
Keywords: osteogenic differentiation, mesenchymal stem cells, notch signaling, shear stress, LNA/DNA nanobiosensor, single cell gene expression, Dll4 mRNA expression
INTRODUCTION
Osteoporosis is a systemic metabolic bone disease characterized by reduced bone formation in the bone marrow space, which leads to bone mass loss and microstructural degeneration (Raisz, 2005). In the United States, it is estimated that ∼ 10 million people have osteoporosis and more than 34 million are at risk (Weycker et al., 2016). It is also estimated that osteoporosis causes more than 9 million fractures annually worldwide. In recent years, the cost of treating osteoporosis is increasing due to the increased aged population and space travel, causing challenges to public health care. In space, the reason for developing osteoporosis is mainly related to low (micro-to zero-) gravity conditions, with possible contributions of cosmic ray radiation (Gambacurta et al., 2019). For example, bone density loss occurs in the weightless environment of space due to the lack of gravity force. Thus, the bone no longer needs to support the body against gravity. Astronauts lose about 1%–2% of their bone mineral density every month during space travel. Osteoporosis is one of the major consequences of long-duration spaceflights in astronauts, seriously undermining their health (Cappellesso et al., 2015). Currently, the autologous bone graft is the “gold standard” approach to restoring large bone defects with bone loss, where a piece of bone is taken from another body site, and transplanted into the defect (Pape et al., 2010). However, the availability of donated bone and the necessity of an invasive and expensive surgery limited its application. Another approach to treat osteoporosis is to stimulate osteogenesis or inhibit bone resorption through drug-based agents, i.e., bisphosphonates (Jiang et al., 2021). However, drug-based agents are limited due to their side effects and lack of capability of regaining the lost bone density. Thus, there is an urgent need for alternative therapeutic approaches for osteoporosis, especially therapies that are able to counteract bone mass loss, which is crucial for aged populations and astronauts that are needed for prolonged space missions.
Human bone marrow-derived mesenchymal stem cells (hMSCs) are ideal candidates for cell-based therapies for bone tissue engineering and regenerative medicine due to their multipotency. Under mechanical or chemical stimulation, hMSCs can be induced to differentiate into various lineages, including osteoblasts (bone), neuroblasts (neural tissue), adipoblasts (fat), myoblasts (muscle), and chondroblasts (cartilage) (Han et al., 2019). Moreover, the fate commitment and differentiation of hMSCs is closely controlled by the local mechanical and chemical environment that maintains a balance between osteogenic differentiation and adipogenic differentiation. Reduced osteogenic differentiation and increased adipogenic differentiation might lead to osteoporosis. Although the differentiation capacity of hMSCs has been demonstrated, the mechanisms that control their plasticity remain poorly understood, especially how hMSCs can be differentiated into osteoblasts and make bones. It is believed that mechanical stimulation impacts hMSCs osteogenic differentiation. Over the last few decades, unremitting efforts have been devoted to understanding biochemical signals that regulate hMSCs commitment. Based on these efforts, a number of chemical stimuli (e.g., small bioactive molecules, growth factors, and genetic regulators) have been identified in regulating hMSCs lineage commitment, including bone morphogenetic protein (BMP), Wnt, and Notch signaling (Guilak et al., 2009; Wang Y.-K. et al., 2012; Heo et al., 2016). Since the last decade, the effects of physical/mechanical cues of the microenvironment on hMSCs fate determination have been investigated extensively. For instance, several studies provide evidence that mechanical cues, including shear, stiffness and topography, and electrical stimulation, and acoustic tweezing cytometry (ATC) (Xue et al., 2016; Xue et al., 2017), both direct and indirect, play important roles in regulating stem cell fate. Moreover, it had been shown that extracellular matrix (ECM) and topography enhance hMSCs osteogenic differentiation by cellular tension and mechanotransduction of Yes-associated protein (YAP) activity (Assunção et al., 2020; Yang et al., 2020; Kashani et al., 2021; Saghati et al., 2021). Although these studies have made significant progress in understanding the stimuli that regulates hMSCs differentiation, the fundamental mechanism of osteogenic differentiation remains uncharacterized. Particularly, the interaction of biophysical factors and biochemical signals is obscure. Thus, understanding the interaction of biophysical and chemical signals in osteogenic differentiation may provide new insights to improve our techniques in cell-based therapies and organ repair.
Osteogenic differentiation is a dynamic process and involves several significant signaling pathways, including YAP/TAZ (transcriptional coactivator with PDZ-binding motif), Notch, and RhoA signaling (Karystinou et al., 2015; Lorthongpanich et al., 2019). It has been shown that fluid shear force, including that encountered in microgravity models, regulates in vitro osteogenic differentiation of mesenchymal stem cells (MSCs) (Navran, 2008; Weber et al., 2012; Kim et al., 2014; Qin et al., 2019). For example, it has been shown that physiologically relevant fluid-induced shear stress of 3–9 dynes/cm2 could be conducive to cell conditioning, and assist in promoting genes (Sacks and Yoganathan, 2008; Williams et al., 2017; Gonzalez et al., 2020). It is also reported that hMSCs were able to differentiate into endothelial cells and activate interstitial cells deeper when exposed to physiologically relevant steady fluid-induced shear stress (4–5 dynes/cm2) (Rath et al., 2015). Although current studies revealed shear stress could enhance osteogenic differentiation, the involvement of Notch signaling in shear stress induced osteogenesis is not clear due to a lack of effective tools to detect and monitor the gene expression in live cells. Current approaches for gene detection are limited due to the requirements of physical isolation of cells or fixation, where the spatial and temporal gene expression information is missing. For example, RNA in situ hybridization and single cell transcriptomics are limited to fixed cells (Wang F. et al., 2012). Although fluorescent protein tagging techniques are able to track dynamic gene expression in live cells, it is limited by transfection efficiency and the requirements of genetic modification to express engineered transcripts (Yu et al., 2006). Thus, dynamic monitoring of gene expression in live cells at the single cell level will reveal the fundamental regulatory mechanism of cells during dynamic biological processes, which will eventually open opportunities to develop novel approaches for tissue engineering and regenerative medicine.
Here, we exploited a double-stranded locked nucleic acid/DNA (LNA/DNA) nanobiosensor to elucidate the regulatory role of Notch signaling during osteogenic differentiation of hMSCs that were exposed to physiologically relevant shear stress (3–7 dynes/cm2). The effects of fluid shear stress on hMSCs proliferation and osteogenic differentiation were first investigated and compared under different levels of fluid shear stress. The phenotypic behaviors, including cell morphology, proliferation, and differentiation, were compared and characterized. We further detected Notch 1 ligand Delta-like 4 (Dll4) gene expression by incorporating this LNA/DNA nanobiosensor with hMSCs imaging during osteogenic differentiation. Finally, we examined the role of Notch signaling in regulating osteogenic differentiation of hMSCs that are under shear stress. Pharmacological administration is applied to disrupt Notch signaling to investigate the cellular and molecular mechanisms that govern osteogenic differentiation. Our experimental results provide convincing evidence supporting that physiologically relevant shear stress regulates osteogenic differentiation through Notch signaling. Inhibition of Notch signaling will mediate the effects of shear stress on osteogenic differentiation, with reduced alkaline phosphatase (ALP) enzyme activity and decreased Dll4 mRNA expression. In conclusion, our results will add new information concerning osteogenic differentiation of hMSCs under shear stress and the involvement of Notch signaling. Further studies may elucidate the mechanisms underlying the mechanosensitive role of Notch signaling in stem cell differentiation.
MATERIALS AND METHODS
Cell culture and reagents
hMSCs were acquired from Lonza, which were isolated from normal (non-diabetic) adult human bone marrow withdrawn from bilateral punctures of the posterior iliac crests of normal volunteers. hMSCs were cultured in mesenchymal stem cell basal medium MSCBM (Catalog #: PT-3238, Lonza) with GA-1000, L-glutamine, and mesenchymal cell growth factors (Catalog #: PT-4105, Lonza). Cells were cultured in a tissue culture dish at 37°C and 5% CO2 in a humidified incubator. Cells were maintained regularly with medium change every 3 days and passaged using 0.25% EDTA-Trypsin (Invitrogen). hMSCs from passage 2-7 were used in the experiments. For osteogenic induction studies, hMSCs were seeded at a concentration of 400 cells/mm2 with a volume of 500 μL basal medium in 24 well-plates. Once the cells reach 80% confluency, for the control group, cells were maintained in basal medium. For induction group, the basal medium was replaced with osteogenic differentiation medium (Catalog #: PT-3002, Lonza). Osteogenic differentiation medium was changed every 2 days. For studying Notch signaling, hMSCs were treated with 20 μM γ-secretase inhibitor DAPT (Sigma Aldrich) after osteogenic induction. It is noted that DAPT treatment was performed daily. Images were taken after 3 and 5 days of osteogenic induction, respectively.
Design of LNA probe
An LNA detecting probe is a 20-base pair nucleotide sequence with alternating LNA/DNA monomers that is complementary to target mRNA sequence with a 100% match. For target mRNA detection, a fluorophore (6-FAM) was labeled at the 5′ end of the LNA probe for fluorescence detection. The design process of the LNA probe for mRNA detection was reported previously. (Wang et al., 2015; Wang et al., 2018b; Wang et al., 2019; Zhao et al., 2022) Briefly, the target mRNA sequence was first acquired from GeneBank. A 20-base pair nucleotide sequence was selected and optimized using mFold server and NCBI Basic Local Alignment Search Tool (BLAST) database. A quencher probe is a 10-base pair nucleotide sequence with LNA/DNA monomers that is complementary to the 5′ end of the LNA detecting probe. An Iowa Black RQ fluorophore was labeled at the 3′ end of the quencher probe. The Dll4 LNA detecting probe was designed based on target mRNA sequences (5′-3′: +AA +GG +GC +AG +TT +GG +AG +AG +GG +TT). The LNA detecting probe and quencher sequence were synthesized by Integrated DNA Technologies Inc. (IDT).
Preparation of double-stranded LNA probe
To prepare the LNA/DNA nanobiosensor, the LNA detecting probe and quencher probe were initially prepared in 1x Tris EDTA buffer (pH = 8.0) at a concentration of 100 nM. The LNA probe and quencher were mixed at the ratio of 1:2 and incubated at 95°C in a dry water bath for 5 min and cooled down to room temperature over the course of 2 h. Once cooled down, the prepared LNA probe and quencher mixer can be stored in a refrigerator for up to 7 days. For mRNA detection, the prepared double-stranded LNA/DNA probe was then transfected into hMSCs using Lipofectamine 2000 following manufacturers’ instructions. mRNA gene expression can thus be evaluated by measuring the fluorescence intensity of hMSCs transfected with LNA/DNA probes.
Simulation of orbital shear stress
hMSCs were exposed to 30/60 RPM orbital shear stress using a low-speed orbital shaker (Corning LSE, 6780-FP, orbit, 1.9 cm, speed range, 3–60 rpm). The orbital shear was applied to hMSCs after osteogenic induction for 6 h per day or continuously for a total of 3 and 5 days. The orbital shaker was placed inside the incubator to maintain cell environment. The orbital shear stress was calculated using the following equation:
[image: image]
Where [image: image] is near-maximal shear stress, a is the orbital radius of rotation, [image: image] is the density of cell culture medium, [image: image] is the dynamic viscosity of the medium, [image: image] is the angular velocity and [image: image]. [image: image] is the frequency of rotation (revolution per second).
Cell proliferation and viability
To evaluate the effects of applied orbital shear stress on hMSCs proliferation and viability, a cell proliferation and viability reagent (Cell Counting kit-8, cck-8 assay, Sigma Aldrich) was utilized following the manufacturers’ instructions. First, hMSCs were seeded in three flat-bottom 96-well tissue culture well plates with the density of 2000 cells/well with the volume of 100 μl basal culture medium. After 24 h of incubation to allow cell attachment, two 96-well plates were placed on orbital shaker. Out of these two well-plates, one well plate was kept on the orbital shaker to experience continuous orbital shear stress for 3 or 5 days, the other well plates was kept on the orbital shaker for 6 h per day for a duration of 3 or 5 days. The third 96-well plate was kept in static condition in the incubator for comparison. Cell viability was evaluated after 3 or 5 days of applying shear stress. After applying shear, CCK-8 reagents were added to each well and incubated for 4 h. The absorbance of each sample was measured at 450 nm and compared using a fluorescence microplate reader (BioTek, Synergy 2).
Live/dead viability staining
The hMSCs viability after orbital shear was evaluated using live/dead viability assay (ThermoFisher). hMSCs were stained using propidium iodide (PI, 10 μg/ml), a fluorescent agent that binds to DNA by intercalating between the bases with little or no sequence preference. The cell nucleus was stained using Hoechst 33342 for 30 min at the concentration of 20 μM. After staining, hMSCs were washed three times with 1x PBS to remove extra dye. hMSCs were then imaged using Texas Red (535/617 nm) and DAPI (360/460 nm) filters on the ZOE image station.
Staining
To quantify hMSCs osteogenic differentiation, alkaline phosphatase enzyme activities were evaluated and measured by using two ALP staining assays, AP live staining (ThermoFisher) and ALP staining kit (for fixed cells, Sigma-Aldrich). For fixed cells, the staining solution was first prepared by mixing Fast Red Violet solution, Naphthol AS-BI phosphate solution and water at a ratio of 2:1:1. Next, hMSCs were fixed using 4% cold- Paraformaldehyde (PFA) for 2 min which enable the maintenance of the ALP activation. After fixation, the PFA was aspirated without wash. The staining solution was then added to the fixed cells for 15 min under room temperature and protected from light. The cells were then washed three times with 1x PBS, 15 min each time, before taking images. For AP live staining, hMSCs were stained using AP live stain at the concentration of 10X stock solution for 30 min according to manufacturers’ instructions. After staining, hMSCs were washed twice using basal medium. Images were captured after 30 min of staining. For F-actin staining, hMSCs were first fixed with 4% PFA solution for 10 min before being permeabilized and blocked with the PBST solution (PBS + 0.5% Triton + 1% BSA) for 1 h. After wash with 1x PBS three times, hMSCs were incubated with phalloidin (1:30) for 1 h at room temperature. The cells were then washed three times using 1x PBS, before imaging.
Imaging and statistical analysis
Images were captures using ZOE Fluorescent Cell Imager with an integrated digital camera (BIO-RAD) or Nikon TE 2000 with a Retiga R1 monochrome CCD Camera. For comparison, all the images were taken with the same setting, including exposure time and gain. Data collection and imaging analysis were performed using NIH ImageJ software. To quantify Dll4 mRNA and ALP enzyme activity, the mean fluorescence intensity of each cell was measured. The background noise was then subtracted. All the cells were quantified in the same field of view and at least five images for each condition were quantified. All experiments were repeated at least three times and over 100 cells were quantified for each group. Results were analyzed using independent, two-tailed Student t-test in Excel (Microsoft). p < 0.05 was considered statistically significant.
RESULTS
Design LNA/DNA nanobiosensor for mRNA detection
To investigate the involvement of Notch signaling in osteogenic differentiation of hMSCs that were exposed to shear stress, we utilized an LNA/DNA nanobiosensor for mRNA gene expression analysis. The LNA/DNA nanobiosensor is a complex of an LNA detecting probe and a quencher, Figure 1A. The LNA detecting probe is a 20-base pair single stranded oligonucleotide sequence with alternating LNA/DNA monomers, which are designed to be complementary to the target mRNA sequence. The LNA nucleotides are modified DNA nucleotides with higher thermal stability and specificity. A fluorophore (6-FAM (fluorescein)) was labeled at the 5′ end of the LNA detecting probe for mRNA detection. Design, characterization, and optimization of LNA/DNA nanobiosensor have been reported previously (Wang et al., 2015; Zheng et al., 2017; Wang et al., 2018a; Zhao et al., 2022). Briefly, the LNA probe will bind to the quencher spontaneously to form a LNA - quencher complex. Due to their close physical proximity, the fluorophore at the 5′ end of the LNA probe is quenched by quencher due to its quenching ability (Moreira et al., 2005). After it is internalized by cells and in the presence of the target mRNA sequence in the cytoplasm, the LNA probe is thermodynamically displaced from the quencher and binds to specific target mRNA sequences, which permits the fluorophore to reacquire fluorescence signal, Figure 1B. This displacement is due to the larger difference in binding free energy between LNA probe to target mRNA versus LNA probe to quencher. Thus, the fluorescence intensity of individual cells containing LNA/DNA nanobiosensor can serve as a quantitative measurement of the amount of target mRNA in each cell. In this study, hMSCs were transfected with the LNA/DNA nanobiosensor prior to osteogenic induction. The mRNA expression at the single cell level was clearly evident, Figure 1C.
[image: Figure 1]FIGURE 1 | LNA/DNA nanobiosensor for single cell gene expression analysis in living cells. (A) Schematic illustration of LNA/DNA nanobiosensor for mRNA detection. Briefly, the LNA/DNA nanobiosensor is a complex of LNA donor and quencher probe. The fluorophore at the 5′ of LNA donor probe is quenched due to close proximity. In the presence of target mRNA sequence, the LNA donor sequence is displaced from the quencher to bind to the target sequence, allowing the fluorophore to fluorescence. (B) Schematic illustration of cellular endocytic uptake of LNA/DNA nanobiosensor by cells for intracellular gene detection. (C) Representative fluorescence image of Dll4 mRNA expression, ALP expression in hMSCs using LNA/DNA nanobiosensor. Green: Dll4 mRNA; red: ALP; blue: Nuclei. Scale bar: 100 μm. (D) Simulated distribution of orbital shear stress. Yellow labeled rectangles indicate the location of well-plates. The estimated shear stress were in the range of 0.3–0.6 Pa.
Simulation of orbital shear stress and analysis
To evaluate the effects of physiologically relevant shear stress on osteogenic differentiation, the shear stress was estimated using Strokes’ second problem, which concerns a plate oscillating along one axis in the plane of the plate, with a liquid above it. Although the orbital shaker does not produce uniform laminar shear stress on seeded cells, most of the cells were exposed to near-maximum shear that is calculated as: [image: image], where a is the orbital radius of rotation. The density of hMSCs culture medium is ∼1.015 × 103 kg/m3, the dynamic viscosity is 0.958 × 10−4 kg/m.s (Poon, 2022). Since the cells in different wells were placed at different locations on the shaker, the shear stress is slightly different. Thus, we simulated the distribution of the shear stress over the shaker platform. Since the orbital shaker shakes along one axis (y), the shear stress along the y axis is the same. The orbital shear stress was simulated at 30 RPM. The maximum shear stress is approximately 0.7 Pascal (7.1 dyne/cm2), which is on the edge of the shaker. At the center of the shaker, the shear stress is zero. The well-plates with the dimensions of 120 mm × 85 mm were placed on the shaker, labeled in Figure 1D. Thus, the applied shear stress to different wells ranges from 3 dyne/cm2 to 7 dyne/cm2, which are similar to the values reported by others (Dardik et al., 2005; Lim et al., 2014; Iovene et al., 2021) .
Fluid shear stress modulates human bone marrow-derived mesenchymal stem cells proliferation and viability
In order to study the effects of different levels of shear stress on cell proliferation and viability, three groups of experiments were designed and compared: static condition, 6 h shake, and nonstop shake. For static condition, cells were placed in the humidified CO2 incubator without applying shear; for the 6 h shake, cells were applied shear stress for 6 h per day for a total duration of 3 and 5 days; for the nonstop shake group, cells were applied orbital shear stress without a stop for a total of 3 and 5 days. Two different levels of shear stress were investigated: low fluid shear stress and high fluid shear stress. The low fluid shear stress were defined as the shear stress that is physiologically relevant with a range of 1–9 dynes/cm2; while high fluid shear stress is double the magnitude of low fluid shear stress (9–20 dynes/cm2). The cell viability and proliferation were evaluated using live/dead cell assay and cell counting kit (cck-8) assay after 3 and 5 days, respectively. Under low fluid shear stress, the cell viability and proliferation were evaluated and compared. Figure 2A shows the bright field and fluorescent images of hMSCs after 5 days of shear stress under different groups. It is evident that the number of dead cells increased when hMSCs were exposed to continuous shear for 5 days. We further quantified the effects of shear stress on cell viability and proliferation. The cell viability was calculated as: # of live cells per field/# of total cells per field x 100%. After applying shear for 3 days, the cell viability and proliferation of hMSCs under shear stress did not show a significant difference compared to hMSCs in the static condition, left panel of Figures 2B,C. After 5 days, hMSCs under continuous shear stress showed significantly reduced cell viability and proliferation, with a 21.5% decrease in cell viability and a 19.8% decrease in proliferation compared to the cells in the static condition, right panel of Figures 2B,C. It is noted that after applying shear stress for 5 days with 6 h per day, the cell viability and proliferation of hMSCs did not show a significant difference compared to the hMSCs that were in the static condition. Furthermore, we studied the effects of high fluid shear stress (9–20 dynes/cm2) on hMSCs viability and proliferation, Supplementary Figure S1. For the hMSCs that were exposed to high shear stress for 3 days, the cell viability was decreased by 55% for the nonstop shake group. After 5 days of applying shear stress, the number of dead cells in both the 6 h shake and nonstop shake groups increased significantly, Supplementary Figure S1A. Moreover, compared to hMSCs in the static condition, the cell viability was decreased by 14.8% and 19.2%, respectively, Supplementary Figure S1B. The effect of high fluid shear stress on cell proliferation has similar effects, Supplementary Figure S1C. After 5 days of applying shear stress, the absorbance of hMSCs under 6 h shear and continuous shear were significantly decreased by 23.8% and 28.3%, respectively. These results revealed that shear stress modulate cell proliferation and viability is time- and speed-dependent. With high fluid shear stress, the cell viability and proliferation were decreased. With low fluid shear stress, the viability and proliferation was not affected when cells were exposed to periodic shear (6 h shear/day) instead of continuous shear (nonstop shear). In summary, for hMSCs under low fluid shear stress with 6 h per day for 5 days, there is no significant difference in cell viability and proliferation compared to the static condition. Thus, we chose this condition (3–7 dynes/cm2) to avoid the effects of shear stress on cell viability and proliferation for the rest of our studies.
[image: Figure 2]FIGURE 2 | Effects of shear stress on cell viability and proliferation. (A) Representative bright field and fluorescence images of hMSCs after 5 days of culture with the speed of 20 RPM under static, 6 h shake, and nonstop shake conditions, respectively. Static: cells were placed in a CO2 incubator without shear; 6 h shake: cells were placed on the orbital shaker for 6 h per day; nonstop shake: cells were placed on the orbital shaker without stop. Samples were stained with propidium iodide (PI, red), and hoechst 33342 (blue), respectively. Scale bar: 100 μm. (B) Comparison of cell viability of hMSCs after 3 and 5 days of culture under three different conditions, respectively. Cell viability was calculated as: # of live cells per field/total # of cells per field x 100%. Data represents over 500 cells in each group and expressed as mean± s.e.m. (n = 4, ns, not significant, ***, p < 0.001, **, p < 0.01). (C) Comparison of the proliferation of hMSCs cultured in different conditions. Data were acquired using a cck-8 assay and the absorbance at 450 nm was compared. Data are expressed as mean± s.e.m. (n = 4, ns, not significant, ***, p < 0.001, **, p < 0.01).
Low fluid shear stress modulates human bone marrow-derived mesenchymal stem cells morphology
To investigate the impacts of low fluid shear stress on hMSCs morphology, we quantified and compared cell phenotypic behaviors, including cell area, cell length, cell aspect ratio, and cell perimeter with and without shear stress for 3 and 5 days, respectively. Cells subjected to shear stress (6 h per day) were compared to cells that were simply plated into tissue culture plates without shear (Control group). The control group provides a benchmark to account for any effects of exposing the cells to shear stress. For dynamic culture, hMSCs were exposed to shear stress (∼3–7 dyne/cm2) for 3 days or 5 days with 6 h per day. After 3 days or 5 days of static or dynamic incubation, hMSCs were fixed, stained, and analyzed. Figures 3A,B showed the representative bright field and fluorescence images of hMSCs under static conditions (Figure 3A) and hMSCs that were exposed to shear stress (Figure 3B), respectively. We further quantified and compared the cell area, aspect ratio, cell perimeter, and cell length, Figures 3C,D and Supplementary Figures S2A–2B. After 3 days of culture, the cell area, aspect ratio, perimeter, and cell length of hMSCs cultured under shear stress showed a slight increase (a 16.3% increase in cell area, a 14.9% increase in cell aspect ratio, a 18% increase in perimeter, and a 12% increase in cell length) compared to hMSCs cultured in the static condition. However, hMSCs exposed to low fluid shear stress for 5 days showed a 55% increase in cell area, a 72% increase in cell length, a 16% increase in cell aspect ratio, and a 30% increase in cell perimeter, respectively, compared to hMSCs cultured under static conditions, Figures 3C,D and Supplementary Figures S2A–2B. These results indicate that hMSCs are sensitive to low fluid shear stress with significant morphology changes. This finding is consistent with previously reported studies (Asada et al., 2005; Dardik et al., 2005).
[image: Figure 3]FIGURE 3 | Effects of orbital shear stress on hMSCs morphology change. Representative bright field and fluorescence images of hMSCs under static condition (A) and exposed to shear stress (B). The bottom panel showed the enlarged area of a yellow rectangle in the upper panel. hMSCs were exposed to orbital shear for 6 h per day for 5 days. Samples were stained with F-actin (red; by phalloidin), and nuclei (blue; by hoechst 33342), respectively. Scale bar: 100 μm. Quantification of observed cell area (C) and cell aspect ratio (D) of hMSCs after 3 and 5 days of exposure to orbital shear with 6 h per day. Data represent over 100 cells in each group and are expressed as mean± s.e.m. (n = 5, ***, p < 0.001, **, p < 0.01, *, p < 0.05).
Low fluid shear stress promotes osteogenic differentiation
We further elucidated the effects of low fluid shear stress on osteogenic differentiation by applying shear with the estimated shear stress of 3–7 dyne/cm2. Briefly, hMSCs were initially seeded in two well plates and cultured in the basal medium under static condition. Once the cells reached 70–80% confluency, osteogenic induction was performed and one well plate was placed on top of the orbital shaker, while the other plate was placed in the static condition without exposure to shear. After 5 days of osteogenic induction and shaking, osteogenic differentiation was evaluated and compared by measuring ALP enzyme activity, a reliable biochemical marker for early osteogenic differentiation (Reible et al., 2017). The ALP enzyme activities of hMSCs were imaged, quantified, and compared after 5 days of osteogenic induction for both groups. F-actin and nucleus were also stained for better identification of each cell. Figures 4A,B showed representative bright field and fluorescence images of hMSCs under static condition and shear stress, respectively. It is also noted that actin cytoskeleton is under remodeling when hMSCs are cultured in osteogenic induction medium. Undifferentiated hMSCs showed parallel actin filaments traversing the entire length of the spindle shaped cells and remained unaltered, as seen in Supplementary Figures S3A–3B. However, under osteogenic induction, hMSCs underwent significant actin cytoskeleton remodeling accompanied by the formation of actin bundles framing the angular cell body with abundant stress fibers and increased actin polymerization. Under shear stress, actin cytoskeleton showed significant modification when hMSCs were induced for osteogenic differentiation, Supplementary Figures S3C–3D. The results showed that without osteogenic induction, there is a minimum green fluorescence signal, which indicates minimum ALP enzyme activity. With osteogenic induction, ALP enzyme activity was significantly increased in hMSCs under static condition and shear stress. We further quantified and compared ALP activity by measuring the mean green fluorescence intensity of ALP stained hMSCs. The fluorescence intensity was normalized for better comparison. Under the static condition, the ALP activity of hMSCs cultured in osteogenic induction medium increased by 1.8 folds compared to hMSCs cultured in basal medium. Under low fluid shear stress, the ALP activity was increased by 2.1 folds. Moreover, compared to the static condition, hMSCs exposed to shear stress showed a 15% increase ((ALP intensity of hMSCs with shear–ALP intensity of hMSCs without shear)/ALP intensity of hMSCs without shear) of ALP activity after osteogenic induction, Figure 4C. We further quantified the differentiation percentage of hMSCs with and without fluid shear stress, which was calculated by the number of ALP labeled cells per field/total number of cells per field. With low fluid shear stress, the hMSCs differentiation percentage increased to 45.51%, compared to 38.02% for hMSCs under the static condition. These results indicate that low fluid shear stress significantly enhanced osteogenic differentiation with increased ALP enzyme activity and osteogenic differentiation rate.
[image: Figure 4]FIGURE 4 | Orbital shear stress enhanced hMSCs osteogenic differentiation. Representative bright field and fluorescence images of hMSCs cultured with basal culture medium and osteogenic induction medium for 5 days under static condition (A), and exposed to shear stress (B), respectively. hMSCs that were exposed to orbital shear stress for 5 days with 6 h per day. Samples were stained with ALP (green; by ALP live stain), F-actin (red; by phalloidin), and nuclei (blue; by hoechst 33342), respectively. Scale bar: 100 μm. (C) Fluorescence intensity of ALP activity of hMSCs with and without shear stress after 5 days of osteogenic induction compared to control group. (D) Osteogenic differentiation percentage with and without shear stress. Data represent over 100 cells in each group and are expressed as mean± s.e.m. (n = 6, ***, p < 0.001, **, p < 0.01).
Notch signaling is involved in shear stress induced osteogenic differentiation
The previous study has shown that Notch signaling is involved during hMSCs osteogenic differentiation, disruption of Notch signaling mediated ALP activity, and osteogenic differentiation efficiency. Our group also recently showed that Dll4 mRNA is a molecular biomarker of osteogenic differentiated hMSCs (Zhao et al., 2022). Inhibition of Notch signaling reduces osteogenic differentiation with decreased ALP enzyme activity. However, it is obscure whether low fluid shear stress regulates osteogenic differentiation of hMSCs through Notch signaling. To better understand the involvement of Notch signaling during osteogenic differentiation, we utilized a pharmacological drug, DAPT, to perturb Notch signaling. DAPT is a γ-secretase inhibitor that blocks Notch endoproteolysis and thus serves as a Notch signaling inhibitor (Hellström et al., 2007). hMSCs were treated with DAPT at a concentration of 20 μM during osteogenic differentiation with or without shear stress to observe potential related effects. A control group was designed without osteogenic induction. The osteogenic differentiation under different treatments was evaluated and compared by measuring the mean red fluorescence intensity to examine osteogenic differentiation efficiency. Figures 5A,B and Supplementary Figures S4A–4B show representative images of hMSCs under static condition and shear stress that were cultures in basal medium, induction medium, and induction medium with the treatment of DAPT, respectively. These results indicate that inhibition of Notch signaling using γ-secretase inhibitor DAPT mediated osteogenic differentiation in both static condition and shear stress. Particularly, under static condition, with the treatment of DAPT, ALP enzyme activity after 5 days of osteogenic induction was decreased by 28.8% (Fluorescent intensity with induction - Fluorescent intensity with DAPT)/Fluorescent intensity with induction). Meanwhile, for the hMSCs exposed to low fluid shear stress, ALP enzyme activity after 5 days of induction was decreased by 18.2% with the treatment of DAPT. Interestingly, DAPT treatment for the hMSCs under shear stress has fewer effects on osteogenic differentiation, indicating low fluid shear stress rescued the inhibition effects of Notch signaling due to pharmaceutical treatment.
[image: Figure 5]FIGURE 5 | Notch signaling in regulating osteogenic differentiation of hMSCs with and without orbital shear stress. (A) Representative images of hMSCs in control, induction, and DAPT treatment groups without (A) and with (B) shear stress. Control: cells were cultured in the basal medium; induction: cells were cultured in osteogenic induction medium after cell seeding; DAPT: cells were treated with DAPT (20 μM) daily after osteogenic induction. Images were taken after 5 days of induction. The bottom images are enlarged areas of hMSCs in the labeled yellow rectangle. Green: Dll4 mRNA expression; red: ALP activity; blue: nucleus. Scale bar: 100 μm. (C) Comparison of ALP activity of hMSCs with and without shear stress under different conditions. (D) Mean fluorescent intensity of Dll4 mRNA expression of hMSCs after 5 days of osteogenic induction under different conditions as indicated. Error bars, s.e.m, with n = 100–150 cells. p-Values were calculated using a two-sample t-test with respect to control. ns, not significant, *, p < 0.05; **, p < 0.01; ***, p < 0.005.
To further investigate the mechanisms of Notch signaling during osteogenic differentiation that were exposed to low fluid shear stress, we examined Notch 1 ligand, Dll4 mRNA expression under static condition and shear stress with basal culture medium, induction medium, and induction medium with DAPT treatment using an LNA/DNA nanobiosensor. Figures 5A,B, Supplementary Figures S5A–S5B, and Supplementary Figure S6 showed representative images of hMSCs under static condition and shear stress with different treatments. Dll4 mRNA expression were quantified and compared by measuring the mean green fluorescent intensity. Under the static condition, hMSCs cultured with osteogenic induction medium show a significant increase in the expression of Dll4 mRNA (∼ 2.26 folds increase). Meanwhile, with the treatment of γ-secretase inhibitor DAPT, a significant decrease of Dll4 mRNA (∼45.6%) was observed compared to the osteogenic induction group, Figure 5D. When exposed to low fluid shear stress, Dll4 mRNA expression of hMSCs under osteogenic induction group was increased 2.72 folds compared to hMSCs that were cultured in basal medium. The treatment of DAPT inhibited osteogenic differentiation by ∼ 50%, Figure 5D. Compared to static condition, Dll4 mRNA expression was increased by 22.8% when hMSCs were cultured in osteogenic induction medium. DAPT treatment mediated the effects of shear stress on osteogenic differentiation, with only ∼16% increase of Dll4 mRNA expression. These results provide evidence that Notch signaling is involved and regulates osteogenic differentiation of hMSCs under low fluid shear stress. Low fluid shear stress upregulates Dll4 mRNA expression of hMSCs that were under osteogenic induction, indicating the involvement of Notch signaling in mechanoregulated osteogenic differentiation. Inhibition of Notch signaling mediated the effects of shear stress induced osteogenic differentiation, with reduced ALP enzyme activity and decreased Dll4 mRNA expression.
DISCUSSIONS
In this study, we investigated the role of Notch signaling in regulating osteogenic differentiation of hMSCs induced by physiologically relevant shear stress using an LNA/DNA nanobiosensor. This LNA/DNA nanobiosensor can be designed in a short sequence (20–25 nts) to monitor gene expression activities, including mRNA, microRNA, and protein, in live cells at the single cell level. Unlike traditional techniques for mRNA detection, this technique is capable of detecting gene expression dynamics in live cells without lysis or fixation. This LNA/DNA nanobiosensor has been utilized to study spatiotemporal mRNA expression dynamics in collective cell migration (Riahi et al., 2015), mice lung cancer (Tao et al., 2014), wounded corneal tissue repair (Wang et al., 2015), and liver tissue (Riahi et al., 2014). Recently, our group utilized this nanobiosensor to monitor Dll4 mRNA expression dynamics in hMSCs during osteogenic differentiation (Zhao et al., 2022). This nanobiosensor has high thermal stability and specificity. Our previous studies showed the fluorescence intensity did not have a significant change as the incubation time increased up to 14 days (Zhao et al., 2022). The specificity of this nanobiosensor was also previously characterized and compared (Zhao et al., 2022). Overall, this nanobiosensor is sensitive, specific, and stable to track Dll4 mRNA expression dynamics during osteogenic differentiation. Furthermore, it is noted that this LNA/DNA nanobiosensor is suitable for other different cell types and tissue environments. Previous studies have showed this nanobiosensor can detect microRNA expression dynamics during 3D collective cancer invasion (Dean et al., 2016). In addition, this nanobiosensor can be applied to track gene expression dynamics during osteogenic differentiation of hMSCs that were exposed to physiologically relevant microenvironment when cells are co-cultured with bone tissue scaffolds. The capability of monitoring gene expression dynamics in 3D physiological relevant microenvironments will open the opportunities to uncover unrecognized features and mechanisms of cell-cell interactions and cell-matrix interactions, which will eventually open opportunities to develop novel tools for tissue engineering and regenerative medicine.
Notch signaling is an evolutionary well-conserved pathway that regulates cell proliferation, cell fate determination, and stem cell differentiation in both embryonic and adult organs (Artavanis-Tsakonas et al., 1999; Mizutani et al., 2007; Nelson et al., 2007; Bjornson et al., 2012). There are four Notch receptors (Notch1-4) and five different Notch ligands (Dll1, Dll3, Dll4, Jag1, and Jag2). In recent years, the role of Notch signaling in osteogenic differentiation has attracted researchers’ interest. Several studies showed that Notch signaling is active during osteogenic differentiation (Bagheri et al., 2018; Wagley et al., 2020). Notch signaling has also been reported to control tip cell formation during angiogenesis and leader cell formation during collective cell migration (Hellström et al., 2007; Riahi et al., 2015). Recently, Xu C et. al. reported that Notch ligand, Dll4, could induce bone formation in male mice without causing adverse effects in other organs (Xu et al., 2022). Notch signaling also plays an important role in controlling osteoblast and osteoclast differentiation and function, and regulates skeletal homeostasis (Yu and Canalis, 2020). Cao et al. reported that Notch receptor Notch1 and Notch ligand Dll1 are involved in osteogenic differentiation (Cao et al., 2017). They observed that Notch1 inhibition reduced ALP activity during BMP-induced osteogenic differentiation of hMSCs in vitro. In contrast, it has been reported that inhibition of Notch signaling promotes adipogenic differentiation of MSCs (Song et al., 2015), indicating that Notch involvement is lineage-dependent during MSCs differentiation. Although numerous studies have demonstrated the involvement of Notch signaling during osteogenic differentiation, it is unclear whether Notch signaling regulates osteogenic differentiation of hMSCs when exposed to physiologically relevant fluid shear stress. Here, we demonstrated that Notch signaling regulates osteogenic differentiation of hMSCs that were exposed to low fluid shear stress. We first examined the effects of shear stress on cell viability and proliferation. Our results showed shear stress regulates hMSCc viability and proliferation is time- and speed-dependent. There were minimum effects when hMSCs were exposed to low fluid shear stress (3–7 dye/cm2) for 6 h per day with a duration of 5 days. We next studied the effects of shear stress on hMSCs morphology and osteogenic differentiation. The results indicate that low fluid shear stress modulates hMSCs morphology and enhances osteogenic differentiation with increased ALP enzyme activity. To elucidate the mechanisms of Notch signaling during osteogenic differentiation, we investigated Dll4 mRNA expression after 5 days of induction. Without shear stress, disruption of Notch signaling using γ-secretase inhibitor DAPT reduced ALP activity and decreased Dll4 mRNA expression. When exposed to shear stress, the effects of Notch inhibition on osteogenic differentiation were partially recovered with enhanced ALP activity and increased Dll4 mRNA expression. Overall, our results suggested that Notch signaling is involved in osteogenic differentiation and Dll4 mRNA expression was increased when hMSCs were exposed to shear stress, indicating the mechanosensitive role of Notch signaling. It is also noted that Notch signaling has been reported mechanosensitive and can be activated through laser tweezer and intercellular tension (Wang et al., 2017). Recently, Jiao et. al. reported that fluid shear stress facilitated osteogenic differentiation of MSCs with enhanced ALP, osteocalcin, and collagen I expression. In addition, nuclear transfer of YAP protein was enhanced after being exposed to fluid shear stress (Jiao et al., 2022). Hu et. al. reported that mechanosensitive ion channel TRPV4 is involved in shear stress induced early osteogenic differentiation of MSCs, inhibition of TRPV4 mitigated shear stress induced early osteogenic differentiation (Hu et al., 2017). Liu et. al. reported that fluid shear stress regulates osteogenic differentiation of MSCs through Transient receptor potential melastatin 7 (TRPM7)-Osterix axis, which is mechanosensitive to shear force of 1.2 Pa (Liu et al., 2015). Furthermore, several studies have shown that MAP kinase and intracellular signaling cascades could be activated by shear stress and induce osteogenic differentiation (Liu et al., 2010; Yourek et al., 2010). Thus, further mechanistic studies, using 2D and 3D models, are required to elucidate the molecular and cellular processes that regulate osteogenic differentiation. Specifically, the fundamental regulatory mechanisms of mechanosensitive role of Notch signaling and its upstream and downstream signaling pathways should be further investigated using loss- and gain-of function experiments. Moreover, upstream mechanical sensor and biochemical stimuli, may orchestrate other signals and transduce into intracellular activation of various pathways that regulate osteogenic differentiation. Thus, the mechanosensitive role of Notch signaling and its crosstalk with biophysical factors during osteogenesis at the molecular, cell, and tissue level should be further elucidated using 2D and 3D models. Understanding the fundamental mechanisms of the osteogenic differentiation of hMSCs induced by fluid shear stress will provide valuable information that can be used for bone tissue engineering. In addition, the elucidation of mechanotransduction of fluid shear stress during osteogenic differentiation of MSCs will open opportunities to uncover unrecognized mechanosensitive genes.
CONCLUSION
In this study, an LNA/DNA nanobiosensor was exploited to detect the Dll4 mRNA gene expression profile during osteogenic differentiation of hMSCs that were exposed to physiologically relevant low fluid shear stress. We first investigated the effects of shear stress on hMSCs phenotypic behaviors including cell morphology, cell proliferation, and viability. Our results showed that high fluid shear will result in decreased cell viability and proliferation, while low fluid shear stress has minimal impacts on cell viability and proliferation. Next, we utilized an LNA/DNA nanobiosensor to monitor Dll4 mRNA expression of hMSCs during osteogenic differentiation, which enables us to identify the regulatory role of Notch signaling. Our results showed that Notch signaling regulates hMSCs osteogenic differentiation. Inhibition of Notch signaling mediates osteogenic differentiation with reduced ALP enzyme activity and Dll4 expression. We further revealed that Notch signaling is involved in shear stress induced osteogenic differentiation. During osteogenic differentiation, Dll4 mRNA expression was increased when hMSCs were exposed to low fluid shear stress, indicating the involvement of Notch signaling in mechanoregulated osteogenic differentiation. Inhibition of Notch signaling mediated the effects of shear stress induced osteogenic differentiation, with reduced ALP enzyme activity and decreased Dll4 mRNA expression. In conclusion, our results provide convincing evidence that Notch signaling regulates shear stress induced osteogenic differentiation, indicating the mechanosensitive role of Notch signaling in osteogenic differentiation. Further studies may elucidate the mechanisms underlying the mechanosensitive role of Notch signaling in regulating stem cell differentiation.
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Magnetic resonance-guided microwave ablation (MRI-guided MWA) is a new, minimally invasive ablation method for cancer. This study sought to analyze the clinical value of MRI-guided MWA in non-small cell lung cancer (NSCLC). We compared the precision, efficiency, and clinical efficacy of treatment in patients who underwent MRI-guided MWA or computed tomography (CT)-guided microwave ablation (CT-guided MWA). Propensity score matching was used on the prospective cohort (MRI-MWA group, n = 45) and the retrospective observational cohort (CT-MWA group, n = 305). To evaluate the advantages and efficacy of MRI-guided MWA, data including the accuracy of needle placement, scan duration, ablation time, total operation time, length of hospital stay, progression-free survival (PFS), and overall survival (OS) were collected and compared between the two groups. The mean number of machine scans required to adjust the needle position was 7.62 ± 1.69 (range 4–12) for the MRI-MWA group and 9.64 ± 2.14 (range 5–16) for the CT-MWA group (p < 0.001). The mean time for antenna placement was comparable between the MRI and CT groups (54.41 ± 12.32 min and 53.03 ± 11.29 min, p = 0.607). The microwave ablation time of the two groups was significantly different (7.62 ± 2.65 min and 9.41 ± 2.86 min, p = 0.017), while the overall procedure time was comparable (91.28 ± 16.69 min vs. 93.41 ± 16.03 min, p = 0.568). The overall complication rate in the MRI-MWA group was significantly lower than in the CT-MWA group (12% vs. 51%, p = 0.185). The median time to progression was longer in the MRI-MWA group than in the CT-MWA group (11 months [95% CI 10.24–11.75] vs. 9 months [95% CI 8.00–9.99], p = 0.0003; hazard ratio 0.3690 [95% CI 0.2159–0.6306]). OS was comparable in both groups (MRI group 26.0 months [95% CI 25.022–26.978] vs. CT group 23.0 months [95% CI 18.646–27.354], p = 0.18). This study provides hitherto-undocumented evidence of the clinical effects of MRI-guided MWA on patients with NSCLC and determines the relative safety and efficiency of MRI- and CT-guided MWA.
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INTRODUCTION
Percutaneous thermal ablation under imaging guidance is a minimally invasive technique used for the palliative treatment of nonoperative patients with non-small cell lung cancer (NSCLC) and pulmonary metastasis (Dupuy, 2011). As a heat-based ablation technique, microwave ablation destroys tissues using an electromagnetic field (typically 50–60 W), and the feasibility and efficacy of this approach have been extensively validated (Goldberg et al., 2000; Vietti Violi et al., 2018). Computed tomography (CT) and ultrasound are the most widely used traditional imaging modalities for ablation guidance. It is widely acknowledged that CT-guided treatment of lung cancer via microwave ablation entails significant limitations, such as inaccurate ablation-needle puncturing and inaccurate assessment of the ablation boundary, which affect its therapeutic efficacy to a certain extent (Lu et al., 2012; An et al., 2022). Magnetic resonance imaging (MRI) has limited value for diagnosing and treating lung diseases due to motion artifacts and low signals (Boiselle et al., 2013; Ciet et al., 2015). Over the years, MRI has gained significant momentum with the emergence of new imaging techniques such as multi-channel MRI, systems with strong gradients, and innovative pulse-train techniques for parallel imaging (Puderbach et al., 2007). MRI brings many advantages, including arbitrary direction imaging and high tissue resolution, and can identify changes in the ablation zone during the entire process of ablation, which is useful for monitoring changes in the ablation region (Li et al., 2017; Shono et al., 2020; Shen et al., 2021). However, few studies have assessed the clinical utility and economic value of MRI-guided MWA. To our knowledge, this is the first study to evaluate the accuracy and applicability of MRI-guided MWA therapy.
MATERIALS AND METHODS
Patients and tumor criteria
This prospective study was approved by the Ethics Committee of Jiangsu Provincial Hospital, affiliated with Nanjing Medical University. All patients included in the study provided written informed consent.
Subjects in this study included a prospective cohort (MRI-MWA group, n = 45) with lung tumors treated with MRI-guided MWA combined with chemotherapy from February 2018 to August 2021 and a retrospective, observational cohort (n = 305) of consecutive patients who underwent CT-guided MWA combined with chemotherapy (CT-MWA group) at our hospital between January 2018 and June 2021. One-to-one propensity score matching (PSM) analysis was performed to remove confounding, selection, and information biases based on the following variables: gender (male/female), age (± 5 years), tumor size (± 4 mm), tumor location (peripheral third of lung, middle third of lung, or inner third of lung), histology, and TNM stage, yielding 39 patients in the MRI-MWA group and 39 patients in the CT-MWA group (Figure1).
[image: Figure 1]FIGURE 1 | Screening process for eligible patients.
For inclusion in the study, patients were required to be adults aged ≥ 18 years; to have a pathological diagnosis of NSCLC, a maximum tumor diameter of 3∼5 cm, and cytopathological or histopathological evidence of stage III or IV NSCLC; and to be patients in good general condition, with performance scores of 0–1 and an absence of significant comorbidities involving the heart, liver, kidney, and other major organs.
The exclusion criteria removed patients who could not tolerate additional surgery due to severe cardiopulmonary comorbidities and those in poor physical condition, such as those with insufficient pulmonary function.
MICROWAVE ABLATION PROTOCOL
MRI scanning program and parameters
The Philips Ingenia TM 3.0T system (Philips Medical Systems, Amsterdam, Netherlands) was used to guide and to monitor the microwave ablation procedures with a 16-channel phased array coil. MRI-guided MWA was performed using an ECO-100A MWA system (ECO Medical Instruments Co., Ltd. Nanjing, China; CFDA Certificated No. 20173251268). Moreover, the cooled-shaft ceramic antenna (ECO-100CI8) was made of nonmagnetic ceramic material. The scanning parameters used are shown in Table 1.
TABLE 1 | Summary of sequence parameters used for imaging.
[image: Table 1]CT scanning program and parameters
All lung microwave ablations were performed using CT fluoroscopic guidance (Somatom Sensation 64; Siemens, Erlangen, Germany) with the following parameters: 5-mm collimation, 30 mAs, 120 kV, and 5-mm section thickness. The microwave system consisted of the ECO-100A MWA delivery system (ECO Medical Instruments Co., Ltd. Nanjing, China; CFDA Certificated No. 20173251268), and the cooled-shaft antenna (ECO-100AI13) was made of composite metal materials.
Ablation procedure
The microwave ablation procedure was performed under aseptic conditions by three interventional radiologists with more than eight years of experience in thoracic intervention, a technician, and two experienced radiologists. Codeine phosphate tablets were used to relieve cough (30 mg per patient). Local anesthesia (1% lidocaine) was provided to ensure patients could tolerate the ablation procedure. Electrophysiological monitoring and pulse oximetry were conducted and recorded throughout the procedure. Power was generally 40–60 W, and the treatment duration was 8–16 min. At the end of treatment, patients were instructed to hold their breath. A 20-W power-track ablation was performed immediately to avoid tumor implantation metastasis. After therapy, MRI/CT scanning was performed to observe the incidence of complications and to evaluate treatment outcomes in order to determine whether additional ablation was needed.
MRI-guided MWA
Multiple cod liver oil capsules were used as skin markers and were placed on the skin surface to determine the needle insertion site under MRI. The T1 and T2 sequences were combined to locate the puncture point and plan the preoperative puncture route. The whole-lung scan was performed on T2WI. Then, a breath-hold T1WI scan of the target region was performed. The microwave antenna has a low signal on the image. During the insertion process, horizontal, coronal, and sagittal MRI scanning was conducted during T1WI/TFE, providing a three-dimensional spatial relationship between the ablation needle and the tumor lesion, especially for irregular lesions. A vascular flow void on T2WI ensured that the puncture-ablation needle could effectively avoid important pulmonary vessels and prevent bleeding complications. T2WI/TSE, T1WI/TFE, and DWI sequences were scanned during MRI-guided ablation, and MWA dynamic intraoperative scans monitored changes in the MRI signals in the ablation foci. On T2WI, a low signal was found in the center of the ablated tumor, and the high signal area of the primary tumor disappeared and was surrounded by hyperemia and edema with a high signal, which was 5–10 mm beyond the primary tumor area, indicating successful ablation (Figure 2–4).
[image: Figure 2]FIGURE 2 | Images of the MRI-guided MWA procedure and follow-up in 59-year-old woman with pulmonary adenocarcinoma in superior lobe of right lung. (A) Skin markers were applied to locate the needle insertion site under magnetic resonance imaging (MRI) guidance. (B) Guided by magnetic-resonance T1WI image, 16G-ablation antenna was punctured to the center of the tumor lesion. (C–E) After two 8-min ablation cycles, we achieved a satisfactory ablation area, which is clearly seen in axial- (C) and sagittal- (D) phase images, and a large area of ground glass covers the entire tumor on the lung window of CT I. (F–I) Computed tomography (CT) images of follow-up. Follow-up CT scans at 3 (F), 6 (G), and 12 (H) months show significantly shrinking, and follow-up CT scan at 21 months (I) showed the tumor had increased in size.
[image: Figure 3]FIGURE 3 | Images of the MRI-guided MWA procedure and follow-up in 69-year-old man with pulmonary adenocarcinoma in inferior lobe of left lung. (A) Tumor lesion seen on MRI immediately prior to MWA. (B) Combined with axial (1) and sagittal (2) MRI scans, the ablation needle reached the tumor site (C,D). By comparing T2WI MRI scan images (C) and lung window CT images (D), we found MRI to be more accurate in the assessment of microwave-ablation boundaries. (E-I) Follow-up CT scans at 3 (E), 6 (F), 12 (G), and 20 (H) months showed no change in the GGO size. At the 26-month follow-up (I), the tumor size was increased.
[image: Figure 4]FIGURE 4 | Images from 72-year-old man with 50 × 36 mm primary pulmonary adenocarcinoma in lower lobe of left lung. (A) Preoperative MRI scan and external puncture site location. (B) Ablation needle puncture reached the center of the lesion. (C,D) Due to the large lesion, a second ablation was performed by adjusting the ablation needle in real time under the sagittal image. (E) T2WI MRI scan immediately after the operation showing the surrounding ring-shaped high-signal thermal-injury response zone completely covered the ablation area with low signal and was well demarcated from the adjacent abdominal aorta. (F–I) Follow-up CT images showing the ablative zone was gradually shrinking at postoperative months 3 (F) 6 (G) 12 (H) and 16 (I).
CT-guided MWA
CT scans were performed to determine the puncture point as well as the angle and depth of the needle. Scans were repeated until the ablation needle reached the center of the tumor. The effect of ablation was evaluated by observing the change in lesion density on CT imaging. After ablation, the tumor lesions showed extensive high density with features such as the “honeycomb sign” and the “bubble sign.”
CHEMOTHERAPY PROTOCOL
Three courses of albumin-bound paclitaxel combined with carboplatin were used after microwave ablation. Albumin-bound paclitaxel was used at a dose of 125 mg/m2 (injected for over 30 min). The drug was administered every three weeks on days 1 and 8. Cisplatin was administered at 75 mg/m2 every 3 weeks on day 1 (injected for over 60 min). The original protocol, when effective, was maintained for three cycles.
POST-ABLATION FOLLOW-UP
A chest X-ray or CT scan was performed after 24–48 h to identify any complications. Conservative treatment was adopted if the patient had developed a small asymptomatic pneumothorax or pleural effusion without significant complications. Follow-up CT was performed at 1-, 3-, 6-, and 12-month intervals after the initial ablation session using a multidetector-row helical CT scanner. Contrast-enhanced chest CT images were used to evaluate outcomes.
OUTCOME EVALUATION AND STATISTICAL ANALYSIS
The primary outcomes were the accuracy of needle positioning and the efficiency and safety of ablation, as guided by the two imaging methods.
The accuracy of ablation-needle puncture was defined as the targeting duration and number of scans required for ablation-needle placement.
The ablation efficiency included the microwave ablation time (min) and overall procedure time (min). The overall procedure time was determined as the time between the patient’s arrival in the CT or MRI room and the time of their departure. In most cases, less than two ablation cycles were required, ranging from 4 to 8 min. Ablation cycle duration depended on lesion size and power output.
Safety was assessed based on the presence of treatment-related complications, defined according to the Society of Interventional Radiology standard (Ahmed et al., 2014). Secondary outcomes consisted of indicators for evaluating curative effects, including the frequency of residual unablated tumors at 1 month after ablation, the median time to local tumor progression (PFS), and overall survival (OS) at 3 years.
Improved criteria from the Response Evaluation Criteria in Solid Tumors guidelines were used to evaluate the local tumor progression of patients at 3 years of follow-up (Watanabe et al., 2006; Nishino et al., 2010).
The variables were analyzed by SPSS 16.0 software. The means and standard deviations were determined for measurement data and were compared using the independent samples t-test or Wilcoxon rank-sum test. The χ2 test or Fisher’s exact test was used to compare categorical variables. The Kaplan–Meier method and log-rank test were applied to compare progression-free survival (PFS) and OS between groups. A p-value less than 0.05 was considered statistically significant.
RESULTS
Seventy-eight patients with lung cancer who underwent microwave ablation were included in this study. Patient demographics at baseline did not differ between the MRI and CT groups (p > 0.05; Table 2).
TABLE 2 | Clinical characteristics of patients undergoing MRI-guided microwave ablation (MRI-MWA group) or CT-guided microwave ablation (CT-MWA group) to treat pulmonary malignancies.
[image: Table 2]There was no difference in the characteristics of the lesions, such as tumor size and depth. The mean number of scans required to adjust needle position was significantly less in the MRI group than in the CT group [7.62 ± 1.69 (range 4–12) vs. 9.64 ± 2.14 (range 5–16), p < 0.001]. The mean duration of antenna placement was comparable between the MRI and CT groups (54.41 ± 12.32 min and 53.03 ± 11.29 min, p = 0.607).
Microwave ablation duration was significantly different between the two groups (7.97 ± 2.311 min and 9.41 ± 2.86 min, p = 0.017).
The overall procedure duration was comparable between the MRI and CT groups (91.28 ± 16.69 min and 93.41 ± 16.03 min, p = 0.568) (Table 3).
TABLE 3 | Comparison of observational data in both study groups.
[image: Table 3]Four major complications related to the ablation procedure were observed within 30 days in the MRI- and CT-MWA groups, including hemoptysis (n = 1 and n = 4, respectively), pleural effusion (n = 3 and n = 4, respectively), pneumothorax (n = 6 and n = 5, respectively), and cavitation of the ablation zone (n = 2 and n = 7, respectively) (Table 4). The overall complication rates were 12% and 51% in the MRI- and CT-MWA groups, respectively (p = 0.185).
TABLE 4 | Complications.
[image: Table 4]The median time to progression was significantly longer in the MRI-MWA group than in the CT-MWA group (11 months [95% CI 10.24–11.75] vs. 9 months [95% CI 8.00–9.99], p = 0.0003; hazard ratio 0.3690 [95% CI 0.2159–0.6306]). As shown in Figure 5, Kaplan–Meier analysis revealed a significant difference in PFS between both groups.
[image: Figure 5]FIGURE 5 | Graphs show Kaplan–Meier survival estimates for progression-free survival between MRI-MWA group and CT-MWA group.
The median OS was 26.0 months [95% CI 25.022–26.978] in the MRI group and 23.0 months [95% CI 18.646–27.354] in the CT group (p = 0.18) (Figure 6).
[image: Figure 6]FIGURE 6 | Graphs show Kaplan–Meier survival estimates for overall survival between MRI-MWA group and CT-MWA group.
DISCUSSION
It is well-established that CT-guided microwave ablation provides a minimally invasive approach to eradicating tumors, especially for solid lung neoplasms (Wolf et al., 2008; Ko et al., 2016; Huang et al., 2020). The advantages of microwave ablation include higher intratumoral temperatures, the ability to use multiple applicators, more rapid and homogeneous ablations, and little influence of heat dispersion on blood circulation (Skinner et al., 1998; Stauffer et al., 2003; Wright et al., 2003; Shock et al., 2004). Although microwave ablation for lung cancer has achieved remarkable results, there are still some issues, such as inaccurate localization, subjective selection of ablation parameters, incomplete ablation, and excessive ablation, which directly affect the safety and effectiveness of this approach (Liang et al., 2009; Chen et al., 2020). MRI-guided MWA can compensate for the limitations of CT-guided ablation and has similar advantages to CT. Indeed, MRI-guided microwave ablation does not use ionizing radiation and provides high soft-tissue resolution, arbitrary orientation, and multi-parameter imaging for the ablation of liver, kidney, prostate, and other tumors (Lin et al., 2019; Faridi et al., 2020; Yang et al., 2020).
Our preliminary results show that MRI imaging yields superior accuracy, relative to CT, during ablation needle puncture. It is well-established that a fast sequence, such as the T1-TFE sequence, can distinguish anatomical structures for precise puncture. MRI can be used for arbitrary multidirectional imaging to ensure that the overall microwave antenna and the relationship between the microwave antenna and the lesion can be displayed during puncture, shortening the operation time and achieving a rapid, accurate puncture location. Moreover, the metal artifact produced by the ablation needle during CT can cover the ablation target. Importantly, magnetic resonance multisequence imaging and MR-functional imaging methods such as DWI, MRS, and PWI provide more accurate and abundant information than CT does for assessing the relationship between lung tumor lesions and surrounding tissues, cardiac great vessels, and the ablation boundary, making the puncture process simpler, safer, and more accurate (Biederer et al., 2012). In our study, the number of scans required for ablation-needle puncture in the MRI-MWA group was significantly less than in the CT-MWA group (7.62 ± 1.69 vs. 9.64 ± 2.14, p < 0.001). Although the average single-scan duration for MRI was slightly longer than for CT, the average times for antenna placement were comparable for the MRI-MWA group and the CT group (53.03 ± 11.29 min and 54.41 ± 12.32 min, p = 0.607). The total procedure duration was comparable between both groups (91.28 ± 16.69 min vs. 93.41 ± 16.03 min, p > 0.05). Based on the accuracy of MRI-guided localization and the application of rapid sequence, the overall scanning duration and operation duration were comparable to the CT-MWA group. Taken together, the aforementioned findings suggest that the overall efficiency of MRI-guided microwave ablation is consistent with that of CT-guided microwave ablation and yields less damage due to a significant reduction in the number of needle adjustments.
Indeed, the effect of ionizing radiation produced by CT scans, especially for tumor patients, should not be overstated (Pearce et al., 2012; Hu et al., 2016; Meulepas et al., 2019). Importantly, microwave ablation guided by magnetic resonance produces no ionizing radiation.
In a previous study, we demonstrated a significant difference between the ablation power and the actual ablation power, and it was challenging to accurately control the ablation range (Li et al., 2020). Excessively high temperatures may lead to carbonization of surrounding tissues, reduced ablation volume, or breakdown of the ablation needle due to the standing wave effect. If the ablation-zone temperature is too low, the tumor cannot be completely ablated. Therefore, real-time monitoring during ablation is important. CT is the primary imaging modality used to assess ablation results. Successful ablation is defined as a region of low attenuation covering the lesion area and a lack of contrast enhancement (Abtin et al., 2012; Iguchi et al., 2015; Ye et al., 2018; Ye et al., 2021). It has been shown that in well-demarcated ablation areas, necrosis is surrounded by a darker, patchy rim of acute inflammation, marked congestion, edema, and diffuse alveolar hemorrhage (Goldberg et al., 1995). However, these changes are not obvious on CT, especially in the marginal areas, and there is no guarantee that the potential residual foci near blood vessels could be completely removed. However, based on our team’s experience, ground-glass shadow after ablation is often confused with bleeding caused by mechanical lung-tissue injury during puncture in plain CT scanning. Thus, CT does not bring significant advantages during intraprocedural therapeutic evaluation (Harada et al., 2011). It is well-established that MRI is sensitive to changes in the water content of ablated lesions (Lazebnik et al., 2003; Lin et al., 2019). Importantly, high-contrast MRI provides high-definition images of soft tissue, clarifies the lesion’s scope, and distinguishes liquefied necrotic tissue from active tumor lesions. Current evidence suggests that MRI enables visualization of coagulated necrotic areas of 2–3 mm (Song et al., 2020). Multi-parameter imaging, such as tissue-diffusion and perfusion imaging, provides a more accurate evaluation of the therapeutic effect (Hayashida et al., 2006; Kamel et al., 2006; Ohira et al., 2009; Olin et al., 2019). Any azimuth fault can clearly display the boundary and formation process of ablation foci. Therefore, the parameters measured by MRI can be used to determine the ablation effect and endpoint to improve the local ablation-control rate, reduce tumor residue, and reduce the incidence of complications (Li et al., 2017).
In the present study, we quantified the maximum diameter, including the ablation area, of isointense signal intensity on T1WI and of high signal intensity on T2WI images, without using contrast enhancement. These findings suggest that, compared with CT, MRI can provide a more accurate real-time evaluation of MWA. T2WI can be used to evaluate the effect of WMA. In the present study, the mean PFS was 11 months in the MRI-MWA group and 9 months in the CT-MWA group, and the difference was significant (χ2 = 11. 237, p < 0.01), while no difference in OS was observed between the groups at 3-year follow-up (χ2 = 2.256, p = 0.132).
Although both groups had similar survival rates, higher PFS was observed in the MRI-MWA group, suggesting that these patients had a better quality of life. Nonetheless, it remains unclear whether MRI-guided MWA could improve the survival rate, and further studies with longer-term follow-ups are warranted.
Compared with the literature, PFS was significantly improved between the experimental and control groups in this study, which may be related to albumin-bound paclitaxel (Jung et al., 2020; Xu et al., 2021). Nab-paclitaxel is a nanoparticle-sized anti-tumor drug formed from paclitaxel and albumin (West et al., 2019). It has been found that nab-paclitaxel can be used instead of regular paclitaxel to reduce hypersensitivity reactions in the treatment of advanced breast cancer (Schmid et al., 2018; Emens et al., 2021). In addition, nab-paclitaxel has targeting properties which, combined with the natural transport mechanism of albumin, allow paclitaxel to act on tumor tissues and achieve higher drug levels within a short period, thereby achieving better anti-tumor effects. Its main mechanism of action is similar to paclitaxel—promoting microtubulin polymerization and hindering microtubulin depolymerization—and thus it inhibits tumor cell proliferation and growth (Yardley, 2013). Moreover, overwhelming evidence has substantiated that nab-paclitaxel is effective as the first-line treatment of advanced NSCLC. A large phase-III clinical study showed that nab-paclitaxel combined with carboplatin was cost-effective, compared to paclitaxel injection combined with carboplatin, for the first-line treatment of advanced NSCLC (Jotte et al., 2020).
Although survival was similar between the two groups in this study, the higher PFS rate in the MRI-MWA group suggested that its patients had a better quality of life. However, it remains unclear whether MRI-guided microwave ablation could improve the survival rate; this uncertainty emphasizes the need for further studies with longer follow-ups to validate this hypothesis.
Similar to percutaneous ablation therapies, MRI-guided microwave ablation is associated with common complications such as hemorrhage, pleural effusion, pneumothorax, and cavitation of the ablation zone (Chen et al., 2020). Other complications, such as pulmonary-artery aneurysms and postprocedural pneumonia, are rare and were not observed in our study. Moreover, we found no difference in the incidence of complications, although the incidence of ablation-zone cavitation was slightly higher in the CT-MWA group than in the MRI-MWA group, which may be related to the longer ablation time (Carrafiello et al., 2012; Zheng et al., 2014; Welch et al., 2015). Although cavitation of the ablation zone is usually clinically insignificant, rupture may occur, leading to pneumothorax and bleeding. Cavities may also serve as scaffolds for fungal colonization. Precautions to minimize these risks should be taken whenever possible. In most cases, patients in the MRI-WMA group did not experience any symptoms, with only one experiencing an increased heart rate (90 bpm) that was resolved by manual aspiration.
The present study had some limitations, including its small sample size and the retrospective nature of the data obtained for the CT-MWA group. Moreover, our findings were based on data from a single center, emphasizing the need for multi-center studies. In this study, ablations were performed by experienced interventionists; it remains unclear whether the same benefits in accuracy and time would be observed with less-experienced radiologists. Moreover, the management of patients (i.e., whether they received targeted therapy, immunotherapy, or systemic chemotherapy) after local tumor progression was not assessed in the 3-year follow-up, but this will be carried out during follow-up analysis. Additionally, the quality of life and other measures of patient experience of the treatment were not directly studied and should be considered in the future to truly reflect the value of MRI-guided microwave ablation for the treatment of NSCLC. Indeed, the follow-up period (3 years) was relatively short. A longer follow-up period may reveal differences in survival rates between the two groups.
CONCLUSION
Overall, the results of our matched-cohort study suggest that MRI-guided percutaneous ablation has significant prospects for the treatment of lung tumors as a feasible, safe, effective, and minimally invasive approach and provides a satisfactory outcome.
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Beauty is an eternal pursuit of all people. Wound repair, anti-aging, inhibiting hyperpigmentation and hair loss are the main demands for medical aesthetics. At present, the repair and remodeling of human body shape and function in medical aesthetics are often achieved by injection of antioxidants, hyaluronic acid and botulinum toxin, stem cell therapy. However, there are some challenges, such as difficulty controlling the injection dose, abnormal local contour, increased foreign body sensation, and the risk of tumor occurrence and deformity induced by stem cell therapy. Exosomes are tiny vesicles secreted by cells, which are rich in proteins, nucleic acids and other bioactive molecules. They have the characteristics of low immunogenicity and strong tissue penetration, making them ideal for applications in medical aesthetics. However, their low yield, strong heterogeneity, and long-term preservation still hinder their application in medical aesthetics. In this review, we summarize the mechanism of action, administration methods, engineered production and preservation technologies for exosomes in medical aesthetics in recent years to further promote their research and industrialization in the field of medical aesthetics.
Keywords: exosomes, engineering production, preserve, separate, medical aesthetics
1 INTRODUCTION
Beauty is the eternal pursuit of all people. Wound repair (Prasai et al., 2022), anti-aging (Hu et al., 2019), inhibiting hyperpigmentation (Wang et al., 2021) and inhibiting hair loss (Yang G. et al., 2019) are the main demands for medical aesthetics. Medical aesthetics is a perfect combination of regenerative medicine and improvement of one’s looks (Edmonds, 2013). It repairs, replaces, or regenerates human cells and tissues by using regenerative medicine technologies such as cells, natural or artificial scaffold materials and growth factors (Lee J. et al., 2020; Huang et al., 2021). At the same time, it is used in medical aesthetics to achieve the repair, remodeling and improvement of human appearance, shape and function, so as to achieve the harmony and improvement of aesthetics, medicine, shape and function of the human body (Martínez-González et al., 2019; Xiong et al., 2021).
At present, in the field of medical aesthetics, anti-oxidants such as vitamin C (Odrobinska et al., 2020) and resveratrol (Ratz-Lyko and Arct, 2019), hyaluronic acid (Shekhter et al., 2019; Gazitaeva et al., 2021) and botulinum toxin (Naik, 2021) are often injected to remove wrinkles, reduce color spots and promote wound healing. However, there are still many challenges in aesthetics, for example, it is difficult to control the dose of anti-oxidant injection (Shekhter et al., 2019; Gazitaeva et al., 2021). In clinical practice, fat transplantation is often used in medical aesthetics, but it may lead abnormal local contour shape and to increase foreign body sensation (Yan et al., 2021). Subsequently, stem cell therapy was gradually applied to regenerative medicine due to its pluripotency, self-renewal and ability to promote the secretion of regenerative cytokines (Johari et al., 2019; Li W. et al., 2022), but stem cell therapy may induce the risk of tumorigenesis and malformation (Trounson and McDonald, 2015). Moreover, exosomes are nano vesicles secreted by cells, which belong to one kind of extracellular vesicles and play an important role in intercellular communication (Mehryab et al., 2020). Compared with drugs, plant/herbal extracts and bioactive molecules, exosomes have the advantages of low immunogenicity, good biocompatibility, targeting specificity and strong tissue permeability (Ha et al., 2016; Liang et al., 2021; Rao et al., 2021). They are often used as drug delivery vehicles and can play a role in medical aesthetics (Li M. et al., 2020). Here, we summarize the mechanism of action, administration methods, engineered production, separation, purification and presser-vation methods of exosomes in the field of medical aesthetics in recent years with a view to furthering the research and industrialization process of exosomes in the field of medical aesthetics.
2 BIOLOGICAL PROPERTIES OF EXOSOMES
Exosomes have unique physicochemical properties, such as their ability to pass through tissue barriers, mononuclear phagocytic cell systems and certain targeting properties (Marcus and Leonard, 2013) when carrying drugs, and they are often used as therapeutic drug delivery carriers in medical aesthetics. For example, exosomes’ lipid bilayer structure can prolong drug circulation time in vivo, escaping the elimination by mononuclear phagocytosis system, increasing the local drug concentration, and effectively controlling the drug release (Nam et al., 2020). Compared with traditional nanomaterials, exosomes have good biocompatibility, degradability, low toxicity, and low immunogenicity, so they are more suitable as drug delivery carriers (O'Brien et al., 2020).
2.1 Structure and composition of exosomes
The lipid bilayer membrane structure of exosomes protects the abundant proteins, nucleic acids, microRNAs (miRNAs), cholesterol and sphingomyelin in the membrane from being degraded (Pegtel and Gould, 2019; Li X. et al., 2020; Foo et al., 2021; Gurunathan et al., 2021) (Figure 1). A common cytoplasmic protein in exosomes is the RAB protein, a member of the guanylate triphosphatase (GTPases) family, which regulates the fusion of exosome membranes with recipient cells (An et al., 2021). In addition to RAB proteins, exosomes are rich in annexins that have exosomal membrane exchange and fusion effects (Tan et al., 2017; Keklikoglou et al., 2019). Exosomes membrane is rich in tetraspanins involved in exosomes transport family (CD63, CD81, and CD9) (Barranco et al., 2019) and heat shock protein family (HSP60, HSP70, and HSP90) (Regimbeau et al., 2021). Exosomes transport cargoes through the lipid bilayer membrane, and can deliver active ingredients (including proteins, nucleic acids, and lipids) from parent cells to recipient cells (Villarroya-Beltri et al., 2014; van Niel et al., 2018), and they can selectively enter target cells (Li M. et al., 2020) by homing to target tissues. Their active ingredients are delivered to the target cells’ cytoplasm, thereby changing recipient cells’ physiological state (Tkach and Thery, 2016).
[image: Figure 1]FIGURE 1 | Overview of the composition of exosomes and the role of exosomes in medical aesthetics.
2.2 Biogenesis
In the aspect of medical aesthetics, the research of exosomes biogenesis is crucial to the engineering transformation of exosomes and the production of larger quantities. A short overview of exosomes biogenesis can be stated as the inward movement of cytoplasmic membranes results in wrapping around extracellular entities and various membrane proteins forming the early sorting endosomes (ESEs), the ESEs fuses with other ESEs to form late sorting exosomes (LSEs). The LSEs develop into multivesicular bodies (MVBs). MVBs contain many intraluminal vesicles (ILVs) that are released into exosomes. After its formation, the MVBs can either be degraded by fusion with lysosomes or fuse with the plasma membrane with ILVs in it, the final exosomes (Borges et al., 2013; Matic et al., 2020; Ras-Carmona et al., 2021).
Because the biogenesis of exosomes is mainly divided into two ways: dependent on the transport of necessary endosome sorting complex (ESCRT) pathway and independent of ESCRT. Therefore, we herein discuss some ESCRT-dependent and ESCRT-independent mechanisms to increase exosome production (Figure 2). These following methods provide important ideas on engineering preparation of related exosomes in the field of later medical aesthetics and improve their production rate. ESCRT-dependent pathways: Genetic manipulation of gene generation pathways to overexpress activating genes for exosome biogenesis and downregulating key regulatory genes involved in exosome transport, storage, secretion, or recycling. In most of these pathways, genes have a directly positive effect on exosome production (Jafari et al., 2020). For example, Wang et al. found that overexpression of HSP20 attenuated diabetes-induced cardiac damage. In addition, the elevation of HSP20 promoted the secretion of exosomes by directly interacting with Tsg101, a promoter of the exosome biogenesis pathway, and the production of exosomes was increased by 1.8-fold compared with the control group (Wang et al., 2016) (Table 1 for details).
[image: Figure 2]FIGURE 2 | The established theory of exosomes biogenesis indicates different pathways distinguished as ESCRT-dependent and ESCRT-independent (Shi et al., 2021).
TABLE 1 | Take parts as an example: Gene manipulation promotes exosome release.
[image: Table 1]ESCRT independent pathway involves steps such as cell culture manipulation via altering the media, use of specific drugs and harsh conditions to accelerate the production of exosomes. For example, Ban et al. isolated exosomes from cell culture media at pH 4, 7 and 11, and found that the concentration of exosomes protein and RNA in pH 4 medium was 5 times higher than that in pH 7 medium (Ban et al., 2015). However, one study showed that storage at pH 4 would reduce the concentration of exosomes and increased the absorption of exosomes by cells (Cheng et al., 2019), but at present many reports still use pH 7 buffer to preserve exosomes (Salimu et al., 2017; Petersen et al., 2018). Therefore, the influence of pH value on exosomes still needs to be further explored in the future. Together, we can broaden, change or improve the therapeutic capacity of exosomes by studying or engineering their structure, biogenesis, and properties (Table 2 for detailed data).
TABLE 2 | Physical or chemical methods promote the release of exosomes.
[image: Table 2]3 THE REGULATORY MECHANISM OF EXOSOMES IN MEDICAL AESTHETICS
At present, several studies have proved that miRNAs (Zhai et al., 2020), related active factors (Yoshida et al., 2019) in exosomes mediate wound repair (Li and Wu, 2022), anti-aging (Han et al., 2022), inhibiting hyperpigmentation (Liu et al., 2019), and inhibiting hair loss (Bae and Kim, 2021) and other related signaling pathways, regulating inflammatory factors interleukin-1β (IL-1β) (Li Z. Q. et al., 2020), matrix metalloproteinase 1 (MMP-1) (Liu et al., 2021), matrix metalloproteinase 3 (MMP-3) (Wang et al., 2017), collagen 1 (COL1A) and collagen 3 (COL3A) (Qi et al., 2020) expression of related genes, thus playing a role in medical aesthetics. For example, mesenchymal stem cell exosomes (MSCs-EXOs) encapsulated miR-223 regulate the polarization of macrophage M2 by targeting pknox1 and reducing the related inflammatory factor IL-10,TNF-α expression, thereby controlling the inflammatory response (He et al., 2019). Below we specifically explore exosomes’ role and regulatory mechanism in wound repair, anti-aging, inhibiting hyperpigmentation, and inhibiting hair loss (Table 3 for details).
TABLE 3 | Role of exosomes in medical aesthetics.
[image: Table 3]3.1 The role and mechanism of exosomes in wound repair
Skin wound repair is a complex dynamic physiological process (Jackson et al., 2012; Ogawa, 2017). Studies have shown that exosomes play a role in promoting blood coagulation (Zifkos et al., 2021), reducing inflammation (Chamberlain et al., 2021), accelerating tissue remodeling (Das et al., 2019), and inhibiting scar formation (An et al., 2021) by mediating wound repair-related signaling pathways such as MAPK (Gartz et al., 2018) and ERK (Geng et al., 2021). Exosomes can be vital in wound repair.
3.1.1 Procoagulant
At present, the mechanism and physiological relevance of exosomes for procoagulant effect in wound repair is still unclear. However, exosomes are rich in active components and have unique physicochemical properties, such as passing through tissue barriers, which are beneficial in reducing blood coagulation in human blood. Studies have found that salivary exosomes can activate TF and coagulation factor VII-mediated coagulation in human plasma, helping coagulation, thereby reducing the risk of blood loss and pathogens entering the blood, thus contributing to innate immunity and host defense (Berckmans et al., 2011).
3.1.2 Reduction of inflammation
Skin damage causes an inflammatory response, and there are also changes in the secretion of inflammatory factors (Marofi et al., 2021). Exosomes can reduce the time from wound repair inflammation to remodeling by reducing the expression of related inflammatory factors. Studies have shown that mesenchymal stem cell exosomes (MSCs-EXOs) encapsulated miR-223 regulate the macrophage M2 polarization by targeting pknox1 and reduces the related inflammatory factor IL-10, NF-α expression, thereby controlling the inflammatory response (He et al., 2019) (Figure 3). These results indicate that exosomes can accelerate the transition of wound repair from the inflammatory phase to the remodeling phase, thereby promoting wound repair.
[image: Figure 3]FIGURE 3 | Utlization of MSCs derived exosomes for wound healing. (A) Depicts the light field photographs of cutaneous wounds post treatment with PBS, BMMSCs, BMMSC-ex, and BM/siRab27a. (B) Percentage of the wound closure on day 3–day 12 in reference to the day 0 wounds (n = 4). (C) qRT-PCR analysis of IL-10 and TNF-α in macrophages after being cocultured with BMMSC-, BMMSC/siRab27a-, or BMMSC-derived exosomes (n = 3). (D) qRT-PCR analysis of miR-223 in macrophages cocultured with BMMSCs, BMMSC-ex, and BM/siRab27a (He et al., 2019).
3.1.3 Accelerated tissue remodeling
Exosomes accelerate tissue remodeling by activating endothelial cells and fibroblasts, promoting pro-angiogenesis and initiating extracellular matrix deposition (Zhang J. et al., 2015; Shabbir et al., 2015; Zhao et al., 2018; Ma et al., 2019; Xu et al., 2020). In mouse wound experiments, Zhang J. et al. (2016) injected exosomes derived from endothelial progenitor cells (EPCs) into a mouse abdomen and found that the EPCs-Exos can enhance human microvessels by activating the ERK1/2 signaling pathway. The ability of endothelial cells to proliferate, migrate and form tubes, thereby improving the rate of skin wound healing in diabetic rats, enhancing neovascularization, epidermal and collagen tissue regeneration, and then accelerating tissue remodeling (Figures 4A–C). It can be seen that synovial MSCs-EXOs can function in promoting the formation of blood vessels by activating protein kinase B (AKT) and extracellular signal-regulated kinase (ERK) pathways. Endothelial cells proliferate and promote fibroblast migration to the wound site and capillary angiogenesis through HSP70 and HSP90, accelerating tissue remodeling (Tao et al., 2017) (Figure 4D).
[image: Figure 4]FIGURE 4 | Exosomes can accelerate tissue remodeling. (A) General view of wounds treated with PBS or EPC exosomes of different concentrations on the 4th, 7th, and 14th days after trauma. (B) The rate of wound-closure on different days in wounds receiving different treatments. (C) On the 14th day after trauma, the wounds were treated with PBS or EPC exosomes of different concentrations and then stained with H&E (Zhang J. et al., 2016). (D) Representative photographs showing the effect of conditioned medium from days 0 to 6 on the transwell migration and tubule formation of HMEC-1 (Tao et al., 2017). (E, F) Control cells and 200 μg/ml wheat exosome (WE)–treated cells were incubated (37°C, 5% CO2) in DMEM medium supplemented with 10% FBS. Average number of branches formed by both control and treated cells (Sahin et al., 2019).
Additionally, it has been discovered that wheat-derived nano-vesicles can encourage human endothelial cell proliferation and migration and to improve the synthesis of endothelial cell tubular structures. Moreover, increased expression of Collagen 1 contributes to tissue remodeling (Sahin et al., 2019) (Figures 4E, F). The study of wheat-derived nano-vesicles provides a new solution for wound repair and lays a foundation for future research on wound repair mechanisms and the development of wound repair-related drugs.
3.1.4 Inhibition of scarring
Exosomes inhibit scarring by inhibiting tissue hyperproliferation. The study found that human mesenchymal stem cell-derived exosomes (hucMSC-Exos) promoted wound repair by activating the Hippo signaling pathway in a rat skin burn model, inhibiting excessive tissue proliferation and scar formation (Zhang B. et al., 2016) (Figure 5A). HucMSC-Exos also inhibits scarring by inhibiting the activation of TGF-β/SMAD2 pathway in fibroblasts by transporting miR-29a (Chen et al., 2019; Yuan et al., 2021) (Figures 5B–E). All of the above proves that exosomes are important medium for information transfer between cells and cytokines, which can be used as a new hope for cell-free therapy for non-invasive wound repair.
[image: Figure 5]FIGURE 5 | Exosomes inhibits the formation of scar by inhibiting the excessive proliferation of tissues. (A) Representative images of immunohistochemical staining of PCNA and β-catenin in each group. Scale bar = 100 μm (Zhang B. et al., 2016). (B, C) Effect of miR-29a-modified hADSCs-exo on the scratch healing of HSFBs. (D, E) Effect of miR-29a overexpression and knockdown on the expression level of TGF-β2 in HSFBs (Yuan et al., 2021).
3.2 The role and mechanism of exosomes in anti-aging
The essence of human aging involves the aging of cells. Cell aging is due to the accumulation of damage that induces the activation of cell cycle inhibition pathways. Cells permanently exit the cell proliferation cycle, and cellular aging has permanent cell cycle arrest, reduction of NAD+, apoptosis resistance, aging-associated inflammatory cytokine secretion, and altered metabolic and epigenetic signatures (Kirkland and Tchkonia, 2017). Exosomes often contain biologically active proteins and genetic information, all of which play an important role in delaying cell aging (Liao et al., 2021), such as inhibiting the synthesis of related aging factor-β-galactosidase (SA-β-Gal) (Kim et al., 2021), and inhibiting skin photoaging (Gao et al., 2021).
3.2.1 Exosomes delay cell senescence
Exosomes can delay cell senescence by inhibiting the synthesis of related senescence factor-β-galactosidase (SA-β-Gal) (Kim et al., 2021) and promoting the synthesis of nicotinamide adenine dinucleotide (NAD+) (McReynolds et al., 2021). Studies have shown that human-induced potent stem cell-derived exosomes (iPSC-EXO) can delay fibroblast senescence by inhibiting the synthesis of senescence-related factor-β-galactosidase (SA-β-Gal). Lee et al. (2020a) fabricated cell-engineered nanovesicles (CENVs) by continuously extruding iPSCs through membrane filters. They discovered that IPSC-CENVs had characteristics with IPSC-EXOs, and iPSC-CNEVs greatly diminished fibroblasts (HDFs), senescence-associated-galactosidase (SA-Gal), expression of p53 and p21, and SA-Gal activity, thus delaying cellular senescence (Figures 6A–C). These results suggest that the iPSC-CENVs can serve as an excellent surrogate for iPSC-EXO, and as well as a source of drugs for treating skin aging.
[image: Figure 6]FIGURE 6 | Exosomes delay cell senescence. (A) Schematic of the preparation of extracellular vesicles (EVs), and cell-engineered nanovesicles (CENVs) from human induced pluripotent stem cells (iPSCs). (B, C) Comparison of human iPSC-derived CENV and EV (Lee H. et al., 2020). (D) Mechanism Diagram of eNAMPT Containing Extracellular Vesicles Delaying Cell Aging. (E) Fluorescent images of primary hypothalamic neurons following the incubation with BODIPY-labeled EVs. (F) Kaplan-Meier curves and representative images of aged female mice injected with vehicle or EVs isolated from 4- to 12-month-old mice (n = 11–12). The mouse images were taken after 3 months of treatment (Yoshida et al., 2019).
In addition, multiple studies have confirmed that NAD+ is a major player in cellular aging. Studies have shown that NAD+ levels in the circulatory system are decreased significantly with age in mice and humans during aging (Clement et al., 2019; McReynolds et al., 2020). Aging and muscle contraction enhance NAD+ utilization, and under normal physiological conditions, NAD+ depletion occurs primarily through salvage pathways catalyzed by nicotinamide phosphoribosyl transferase (NAMPT). Studies by Yoshida et al. (2019) have shown that blood transfusion into neonatal mice can prolong the lifespan and improve the health status of aging mice, mainly because NAMPT carried in blood exosomes increases the biosynthesis of NAD+, thereby prolonging the lifespan of mice (Figures 6D–F). These results indicate that NAMPT carried by blood exosomes has the effect of delaying cell senescence, laying a foundation for the development of later anti-aging drugs.
3.2.2 Exosomes inhibit skin photoaging
Skin photoaging is the most direct manifestation of human aging, mainly due to the abnormal up-regulation of matrix metalloproteinases (MMPs) after UV exposure, resulting in obvious skin wrinkles (Mazini et al., 2021). The researchers used a needle-free syringe to inject human dermal fibroblasts (HDFs) exosomes cultured in three-dimensional spheroids (3D-HDF-XOs) and monolayers (2D-HDF-XOs) in vitro and in a nude mouse model for photoaging, respectively. They found that the 3D-HDF-XOs cultured exosomes caused a significant decrease in MMP-1 expression and increased type I procollagen expression, mainly by down-regulating tumor necrosis factor-α (TNF-α) and up-regulating transforming growth factor-β (TGF-β) (Figure 7A). These findings imply that exosomes produced from 3D grown HDF spheroids have anti-aging capabilities and can also be used to treat and prevent the aging process of skin (Hu et al., 2019) (Figure 7B). In addition, human induced pluripotent stem cell exosomes (iPSCs-Exo) can inhibit UVB radiation-induced HDFs damage and matrix metalloproteinase 1/3 (MMP-1/3) overexpression. Increased expression level of collagen type I in photoaged HDFs was investigated (Oh et al., 2018) (Figure 7C). Exosomes (EXO) from human adipose-derived stem cells (HASCs) were also studied for their impact on photodamaged human dermal fibroblasts (HDFs), and it was discovered that adipose-derived mesenchymal stem cell exosomes (ADSCs-Exo) significantly inhibited UV-irradiation-induced overexpression of MMP-1, 2, 3, and 9, and enhanced I (from 119.6% ± 35.8% to 262.6% ± 54.1%), type III (from 61.2% ± 4.5% to 80.8% ± 2.7%) collagen and elastin expression (Choi et al., 2019) (Figures 7D, E).
[image: Figure 7]FIGURE 7 | The mechanism for exosome regulation of MMPs. (A) Western blot of dorsal skin of different groups. (B) Masson’s Trichrome staining and Corresponding H & E staining. scale bar: 290 μm (Hu et al., 2019). (C) The mRNA expression levels of MMP-1, MMP-3 and collagen type I were quantified by quantitative real-time RT-PCR (Oh et al., 2018). (D, E) The proliferation of HDFs in different groups was measured by CCK-8 method. Gene expression in HDFs with or without HASC-derived EVs treatment after UV irradiation (Choi et al., 2019).
These above results revealed that exosomes have the potential to be combined with cosmetics or drugs. However, the transformational application of exosome anti-aging effect is still in its infancy, and there is no clear clinical report, but its huge application potential deserves attention.
3.3 The role and mechanism for exosomes in hyperpigmentation
Asian women have long had a penchant for inhibiting hyperpigmentation (Hakozaki et al., 2002; Boo, 2022). Since skin color is mainly determined by the content and distribution of skin pigments, melanin is the most important determinant. Therefore, inhibiting melanin formation is one of the main ways to reduce skin pigmentation (Hwang and Hong, 2017). Human skin, mucous membranes, the retina, the pia mater, the gallbladder and ovary are all rich in melanin. Exosomes may have the effect of reducing hyperpigmentation by inhibiting the production of melanin (Lo Cicero et al., 2015).
Studies have shown that miR-181a-5p and miR-199a in human amniotic stem cell-derived exosomes promote melanosome degradation in skin hyperpigmentation by inhibiting melanogenesis by reducing MITF expression, respectively. Exosomes derived from human umbilical cord mesenchymal stem cells are activated via the ERK pathway (Figures 8A–C), which significantly inhibits melanin synthesis during the degradation of MITF gene (Kim et al., 2015) (Figures 8D–F). In addition, miR-2478 in milk exosomes directly targets rap1a via the Akt-GSK3β pathway as a regulator of melanin production, reducing melanin content in melanocytes and thereby inhibiting the formation of melanin (Bae and Kim, 2021; Han et al., 2022) (Figures 8G, H). These results indicate that the exosomes can be used as an effective cosmetic ingredient to inhibit hyperpigmentation, and have great application potential in regulating skin pigment. The huge application potential of exosomes is expected to boost for the commercialization of exosomes based cosmeceutical products in the future.
[image: Figure 8]FIGURE 8 | Exosomes inhibit melanin production. (A–C) Western blot was used to analyze the expression of related proteins. Melanin content in cells under different conditions.Western blot analysis of protein expression levels of tyrosinase, TRP1, p-ERK1/2 and ERK1/2 in cells. (D–F) Western blot analysis was used to detect the level of MITF under different conditions (Kim et al., 2015). (G, H) Melanin content of UV irradiated cells under different conditions (Han et al., 2022).
3.4 The role and mechanism of exosomes in inhibiting hair loss
Hair loss is affected by various internal and external factors such as genetics, endocrine function (thyroid organ disease, changes in sex hormone levels), immune system diseases, malnutrition, drugs, mental state and natural aging. The above factors can affect the hair cycle (HC), reducing the activity and repair ability of hair follicle stem cells (Gentile and Garcovich, 2019). Dermal papilla cells (DPCs) are located in the hair bulb at the bottom of the hair follicle, surrounded by the dermal sheath and hair matrix cells, and are considered a unique type of mesenchymal stem cells. DPCs serve as signaling centers in the hair follicle (HF) and play an important role in regulating hair growth, formation, and circulation. Exosomes can inhibit hair loss by inducing HF regeneration by promoting the proliferation of DPCs (Kost et al., 2022).
Studies have shown that the DPCs-Exos affect the hair follicle signaling pathway through the miRNAs it carries. By acting on key pathway genes such as β-catenin, Wnt, BMP2, BMP4, and downregulating related hair follicle inhibitory signaling proteins, the DPCs-Exos promotes hair follicle stem cell proliferation, hair follicle regeneration, and hair follicle formation. The telogen phase transitions to the growth phase (Zhou et al., 2018; Zhang et al., 2022). ADSC-Exos significantly promoted the proliferation and migration of DPCs by regulating miR-22, Wnt/β-catenin signaling pathway, and TNF-α signaling pathway, and promoting the expression of ALP, versican, and α-SMA proteins while maintaining their hair-inducibility, finally having a positive effect on hair follicle regeneration (Nilforoushzadeh et al., 2020). Human mesenchymal stem cell-derived exosomes activate the hair-inducibility of DPCs by stimulating Akt phosphorylation, and increasing Bcl-2 in the dermal papilla, thereby regulating the proliferation of DPCs and transforming hair follicles from dormant to anagen phase (Rajendran et al., 2017; Taghiabadi et al., 2020) (Figures 9A, B).
[image: Figure 9]FIGURE 9 | Hair regeneration induced by exosomes. (A, B) Take skin photos on days 0, 4, 11, 15, 18, 21, 24, and 28. Then, the hair regeneration area quantized by imageJ software is expressed in percentage (Rajendran et al., 2017). (C, D) Representative photos of mice showing skin color darkness and hair regrowth at 0, 7, 10 and 14 days post-injection. The level of pigmentation was quantified by the intensity of the darkness of the back skin in the same area. (E) Immunofluore-scent images show that GFP-ApoEV (green) were engulfed by skin MSCs (SMSCs) (1 and 2), as indicated by co-staining with CD105 at 7 days post-injection. (F) Western blotting shows Wnt/β-catenin signaling is activated and DKK1 expression is decreased in SMSCs and hair follicle MSCs (HF-MSCs) from MRL/lpr mice after apoEVs injection (Ma et al., 2023).
Recently, Kou et al. proposed for the first time that apoEVs play an important role in maintaining stem cell homeostasis in vivo. They found that exogenous apoEVs are metabolized through skin and hair follicles in a wave-like manner. At the same time, exogenous apoEVs can activate skin and hair follicle mesenchymal stem cells through the Wnt/β-catenin pathway to promote hair regeneration (Ma et al., 2023) (Figures 9C–F). All of the above implies that the exosomes may be a promising cell-free therapeutic strategy for immune-mediated hair loss (Li Y. et al., 2022). However, exosome-based treatments for hair loss are still in their infancy, and more robust clinical studies are needed to better evaluate their mechanisms of action, efficacy, safety, benefits, and limitations (Egger et al., 2020).
3.5 Clinical trials
At present, in the aspect of medical aesthetics, only 3 studies are based on the clinical trial registration related to wound healing of exosomes (17 November 2022) (Li et al., 2021a). The clinical trials of exosomes in anti-aging, inhibition of hyperpigmentation and hair loss have not yet been reported. Previous studies have found that exosomes from serum can accelerate the healing of skin wounds in BALB/c mice (Li et al., 2021b; Lee et al., 2021). Therefore, a trial is currently under way, in which autologous exosomes from plasma will be applied to the ulcer of the participants every day for 28 days. Then evaluate the healing of the skin wound according to the length, width and depth of the wound (ClinicalTrials.gov: NCT02565264). In addition, there is also a single arm pilot study. All patients were recruited on an outpatient basis. Debridement and photography were performed on the patient’s wound surface, and the wound area was measured. Then provide fat tissue exocrine dressing for patients in the intervention group. Exosomes were mixed with sterile hydrogel and applied directly to the wound surface, and the wound was covered with inert protective dressing. Patients who meet the inclusion and exclusion criteria at the end of the induction period will receive treatment twice a week for 4 weeks or until recovery (ClinicalTrials.gov: NCT05475418). To conduct a pilot clinical trial in diabetes patients with chronic skin ulcer (CCU), and evaluate the effect of the exosomes of mesenchymal stem cells (MSC) on the healing and regeneration ability of personalized nutritional supplementation (ClinicalTrials.gov: NCT05243368). Furthermore, there are currently five registered clinical trials based on plant exosome-like nanovesicles, including those from grape, lemon, aloe and ginger (ClinicalTrials.gov: NCT01668849; NCT04698447; NCT03493984; NCT01294072; NCT04879810), which are respectively studies on reducing the incidence rate of oral mucositis, cardiovascular risk factors, polycystic ovary syndrome, colon cancer and inflammatory bowel disease. Although there is no clinical trial related to medical aesthetics for these plant exosome-like nanovesicles, it has been reported that the plant exosome-like nanovesicles of grapefruit (Savcı et al., 2021), lemon (Manconi et al., 2016) and aloe (Zeng et al., 2021; Kim and Park, 2022) have potential application value in wound healing and anti-aging, and are expected to conduct clinical trials in the future (Leggio et al., 2020; Dad et al., 2021).
4 ADMINISTRATION OF EXOSOMES IN MEDICAL AESTHETICS
At present, exosomes are mainly used for medical aesthetics research through topical application and local injection (Yari et al., 2022). Topical application (Li L. et al., 2020) can be directly applied locally to the skin or by means of microneedles (Zhang K. et al., 2020) or transdermal drug delivery (Shang et al., 2022) to increase the transdermal effect of exosomes. Local injection works mainly through subcutaneous injection (Cao et al., 2021). At present, there is no unified standard to judge which exosomes administration mode has the most obvious effect. The effect of exosomes from different sources may vary depending on the mode of administration. Therefore, which management mode to adopt is still a question and the focus of our discussion.
4.1 Topical application
Topical application can be applied to different areas according to different effects, and the dosage can be freely controlled. Xu et al. (2020) constructed a mouse skin injury model and found that both exosomes and miRNA-221-3p can promote wound healing in normal and diabetic mice by smearing endothelial progenitor cell exosomes or miRNA-221-3p. However, transdermal drug delivery can directly deliver active ingredients under the epidermis, opening the stratum corneum barrier, greatly improving the skin’s absorption rate of active substances, and reducing the loss of active ingredients. A detachable microneedle device-mediated drug delivery system for extended distribution of hair follicle stem cell activators was designed by Yang et al. (2017). The combination of this microneedle technology with small molecule medication UK5099 and exosomes produced from mesenchymal stem cells (MSCs) increased treatment efficacy at a lower dose and encouraged pigmentation and hair regrowth within six days through two rounds of treatment, according to their findings. In addition, this microneedle-based transdermal delivery technique demonstrated greater efficacy compared to topical UK5099 distribution and subcutaneous exosome injection. Additionally, human amniotic mesenchymal stem cells (hAMSCs) exosomes and hair nanoparticles were coupled with soluble microneedle patches (MNs) (HNP). They discovered that HNP-modified microneedle patches (HMNs) can efficiently permeate the stratum corneum and help deliver hAMSC exosomes into the dermis to stimulate proliferation of hair follicle stem cells and promote hair regeneration by causing the hair follicle to transition from telogen to anagen (Hong et al., 2021). Compared to direct administration, these combination transdermal treatments are more effective and safer (Shang et al., 2022). Some regenerative medicine companies, such as BENEV and Kimera Labs, have developed health care products involving exosomes for skin damage, anti-aging, pigment regulation and inhibition of hair loss. These products have been approved by the US Food and Drug Administration (FDA) (Peña-Juárez et al., 2022).
4.2 Local injection
Local injection has advantages such as less adverse reactions and simple operation. Here we mainly discuss subcutaneous injection. Han et al. (2021) in vitro studies on mice revealed that subcutaneous injection of DF-Exo markedly expedited the healing of diabetic skin lesions by boosting re-epithelialization, collagen deposition, skin cell proliferation, and angiogenesis. In addition, according to Shin et al., subcutaneous injection of adipose-derived mesenchymal stem cell exosomes significantly decreased trans epidermal water loss, increased stratum corneum (SC) hydration, and significantly decreased the expression of inflammatory cytokines like IL-4, etc., promoting wound healing (Shin et al., 2020). In addition, exosomes are often incorporated into hydrogels to function. Some researchers assembled MSC-derived exosomes in chitosan/silk hydrogels (Shiekh et al., 2020) and self-healing antibacterial polypeptide hydrogels (Wang C. et al., 2019), and found that exosome-assembled hydrogels can promote wound healing in diabetic patients and can also be placed directly in or near the target area, the dose of exosomes is more concentrated and more targeted (Riau et al., 2019). It has been shown to have the ability to rapidly heal wounds and is more effective than single exosome therapy, and reduces scarring (Wang C. et al., 2019; Wang M. et al., 2019). These results suggest that the exosomes can potentially be used as therapeutic agents to repair skin damage. However, there are still many problems, such as standardization of research methods, clarification of the mechanism of action, and validity of application (Mehryab et al., 2020). There are a few clinical studies on exosomes in medical aesthetics. At present, it is still in the primary stage of research (Jing et al., 2018; Hade et al., 2021) and has not been approved by the US Food and Drug Administration (FDA).
The above results indicate that exosomes can play a role in the field of medical aesthetics through different delivery methods. However, in terms of medical aesthetics, we recommend transdermal drug delivery. Compared to the direct application of exosomes, transdermal drug delivery can penetrate the cuticle, greatly improve the skin’s absorption rate of effective substances, and reduce the effective loss of ingredients. Compared to the injection of exosomes, transdermal drug delivery is more convenient, has fewer side effects, and is safer. It has huge application potential in the future medical beauty industry (Yang et al., 2021).
5 EXOSOME ENGINEERING PRODUCTION AND PRESERVATION
The application of exosomes in medical aesthetics is inseparable from their large-scale production and preservation. The unique heterogeneity and other characteristics of exosomes hinder their engineering production. Secondly, different separation, purification and preservation methods have a greater impact on the yield and active components of exosomes. Therefore, it is crucial to adopt appropriate engineered production, separation and purification techniques and preservation methods of exosomes. Next, we specifically discuss the engineering production, separation, purification technology, and preservation methods of exosomes in recent years, laying the foundation for their application in medical aesthetics in the later period.
5.1 Exosome engineering production technology
At present, many companies and researchers are working hard to develop engineered exosomes for medical aesthetics (Gimona et al., 2017). To improve cell-to-cell communication, Cha et al. (2018) established the usage of a polyethylene glycol (PEG) hydrogel for cell aggregation and MSC spheroid formation. In addition, they employed a programmable dynamic culture method in the planned microwells, which increased EV production 100 times more than 2D cell culture. Cao et al. (2020) utilized a three-dimensional (3D) culture system of hollow fiber bioreactors to produce MSC-exos and evaluated the therapeutic effect of 3D-exosomes (3D-exos) on acute kidney injury (AKI). They discovered that compared to 2D culture, 3D culture did not significantly change the surface indicators of MSCs or their morphology, size, or exosome labelling. Tubular epithelial cells (TECs) absorbed the 3D-exos more effectively, leading to better anti-inflammatory efficacy and increased TEC viability in vitro. The total exosome yield was also raised by 19.4 times in the 3D culture system, and the hollow fiber technology provides benefits, including exosome concentration, immunity to serum exosome contamination, and a reduction in other contaminants. Based on the advantages of 3D culture technology, Enze Kangtai Company has successfully built an engineered exosome research and transformation platform with independent intellectual property rights - ModiExoTM. Based on mature site-directed insertion technology and backbone plasmids, the ModiExo™ platform can rapidly construct exosome scaffold protein-engineered cell lines and combine with 3D microcarrier culture technology to efficiently and stably mass-produce projects targeting specific organs or loading specific proteins/RNAs exosomes. The establishment of this platform has promoted the rapid development of exosome clinical transformation.
In addition, by using MYC gene to genetically modify human embryonic stem cell mesenchymal stem cells, we have created immortal cell lines that can permanently produce exosomes without batch renewal. However, this approach has not been well received by other researchers, and a biological function investigation alone cannot vouch that the exosomes’ characteristics are unaffected by cell transformation. Therefore, additional research is necessary to ascertain the potential alterations in exosome content (Chen et al., 2011). Therefore, the generation of exosomes by manipulating cellular sources or conditions requires further characterization of their composition and provides ideas for the development of new methods for exosomes in medical aesthetic applications.
However, the engineering application of exosomes still faces many challenges in medical aesthetics. At each step of large-scale exosomes production should be according to good manufacturing practice protocol (GMP). Further exploration is still needed in this field because systems based on GMP protocols and adequate quality control, and quality certification processes are still essential (Lener et al., 2015).
5.2 Engineering isolation and purification of exosomes
The putative use of exosomes in medical cosmetics has been continuously explored as exosome research has progressed. Exosome enrichment and reproducible isolation will make it easier to establish their biological activities (Zhang Y. et al., 2020). Conversely, exosomes collection and purification are complicated because exosomes from diverse sources fluctuate in size, composition, and function (Kalluri and LeBleu, 2020). Consequently, one of the current biggest issues is how to efficiently enrich exosomes, which is vital for the engineering production of exosomes. For varied uses and goals, different separation techniques are frequently used. At present, ultracentrifugation technology is one of the frequently employed exosome separation techniques in medical cosmetic applications (Livshits et al., 2015), polymer precipitation technology (Domenis et al., 2017), immunoaffinity capture technology (He et al., 2017) and asymmetric flow field-flow fractionation technology (Yang et al., 2017; Willms et al., 2018). However, the equipment required for ultracentrifugation technology is expensive and complex to operate. The polymer precipitation technology may be contaminated with other proteins and the purity of exosomes is low. The reagents required for immunoaffinity capture technology are expensive, and the isolated exosomes may lose activity. Asymmetric flow field-flow fractionation technology requires large sample size and low yield, which is easily limited in medical cosmetic applications (Yang X. X. et al., 2019; Alzhrani et al., 2021) (Table 4 for details)
TABLE 4 | Isolation of exosomes.
[image: Table 4]Secondly, the research progress of exosomes in medical aesthetics is hindered to a certain extent by the heterogeneity of their application preparation process, and the purification efficiency of different separation methods is significantly different (Hettich et al., 2020). It is said that, size-based separation techniques, such as gravity size exclusion chromatography (SEC), are a faster purification method with higher purification efficiency and can obtain high-purity and intact exosomes (Lobb et al., 2015; Nordin et al., 2015; Mol et al., 2017), which are favored by many researchers. Size exclusion chromatography (SEC) was employed by Vaswani et al. (2017) to concentrate milk-derived exosomes from extracellular carriers (EVs) that could be enriched in about 30 min, and exosomes produced by SEC yield (3 × 1012 particles/ml) was higher that density gradient centrifugation (7 × 1010 particles/ml). However, there may be contamination of microvesicles in it.
Chen et al. (2021) invented an exosome detection method via ultra-fast separation system (EXODUS) (Figures 10A, B). EXODUS is based on the creation of negative pressure switching technology (NPO) and NPO-HO technology that simultaneously generates high and low-frequency vibration (HO) on nanomembranes and devices. Negative pressure oscillation and membrane vibration activated by double-coupled harmonic oscillators were used to ultra-effectively purify exosomes. This approach can quickly finish exosome separation in less than 10 min, compared to existing separation and purifying techniques. Exosomes isolated by EXODUS had the highest signal intensities from all chosen exosomal proteins and the lowest signal intensities from chosen protein contaminants, demonstrating the benefits of exosome isolation and purification. Concerning a variety of sample types, sample quantities, and exosome concentrations, the EXODUS system enables reproducible procedures, and reproducible results.
[image: Figure 10]FIGURE 10 | Exosomes separation device. (A, B) A photograph of the EXODUS station and Schematic diagram of the control module for the resonator (Chen et al., 2021). (C, D) Separation of exosomes by tangential flow filtration. Exosomes were enriched from the culture supernatant by tangential flow filtration with a 500 kDa cut-off filter cartridge (Haraszti et al., 2018).
In addition, tangential flow filtration (TFF) is also considered to be an ideal method for engineering the isolation of exosomes (Reiner et al., 2017; Ha et al., 2020a; Ha et al., 2020b; Yi et al., 2020). The TFF system complies with Good Manufacturing Practice (GMP), which is a method for separating exosomes, concentrated proteins or viruses from a large number of cell culture media. (Potter et al., 2014; Haraszti et al., 2018) (Figures 10C, D). Lee et al. (2020c) used TFF technique to isolate exosomes from adipose tissue-derived adipose-derived mesenchymal stem cells on a large scale with positive effects on kidney injury. Several studies have proved that the yield and purity of TFF-isolated exosomes are comparable to methods based on size exclusion chromatography (Reiner et al., 2017; Busatto et al., 2018; Haraszti et al., 2018; Ha et al., 2020a; Ha et al., 2020b; Yi et al., 2020) and have been gradually applied in the field of medical aesthetics.
There is no absolute best separation method for exosomes, and their separation effect is closely related to downstream applications and scientific issues, but high recovery and high specificity are two recognized basic requirements. In addition, the complexity of the operating procedure, extraction cost, biological activity, and throughput still need to be considered. Due to the limitations of the separation principle, the current exosome separation and purification technology has bottlenecks such as contamination with other components and exosome aggregation. Therefore, selecting appropriate methods for exosome isolation from different sources according to their characteristics is crucial.
5.3 Preservation of exosomes
Exosome utilisation in medical aesthetics depends on a suitable storage environment. It is an essential step to keep the biological activity stable throughout preservation. Exosome function may be more affected by various storage conditions. It is crucial to maintain a specific storage state. Currently, cryopreservation, freeze-drying and spray-drying are the three main preservation procedures used.
5.3.1 Cryopreservation
Cryopreservation is currently the storage technique that is most frequently employed (Mahdavinezhad et al., 2022). In order to preserve the functional stability of biological microparticles, a storage method known cryopreservation lowers the temperature below that needed for biochemical reactions. It is typically used at temperatures of 4°C, −20°C, −80°C, and −196°C (Saadeldin et al., 2020). But this way of preservation is prone to “frost burn”. The term “frozen injury” used here refers to ice crystal development inside biological particles and the imbalance of osmosis that occurs during freezing. In addition, repeated freezing and thawing changes the biological properties, content and marker composition of exosome surface molecules (Maroto et al., 2017). Therefore, an appropriate concentration of antifreeze is often selectively added to prolong shelf life. The most effective disaccharide antifreeze for exosomes is trehalose, which is mentioned as the best alternative (Nakanishi et al., 2020). Trehalose and other membrane stabilisers have been used to store labile proteins, vaccines, liposomes, and cryopreserve tissues and stem cells, thus it makes sense to utilise them to keep exosomes stable (Zhang X. G. et al., 2015; Bosch et al., 2016; Shinde et al., 2019). Budgude et al. added 25 mM trehalose to exosomes in PBS at −80°C and found that these cryopreserved exosomes could be taken up by hematopoietic stem cells as efficiently as freshly isolated exosomes and that trehalose was as effective forfreshly isolated exosomes (Budgude et al., 2021). The addition will not alter the form of the exosomes and can successfully prevent exosome aggregation during the freeze-drying process, boosting stability.
5.3.2 Freeze drying
For heat-sensitive molecules such as proteins, peptides, vaccines, colloidal carriers, vesicles, and viruses, freeze-drying is currently thought to be the most dependable technique (Hansen et al., 2015; Muramatsu et al., 2022). In order to meet storage needs, a process known as freeze-drying pre-cools materials containing moisture to below freezing point, causes them to solidify. The ice is then directly sublimated in a vacuum and removed as water vapour Wang et al. (2022) have developed an inhaled, room temperature-stable virus-like particle (exosome) vaccine as a promising COVID-19 vaccine candidate. The new coronavirus vaccine consists of a recombinant new coronavirus receptor-binding domain (RBD) that binds to pulmonary exosomes, which can enhance the retention of RBD in the respiratory tract and lungs, and the new coronavirus vaccine can be lyophilized at room temperature for more than 3 months. However, the freezing and dehydration pressures generated during freeze-drying may cause the molecular structure of biomolecules to be destroyed. Therefore, it is also necessary to selectively add antifreeze, such as trehalose, to protect biological materials.
5.3.3 Spray drying
Simple, quick, repeatable, and scalable drying methods include spray drying (Arpagaus et al., 2018). Compared to freeze-drying, spray drying is a continuous process, which does not require freezing steps, and can directly transform various liquids into solid particles with adjustable size, distribution, shape, porosity, density and chemical composition. Powders that have been sprayed-dried are of a high calibre, often have a reduced moisture content, and are more stable (Arpagaus et al., 2018; Kusuma et al., 2018). However, spray drying is currently mainly concentrated in food applications and capsule and tablet applications, and the preservation and transportation of exosomes have not yet been covered. If it can be applied to the field of medical aesthetics in the future, it will solve a major problem in the preservation and transportation of exosomes.
Overall, research is underway to determine the ideal storage conditions for exosomes in medical aesthetics. Exosomes should be kept at −80°C for long-term storage and at 4°C for short-term storage. For preparation and transportation of exosome-related drugs, a freeze-drying method is used, but cryoprotectants such as trehalose, albumin., need to be added during the freezing process to reduce the loss of extracellular vesicles during separation and preservation (Bosch et al., 2016).
6 CONCLUSION AND FUTURE PERCEPTIVE
This paper discusses the regulatory mechanism of exosomes in wound repair, anti-aging, inhibition of hyperpigmentation and hair loss, also summarizes the engineering production technology, administration methods, and preservation methods for exosomes in medical beauty, with further explanations of exosomes applications in the medical aesthetics industry.
As a new type of tissue engineering material, exosomes have been gradually applied in the medical aesthetics industry. However, the research on the function of exosomes is still in the early stage, and there is an urgent need to conduct comprehensive research on the functions of exosomes in absorption, distribution, and metabolism (Cheng et al., 2020). Second, the uncertainty about the accuracy and content of components in exosomes (Lee et al., 2012), such as miRNA, proteins, and lipids, their high cost for separation procedures, and low purity of exosomes have always been problems in their application in medical aesthetics (Golchin, 2021).
The widespread use of exosomes still faces several difficulties, which we must continue to investigate in the future from various angles. First, stem cell exosomes are the main exosomes used in medical aesthetics. However, more research is needed to determine the significant usefulness of a wide range of exosomes, including plant nanovesicles and microbial nanovesicles. The route and dose of administration of exosomes will also affect the biological distribution pattern (Wiklander et al., 2015). As a drug delivery carrier, how to achieve local administration suitable for home use and how to improve its efficacy is still a problem worth exploring. Secondly, the small automatic preparation device has a huge application market at home, and how to develop a small automatic exosome extraction device suitable for home use is also a direction worth exploring. At the same time, large-scale preparation technology combined with long-term effective preservation technology is also a direction worthy of research.
Exosomes still face many challenges in clinical practice. In clinical practice and medical aesthetics, allogeneic exosomes are often applied to individuals. Although allogeneic exosomes can induce T cell proinflammatory allogeneic immune response in vitro and in vivo, due to different donors, the drug formation ability of allogeneic exosomes needs further study. (Marino et al., 2016; Lu et al., 2019). How to improve the curative effect of exosomes is the key point worth studying. In addition, due to heterogeneity and donor age, sex, body mass index, drug use, race and other factors that affect the level of exosomes (Witwer et al., 2013). With the in-depth study of engineered exosomes, the selection of engineered cells for different indications, production standards and standardization of clinical trials are also an important direction.
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Introduction: The application of titanium dioxide nanoparticles (TiO2 NPs) for cancer therapy has been studied for decades; however, the targeted delivery of TiO2 NPs to tumor tissues is challenging, and its efficiency needs to be improved.
Method: In this study, we designed an oxygen-deficient TiO2-x coated with glutamine layer for targeted delivery, as well as the enhanced separation of electrons (e-) and holes (h+) following the joint application of sonodynamic therapy (SDT) and photothermal therapy (PTT).
Results: This oxygen-deficient TiO2-x possesses relatively high photothermal and sonodynamic efficiency at the 1064 nm NIR-II bio-window. The GL-dependent design eased the penetration of the TiO2-x into the tumor tissues (approximately three-fold). The in vitro and in vivo tests showed that the SDT/PTT-based synergistic treatment achieved more optimized therapeutic effects than the sole use of either SDT or PTT.
Conclusion: Our study provided a safety targeted delivery strategy, and enhanced the therapeutic efficiency of SDT/PTT synergistic treatment.
Keywords: TiO2−x@GL, sonodynamic (SDT), photothermal (PTT), synergistic tumor therapy, glutamine addiction
INTRODUCTION
Owing to its remarkable biocompatibility, high photoactivity, excellent stability, and low toxicity, titanium dioxide nanoparticles (TiO2 NPs) were regarded as a promising anticancer material and were studied in-depth (Cesmeli and Biray Avci, 2019; Ziental et al., 2020). Being a typical emerging photochemical sensitizer, TiO2 NPs were highly effective in tumor therapy, and generated reactive oxygen species (ROS) in numerous types of cancer cells resulting in cell death upon illumination with light, majorly ultraviolet (UV) light (Fujiwara et al., 2015; Lee et al., 2018). In addition, TiO2 NPs were considered to be a promising acoustic sensitizer in tumor therapy owing to their remarkable stability compared to that of the organic acoustic sensitizer (Li et al., 2021). However, the ROS production of TiO2 NPs is relatively low because of the rapid recombination of their electron (e-) and hole (h+) (Dai et al., 2022). Therefore, the application of TiO2 NPs as a photochemical or acoustic sensitizer would necessitate prolonged illumination of UV light and yield low efficiency in ROS production (Gao et al., 2019; Kim et al., 2022). To resolve this challenge, researchers reformed the physicochemical features of TiO2 NPs to realize easier ROS release near the infrared-II biowindow, and proposed a SDT (sonodynamic therapy)/PTT (photothermal therapy)-based synergistic strategy for cancer therapy (Han et al., 2018).
SDT/PTT-based synergistic cancer therapy is a promising strategy, particularly considering TiO2 NPs, which respond to both sound and light simultaneously (Behnam et al., 2018; Chu et al., 2019). Therefore, SDT/PTT synergistic therapy can shorten the illumination duration for activation, thus compensating for the deficiency in ROS generation. The accumulation of sufficient nanoparticles in the tumor tissues is an essential premise for all nanomedicne treatments, therefore, the target delivery of TiO2 NPs to the cancer cells should be enhanced to the extent possible to improve efficacy and prevent adverse side effects (Kim et al., 2020; Liang et al., 2021). Therefore, a modified delivery method should be proposed to achieve this goal.
A previous study suggested that most of the cancer cells exhibited the phenomenon of glutamine (GL) addiction, that is, the tumor cells actively absorb and accumulate GL in tumor tissues for growth (Altman et al., 2016). Although in vitro research indicated that GL stimulated cancer cell growth (Knox et al., 1969), certain studies indicated that the GL supplementation did not stimulate tumor tissue growth in tumor-bearing mice models (Klimberg et al., 1996). Therefore, this unique feature of tumor cells provided a potential and safe strategy for the targeted delivery of TiO2 NPs.
This study aimed to synthesize the TiO2-x@GL NPs based on the “sugar coated bullet” theory in this study. We synthesized TiO2-x NPs and coated them with GL for the targeted delivery of nanoparticles to cancer cells via the tumor cells’ active uptake of GL, thus increasing the accumulation of TiO2-x@GL in tumor tissues, which consequently meant to treat the breast cancer, a common and severe cancer disease that affecting women health. Therefore, the 4T1 cancer cells and the tumor-bearing nude-mice mice were applied for the functional verification.
METHODS
Synthesis of TiO2-x@GL NPs
TiO2-x NPs were prepared through a an aluminum (Al) reduction method reported in a previous study (Wang et al., 2013; Han et al., 2018). To improve the tumor-targeting capability of TiO2-x NPs, GL (#J61560, Thermos Scientific) was harnessed to modify the surface of TiO2-x NPs. Categorically, 50 mg GL was added to TiO2-x NPs solution (1 mg/ml, 10 ml) and then subjected to 4-h sonication in an ice bath. The resulting TiO2-x@GL NPs were acquired through centrifugation (10000 r/min, 10 min) three times and washing with deionized water.
Characterization of TiO2-x@GL NPs
Transmission electron microscopy (TEM) was used to observe the morphology of TiO2-x and TiO2-x@GL; X-ray diffraction (XRD) patterns were obtained using the Rigaku D/MAX-2200 PX XRD system; and the parameters were set as Cu Kα, 40 mA, and 40 kV. Elements of Ti, O, and N were detected by sectional energy-dispersive spectroscopy (EDS) with corresponding color mapping. The size distribution and ζ potential measurements of the particles were conducted on a Zetasizer system (Nano ZS90, Malvern Instrument Ltd.). The UV-vis-NIR absorption spectrum was used to record via Shimadzu UV-3600 UV-vis-NIR spectrometer. The irradiation source for photothermal hyperthermia was the 1064 nm multimode pump laser (Shanghai Connect Fiber Optics Co. Ltd.), and the ultrasound irradiation for sonodynamic therapy was conducted using an Intelect Transport Ultrasound (Chattanooga Group, United States). The Agilent 725 inductively coupled plasma-optical emission spectrometer (Agilent Technologies) was used to confirm the quantitative analysis of the contents of nanoparticles. The intracellular uptake of nanoparticles and cell apoptosis levels were detected by flow cytometry (Becton, Dickinson and Company, United States), and confocal laser scanning microscopy images were recorded using FV1000 (Olympus Company, Japan).
Cell culture
The 4T1 cells were purchased from the American Type Culture Collection: The Global Bioresource Center (#CRL-2539). The cells were cultured with RPMI-1640 medium, supplemented with 10% fetal bovine serum (FBS) (#10100147C, GIBICO), in a 5% CO2 atmosphere at 37°C. The cell culture medium was replaced daily and the cells were treated upon reaching 60% confluence.
In vitro sonodynamic and photothermal treatment
The commercial Cell Counting Kit-8 (CCK-8) assay kit (#C0037, Beyotime Biotechnology) was used to evaluate the sonocatalytic and photothermal treatment for killing cancer cells. 4T1 cells were seeded in 96-well plates and cultured with RPMI-1640 medium containing 10% FBS for 12 h at a proper density, and then TiO2-x@GL (Ti concentration 50 ppm) was added for co-incubation. The cell viabilities in each group were determined by comparison with the control group. The laser power intensities were set as 1.5 W/cm2, and the US irradiation parameters as 1 MHz, 50% duty cycle, 1.0 W/cm2, and 200 s.
Reactive oxygen species detection
4T1 cells were planted and co-incubated with TiO2−x@GL at 37°C for 4 h. After incubation, the medium was removed and the cells were washed three times with PBS. To measure the ROS production by flow cytometry, the DCFH- DA (#S0033S, Beyotime Biotechnology) was added and incubated for 1 h. The cells were treated by US radiation for 5 min. After different treatments, the cells were collected to determine the intracellular fluorescence intensity of DCF.
Evaluation of in vitro photothermal effect of TiO2−x@GL
The infrared thermal image recorder (FLIR TM A325SC camera) was used to evaluate the photothermal effects of TiO2−x@GL by recording the temperature changes during laser irradiation in the NIR-II biowindow (1064 nm). TiO2−x@GL were dispersed in deionized water at different Ti concentrations (0, 6.25, 12.5, 25, 50, 100 and 300 ppm) and exposed to 1064 nm pump laser irradiation at a laser power density of 1.5 W/cm2. In addition, the temperature increase of TiO2−x@GL at a Ti concentration of 400 ppm as irradiated by a 1064 nm laser at different power intensities (0, 0.5, 1.0 and 1.5 W/cm2) was determined.
Evaluation of cell migration ability
The 4T1 cells were re-suspended with serum free medium, then 100 ml of the cell suspension was added to the upper chamber of the transwell plate at a proper density, after which the chamber was placed into the well filled with a serum-containing medium. After culturing for an additional 12 h, cells were fixed with 4% paraformaldehyde (#C104188, Aladdin), and then stained with 0.1% crystalviolet (#C0121, Beyotime Biotechnology) for 15 min at room temperature (22°C). Upon erasure of the cells on the bottom of the upper chamber, the well was observed and the migrated cells were counted under the light microscope. The cell number was collected from four independent fields from different directions.
Distinction between living and dead cells
The living and dead cells were distinguished using a commercial Calcein-AM/PI assay kit (#04511, Sigma-Aldich). The living cells were indicated with Calcein-AM (green) and the dead cells were stained red with PI. After staining, the cells were observed using a confocal laser scanning microscope (CLSM).
Establishment of tumor-bearing model and in vivo synergistic cancer therapy
The animal study was approved by the animal ethnic committee of Nanjing Medical University. To establish the tumor bearing model, 4T1 cells (1 × 106 cells) were suspended in 100 μl of PBS and injected into the right side of the back of mice (C57BL/6). Finally, 40 female 4T1 tumor-bearing mice were successfully established and fed at the Laboratory Animal Center. After the tumors grew to nearly 50 mm3, the mice were divided into 5 groups (n = 8) as follows: 1) Control group (treated with saline), 2) TiO2−x@GL only group, 3) TiO2−x@GL + laser group (injected with TiO2−x@GL followed by 1064 nm laser), 4) TiO2−x@GL + US group (treated with TiO2−x@GL + US irradiation), and 5) TiO2−x@GL + laser + US group (injected with TiO2−x@GL followed by laser and US irradiation). The injection dose of TiO2−x@GL was 15 mg/ml. The injection of 4T1 cells was recorded as day −7, and the mice received treatment on day 0. After intravenous injection of TiO2−x@GL for 4 h, the 1064 nm laser (1.5 W/cm2, 10 min) or the US irradiation (1 MHz, 50% duty cycle, and 1.0 W/cm2, 240 s) were administered to carry out the therapeutic plan. For the synergistic treatment, the mice received laser and US irradiation treatment on day 0, and the following US treatment was administered on days 3 and 5. The body weight and length and width of tumors were measured every 2 days using the digital scale and caliper, respectively. The tumor volume was calculated as follows: tumor volume (mm3) = ab2/2, a = the maximum length (mm), b = the minimum width (mm).
Contribution to SDT/PTT-based synergistic cancer therapy
The inhibitory rate of cell growth was calculated using the equation: % Growth inhibition = [(1 − OD extract treated)/(OD negative control)] × 100. The percentage contribution of each element (TiO2-x@GL, US and NIR) to the SDT/PTT-based synergistic cancer therapy was calculated by % contribution= (% Growth inhibition/total growth inhibition) × 100.
Biodistribution of TiO2−x@GL in tumor tissues
To verify that TiO2−x@GL could penetrate barriers and accumulate in tumor tissues, the bio-distributions of TiO2−x and TiO2−x@GL in tumor tissues were determined in 4T1 female breast tumor bearing mice (n = 5); they were randomly divided into three groups and intravenously injected with TiO2−x and TiO2−x@GL in saline at a dosage of 50 ppm. The mice were euthanized after 4 h of injection and dissected to collect the tumors. These tissues were weighed, homogenized, and dissolved in aqua regia. Then the Ti element content in tumor tissue was measured using Inductively Coupled Plasma Optical Emission spectroscopy (ICP-OES), and the distribution was calculated using the original dose per gram of tissue.
Pathological changes, cell apoptosis, and cell proliferation after different treatments
Pathological changes, cell apoptosis, and cell proliferation were revealed by hematoxylin and eosin (H&E) staining (#C0105S, Beyotime Biotechnology), tunel assay (#25879, Cell Signal), and Ki-67 antibody (#9129, Cell Signal), respectively. The H&E staining was carried out according to a previous study (Yuan et al., 2022), and Tunel staining was performed using a commercially available assay kit according to the manufacturer’s instructions. Cell proliferation was revealed by immunohistochemistry with an anti-Ki-67 antibody combined with a goat-anti-rabbit secondary antibody.
Statistical analysis
The data were presented as mean ± standard deviation (SD), and the difference between two groups was analyzed on the basis of the two-tailed t-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
RESULTS
Synthesis and characterization of TiO2-x NPs and TiO2-x@GL NPs
The synthesis progress of TiO2-x@GL NPs and the synergistic SDT/PTT therapy are indicated in Figure 1A. TEM were employed to identify the morphology of TiO2-x NPs and TiO2-x@GL NPs. As indicated in Figure 1B, TiO2-x displayed a uniform, spherical structure with a mean size of 50 nm. After loading into GL, there was no apparent change in the morphology of the fabricated TiO2-x@GL NPs compared with TiO2-x NPs (Figure 1C). Based on the high-resolution TEM imaging results and corresponding SAED patterns of TiO2-x NPs and TiO2-x@GL NPs (Figures 1D–G), the encasement of GL did not change the crystalline structure of TiO2-x NPs. The DLS results indicated the surface encasement of GL increased hydrodynamic particle size of TiO2-x NPs from 122.4 to 164.2 nm (Figures 1H, I). There was a remarkable elevation of nitrogen (N) in the TiO2-x@GL NPs group compared with the TiO2-x NPs group as revealed in the SEM images (Figures 2A, B) and EDS results (Figures 2C, D), suggesting the successful loading of TiO2-x NPs into GL. Despite the changes in ζ potential (Figure 2E) before and after GL encasement (from −36.1 to −9.1 mV), the crystal peaks of TiO2-x NPs and TiO2-x@GL NPs in XRD measurement matched the standard crystal structure of TiO2-x NPs (JCPDS No. 21-1272), suggesting the structure of TiO2-x NPs is well preserved after the surface encasement of GL (Figure 2F). Additionally, the UV-Vis-NIR optical absorption curves (Figure 2G) and the photothermal heating curves (Figure 2H) of TiO2-x NPs and TiO2-x@GL NPs show that the NIR wave-absorbing capability and the photothermal performance were not compromised, and collectively demonstrated that both TiO2-x NPs and TiO2-x@GL NPs could serve as PTT agents for tumor treatment.
[image: Figure 1]FIGURE 1 | Characteristics of TiO2-x NPs and TiO2-x@GL NPs (A) Graphical information of the synthesis of TiO2-x NPs and the synergistic SDT/PTT cancer therapy. (B, C) Low-magnification TEM images of TiO2-x NPs (B); and TiO2-x@GL NPs (C, D, E) High-resolution TEM images of TiO2-x NPs (D); and TiO2-x@GL NPs (E, F, G) SAED pattern images of TiO2-x NPs (F); and TiO2-x@GL NPs (G, H, I) DLS of TiO2-x NPs (H); and TiO2-x@GL NPs (I).
[image: Figure 2]FIGURE 2 | Characteristics of TiO2-x NPs and TiO2-x@GL NPs (A, B) SEM images of TiO2-x NPs (B); and TiO2-x@GL NPs (C, C, D) EDS of TiO2-x NPs (C) obtained based on the purple rectangle area in (A); and TiO2-x@GL NPs (D) obtained based on the purple rectangle area in (B, E–G) Zeta potentials (E); XRD (F); UV-Vis-NIR spectra (G); photothermal heating curves (H) of TiO2-x NPs and TiO2-x@GL NPs.
In vitro sonodynamic and photothermal effects of TiO2−x@GL
The generation of ROS could be influenced by numerous factors, such as US irradiation, duration, and the sonosensitizer concentration. First, generation of ROS increased as ultrasound intensity increased; the ultrasound power duration was 180 s and the TiO2-x@GL concentration 50 ppm (Figure 3A). To determine the influence of 40-kHz ultrasound in ROS generation kinetics, we determined the cumulative ROS generation from the 50 ppm TiO2-x@GL (Figure 3B). Sustained INS release from TiO2-x@GL was achieved through ultrasound irradiation at 1.0 W/cm2. As shown in Figure 3C, the increased particle concentration treatment led to a slight increase in ROS generation 180 s after the 1.0 W/cm2 ultrasound irradiation treatment. Conversely, TiO2-x@GL at high concentration (>100 ppm) suppressed cell growth (<75%). Given the aforementioned results, an optimized procedure (1.0 W/cm2 of US power, 180 s, and 50 ppm TiO2-x@GL) was adopted to achieve high ROS generation. Furthermore, the photothermal performance of TiO2-x@GL aqueous solution was further evaluated at different concentrations (0, 6.25, 12.5, 25, 50, 100, and 300 ppm) and 1.5 W/cm2. The temperature could reach as high as 59.2°C (300 ppm), which is sufficient to kill cancer cells by hyperthermia. The laser power dependent photothermal effect (0, 0.5, 1.0 and 1.5 W/cm2) was also demonstrated (Figure 3F).
[image: Figure 3]FIGURE 3 | In vitro sonodynamic and photothermal effects of TiO2−x@GL. (A) ROS generation behavior of TiO2−x@GL under different ultrasonic intensities in vitro. (B) Cumulative ROS concentration curve of TiO2−x@GL subjected to continuous ultrasound irradiation (1.5 W/cm2). (C) Comparison of the effects of different particle concentrations on the ROS generation. (D) Cytotoxicities of various concentration of TiO2−x@GL to normal epithelial cells. (E) Elevated concentrations (0, 6.25, 12.5, 25, 50, 100, and 300 ppm) of TiO2-x@GL irradiated by NIR-II (1064 nm) at a power intensity of 1.5 W/cm2. (F) Photothermal heating curves of 50 ppm TiO2−x@GL irradiated at varied power densities (0, 0.5, 1.0, and 1.5 W/cm2).
In vitro SDT/PTT-based synergistic cancer therapy
In this study protocol, the 4T1 cells were treated by SDT and PTT (sequential treatment). Categorically, 4T1 cancer cells were incubated with TiO2-x@GL nanoparticles for 4 h after US irradiation and NIR-II laser. The parameters of US irradiation were set as 1 MHz, 50% duty cycle, and 1.0 W/cm2, 200 s. The NIR-II laser was set at a power density of 1.5 W/cm2. The temperature rose quickly, and reached as high as 66°C (300 ppm), which was sufficient to kill cancer cells by hyperthermia (Figure 4A). As the laser is switched off, the temperature decreased rapidly. Notably, the extremely high temperature generated an obvious ablation and smoking phenomenon under NIR-laser irradiation. There was no obvious deterioration during three laser on/off cycles for the photothermal performance of TiO2-x@GL nanoparticles, showing the high photothermal stability of TiO2-x@GL nanoagents for photothermal hyperthermia (Figure 4B). The standard CCK-8 assay was initially conducted to investigate the in vitro 4T1 cell killing efficacy of TiO2-x@GL exposed to 1064 nm laser, TiO2-x@GL irradiated by US activation, and TiO2-x@GL combined with US and 1064 nm laser irradiations. In the SDT and PTT treated group, the cancer-cell viability incubated with TiO2-x@GL as PTT agent for 4 h decreased with a cell-viability rate of 19.2% (Figure 4C). Furthermore, after various treatments, the cell-killing effect was directly observed by CLSM, where the live and dead cells were stained by calcein-AM (green) and PI (red), respectively. A host of dead cells were observed in the TiO2-x@GL combined with US and laser group, indicating that the extensive occurrence of cell apoptosis and death for synergistic SDT and PTT (Figure 4D). From the average contribution rate of inter-regional differences, the TiO2-x@GL had an enormous contribution rate, with an average contribution rate of 44.95%. The US and NIR variance contribution rates were 23.33% and 31.72%, respectively (Figure 4E). As reported earlier, the TiO2 could inhibit tumor cell migration. Transwell experiments showed that the viable cells in TiO2-x@GL and TiO2-x groups were significantly less than those in the control group. This indicates that the TiO2-x@GL could inhibit tumor cell migration, like TiO2 (Figure 4F).
[image: Figure 4]FIGURE 4 | In vitro SDT/PTT-based synergistic cancer therapy. (A) Photothermal performance of the aqueous dispersion of TiO2-x@GL (50 ppm) under NIR irradiation at a power intensity of 1.5 W/cm2 for periods after US, and the temperature tended to stabilize when the laser cut off; (B) Heating curve of TiO2−x@GL dispersed in water for three cycles at a power intensity of 1.5 W/cm2; (C) Relative cell viability of 4T1 cells after different treatments, including control (without treatment), TiO2-x@GL only, US only, TiO2−x@GL combined with NIR, TiO2-x@GL combined with US irradiation, and TiO2-x@GL combined with NIR/US coirradiation. (D) CLSM images of 4T1 cells after different treatments, which were stained by PI (red fluorescence) and calcein-AM (green fluorescence). The scale bar is 40 μm; (E) Variance contribution rate of TiO2-x@GL, US and NIR; (F) Plate counting experiments of control, TiO2-x, and TiO2-x@GL.
In vivio SDT/PTT-based synergistic cancer therapy
The synergistic therapeutic schedule is shown in Figure 5A, the establishment of the tumor-bearing model was recorded as day −7, and the laser and US irradiation treatment was applied after 4 h of TiO2-x@GL injection on day 0. The subsequent US treatment was administered on the 3rd and 5th days. Ti element concentrations were significantly increased in tumor tissues after the intravenous injection of TiO2−x NPs or TiO2−x@GL. The GL increased the accumulation of TiO2-x NPs nearly 3-fold compared to that of the TiO2−x group (Figure 5B). The body weight of the mice showed no significant change during the treatment among all groups (Figure 5C). The tumor weight in the TiO2−x@GL + laser + US group was decreased significantly (p < 0.01) compared to control and TiO2−x@GL groups, and the decrease was significant (p < 0.05) compared to those of TiO2−x@GL + laser and TiO2−x@GL + US groups, respectively on day 15 (Figure 5D). Meanwhile, the tumor volume exhibited no growth in the TiO2−x@GL + laser + US group (Figure 5E), and the synergistic therapy contributed to prolonged morbidityfree survival (Figure 5F). H&E staining showed obvious pathological changes in the TiO2−x@GL + laser + US group as the tumor cells swelled, and Tunel assay showed increased apoptosis in the TiO2−x@GL + laser + US group. The expression of Ki-67 was significantly down-regulated in xenograft tumors after TiO2−x@GL + laser + US treatment. These data show that TiO2−x@GL + laser + US suppressed tumor growth in vivo.
[image: Figure 5]FIGURE 5 | In vivo synergistic SDT/PTT on tumor suppression in the NIR-II biowindow. (A) Schematic of synergistic SDT and PTT as assisted by TiO2-x@GL for tumor eradication. (B) Accumulated Ti in the tumor after the intravenous injection of TiO2−x or TiO2−x @GL for 4 h. (C) Time-dependent body-weight curves of 4T1 tumor-bearing mice in groups of control group, TiO2-x@GL group, TiO2−x@GL combined with US group, TiO2−x@GL combined with laser group and TiO2−x@GL combined with the laser and US therapy group. (D) Tumor weight of different groups on day 15. (E) Time-dependent tumor-volume curves during the 15 days. (F) Survival curves of 4T1 tumor-bearing mice after different treatments. (G) H&E staining, Tunel staining, and Antigen Ki-67 immunohistochemistry staining in tumor region of each group after the treatments. *p < 0.05, **p < 0.01, and ***p < 0.001.
Safety evaluation of TiO2-x@GL
The safety evaluation of TiO2-x@GL was revealed by the pathological changes of important organs and key blood and biochemicial parameters. H&E staining showed that the heart, liver, kidney, and lung showed no obvious changes on days 1, 7, and 28 (Figure 6A). The blood markers, including white blood cells (WBC), platelets (PLT), and hemoglobin (HGB) showed no significant change among different groups. Meanwhile, the biochemicial parameters, including urea nitrogen (BUN), C-reactive protein (Cr), and globulin (GLB) did not change compared to the control group (Figure 6B).
[image: Figure 6]FIGURE 6 | safety evaluation. (A) H&E staining images in main organ tissues of TiO2−x@GL combined with laser and US irradiation on days 1, 7, and 28. Blood routine examination (B) and biochemical parameters (C) of TiO2−x@GL combined with laser and US therapy from day 0 to day 28. WBC: white blood cell; PLT: platelet; HGB: Hemoglobin; BUN: urea nitrogen; Cr: Cr-reactive protein; GLB: Globulin.
DISCUSSION
As a traditional nanomaterial, titanium dioxide nanoparticles (TiO2 NPs) have been extensively applied in the field of anti-bacteria (Esteban Florez et al., 2018), particularly in cancer therapy (Rodriguez-Barajas et al., 2022), owing to their unique characteristics of low toxicity, remarkable biological compatibility, and SDT and PDT activity. TiO2 NPs is a semiconductor material, the energy gap of the anatase type is 3.23 eV, and that of the rutile type 3.06 eV (Nosaka and Nosaka, 2016). The molecules of TiO2 NPs would go into an excited state upon absorbing a photon with energy above or equal to the gap energy, and created negative electrons (e-) in the conduction, leaving a positive charged hole (h+) (George et al., 2011). This allowed them to induce reactive oxygen species (ROS), which was the key factor used by the researchers to kill cancer cells in other cancer therapy studies (Ganji et al., 2022).
Studies indicated that TiO2 NPs have relatively low efficiency with respect to inducing ROS, which is mostly stimulated by UV light (Wang et al., 2022), which is harmful to cells to a certain degree (Haney et al., 2022). To improve the efficiency of TiO2 NPs in ROS induction, Han et al. (2018) used the aluminum (Al) formed an oxygen-deficient TiO2-x layer on the surface of the TiO2 nanocrystals, which promoted and enhanced the separation of e- and h+ from the band structure under ultrasound irradiation, and significantly improved the effect of sonodynamic therapy on tumors. On this basis, we designed the TiO2-x to enhance their ability to generate ROS, and tumor therapy efficacy. Our results showed that TiO2-x was nearly 50 nm with the spherical morphology and 100 nm of DLS diameter, and the characteristic results were consistent with those of a previous study, indicating that synthesis was successful and is suitable for subsequent research (Li et al., 2022).
The application of TiO2 NPs for PTT and SDT on cancer treatment had unique advantages and obvious disadvantages. This technology requires high concentrations of TiO2 NPs and sufficient duration of illumination, and exhibits low target-killing ability, making it a focal point in numerous studies on drug delivery systems (Zhang et al., 2012; Torres-Romero et al., 2020). To enhance the targeting ability and stimulation of nanoparticles in cancer tissues, we used the GL as the guideline. Previous studies showed that the tumor cells would actively uptake GL for their growth. Despite being an abundant amino acid, GL is lacking in the tumor-bearing body (Chen et al., 1990), and the exogenous GL supplementation is preferentially transported to tumor tissues. Further, the tumor-bearing model study indicated that GL supplementation would not stimulate tumor growth (Fahr et al., 1994), indicating that the addition of GL is safe for tumor-bearing individuals. Based on the above studies, we designed a TiO2-x (TiO2-x@GL) coated with GL to achieve this goal. Our results indicated that TiO2-x was successfully embedded with GL, and with a hydrodiameter of approximately 100 nm, which is consistent with the findings of numerous previous studies (Kim et al., 2022; Salah et al., 2022). In addition, TiO2-x@GL can be activated at 1064 nm NIR-II bio-window, thus circumventing the potential challenge caused by UV illumination. Meanwhile, the concentration, US irradiation energy, and the light type and intensity for ROS generation by TiO2-x@GL is prior to many nanoparticles previously reported (Zhang and Sun, 2004; Chun-Hui et al., 2009).
SDT and PTT had different mechanisms in killing tumor cells, including ROS generation and high temperature. This design of TiO2−x with oxygen defects in the crystalline structure had been demonstrated to improve the separation efficacy of electrons and holes and subsequently enhance photocatalytic efficacy. TiO2−x also also proved to enhance the temperature in tumor atmosphere response under NIR irradiation in the NIR-II biowindow, which assist hyperthermia for killing tumor cells. Therefore, the TiO2-x@GL could inhibit tumor growth via inducing ROS under both US and laser irradiation, and enhance temperature to assist killing tumor cells after laser irradiation.
Despite the many advantages of nanoparticles in tumor treatment, it is difficult for them to penetrate barriers, particularly the tumor capsule. Studies indicate that only ≤1% nanomedicine doses can reach tumor tissues and exert their functions (Nakamura et al., 2016). Our results showed that with the help of GL, the concentration of TiO2-x@GL increased approximately three-fold in the tumor tissues, which significantly improved their killing efficacy.
Although the joint application of SDT and PTT has been considerably successful in tumor therapy, the sole application of either form of therapy is less efficient in inducing ROS. Therefore, recent studies mainly focused on the synergistic sonodynamic and photothermal treatment (Gao et al., 2019; Cao et al., 2022; Du et al., 2022). Tan used TiO2 NPs as the core to build a nano-sonosensitizer, combining it with the PD-1 checkpoint blockade therapy strategy, and found it effectively inhibited tumor cell proliferation and stopped tumor metastasis (Tan et al., 2021). In addition, Xue et al. designed a TIO2@PT/GOX (TPG)-mediated sonodynamic therapy (SDT) and starvation therapy (ST) that promotes systemic tumor suppression (Zhao et al., 2022). Therefore, in this study, we carried out a SDT/PTT synergistic strategy for evaluation.
Our results showed that the TiO2-x@GL + SDT + PTT yielded more optimized performance than the TiO2-x@GL + SDT/PTT. The joint application of the aforementioned treatments had no effects on the weights of the tumor-bearing mice, but significantly reduced the tumor weight and prolonged the duration of morbidity-free survival. Further mechanical research showed that combination treatment inhibited tumor cell proliferation, and triggered cell apoptosis to anticancer, which is consistent with the elevated ROS induced bio-effects (Wei et al., 2022). In addition, we found that TiO2-x and TiO2-x@GL can inhibit cell migration, which is consistent with the results we previously found in studies onTiO2 NPs study (Mao et al., 2018), suggesting that TiO2-x@GL may have the ability to inhibit tumor metastasis and prolong survival time. To evaluate the safety of the combination treatment, we observed the pathological changes of main organs and the key biochemical parameters. All the results showed no significant change, indicating that TiO2-x@GL had low toxicity to normal cells similar to TiO2 NPs (Javed et al., 2022).
CONCLUSION
Our study reported a GL coated oxygen-deficient TiO2-x to enhance their sonocatalytic and photothermal efficiency in tumor therapy. The oxygen-deficient TiO2-x structure enhanced the separation efficiency of e− and h+, and endowed the nanoparticle with high photothermal-conversion in the 1064 nm NIR-II biowindow. The GL shell guided the target delivery of nanoparticles and enhanced their accumulation in the cancer tissues, which improved their anticancer efficiency considerably. This study presents a nanomedicine and high efficacy of a combined treatment plan for cancer therapy, and proposes a strategy for designing an anticancer nanomedicine.
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