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A hydrogel system loaded with mesenchymal stem cell–derived exosome (MSC-Exos) is an attractive new tool for tissue regeneration. However, the effect of the stiffness of exosome-loaded hydrogels on tissue regeneration is unclear. Here, the role of exosome-loaded hydrogel stiffness, during the regeneration of injured nerves, was assessed in vivo. The results showed that the photocrosslinkable hyaluronic acid methacrylate hydrogel stiffness plays an important role in repairing nerve injury. Compared with the stiff hydrogels loaded with exosomes, soft hydrogels loaded with exosomes showed better repair of injured peripheral nerves. The soft hydrogel promoted nerve repair by quickly releasing exosomes to inhibit the infiltration of macrophages and the expression of the proinflammatory factors IL-1β and TNF-α in injured nerves. Our work revealed that exosome-loaded hydrogel stiffness plays an important role in tissue regeneration by regulating exosome release behavior and provided important clues for the clinical application of biological scaffold materials.
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INTRODUCTION
Exosomes, phospholipid bilayer vesicles with a diameter of 70–150 nm, have clinical application potential (Fais et al., 2016). Mesenchymal stem cell–derived exosomes (MSC-Exos) can promote the recovery of various injuries (Gyorgy et al., 2015; Malda et al., 2016). Previous research has shown that MSC-Exos can promote tissue regeneration and functional recovery during nerve injury (Sun et al., 2018), myocardial infarction (Yao et al., 2021), and liver transplantation (Lou et al., 2017). Therefore, MSC-Exos carrying mesenchymal stem cell (MSC)–related proteins, lipids, and nucleic acids are expected to replace MSCs as a safe cell-free clinical treatment tool (Malda et al., 2016; Cheng et al., 2017). Umbilical cord–derived mesenchymal stem cells are widely used in tissue engineering due to their easier collection (Weiss and Troyer, 2006; Howard et al., 2008). Porous hydrogels, as scaffolds to replace the extracellular matrix (ECM) of damaged tissues, are widely used in tissue repair (Prince and Kumacheva, 2019). Recently, studies have shown that porous hydrogels, as exosome delivery systems, can effectively prevent exosomes from being cleared by blood circulation and maintain an effective concentration of exosomes at the injury site (Riau et al., 2019; Huang et al., 2021). The hydrogel-loaded exosome system exhibits attractive clinical application potential for the skin (Henriques-Antunes et al., 2019; Shen et al., 2021), nerve (Li L. et al., 2020; Zhang et al., 2021a), bone (Liu et al., 2017; Jiang et al., 2021; Pishavar et al., 2021), and heart (Waters et al., 2018; Zhu et al., 2021) tissue repair. Studies have shown that hydrogel stiffness plays a key role in tissue damage repair (Prince and Kumacheva, 2019; Chaudhuri et al., 2020). However, the effect of exosome-loaded hydrogel stiffness on tissue damage repair is still unclear.
Peripheral nerve injury (PNI) is a common clinical disease that can be caused by blunt injury, penetrating injury, and crush damage. (Akar et al., 2021). PNI has been reported in 2–3% of trauma patients. Sensory, dyskinesia, or autonomic nerve dysfunction of the limbs caused by PNI severely affects patient quality of life (Luzhansky et al., 2019). After nerve injury, inflammation caused by the injury is the main factor causing nerve regeneration. Macrophages play a key role in the process of nerve injury and inflammation (Liu et al., 2019). The proinflammatory M1 subtype of macrophages promotes inflammation and increases tissue necrosis by releasing TNF-a and IL-1B (Liu et al., 2019). Although a variety of surgical and nonsurgical treatment methods have been approved for clinical use, the efficacy is unsatisfactory. Therefore, new treatments for PNI need to be developed urgently (Zhang et al., 2021b). As a classic model, rat sciatic nerve crush injury (SNCI) is widely used in the study of the repair process of PNI (Savastano et al., 2014; Akar et al., 2021). After surgery in mice with SNI, the motor and sensory disturbances caused by nerve damage were quantitatively evaluated through the sciatic functional index (SFI) and rat gastrocnemius morphological indicators (Seltzer et al., 1990).
Hence, photocrosslinkable hyaluronic acid methacrylate (HAMA) with different mechanical properties was selected to prepare hydrogels for loading of exosomes to repair sciatic nerve injury due to its good histocompatibility (Levett et al., 2014; Eke et al., 2017; Schuurmans et al., 2021). We used the rat SNCI model to determine the effect of exosome-loaded hydrogel stiffness on the repair of PNI. Our results showed that the stiffness of exosome-loaded hydrogels plays an important role in PNI and that the stiffness of loaded exosome hydrogels affects PNI repair by regulating the exosome release rate.
MATERIALS AND METHODS
Cell Culture
Mycoplasma-negative human umbilical cord–derived mesenchymal stem cells (UMSCs) were cultured in low-sugar DMEM (11885084, Gibco) containing 10% fetal bovine serum (FBS, 10099141, Gibco), 100 U mL−1 penicillin, and 100 μg ml−1 streptomycin (15070063, Gibco). Mycoplasma-negative THP1 cells were cultured in RPMI-1640 (R2405, Sigma) containing 10% FBS (10099141, Gibco), 100 U mL−1 penicillin, and 100 μg ml−1 streptomycin (15070063, Gibco). All cells were cultured at 5% CO2 and 37°C.
Collection of Supernatant Containing Exosomes
UMSCs were cultured to 70–80% confluence. After three washes with PBS (70011044, Gibco), the cells were cultured in a medium with exosome-free serum. The supernatant was collected after 48 h of incubation.
Macrophage Induction
For M0 macrophages, 100 ng/ml phorbol 2-myristate 13-acetate (PMA, P8139, Sigma) was added to the THP1 medium, and THP1 cells began to adhere after 12 h of culture. For M1 macrophages, the PMA-induced THP1 cells were replaced with the medium, and then, 100 ng/ml lipopolysaccharide (LPS, SMB00610, Sigma) was added to the medium. After 24 h of induction, the total cell RNA was extracted for quantitative real-time PCR (qRT-PCR) (Ding et al., 2021).
Exosome Collection and Characterization
UMSC exosomes were collected as described previously (Guo et al., 2019). Briefly, the collected supernatants were centrifuged at 1,500 × g for 20 min at 4°C to remove cell debris and then filtered through a 0.22-μm filter (SLGP033RB, Millipore). Next, the collected supernatants were centrifuged at 150,000 × g for 2 h at 4°C, and then the exosome pellet was resuspended in pure water or in 250 μl of RIPA lysis buffer (89901, Thermo) with Pierce protease inhibitor mini tablets (A32953, Thermo) for Western blotting.
Characterization of the Number and Size of Exosomes
Exosome particle size and number were measured by Nanoflow (Apogee A50-micro, Apogee) according to the user manual. The exosome data were collected and analyzed by Apogee Histogram software.
Transmission Electron Microscopy
The exosomes dissolved in PBS were aspirated, 10 μl was added dropwise to the copper mesh and allowed to settle for 1 min, and a filter paper was used to absorb the floating liquid. Ten microliters of phosphotungstic acid were added dropwise to the copper net to settle for 1 min, and the floating liquid was absorbed by the filter paper. The samples were dried for a few minutes at room temperature. Electron microscopy (HT-7700, Hitachi) imaging at 80 KV was performed.
Exosome Quantification
The protein in the exosome solution, obtained by centrifugation, was quantified to measure the concentration of exosomes (Sun et al., 2018). The exosome protein concentration was characterized by BCA (23225, Thermo), and then, the concentration of the exosomal solution was adjusted to 1 μg/μl. Then, NanoFlow was used to characterize the number of exosome particles, and the results showed that the number of exosome particles was 1.1 × 108 Evts/μg.
Western Blot
Exosomal proteins were separated by polyacrylamide gel electrophoresis, and the proteins were transferred onto PVDF membranes (Millipore, IPVH00010) by wet transfer. The membranes were blocked with 5% (m/v) BSA in PBS for 3 h and then incubated with 1:500 CD9 (ab92726, Abcam) or 1:500 ALIX (ab186429, Abcam) primary antibodies overnight at 4°C. Horseradish peroxidase (HRP)–conjugated secondary antibody was incubated for 1 h at room temperature after washing the membranes with 0.1% Tween 20 in PBS. The protein blots were developed by a chemiluminescence system.
Preparation and Characterization of Hydrogels With Different Stiffnesses
Photopolymerized HAMA, which was purchased from EFL (Suzhou Intelligent Manufacturing Research Institute), was used to prepare hydrogels with different mechanical properties according to the instructions. HAMA (150 kD) was dissolved in pure water containing 0.25% lithium phenyl (2,4,6-trimethylbenzoyl) phosphinate at concentrations of 200 μg/μl and 80 μg/μl. Then, different concentrations of HAMA solution were mixed with equal volumes of a solution of exosomes (1 μg/μl) or pure water (the final concentrations of HAMA were 100 μg/μl and 40 μg/μl, and the final concentration of exosomes was 0.5 μg/μl). Then, the HAMA solutions with different concentrations of added exosomes were cured by a 405-nm, 25-mW/cm2 light source for 30 s to obtain hydrogels with different mechanical properties. HAMA at different concentrations was photocrosslinked to form hydrogels. The mechanical properties were characterized using a rotational rheometer (HAAKE MARS III; Thermo) (Liu et al., 2020).
Fluorescent Labeling With Exosomes
PKH26 (UR52302, Umibio) was used to label exosomes according to the instructions and previous descriptions (Xu et al., 2017). After fluorescent labeling, the exosomes were collected by ultracentrifugation. Then, the exosome pellet was resuspended in pure water. Nanoflow was used to characterize the number of PKH26-labeled exosome particles, and the final concentration was adjusted to 1.1 × 108 Evts/µl (1 μg/μl).
Experimental Animals
Male Sprague–Dawley (SD) rats weighing 100–200 g were provided by the Animal Experiments Center of Naval Medical University (Shanghai, China). All the rats were housed in standard rat cages at a temperature of 23°C and a humidity of 55% under a 12 h light–dark cycle. All the animal experiments were approved by the Scientific Investigation Committee of Naval Medical University (Animal ethics certificate number: 2017-0004) and followed the guidelines of the Ethics Committee of the International Pain Research Association (https://www.iasp-pain.org).
SNCI Model and Experimental Protocol
The rat SNCI model was established according to the method described previously (Li R. et al., 2020). In brief, the rats were anesthetized with 4% pentobarbital sodium (30 mg/kg, i.p.), and the left sciatic nerve was exposed by separating the gluteal muscles. For the damage of the sciatic nerve axons, vascular forceps clamped the sciatic nerve for 40 s without damaging the nerve epineurium. The experimental rats were divided into the following groups. The same anesthesia and surgery were performed without damaging the sciatic nerve. For the control group, after SNCI, each rat received 100 μl of PBS after sciatic nerve damage. For the stiff group, after SNCI, 100 μl of HAMA solution (100 μg/μl) carrying exosomes (PKH26 labeled or unlabeled, 0.5 μg/μl) was dropped on the periphery of the injured nerve and photocrosslinked to form a hydrogel. For the soft group, after SNCI, 100 μl of HAMA solution (400 μg/μl) carrying exosomes (PKH26 labeled or unlabeled, 0.5 μg/μl) was dropped on the periphery of the injured nerve, and photocrosslinking was performed to form a hydrogel. For the stiff-hydrogel only group, after SNCI, 100 μl of HAMA solution (100 μg/μl) was dropped on the periphery of the injured nerve, and photocrosslinking was performed to form a hydrogel. For the soft-hydrogel only group, after SNCI, 100 μl of HAMA solution (40 μg/μl) was dropped on the periphery of the injured nerve, and photocrosslinking was performed to form a hydrogel.
Fluorescence Imaging
Three-dimensional imaging of hydrogels loaded with PKH26-labeled exosomes: PKH26-labeled exosomes were loaded in a gel (1 μg/μl), and the hydrogel was 3D-imaged using a laser scanning confocal microscope (LSCM, SP8, Leica).
Cellular Fluorescence Imaging
A total of 40 μl of HAMA solution at different concentrations (200 μg/μl or 80 μg/μl) was mixed with an equal volume of PKH26-labeled exosomes (1.1 × 108 Evts/µl, 1 μg/μl), dropped on the bottom of a confocal dish, and photocrosslinked to form hydrogels with different mechanical properties. A total of 1 × 105 THP1 cells were seeded on the hydrogel, 100 ng/ml PMA was added to the medium, the cells adhered to the wall after 12 h of induction, and the cells were fixed with paraformaldehyde after 24 h of culture and imaged with an LSCM. A total of 1 × 105 THP1 cells were seeded in a confocal dish, and 100 ng/ml PMA was added to the culture medium to induce for 24 h. Then, 100 ng/ml LPS was added to the cells, and different concentrations of exosomes (10 μg/ml or 100 μg/ml) were added to the medium at the same time. After 24 h of culture, the cells were fixed and imaged with an LSCM. All LSCM images were collected using Leica Application Suite X software.
Fluorescence Imaging of Tissue Sections
The sciatic nerve and dorsal root ganglion (DRG, L4) of the rats in the stiff and soft groups (loaded with PKH26-labeled exosomes) were removed 24 h after the operation to prepare the frozen sections. The frozen sections were blocked with 10% positive PBS for 1 h at room temperature and then stained with DAPI for 15 min. After mounting of the slide with 10 μl of antifluorescence attenuating agent, imaging was performed using a fluorescence microscope (Axio Observer, Zeiss). The sciatic nerves of the rats in the stiff and soft groups (loaded with unlabeled exosomes) were removed 3 days or 14 days after the operation to prepare the frozen sections. After antigen retrieval, the frozen sections were blocked with 5% BSA. CD68 (3 days, GB113109, Servicebio) or β-tubulin 3 (14 days, 5568T, CST) primary antibody at 1:200 was incubated overnight at 4°C. The cells were incubated for 3 h with a secondary antibody (GB22301, GB21303, and Servicebio), and the nuclei were stained with DAPI, mounted with an antifluorescence quencher and imaged with a fluorescence microscope. All the images were collected by ZEN2012 software.
Function and Morphology Analysis of Rats With Sciatic Nerve Injury
SFI: After the rat’s hind feet were stained with red dye, they were placed in a track covered with white paper (60 cm long and 10 cm wide). The collected hind footprints were analyzed according to a previous description (Varejao et al., 2004). The SFI was calculated according to the following equation:
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PL indicates the print length, and the value is the distance from the heel to the third toe. TS indicates the toe spread, and the value is the distance from the first to the fifth toe. IT indicates the intermediary toe spread, and the value is the distance from the second to the fourth toe. E represents the surgical side, and N represents the normal side. An SFI value of 0 indicates normal sciatic nerve function, and an SFI value of -100 indicates complete loss of sciatic nerve function.
Gastrocnemius Wet Weight
The rat’s bilateral gastrocnemius muscles were removed and weighed immediately. The 100% value of the wet gastrocnemius muscle weight on the operating side/wet gastrocnemius muscle weight on the normal side was used to evaluate gastrocnemius atrophy caused by sciatic nerve damage (Singh et al., 2021). Moreover, the gastrocnemius muscle was cross-sectioned, and H&E staining analysis of the muscle fiber area was performed to further assess the level of muscle atrophy (Chen et al., 2020).
H&E Staining and Immunohistochemical Staining
The injured sciatic nerve was wrapped with a hydrogel loaded with exosomes with different mechanical properties. The nerves and gastrocnemius muscle were removed 14 days later to prepare the paraffin sections. H&E staining: the rat gastrocnemius muscle was transected and stained with hematoxylin for 30 min at room temperature. The samples were rinsed with tap water for 15 min and soaked in hydrochloric acid. Then, the slices were dehydrated and stained with 0.5% erythritol for 3 min at room temperature. Then, they were rinsed with 95% alcohol. The samples were dehydrated with absolute ethanol, placed in xylene, and sealed with neutral gum, and a microscope (CX43; Olympus) was used to observe and image the samples.
Immunohistochemical Staining
The rat sciatic nerve was cut longitudinally, and after antigen retrieval, the sections were blocked with 5% BSA. Then, 1:200 IL-1β (GB11113, Servicebio) or TNF-α (GB11188, Servicebio) primary antibody was incubated overnight at 4°C. The cells were incubated for 40 min with HRP-labeled secondary antibody (G1215, Servicebio). After AEC color development, hematoxylin was used to stain the nucleus. The image was observed under a microscope (CX43; Olympus) after mounting the slide.
Q-RT-PCR
The total RNA of the cells was extracted using TRIzol (15596026, Invitrogen), and then, the RNA was reverse-transcribed for cDNA using a cDNA reverse transcription kit (4374967, Applied Biosystems). Finally, the SYBR Green ER (11762500, Invitrogen) mixture was used for the test on a QuantStudio 3 (Applied Biosystems). All data were collected and analyzed using QuantStudio Real-Time PCR software. The primer sequences are listed below. GAPDH: forward primer: ACA​ACT​TTG​GTA​TCG​TGG​AAG​G, reverse primer: GCC​ATC​ACG​CCA​CAG​TTT​C; TNFa: forward primer: GAG​GCC​AAG​CCC​TGG​TAT​G, reverse primer: CGG​GCC​GAT​TGA​TCT​CAG​C (PrimerBank ID, 25952110c2); and IL-1B: forward primer: ATG​ATG​GCT​TAT​TAC​AGT​GGC​AA, reverse primer: GTC​GGA​GAT​TCG​TAG​CTG​GA (PrimerBank ID, 27894305c1).
Data Analysis
All fluorescence imaging was analyzed using ImageJ software, as described previously (Jensen, 2013). All data were analyzed and calculated by Origin 2018.
RESULTS
Hydrogels With Different Stiffnesses Loaded With Exosomes for the Treatment of Peripheral Injuries
Human umbilical cord–derived mesenchymal stem cell exosomes (uMSC-Exos) were collected by ultracentrifugation (Sun et al., 2018). Then, the morphological characteristics of exosomes were characterized by transmission electron microscopy (TEM) (Figure 1A, Supplementary Figure S4), and the size of the exosomes was characterized by NanoFlow (Supplementary Figure S1A). Furthermore, the exosome-specific protein markers (CD9 and ALIX) (Kowal et al., 2016; Jeppesen et al., 2019) were evaluated by Western blotting. The results showed that CD9-− and ALIX-positive exosomes with complete morphology were collected. Then, HAMA hydrogels with different mechanical properties loaded with exosomes were prepared. The HAMA storage modulus was measured by using a rheometer (Supplementary Figure S1B); 0.78 KPa was defined as “soft” and 8.54 KPa was defined as “stiff.” To further characterize the distribution of exosomes in the hydrogel, we loaded PKH26-labeled exosomes into the hydrogel, and the 3D imaging results showed that the exosomes were distributed in the hydrogel (Li L. et al., 2020) (Figure 1B, Supplementary Figure S5). The abovementioned results indicated that MSC-Exos can be loaded into the HAMA hydrogel and distributed evenly. Then, the rat SNCI model was used to evaluate whether the stiffness of the exosome-loaded hydrogel affected nerve repair. The left sciatic nerve of the rat was exposed and crushed by forceps. One hundred microliters of different concentrations of HAMA with exosomes (0.55 × 108 Evts/µl) was poured around the injured nerve, and the hydrogels with different mechanical properties were formed by photocrosslinking (Figure 1C).
[image: Figure 1]FIGURE 1 | Hydrogel-loaded exosomes for the treatment of sciatic nerve injury. (A) Characterization of human umbilical cord–derived mesenchymal stem cell–derived exosomes (left: TEM of exosomes, bar = 200 nm; right: Western blot characterization of exosome marker proteins). (B) Fluorescence 3D imaging of hydrogels loaded with PKH26-labeled exosomes (red: PKH26, bar = 50 μm). (C) Rat SNCI model. Different concentrations of HAMA solution mixed with exosomes were injected into the injured nerve, and after curing with ultraviolet light, the hydrogels with different mechanical properties were formed at the nerve injury site (I, uninjured rat sciatic nerve; II, injured sciatic nerve; and III, injured nerve embedded in hydrogel).
Stiffness of the Exosome-Loaded Hydrogels Affects Nerve Repair
The rats were divided into four groups: sham, in which only the sciatic nerve was exposed without SNCI; con, where 100 μl of PBS was dripped into the injured site after SNCI; stiff, the stiff hydrogel loaded with exosomes (0.55×108 Evts/µl) was formed in the injured site after SNCI; and soft, soft hydrogel loaded with exosomes (0.55 × 108 Evts/µl) was formed in the injured site after SNCI. Fourteen days after the operation, the rat’s SFI was assessed to evaluate the rat’s sciatic nerve function (Varejao et al., 2004; Chen et al., 2020; Lopez-Silva et al., 2021). The results showed that dysfunction caused by sciatic nerve injury significantly affected the rat git (Figure 2. A left) and significantly reduced the SFI (Figure 2. sham vs. con, from −5.05 to −82.70). The soft hydrogel loaded with exosomes significantly increased the SFI value of the rats after sciatic nerve injury (Figure 2. A soft vs. con, from -82.70 to -47.88), and it resulted in a greater increase in the SFI value than that of the stiff (−79.36) hydrogel loaded with exosomes (Figure 2. A soft vs. stiff). The gait changes of the rats are accompanied by atrophy of the gastrocnemius muscle, so the wet weight and muscle fiber area of the gastrocnemius of different groups of rats were also analyzed (Chen et al., 2020; Lopez-Silva et al., 2021; Singh et al., 2021). The results showed that sciatic nerve injury resulted in atrophy of the gastrocnemius muscle on the operating side, a decrease in wet weight, and a decrease in muscle fiber area (Figure 2. B sham vs. con; weight from 98.04% to 45.81%; area from 88.55% to 53.01%). The soft hydrogel loaded with exosomes had a significant therapeutic effect on gastrocnemius atrophy after sciatic nerve injury (Figure 2. B soft vs. con; weight increased from 45.81% to 61.63%; area increased from 53.01% to 76.34%), and the therapeutic effect was significantly better than that of the stiff (weight 45.85%, area 52.56%) hydrogel loaded with exosomes (Figure 2. B soft vs. stiff).
[image: Figure 2]FIGURE 2 | Soft hydrogel–loaded exosomes can better repair injured nerves. (A) Rat hind footprints were collected after surgery, and the SFI was used to evaluate the functional recovery of the injured sciatic nerve (left: typical footprint pattern, 7 days, bar = 1 cm; right: SFI score, 14 days). Con: surgery group, sham: sham operation group, con vs. sham p = 1.71649E-4; soft: soft hydrogel treatment group, soft vs. con p = 0.01813); and stiff: stiff hydrogel treatment group, soft vs. stiff p = 0.02697. (B) Wet weight of the gastrocnemius muscle and the cross-sectional area of the gastrocnemius muscle fibers. (left: photographs of rat gastrocnemius muscles on the operative and nonoperative sides and HE-stained images of the transverse section of the gastrocnemius muscle on the operating side, bar = 1 cm black, bar = 100 μm yellow).
Previous studies have shown that the mechanical properties of biomaterials affect damage repair (Kratochvil et al., 2019; Chaudhuri et al., 2020; Khare et al., 2021). Therefore, the repair effects of hydrogels with different stiffnesses without exosomes were evaluated. The rats were divided into two groups: stiff-hydrogel only, in which the stiff hydrogel was formed in the injured site after SNCI; and the soft-hydrogel only, in which the soft hydrogel was formed in the injured site after SNCI. Fourteen days after the operation, the wet weight and muscle fiber area of the rat gastrocnemius muscle were analyzed. The results showed that there was no significant difference between the soft hydrogel and the stiff hydrogel in repairing muscle atrophy caused by sciatic nerve injury without exosomes (Supplementary Figure S2). The abovementioned results indicated that the exosome behavior regulated by hydrogel stiffness affects the repair effect of sciatic nerve injury.
The Exosome-Loaded Soft Hydrogel Promotes the Repair of Injured Nerves by Inhibiting the Inflammatory Response
Fourteen days after the operation, the HE staining results of the injured sciatic nerve showed that compared with the stiff group, the soft group showed better repair of the injured nerves, displaying a more regular arrangement (Figure 3A left). Injury-induced inflammation is an important factor that hinders the repair of sciatic nerve injury (Liu et al., 2019). Previous studies have proven that uMSC-Exos can significantly inhibit inflammation caused by sciatic nerve injury (Sun et al., 2018). Therefore, we hypothesized that the exosome-loaded soft hydrogels can inhibit the inflammation of injured nerves better than stiff hydrogels. Therefore, the levels of IL-1β and TNF-α in the injured nerves were evaluated by immunohistochemistry because the proinflammatory factors IL-1β and TNF-α, secreted by M1 macrophages after nerve injury, are important factors hindering nerve repair (Liu et al., 2019). The results showed that the levels of IL-1β and TNF-α in the damaged sciatic nerve were lower in the soft group than in the stiff group (Figure 3A right). We further evaluated the inhibitory effects of the exosome-loaded hydrogels with different stiffnesses on injured nerve inflammation at 24 h after the operation. Twenty-four hours after the operation, the injured sciatic nerves of the rats in the stiff group and the soft group were removed, and the macrophages were characterized by CD68 after freezing the sections (Lee et al., 2020; Lu et al., 2020). The results showed that the soft hydrogel loaded with exosomes can significantly inhibit the infiltration of macrophages on the nerve in the early stage of nerve injury, especially in the distal ends of the injured nerve (Figure 3B). In conclusion, the soft hydrogel–regulated exosome behavior promotes peripheral nerve repair by inhibiting the injury-induced inflammatory response. The soft hydrogel loaded with exosomes promotes nerve regeneration by inhibiting inflammatory response, thereby improving the SFI and increasing muscle mass and muscle fiber area.
[image: Figure 3]FIGURE 3 | Soft hydrogels loaded with exosomes better repair nerve damage by inhibiting inflammation. (A) H&E staining imaging of the injured nerves (left: 14 days, bar = 1,000 μm black, bar = 100 μm yellow). Immunohistochemistry imaging of IL-1β and TNF-α (right: 14 days, bar = 50 μm red). (B) Immunofluorescence imaging of the injured nerves (1 day, bar = 50 μm, green: CD68, blue: DAPI).
The Rapid Release of Exosomes Mediated by Soft Hydrogels Promotes the Repair of Injured Nerves by Inhibiting Inflammation
Hydrogel stiffness regulates the diffusion of exosomes (Lenzini et al., 2020). Therefore, we hypothesized that soft hydrogels promote neural repair by modulating exosome release. The rat SNCI model was used to evaluate the regulation of hydrogel stiffness on the release of exosomes in the in vivo microenvironment. The left sciatic nerve of the rat was exposed and crushed by forceps. One hundred microliters of different concentrations of HAMA with PKH26-labeled exosomes (0.55 × 108 Evts/µl) were dripped around the injured nerve, and hydrogels with different mechanical properties were formed by photocrosslinking (Figure 4A). Twenty-four hours after the surgery, the rat sciatic nerve was removed, frozen, sectioned, and then fluorescently imaged. The results showed that compared with that in the stiff hydrogel, the sciatic nerve wrapped in the soft hydrogel has a larger fluorescent area and higher integrated optical density (Figure 4A).
[image: Figure 4]FIGURE 4 | Rapid release of exosomes mediated by soft hydrogels inhibits macrophage inflammation. (A) After 24 h, the hydrogel-embedded sciatic nerves were collected, and the frozen sections were imaged under a fluorescence microscope. Image analysis showed that compared with the stiff hydrogel–embedded sciatic nerves, the sciatic nerves embedded in the soft hydrogels had a larger fluorescent area (p = 0.00162, n = 5) and higher IOD (p = 0.01827, n = 5; bar = 200 μm). (B) Hydrogels with different stiffnesses were loaded with PKH26-labeled exosomes and incubated with THP1 cells and PMA (100 ng/ml). After 24 h, the cells were imaged under a laser confocal microscope (bar = 250 μm). Image analysis shows that compared with the cells grown on stiff hydrogels, the cells grown on soft hydrogels had a larger fluorescent area (p = 0.00101, n = 15) and higher IOD (p = 0.00201, n = 15). (C) After PMA (100 ng/ml) induced THP1 to adhere to the wall (con), LPS (100 ng/ml) was used to induce the cells to differentiate into M1 for 12 h (LPS). Then, the cells were treated with different concentrations of exosomes to detect the expression of the related genes, IL-1β and TNF-α (IL-1β: con vs. LPS p = 6.57496E-5, LPS vs. 10 μg/ml p = 7.66959E-4, 10 μg/ml vs. 100 μg/ml p = 3.2624E-4; TNF-α: con vs. LPS p = 9.737936E-4, LPS vs. 10 μg/ml p = 0.00355, 10 μg/ml vs. 100 μg/ml p = 1.63632E-4; n = 3). (D) Schematic diagram of the mechanism by which exosome release affects damaged nerve repair. The rapid release of exosomes from the soft hydrogel can reduce macrophages and the expression of proinflammatory IL-1β and TNF-α in M1 macrophages, thereby promoting the repair of the injured nerve. *p < 0.05; **p < 0.01; and ***p < 0.001, t test.
The hydrogel, as a substitute for the ECM, forms cell–hydrogel interfaces with the tissue cells of the injury when repairing the tissues (Stevens and George, 2005; Li et al., 2019). Therefore, the effects of hydrogels with different stiffnesses on regulating exosome release in the cell–hydrogel interface system were evaluated. One hundred microliters of different concentrations of HAMA with PKH26-labeled exosomes (0.55 × 108 Evts/µl) was dropped at the bottom of the confocal dish, and the hydrogels with different mechanical properties were formed by photocrosslinking. A total of 1 × 105 THP1 cells were seeded on the hydrogel with 100 ng/ml PMA (Ding et al., 2021). After PMA induction for 12 h, the cells adhered to the hydrogel with different stiffnesses. After 24 h, the cells were fluorescently imaged. Fluorescence imaging showed that compared with the cells grown on the stiff hydrogels, the cells grown on the soft hydrogels had a larger fluorescent area and higher integrated optical density (IOD, Figure 4B). The soft hydrogels released exosomes more rapidly in the cell–hydrogel interface system than the stiff hydrogels after 24 h. The abovementioned results showed that the dose difference of exosomes formed at the injured peripheral nerve site is due to hydrogel stiffness, modulating exosome release. Therefore, we used different concentrations of exosomes to treat the THP1 cells that were M2-polarized by LPS induction, and the results showed that higher concentrations of exosomes can better inhibit the expression of IL-1β and TNF-α in M1 macrophages (Figure 4C). Our results showed that compared with the stiff hydrogels, the soft hydrogels that rapidly release exosomes can better repair PNI and motor dysfunction by reducing the infiltration of macrophages into the injured nerve in the early stage of nerve injury. This phenomenon reduces the number of M1 macrophages in the injured nerve. The rapid release of high doses formed by exosomes can better inhibit the expression of the proinflammatory factors IL-1β and TNF-α in macrophages (Figure 4D). Compared with the stiff hydrogels that release exosomes slowly, the soft hydrogels that quickly release exosomes can better repair the injured sciatic nerves by inhibiting inflammation.
DISCUSSION
The mechanical properties of biomaterials play an important role in tissue repair (Kratochvil et al., 2019; Chaudhuri et al., 2020; Khare et al., 2021). However, the role of exosome-loaded hydrogel scaffold stiffness in tissue repair is still unclear. Our work showed that the stiffness of the exosome-loaded hydrogel affects neural repair. Compared with the stiff hydrogels, the soft hydrogels can promote nerve repair by inhibiting the inflammatory response caused by injury. Hydrogel mechanical properties regulate exosome diffusion behavior (Lenzini et al., 2020). Therefore, we focused on the differences in the diffusion behavior of the exosomes in hydrogels with different stiffness in vivo. Further analysis found that the soft hydrogel inhibits the inflammatory response caused by injury by rapidly releasing exosomes.
Our work revealed an opposite result to that of the previous work (Lenzini et al., 2020). Stiff hydrogels release exosomes faster in the previous work, while the soft hydrogels release exosomes faster in our results. Since the data of the previous work were derived from in vitro experiments, therefore we further evaluated the diffusion behavior of exosomes loaded in the hydrogels with different stiffnesses in vitro. 100 μl of different concentrations of HAMA with exosomes (0.55 × 108 Evts/µl) was added to the 48-well plate, and hydrogels with different mechanical properties were formed by photocrosslinking. Then, 200 μl of PBS was added dropwise to the wells to cover the hydrogel. PBS was collected from the wells every 24 h, fresh PBS was added, and the number of exosome particles in PBS was measured by Nanoflow. Compared with the soft hydrogel, the stiff hydrogel released more exosomes into the solution after 24 h (Supplementary Figure S3). However, after 48 h, there was no longer a difference in the release rate of exosomes from hydrogels with different mechanical properties (Supplementary Figure S3). The abovementioned results showed an interesting contradictory trend of the exosome release rate in the solution system and the cell–hydrogel interface system regulated by hydrogel stiffness. In the solution system, the stiff hydrogel releases exosomes more quickly, while the soft hydrogel releases exosomes more efficiently in the cell-hydraulic interface system. The abovementioned results demonstrate that our results, contrary to those of previous work (Lenzini et al., 2020), are due to the in vivo microenvironment. There are usually differences in the release kinetics of exosomes from the scaffolds in vivo and in vitro (Huang et al., 2021). The abovementioned results showed the complexity of the release kinetics of exosomes from the scaffolds in the in vivo microenvironment, and the release kinetics will be systematically discussed in our follow-up work.
Exosome release behaviors affect tissue repair (Henriques-Antunes et al., 2019). We examined the regulation of the exosome release rate by hydrogel stiffness and analyzed the effect of exosome release behavior regulated by hydrogel stiffness on the repair of PNI. Injury inflammation is an important reason that hinders the repair of sciatic nerve injury (Liu et al., 2019). Previous studies have proved that uMSC-Exo can significantly inhibit inflammation (Sun et al., 2018), and our data show the dose effect of exosomes on the inhibition of M1 macrophage–mediated inflammation (Figure 4C). Our results show that the soft hydrogels promote nerve regeneration through the rapid release of exosomes resulting in high-dose effects at the early stage of nerve injury. However, the mechanism by which the exosome-loaded hydrogels inhibit inflammation needs to be further analyzed. The abovementioned results provide important clues for the design of exosome scaffolds for tissue injury repair.
CONCLUSION
In summary, we investigated the role of exosome-loaded hydrogel stiffness in nerve injury repair in vivo. Compared with that of the stiff hydrogels, the rapid release of exosomes regulated by soft hydrogels can better repair PNI and motor dysfunction in vivo. The stiffness of exosome-loaded hydrogels affects PNI repair by modulating the rate of exosome release. Compared with stiff hydrogels, soft hydrogels promote nerve regeneration by rapidly releasing exosomes to suppress the inflammatory response caused by PNI. Our work has revealed that exosome release controlled by hydrogel stiffness plays an important role in tissue repair and provides important clues for the clinical application of hydrogels.
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