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The delayed and complicated diabetic wound healing raises clinical and social concerns. The application of stem cells along with hydrogels is an attractive therapeutic approach. However, low cell retention and integration hindered the performance. Herein, gelatin microspheres were fabricated for local delivery of adipose-derived stem cells (from rats, rADSCs), and the effect of rADSCs with microspheres on diabetic wound healing was examined. Uniform, well-dispersed microspheres were fabricated using the microfluidic technique. Due to geometry differences, the proteinase degradation rate for microspheres was four times that of the bulk hydrogel. The obtained gelatin microspheres supported cell's adhesion and proliferation and provided a suitable microenvironment for rADSC survival. For in vivo animal tests, rADSCs were labeled with CM-Dil for tracking purposes. Microspheres were well embedded in the regenerated tissue and demonstrated good biocompatibility and an adaptive biodegradation rate. Histological examination revealed rADSC-loaded gelatin microspheres that significantly accelerated wound healing via promoting M2 macrophage polarization, collagen deposition, angiogenesis associated with peripheral nerve recovery, and hair follicle formation. Notably, the relative fluorescence intensity around the hair follicle was 17-fold higher than that of the blank group, indicating rADSC participated in the healing process via exosomes. Taken together, the rADSC-laden gelatin microspheres provided a promising strategy for local stem cell delivery to improve diabetic wound healing.
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INTRODUCTION
Diabetes has become a global epidemic (Wimmer et al., 2019). The high and growing incidence presented considerable challenges to health care systems (Matoori et al., 2021). A major associated complication was poor or delayed wound healing, which may lead to diabetic foot ulcers (Armstrong et al., 2017). The pathogenesis of diabetic wounds was complicated and multifaceted, including neuropathy and microvascular abnormalities (Falanga, 2005). Optimum cutaneous wound healing required a well-orchestrated integration of complex biological and molecular events, including cell migration and proliferation, angiogenesis, extracellular matrix (ECM) deposition, and remodeling. However, this orderly sequence of cellular and molecular events was disrupted in diabetic wounds.
Current clinical treatments for diabetic wounds involved offloading, debridement, eradicating infected tissue, and maintaining moisture microenvironment (Kavitha et al., 2014). These strategies are mainly aimed at a fast wound closure rather than addressing the underlying pathophysiology and usually result in wound recurrence, leading to treatment failure and maybe amputation (Cavanagh et al., 2005; Falanga, 2005). Numerous approaches such as applying growth factors, anti-inflammatory drugs, matrix metalloproteinase (MMP) inhibitors, scaffolds, and injection of stem cells on diabetic wounds have been evaluated. However, limited performance was reported (Patel et al., 2019). Due to the multifactorial origins of wound etiology, there were no simple methods that aimed at the persistence of wounds in diabetic patients.
Stem cell-based therapy was an attractive approach for the treatment of chronic nonhealing wounds (Dehkordi et al., 2019). There was a growing interest in the potential of adipose-derived stem cells (ADSCs) for diabetic wound healing applications. ADSCs have been shown to promote revascularization and reepithelialization through secretion of proangiogenic factors, such as epidermal growth factor and vascular endothelial growth factor (Kuo et al., 2016), and also have the potential to activate local stem cell niches, reduce oxidative stress, and modulate immune responses (Takemitsu et al., 2012). Combined with the fact that they were easy to isolate, relatively abundant in fatty tissue, and harvested in large numbers with minimal donor site morbidity (Kokai et al., 2014), ADSCs demonstrated a great potential to be used for diabetic wounds. A local injection that directly delivered ADSCs at injury sites causes minimal invasion and thus has gained popularity for clinical applications (Li et al., 2012). However, harsh diabetic wound microenvironment factors such as hypoxia, ischemia, and the persistence inflammation result in upregulation of MMPs (Nguyen et al., 2018), leading to low cell retention and engraftment efficiency, which significantly compromised the clinical performance of stem cell therapies.
To address this hurdle, one potential strategy was to suspend cells in a hydrogel matrix that provided a suitable microenvironment. Because of its superior biocompatibility and controllable physical and functional properties, hydrogel has gained extensive attention for medical wound dressing (Yang et al., 2021). Natural ECM protein such as collagen or its denatured form gelatin retained cell adhesion motifs, and MMP-mediated degradability became popular (Santoro et al., 2014). Dong et al. improved the survival ratio of ADSCs in diabetic wounds using a gelatin-based hydrogel delivery system (Dong et al., 2017). Another research that encapsulated ADSCs in gelatin bulk hydrogel displayed a promoting effect on neovascularization and wound closure (Dong et al., 2018). However, when applied on the wound bed, the limited interface between the bulk hydrogel and the wound resulted in poor tissue infiltration and thus a low survival of stem cells. Therefore, the establishment of alternative hydrogel in other geometries as stem cell delivery vehicles was highly demanded.
Recent advances in tissue engineering have demonstrated the versatility and efficacy of hydrogel microparticles as drug and cell delivery depots (Newsom et al., 2019). Compared with the bulk hydrogel, such geometry endowed microspheres with a large surface area that facilitated nutrient and waste diffusion and thereby maintained the viability of encapsulated cells (Chen et al., 2006). Microparticles also provided mechanical support to the regenerated tissue. Such function was inherently affected by the degradation (Qian et al., 2018). Hence, adaptive material was needed, of which the degradation rate should match well with the tissue regeneration. In addition, our previous research demonstrated that, after being applied on the wound surface, hydrogel microparticles functioned as scaffolds and were gradually embedded in the regenerated skin tissue (Shi et al., 2019a). This finding suggested that hydrogel microspheres could be a suitable carrier for local delivery of ADSCs to improve diabetic wound healing. Although various bulk hydrogels have been studied, microspheres such as gelatin hydrogel microspheres entrapping ADSCs have rarely been applied on wounds. Furthermore, the mechanism of gelatin microspheres along with the encapsulation of ADSCs on diabetic wound healing was still not clear.
Hence, the performance of stem cell therapy together with gelatin hydrogel microspheres on diabetic wound healing was investigated. Gelatin was selected because it had MMP-mediated degradability (Santoro et al., 2014), whereas diabetic wounds were rich in MMPs (Nguyen et al., 2018). Gelatin microspheres were fabricated to encapsulate ADSCs from SD rats (rADSCs) using the microfluidic technique. The properties and the feasibility of gelatin microspheres as a stem cell delivery platform were systematically characterized, including cross-linking degree, proteinase degradation, adhesion and proliferation behaviors of fibroblast cells, and viability and morphology of encapsulated rADSCs. Finally, in vivo performances were evaluated in the full-thickness skin diabetic wound model; CM-Dil-labeled rADSCs were encapsulated in microspheres to investigate whether the transplanted rADSCs were involved in the healing process.
MATERIALS AND METHODS
Materials
Gelatin (type A) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Genipin was purchased from Wako (Japan). Dulbecco's modified eagle medium—basic (DMEM), penicillin/streptomycin antibiotics, fetal bovine serum (FBS), collagenase type I, and trypsin–ethylenediaminetetraacetic acid were supplied by Gibco (Carlsbad, CA, USA). Endothelial cell medium was purchased from ScienCell Research Laboratories (Carlsbad). Peanut oil was from Arawana (Guangzhou, China). Ninhydrin, SnCl·2H2O, ethylene glycol monomethyl ether, and streptozotocin (STZ) were from Macklin (Shanghai, China). Actin cytoskeleton, focal adhesion staining kit (FAK-100), and pentobarbital sodium were from Merck (Billerica, MA, USA). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo (Shanghai, China). Cell Tracker TM CM-DiI (C7000) was from Molecular Probes (Eugene, USA). β3-tubulin (D71G9) rabbit mAb and Neurofilament-L (DA2) mouse mAb were purchased from Cell Signaling Technology (Danvers, MA, USA). All other chemicals and reagents were of analytical grade. All reagents were used as received.
Preparation of Uniform Gelatin Microspheres
Monodisperse gelatin microspheres were fabricated using a microfluidic device consisting of two syringe needles and a polytetrafluoroethylene tube (inner/outer diameters were 0.3 and 0.6 mm, respectively). Briefly, a 26 G needle was first connected with the polytetrafluoroethylene tube, and then, a 31 G needle was inserted into the tube at an appropriate position, keeping the needle concentric within the tube. All connections were sealed with acrylic adhesive glue. The internal phase was gelatin/phosphate-buffered saline (PBS) solution (10% w/v, 37°C), and the flow rate was set as 5 μl/min. Peanut oil was the continuous phase, at a flow rate of 100 μl/min. Gelatin microspheres were collected in 10°C peanut oil for 10 min, and then, these batch microspheres were further incubated in 4°C ice bath for another 10 min for complete gelation. Genipin/PBS solution (0.5% w/v, 1 ml) was added into the microsphere/peanut oil suspension (containing 50-mg microspheres) at room temperature (∼23°C) for cross-linking. After centrifugation to remove the supernatant, microspheres were rinsed three times with DMEM (containing 5% FBS). The collected microspheres were stored in PBS for subsequent characterizations.
To obtain sterile microspheres, gelatin/PBS solution, peanut oil, genipin solution, and PBS were sterilized by filtration, and all fabrication procedures were performed in a laminar flow hood.
Characterizations of Gelatin Microspheres
The cross-linking degree of gelatin microspheres was quantified using a ninhydrin assay, which was defined as the percentage of amino groups reacted with the cross-linking agent (Liang et al., 2003). One milliliter of ninhydrin solution was added into each sample containing 50-mg gelatin microspheres, which were cross-linked with genipin for 0, 1, 2, or 4 h (n = 3). After incubated at 100°C for 20 min, isopropanol (50% w/v, 5 ml) was added, and 1-ml supernatant was taken out to measure the absorbance at 570 nm. For the following tests, microspheres cross-linked for 1 h were used.
In vitro proteinase degradation of microspheres was monitored following similar procedures reported elsewhere (Turner et al., 2017). In brief, microspheres (100 mg/ml) were suspended in collagenase type I solution (0.75 mg/ml) at 37°C. Because the reaction between genipin and amino acids formed blue molecules, which showed the maximum absorbance at 590 nm and also released into the solution due to proteinase degradation of gelatin, absorbance at 590 nm of the supernatant was measured every 90 s.
The morphology of hydrogel microspheres was observed under a light microscope, and the average particle size was calculated using ImageJ. After freeze-drying, surface morphology was observed using a scanning electron microscope (Quanta 400F, FEI, Netherlands).
Adhesion and proliferation behaviors of fibroblast cells (NIH-3T3) on sterile gelatin microspheres were investigated. Microspheres were placed in a non-treated 48-well plate (50 mg/well), whereas a treated 48-well plate was used as the control group (TCP). NIH-3T3 cells were seeded at a density of 5 × 104 cells/well. On days 1 and 3, cell viability was measured using a CCK-8 assay (n = 3). Cytoskeleton staining was carried out on day 2, following the manufacturer's instructions. Images were taken using a confocal laser scanning microscope (CLSM, FV3000, Olympus, Japan).
Preparation and Characterizations of Adipose-Derived Stem Cells From Rats-Loaded Gelatin Microspheres
rADSCs were isolated from rats following our previous procedures (Shi et al., 2019b). Cells at passages 3–4 were mixed with gelatin/PBS solution. In the suspension, gelatin concentration was 10%, and cell density was 5 × 106 cells/ml. A total of 100 μl of cell suspension was loaded in a syringe as internal phase, and other parameters were followed as described in Preparation of Uniform Gelatin Microspheres. After rinsing, rADSC-loaded gelatin microspheres (rADSC/MS), which contained 5 × 105 cells per sample, were cultured in DMEM/FBS medium. On days 1 and 7, live/dead assay and cytoskeleton staining were performed and observed under CLSM.
For in vitro coculture and in vivo tests, rADSCs were labeled with CM-Dil before being entrapped in gelatin microspheres. In brief, 1 mg/ml CM-Dil stock solution was diluted with PBS at 1:500. rADSCs were rinsed with PBS. After adding CM-Dil solution, cells were incubated for 30 min at room temperature and then kept in a refrigerator at 4°C for 15 min to enhance CM-Dil labeling the plasma membrane. After the staining process, the cells were rinsed with PBS.
CM-Dil-labeled rADSC/MS were cocultured with human umbilical vein endothelial cells (HUVECs, a gift from Quan Daping group in School of Materials Science and Engineering, Sun Yat-sen University) to investigate whether exosomes from rADSCs were uptaken by HUVECs. HUVECs were seeded on Petri dishes for CLSM at a density of 5,000 cells/cm2 and cultured in an endothelial cell medium. CM-Dil-labeled rADSC/MS were placed in the transwell. After cocultured in the endothelial cell medium for 5 days, HUVECs were fixed, stained with 4′,6-diamidino-2-phenylindole, and observed under CLSM. HUVECs being solo-cultured were also observed.
Application of Gelatin Microspheres on Full-Thickness Skin Wound of Type I Diabetes Mellitus Rats
The in vivo test was approved by the Institutional Animal Care and Use Committee of Sun Yat-sen University. Type I diabetes mellitus (TIDM) was induced in Sprague-Dawley rats (SD rats, 250–300 g, 8 weeks old) according to routine procedures (Kuo et al., 2009). Briefly, after fasting for 1 day, tail vein blood was taken to measure the fasting blood glucose. STZ solution (1% w/v) was injected intraperitoneal at 50 mg/kg. The model was considered successfully induced when the initial blood glucose value was <8.9 mmol/L and the random blood glucose after injection of STZ solution was ≥16.7 mmol/L for three consecutive days.
TIDM rats were randomly divided into three groups (n = 5). After anesthetized with 3% sodium pentobarbital solution, three circular full-thickness excisions with a diameter of 8 mm were created on the back of each rat. MS (100 mg) and rADSC/MS (100 mg containing 5 × 105 cells) were applied on wound beds; wound without any treatment was set as the control group. Wounds were then covered with a transparent dressing and further fastened with a self-adhesive bandage for protection. On days 3, 7, and 14, wounds were photographed using a digital camera, and ImageJ was used to measure the wound area. The wound contraction was calculated using Eq. 1:
[image: image]
where A0 is the wound area on day 0, and At is the wound area at the indicated time point.
On days 3, 7, and 14, rats were killed by injection of excessive 3% sodium pentobarbital solution. Optical coherence tomography (OCT) analysis was first used to observe the distribution of gelatin microspheres in the wound bed. The scanning wavelength was 1,310 nm.
Histological and Immunohistochemistry Staining Analysis
The full-thickness skin around the wound (1.5 × 1.5 cm) was removed, fixed in paraformaldehyde solution, paraffin-embedded, and sectioned for hematoxylin/eosin staining, and Masson's Trichrome staining and CD31 immunohistochemical staining were performed as previous (Shi et al., 2019a). Sectioned tissue without any staining was observed under CLSM to investigate whether CM-Dil-labeled cells were present.
Immunofluorescence Analysis
For neuronal marker staining, sections were first repaired using ethylenediaminetetraacetic acid antigen retrieval solution (pH 9.0) for 5 min at 100°C and blocked with 3% BSA solution for 30 min. After rinsing, sections were probed overnight at 4°C with the following primary antibodies: β3-tubulin (1:200, Cell Signaling Technology) or Neurofilament-L (1:100, Cell Signaling Technology). Sections were then washed and incubated with Alexa Fluor 488 conjugated goat anti-rabbit or rabbit anti-mouse secondary antibodies (1:500, Invitrogen) for 1 h at 37°C, correspondingly.
To investigate the inflammatory response, immunofluorescence analysis of CD68 (1:1,000, Invitrogen) and CD206 (1:200, Proteintech) was performed similarly as earlier. Sections were then incubated with Alexa Fluor 647 conjugated goat anti-rabbit or Alexa Fluor 568 conjugated rabbit anti-mouse secondary antibodies (1:500, Invitrogen) for 1 h at 37°C, respectively.
To evaluate exosomes, CD63 primary antibody (1:200, Affinity) was selected and incubated with sections at 4°C overnight, then treated with Alexa Fluor 647 conjugated goat anti-rabbit secondary antibody.
Nuclei were counterstained with 4′,6-diamidino-2-phenylindole for 10 min. Sections were observed using a CLSM.
Statistical Analysis
All data were shown as mean ± standard deviation, and the difference between groups was analyzed with Student's paired T-test. p < 0.05 indicated that difference was statistically significant.
RESULTS
Characterizations of Gelatin Microspheres
Gelatin microspheres were prepared using a microfluidic method. Precooled peanut oil (∼10°C) was used as the collecting phase to rapidly gelatinize microdroplets. As shown in Figures 1A,B, uniform microspheres with a narrow size distribution were obtained, for which the average diameter was 267 ± 12 μm. Then, genipin/PBS solution was added to cross-link microspheres. This introduced a nucleophilic agent to initiate the cross-linking reaction of genipin with itself, thereby forming an oligomeric cross-linking agent that produces a high degree of intermolecular binding (Liang et al., 2004). The reaction was carried out at 23°C to ensure that the precooled microspheres were not dissolved and cross-linked at an appropriate rate and formed a stable structure; when compared with 10 or 4°C, cross-linking temperature of 23°C had minimum influences on cell viability. As shown in Figures 1C,D, after reaction for 1 h, gelatin microspheres were still well-dispersed and stable at 37°C. The average diameter was 361 ± 7 μm, slightly bigger than that in the oil phase. Based on the ninhydrin assay (Figure 1E), it was found that the cross-linking degree positively correlated with the cross-linking time. Because cells showed a more spread morphology within soft hydrogel matrix (Sung et al., 2018), 1 h was selected. After lyophilization, scanning electron microscope image (Figure 1F) showed that the particle was no longer spherical, whereas the size was slightly increased. This may be due to the freeze-drying process. The lyophilized microspheres had a mesh-liked surface, indicating that microspheres were porous.
[image: Figure 1]FIGURE 1 | Characterizations of gelatin microspheres. (A) Light microscope image of microspheres in precooled peanut oil, and (B) corresponding particle size distribution; (C) after cross-linking for 1 h, and (D) corresponding particle size distribution; (E) cross-linking degree of gelatin microspheres; (F) scanning electron microscope image of gelatin microsphere after lyophilization; change of relative absorbance at 590 nm for microspheres (G) and bulk hydrogel (H) with proteinase degradation time.
Gelatin microspheres were developed to be applied on diabetic wounds rich in MMPs, such as MMP2 and MMP9 (Gooyit et al., 2014). As MMPs and collagenase shared common target sites to cleave amide linkages within the repeating peptide motif QPQGLAK in gelatin (Fonseca et al., 2014), collagenase (type I) was used to compare the degradation rates of gelatin hydrogel in different shapes. The prepared microspheres were stable in PBS longer than 7 days. When collagenase was introduced, the degradation was much faster. As shown in Figure 1G, within 10 min, microspheres were completely degraded. The rate was higher than that reported in the literature, where microspheres were degraded within 14 min (Turner et al., 2017). The difference was probably because of the slightly lower cross-linking degree for the microspheres here. As for the bulk hydrogels, which were fabricated following the same parameters for microspheres, fourfold longer time (i.e., 44 min) was needed (Figure 1H). Microspheres had a much higher specific surface area than bulk hydrogels, which facilitated enzyme infiltration and further contributed to a faster degradation rate.
In Vitro Cell Tests for Gelatin Microspheres as Adipose-Derived Stem Cells From Rats Delivery Platform
The proliferation rate of fibroblasts (NIH-3T3) was measured using the CCK-8 assay (Figure 2A), where the MS group showed close values with the TCP group on days 1 and 3. Cell adhesion behaviors were further investigated. After growing for 2 days, all cells spread well on the microsphere surface (Figure 2B). The well-organized actin filament structure and presence of vinculin were observed. On gelatin microspheres that were fabricated using the double emulsion method and also cross-linked with genipin, osteoblasts on large microspheres (200–300 μm) had a larger spread out morphology and a faster proliferation rate than on small microspheres (75–160 μm) during 7 days of culture (Lau et al., 2010). Thus, also considering the particle size effect on cell proliferation, it was reasonable that gelatin microspheres here supported cell adhesion and proliferation.
[image: Figure 2]FIGURE 2 | In vitro cell test results. (A) Monitoring proliferation of NIH-3T3 cells on gelatin microspheres using CCK-8 assay; (B) CLSM images of NIH-3T3 cells after growing on microspheres for 2 days and cytoskeleton staining to evaluate adhesion behavior. (C) Live/dead assay and (D) cytoskeleton staining of rADSCs inside gelatin microspheres after culturing for 7 days to investigate cell viability and spreading morphology, respectively. (E) Fluorescence image of CM-Dil-labeled rADSC/MS and corresponding particle size distribution. (F) CLSM images of HUVECs after cocultured with CM-Dil-labeled rADSC/MS and solo-cultured for 5 days.
To determine the suitability of gelatin microspheres as delivery vehicles for stem cells, live/dead assay and cytoskeleton staining for the encapsulated rADSCs were conducted. After culturing for 7 days and live/dead staining, microspheres were scanned with CLSM for 100 layers, and a three-dimensional (3D) image was then reconstructed. As shown in Figure 2C, all rADSCs were green, whereas nearly no red cells were detected, demonstrating that most cells were still viable. On the first day, the cells were spherical; actin without filament structure was detected, whereas vinculin structures were present. After 7 days of culture, rADSCs spread out, and a large number of filopodia structures formed (Figure 2D), which may be the result of the gradual interactions between cells and gelatin matrix (Baeckkyoung et al., 2018). The changes of cell spreading morphologies with culture time were similar to the reported results that within soft gelatin matrix, development of filopodia and actin filament in stem cells was easier than that within the rigid matrix (Zhao et al., 2016; Sung et al., 2018).
The fabricated gelatin microspheres did not only facilitate the adhesion and proliferation of fibroblast cells but also maintained the cell viability of the encapsulated rADSCs. For MSCs, the therapeutic potential to accelerate cutaneous wound healing was found to be related to exosomes (Shabbir et al., 2015). Red fluorescent lipophilic dye (Dil)-labeled exosomes from Dil-labeled synovium MSCs were found to be in the perinuclear region of human dermal microvascular endothelial cells (Tao et al., 2017). To investigate whether exosomes from rADSCs in gelatin microspheres were internalized by other types of cells, rADSC/MS with CM-Dil-labeled rADSCs were fabricated. As shown in Figure 2E, the gelatin matrix demonstrated autofluorescence property at ∼600 nm because of cross-linking (Solorio et al., 2010). When compared with blank microspheres, the one entrapping cell showed a broader size distribution. Coculture was carried out in HUVEC medium (ECM medium), in which rADSCs also proliferated well (Supplementary Figure S1). After 5 days, red fluorescent exosomes were observed inside HUVECs (Figure 2F). This phenomenon confirmed that exosomes were slowly released from rADSCs and eventually internalized by HUVECs seeded on TCP. The release and uptaking of exosomes may improve diabetic wound healing.
Adipose-Derived Stem Cells From Rats Improving Diabetic Wound Healing
Full-thickness wounds of TIDM rats were established to evaluate the performance of rADSC/MS on wound healing. The digital images of wounds within 14 days are shown in Figure 3A. Microspheres attached wound beds tightly. When compared with the blank group, both the MS and rADSC/MS groups appeared to have less bleeding; during the following healing process, these groups showed a more rapid wound contraction. On day 14, the rADSC/MS group nearly completely healed with regenerated smooth skin, whereas the blank group only healed ∼80%. At each time point, the contraction value for the rADSC/MS group was significantly higher than that for the MS and blank groups (Figure 3B). To detect microsphere integration, OCT was used to scan the wounds in situ. As shown in Figure 3C, the regenerated tissue was around and over microspheres in both the MS and rADSC/MS groups, showing that microspheres were gradually integrated into the regenerated skin tissue from days 3–7.
[image: Figure 3]FIGURE 3 | Effects of gelatin microspheres on wound healing in diabetic rats. (A) Wound healing process within 14 days was recorded in photographs. Length between adjacent lines on ruler is 0.5 mm. (B) Wound contraction was calculated based on these images (data = mean ± SD, n = 5, *p < 0.05). (C) OCT scanning images for section view of regenerate granulation tissue. Black circles (also “M”) in wound area represent gelatin microspheres. Scale bar is 2 mm.
Macroscopic results demonstrated that rADSC/MS accelerated diabetic wound contraction. To gain further insights, histological analysis was performed. As shown in Figure 4A, on day 3, granulation tissue was observed in all groups, and a few microspheres were detected for both the MS and rADSC/MS groups. The bonding between granulation tissue and microspheres was not strong enough; therefore, the distribution of microspheres on wound sections was probably affected by the embedding and following processes. On day 7, granulation tissues grew around microspheres in both the MS and rADSC/MS groups. A migrating reepithelialization layer from the wound edge to the center gradually formed over the microspheres. This trend was evident for the rADSC/MS group, demonstrating that the wound was in a rapid healing rate. Neutrophils clustered at the microsphere edge, showing a certain inflammatory response. On day 14, both epidermis and dermis layers were reestablished for all groups, whereas the structure of the dermis layer was different. For rADSC/MS, the regenerated dermis was close to the normal tissue; plenty of growing hair follicles and sebaceous glands were present, and no layers of remaining microspheres were detected. As for the MS group, hair follicles and sebaceous glands gradually formed from wound edges over undegraded microspheres. For the blank group, there was no hair follicle or sebaceous gland observed, indicating that the wound healing was much slower. Additionally, in subdermal layers of the MS and rADSC/MS groups, there were much more large blood vessels than the blank group.
[image: Figure 4]FIGURE 4 | Representative (A) hematoxylin/eosin- and (B) Masson's Trichrome-stained wound sections for blank, MS, and rADSC/MS groups on days 3, 7, and 14. “M” represents gelatin microspheres. Microspheres functioned as scaffolds to fasten wound healing and enhance collagen deposition; with encapsulation of rADSCs, enhancing effect was more significant. On day 14, arrangement of collagen fibers for rADSC/MS group was similar to unwounded skin.
Collagen is susceptible to glycosylation, which reduces its sensitivity to enzymes and further affects metabolism, repair, and renewal (Abiko and Selimovic, 2010). Factors such as increased level of MMP9 in diabetic skin impair collagen accumulation leading to impaired wound healing (Li et al., 2013). Therefore, Masson's Trichrome staining was performed to determine the formation and distribution of collagen fibers (Figure 4B). The blank group always showed the least collagen production. Compared with the MS group, collagen deposition in the rADSC/MS group was more significant. On day 14, dense collagen formed, and collagen fibers arranged in a neat manner similar to normal tissues, whereas neither the MS group nor the blank group had mature collagen fibers.
Mechanism of Adipose-Derived Stem Cells From Rats on Improving Diabetic Wound Healing
During wound healing, gelatin microspheres were embedded in the regenerated skin tissue for both the MS and rADSC/MS groups. Gelatin is hydrolyzed from collagen, with good biocompatibility and biodegradability (Sivadas et al., 2008). As shown in Figure 5, the degradation of gelatin microspheres in the rADSC/MS group was faster. On day 7, nearly intact microspheres with neutrophils gathering on the surface were present in the MS group; for the rADSC/MS group, a lighter inflammation response was detected, and most microspheres became porous. Such a porous structure may facilitate the signaling between rADSCs and the host tissue. On day 14, in the MS group, microspheres became porous, whereas microspheres of the rADSC/MS group were basically degraded. Besides neutrophils, macrophages also took part. Regarding the faster degradation rate for the rADSC/MS group, entrapping rADSCs may result in slightly higher water content in microspheres, as gelatin hydrogel with a higher water content degraded faster when subcutaneously implanted into mice back (Tabata, 1998). The tissue regeneration rate adaptively matched with the microsphere degradation rate, especially for the rADSC/MS group, where the collagen fibers around microsphere debris arranged neatly.
[image: Figure 5]FIGURE 5 | Biocompatibility and biodegradability of gelatin microspheres during wound healing. Degradation rate of microspheres in rADSC/MS group appeared to be faster than that in MS group. “M” represents gelatin microspheres.
Macrophages were key factors in the inflammatory–proliferation phase transition, which mainly contained two subtypes: classically activated M1 with pro-inflammatory properties and alternatively activated M2 exhibiting anti-inflammatory and pro-wound healing functions (Wynn et al., 2013). On day 7, co-staining results of CD68 and CD206 demonstrated a much higher percentage of M2 macrophages in the regenerated tissues of the rADSC/MS group than the other two groups (Figures 6A,C). This phenomenon indicated that the wound was in the process of healing. As for the blank group, more CD68 + cells were still present, showing an excessive inflammatory response (Figure 6B). This may illustrate the delayed wound healing. The encapsulation of rADSCs in the rADSC/MS group may regulate the polarization of macrophages to the M2 subtype and thus promote wound healing.
[image: Figure 6]FIGURE 6 | Investigating mechanism of MS and rADSC/MS on promoting diabetic wound healing by evaluating macrophage polarization, angiogenesis, and neurogenesis during wound healing. (A) Representative CLSM images for all groups on day 7 showing increased presence of M2 macrophages around microspheres, as evidenced by co-staining of CD68 and CD206. CD68 antibody was conjugated with Alexa Fluor 647 (650/668 nm), and CD206 antibody was conjugated with Alexa Fluor 568 (578/603 nm). (B) Percentage of CD68+ cells; (C) M2 macrophage ratio of CD206 + CD68+ cells to CD68+ cells. (D) Representative CD31 immunohistochemical staining images of wound sections on days 3 and 7 and (E) corresponding quantitative results of vessel density. (F) Immunofluorescence images of sections revealing distribution of newly regenerated neurons (tubulin) and axon (Neurofilament-L) in all groups on days 7 and 14, respectively. Tubulin and Neurofilament-L antibodies were conjugated with Alexa Fluor 488 (495/518 nm). “M” represents gelatin microspheres. Fluorescence intensity was calculated using ImageJ. Data = mean ± SD, n = 3, *p < 0.05 when compared with blank or MS group.
Local ischemia results from microvascular complications, and hyperglycemia inhibits angiogenesis in diabetes, which considerably delays wound healing (Botusan et al., 2008). Thus, the reestablishment of the vascular network is crucial. Immunohistochemical staining of CD31 for tissue sections and quantitative analysis of vessel densities based on CD31-positive capillaries were performed. Figure 6D shows that on both days 3 and 7, a large number of blood vessels regenerated. With healing time, the density of CD31-positive capillaries increased, where on day 7, the value of the MS group was significantly higher than that for the blank group, and the rADSC/MS group had the highest value (Figure 6E). On day 14, vessel density decreased in all groups (Supplementary Figure S2) because vascularization mainly occurred in the early stage of wound healing. These comparisons indicated that gelatin microspheres showed a certain promoting effect on angiogenesis; when rADSCs were entrapped, the promoting effect was stronger (rADSC/MS).
Diabetic peripheral neuropathy is the most common chronic complication (Galuppo et al., 2014). Besides looking at tissue regeneration, it was also important to observe the distribution of peripheral nerves. Thus, immunofluorescent staining of β III-tubulin and Neurofilament-L was conducted (Figure 6F). For the blank group, very few expressions for these two proteins were observed. In the rADSC/MS group, positive expressions of β III-tubulin around gelatin microspheres were observed on day 7. Such protein expression correlates with the early phase of neural differentiation, implying that neurogenesis began. On day 14, a relatively mature bundle of nerve fibers around degraded microspheres in the subdermal layer appeared; some β III-tubulin-positive cells co-fluoresced with red color (Supplementary Figure S3), demonstrating that these cells may be related with rADSCs (CM-Dil labeled). The presence of axon marker (Neurofilament-L) also demonstrated the promoting effects of rADSC/MS on neurogenesis, inducing axon's growth into the wound bed.
It was of great interest to investigate whether rADSCs are involved during wound healing. As in vitro coculture tests showed that rADSCs released exosomes that were internalized by other cells, immune fluorescence staining of exosome marker CD63 was performed on tissue sections (Nakazaki et al., 2021). On day 3, exosomes were observed in granulation tissues, and the fluorescence intensity of CD63 was slightly higher in the rADSCs/MS group (Supplementary Figure S4). On day 7, exosomes arose between microspheres in rADSCs/MS, and the fluorescent intensity was much higher than in other groups (Figures 7A,B). Here, rADSCs were labeled with CM-Dil. On day 14, as shown in Figure 7C (full-thickness results are shown in Supplementary Figure S5), plenty of red fluorescent cells around hair follicles were observed in the rADSC/MS group, whereas few fluorescent cells were detected in the same area for the blank group. The corresponding fluorescence intensities of the rADSC/MS group were 17-fold higher than that of the blank group (Figure 7D). Furthermore, plenty of fluorescent cells around the undegraded microsphere were also observed in the rADSC/MS group. As for the MS group, remaining autofluorescent gelatin microspheres were present, and no fluorescent cells were around (Supplementary Figure S5). Also, combined with the in vitro coculture results that red fluorescent exosomes were observed inside HUVECs, it can be inferred that these entrapped rADSCs remained viable during wound healing, and the paracrine effects may be through exosomes.
[image: Figure 7]FIGURE 7 | Investigating paracrine performance of encapsulated rADSCs during wound healing. (A) CD63 staining results showing presence of exosomes in regenerated tissues on day 7. Local magnified images were also shown. CD68 antibody was conjugated with Alexa Fluor 647 (650/668 nm). “M” represents gelatin microspheres. (B) CD63 fluorescence intensity of three groups on day 7. (C) CLSM images of wound sections without any staining on day 14. Dotted circles represent hair bulbs in subdermal layer, and rADSCs in gelatin microspheres were labeled with CM-Dil (Dil). (D) Corresponding Dil relative fluorescence intensity for blank and rADSC/MS groups. Intensity was calculated using ImageJ. Data = mean ± SD, n = 3, *p < 0.05 when compared with blank group.
DISCUSSIONS
In this study, genipin–cross-linked gelatin microspheres were fabricated to deliver stem cells for diabetic wound healing (Figure 8), where the strategy did not only fasten wound closure but also enhanced functional recovery, including revascularization and regeneration of peripheral nerves and hair follicles.
[image: Figure 8]FIGURE 8 | Schemes for preparation of CM-Dil-labeled rADSCs-laden gelatin microspheres and application for diabetic wound healing. rADSCs were isolated and labeled with CM-Dil after expansion and then encapsulated in gelatin microspheres using a microfluidic method. After cross-linking, microspheres were applied in a full-thickness diabetic wound to enhance wound healing, including reepithelialization, angiogenesis (red tube), and nerve regeneration (white tube). Gelatin matrix degraded along with tissue regeneration in wound bed, and entrapped rADSCs influenced surrounding cells via paracrine effect. Schematic diagram for paracrine effect was shown on left corner; exosomes were released from CM-Dil-labeled rADSC (red) and uptaken by recipient cell.
Among various hydrogel materials, gelatin has attracted wide interest as a scaffold material because it retains intrinsic integrin-binding ligands for cell adhesion and can be easily cross-linked with genipin, a plant-derived cross-linker (Bigi et al., 2002). The genipin concentration and cross-linking time were two major factors influencing the viability of encapsulated cells and the elastic stiffness of cross-linked hydrogel. A total of 0.5% w/v genipin in a medium for 60 min maintained ∼87% viability of MSCs, and the value decreased to ∼80% at 1% w/v genipin for only 30 min (Baeckkyoung et al., 2018). Here, using a low concentration of 0.5% w/v cross-linking for 1 h did not only minimize the cytotoxicity of genipin but also resulted in a soft gelatin matrix. Additionally, encapsulation in gelatin microspheres may further protect rADSCs from genipin, as MSCs within 3D gelatin microgels exhibited significantly elevated viability as ∼90% compared with 2D monolayer culture with the viability of ∼55% over 7 days in the pro-inflammatory environment (Baeckkyoung et al., 2018). Here, the high cell viability of rADSCs inside gelatin microspheres ensured the applicability to treat diabetic wounds.
A major challenge in MSC-based therapy for diabetic wound treatment has been associated with poor cell survival and integration (Wu et al., 2010). When injection of ADSC suspension in PEG-gelatin hydrogel into diabetic wounds, a remarkable decrease of ∼40% cell viability as early as 2-h post-transplanting was detected (Dong et al., 2018). The main reasons included mechanical damage during injection, lack of cell-matrix adhesions, and the harmful inflammatory conditions at the injured site (Rustad et al., 2012). Here, encapsulating rADSCs inside gelatin microspheres provided a suitable microenvironment in the early stage of transplantation. After initial integration (Figure 3C), microspheres along with rADSCs well participated in the tissue regeneration (Figure 4). It was reported that GFP-labeled ADSCs migrated and accumulated in the subdermal layer of the wound margin on day 10 after injection and expressed vascular endothelial growth factor in the peri-wound area to activate neoangiogenesis. However, no fluorescent cells were observed around accessory organelles in the cutaneous layer (Kuo et al., 2016). It seemed that the local existence of ADSCs was crucial. Here, when rADSCs/MS were applied on diabetic wounds, gelatin microspheres were well integrated into the regenerated tissue to avail full local utilization of the entrapped rADSCs.
To restore tissue function, scaffold degradation was required to balance with tissue regrowth (Griffin et al., 2021). Here, gelatin microspheres may attract MMPs within diabetic wounds, resulting in the local enrichment of MMPs and microsphere degradation. The speculation was supported by the significant difference that gelatin microspheres were stable longer than 7 days in PBS, whereas in vivo microspheres became porous on day 7. As for the rADSC/MS group, microspheres were nearly completely degraded on day 14. This was much faster than the reported result, where the degradation time of gelatin hydrogel containing ADSCs was ∼28 days (Dong et al., 2018). Compared with bulk hydrogel, the degradation of microspheres was faster. This was confirmed by the in vitro results that 10 min for microspheres compared with 44 min for bulk hydrogels were needed to degrade completely in collagenase solution. An appropriate degradation rate of scaffolds may guide fibroblasts infiltration, promote granulation tissue formation, and also prevent excessive contraction and fibrosis (Nyame et al., 2015), thus resulting in smooth skin for the rADSC/MS group.
Gelatin microspheres were well integrated into wounds and gradually degraded during tissue regrowth. ADSCs have been shown to secrete massive growth factors to improve fibroblast proliferation (Kim et al., 2011). Such paracrine effects were affected by the distance between MSCs and surrounded cells. The value was reported to be less than 200 μm to preferentially promote tube formation of HUVECs because of a significant increase in Ang-1 secretion (Piard et al., 2019). Here, the small size (∼360 μm) of gelatin microspheres provided an appropriate distance. The paracrine effect of encapsulated rADSCs through exosomes was proved by both in vitro coculture (Figure 2F) and in vivo wound healing results (Figures 7C,D). Exosomes from MSCs were internalized by other cells and activated several signaling pathways, including Akt, ERK, and STAT3, enhancing proliferation and migration of fibroblasts and also angiogenesis (Shabbir et al., 2015). Furthermore, the 3D culture of ADSCs was found to improve the paracrine effect (Tomaszewski et al., 2019). Hence, for the rADSC/MS group, wound healing was significantly improved (Figure 4).
Recent studies found that in vitro co-encapsulation of ADSCs with early-stage follicles in an alginate-based 3D culture system supported follicular development through secretion of cytokines that promoted follicular survival, antrum formation, and meiotic competence (Green et al., 2019). Here, regeneration of hair follicles in the rADSC/MS group was much faster, whereas significantly more fluorescent cells around hair follicles than other groups were detected; these findings indicated that rADSCs might participate in the formation of follicles during wound healing. New hair follicles were reported to reprogram myofibroblasts that were abundant in dermal scar tissue to differentiate into adipocytes by activating the BMP-ZFP423 pathway during mouse wound healing. The depletion of myofibroblasts has been viewed as a main anti-scarring strategy (Plikus et al., 2017). Here, adipocytes were detected at the area close to the new hair follicles for both the MS and rADSC/MS groups on day 14 (Supplementary Figure S6), which might originate from myofibroblasts. Thus, it was reasonable that the deposition of well-organized collagen fibers was the fastest in the rADSC/MS group, as the regeneration of hair follicles was the earliest (Figure 4).
With a high specific surface area and appropriate in vivo degradation rate, gelatin microspheres facilitated tissue infiltration, enabling granulation tissue to grow tightly around these microspheres. Therefore, the presence of rADSCs in the gelatin matrix further contributed to the fastest wound closure, angiogenesis, collagen deposition, and peripheral nerve recovery. Hence, the rADSC/MS group showed better performance on improving diabetic wound healing than only gelatin microspheres.
CONCLUSION
Gelatin microspheres were developed for local delivery of rADSCs to promote diabetic wound healing. Uniform, well-dispersed gelatin microspheres with desired biocompatibility and degradation properties were obtained, which provided a suitable microenvironment for rADSCs survival, avoiding direct exposure to the complex microenvironment of diabetic wounds. Because of MMP-mediated degradation, gelatin microspheres may improve the local microenvironment of diabetic wounds, leading to faster and better wound healing when compared with the blank group. The encapsulation of rADSCs in the rADSC/MS group promoted M2 polarization and peripheral nerve recovery and further facilitated angiogenesis and collagen and follicle formation, ultimately accelerating wound healing. The degradation rate of the rADSC/MS group matched well with tissue regeneration. Nevertheless, these data still could not provide direct evidence regarding whether rADSCs differentiated into adult somatic cells. Further investigations were needed. Taken together, gelatin microspheres showed great potential as a stem cell delivery vehicle and also as scaffold materials to improve diabetic wound healing.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of Sun Yat-sen University.
AUTHOR CONTRIBUTIONS
MS and YL conceived the study and were in charge of overall direction and planning. MS, YG, and LL performed the measurements, MS and TS were involved in planning and supervising the work, and MS, JZ, and LY processed the experimental data and performed the analysis. MS drafted the manuscript and designed the figures with help from YG. All authors discussed the results and commented on the manuscript.
FUNDING
This work was supported in part by the Shenzhen Basic Research Project (no. JCYJ20190807155805818) and the project for Science and Technology New Star of Zhujiang in Guangzhou City (no. 201906010082).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.813805/full#supplementary-material
REFERENCES
 Abiko, Y., and Selimovic, D. (2010). The Mechanism of Protracted Wound Healing on Oral Mucosa in Diabetes. Review. Bosn J. Basic Med. Sci. 10, 186–191. doi:10.17305/bjbms.2010.2683
 Armstrong, D. G., Boulton, A. J. M., and Bus, S. A. (2017). Diabetic Foot Ulcers and Their Recurrence. N. Engl. J. Med. 376, 2367–2375. doi:10.1056/nejmra1615439
 Baeckkyoung, S., Jess, K., Bing, Y., and Min-Ho, K. (2018). Colloidal Gelatin Microgels with Tunable Elasticity Support the Viability and Differentiation of Mesenchymal Stem Cells under Pro-inflammatory Conditions. J. Biomed. Mater. Res. A 106, 2753–2761. doi:10.1002/jbm.a.36505
 Bigi, A., Cojazzi, G., Panzavolta, S., Roveri, N., and Rubini, K. (2002). Stabilization of Gelatin Films by Crosslinking with Genipin. Biomaterials 23, 4827–4832. doi:10.1016/s0142-9612(02)00235-1
 Botusan, I. R., Sunkari, V. G., Savu, O., Catrina, A. I., Grunler, J., Lindberg, S., et al. (2008). Stabilization of HIF-1 Is Critical to Improve Wound Healing in Diabetic Mice. Proc. Natl. Acad. Sci. 105, 19426–19431. doi:10.1073/pnas.0805230105
 Cavanagh, P. R., Lipsky, B. A., Bradbury, A. W., and Botek, G. (2005). Treatment for Diabetic Foot Ulcers. The Lancet 366, 1725–1735. doi:10.1016/s0140-6736(05)67699-4
 Chen, R., Curran, S., Curran, J., and Hunt, J. (2006). The Use of Poly(l-Lactide) and RGD Modified Microspheres as Cell Carriers in a Flow Intermittency Bioreactor for Tissue Engineering Cartilage. Biomaterials 27, 4453–4460. doi:10.1016/j.biomaterials.2006.04.011
 Dong, Y., Rodrigues, M., Kwon, S. H., Li, X., Sigen, A., Brett, EA, et al. (2018). Acceleration of Diabetic Wound Regeneration Using an In Situ-Formed Stem-Cell-Based Skin Substitute. Adv. Healthc. Mater. 7, 1800432. doi:10.1002/adhm.201800432
 Dong, Y., Rodrigues, X., Kwon, S. H., Kosaric, N., Khong, S., Gao, Y., et al. (2017). Injectable and Tunable Gelatin Hydrogels Enhance Stem Cell Retention and Improve Cutaneous Wound Healing. Adv. Funct. Mater. 27, 1606619. doi:10.1002/adfm.201606619
 Falanga, V. (2005). Wound Healing and its Impairment in the Diabetic Foot. The Lancet 366, 1736–1743. doi:10.1016/s0140-6736(05)67700-8
 Fonseca, K. B., Granja, P. L., and Barrias, C. C. (2014). Engineering Proteolytically-Degradable Artificial Extracellular Matrices. Prog. Polym. Sci. 39, 2010–2029. doi:10.1016/j.progpolymsci.2014.07.003
 Galuppo, M., Giacoppo, S., Bramanti, P., and Mazzon, E. (2014). Use of Natural Compounds in the Management of Diabetic Peripheral Neuropathy. Molecules 19, 2877–2895. doi:10.3390/molecules19032877
 Gooyit, M., Peng, Z., Wolter, W. R., Pi, H., Ding, D., Hesek, D., et al. (2014). A Chemical Biological Strategy to Facilitate Diabetic Wound Healing. ACS Chem. Biol. 9, 105–110. doi:10.1021/cb4005468
 Green, L. J., Zhou, H., Padmanabhan, V., and Shikanov, A. (2019). Adipose-derived Stem Cells Promote Survival, Growth, and Maturation of Early-Stage Murine Follicles. Stem Cel Res Ther 10, 102. doi:10.1186/s13287-019-1199-8
 Griffin, D. R., Archang, M. M., Kuan, C.-H., Weaver, W. M., Weinstein, J. S., Feng, A. C., et al. (2021). Activating an Adaptive Immune Response from a Hydrogel Scaffold Imparts Regenerative Wound Healing. Nat. Mater. 20, 560–569. doi:10.1038/s41563-020-00844-w
 Kavitha, K. V., Tiwari, S., Purandare, V. B., Khedkar, S., Bhosale, S. S., and Unnikrishnan, A. G. (2014). Choice of Wound Care in Diabetic Foot Ulcer: A Practical Approach. Wjd 5, 546–556. doi:10.4239/wjd.v5.i4.546
 Kim, E. K., Li, G., Lee, T. J., and Hong, J. P. (2011). The Effect of Human Adipose-Derived Stem Cells on Healing of Ischemic Wounds in a Diabetic Nude Mouse Model. Plast. Reconstr. Surg. 128, 387–394. doi:10.1097/prs.0b013e31821e6de2
 Kokai, L. E., Marra, K., and Rubin, J. P. (2014). Adipose Stem Cells: Biology and Clinical Applications for Tissue Repair and Regeneration. Translational Res. 163, 399–408. doi:10.1016/j.trsl.2013.11.009
 Kuo, Y.-R., Wang, C.-T., Cheng, J.-T., Kao, G.-S., Chiang, Y.-C., and Wang, C.-J. (2016). Adipose-derived Stem Cells Accelerate Diabetic Wound Healing through the Induction of Autocrine and Paracrine Effects. Cel Transpl. 25, 71–81. doi:10.3727/096368915x687921
 Kuo, Y.-R., Wang, C.-T., Wang, F.-S., Chiang, Y.-C., and Wang, C.-J. (2009). Extracorporeal Shock-Wave Therapy Enhanced Wound Healing via Increasing Topical Blood Perfusion and Tissue Regeneration in a Rat Model of STZ-Induced Diabetes. Wound Repair Regen. 17, 522–530. doi:10.1111/j.1524-475x.2009.00504.x
 Lau, T. T., Wang, C., and Wang, D.-A. (2010). Cell Delivery with Genipin Crosslinked Gelatin Microspheres in Hydrogel/microcarrier Composite. Composites Sci. Techn. 70, 1909–1914. doi:10.1016/j.compscitech.2010.05.015
 Li, Y., Rodrigues, J., and Tomás, H. (2012). Injectable and Biodegradable Hydrogels: Gelation, Biodegradation and Biomedical Applications. Chem. Soc. Rev. 41, 2193–2221. doi:10.1039/c1cs15203c
 Li, Z., Guo, S., Yao, F., Zhang, Y., and Li, T. (2013). Increased Ratio of Serum Matrix Metalloproteinase-9 against TIMP-1 Predicts Poor Wound Healing in Diabetic Foot Ulcers. J. Diabetes Its Complications 27, 380–382. doi:10.1016/j.jdiacomp.2012.12.007
 Liang, H.-C., Chang, W.-H., Liang, H.-F., Lee, M.-H., and Sung, H.-W. (2004). Crosslinking Structures of Gelatin Hydrogels Crosslinked with Genipin or a Water-Soluble Carbodiimide. J. Appl. Polym. Sci. 91, 4017–4026. doi:10.1002/app.13563
 Liang, H.-C., Chang, W.-H., Lin, K.-J., and Sung, H.-W. (2003). Genipin-crosslinked Gelatin Microspheres as a Drug Carrier for Intramuscular Administration:In Vitro Andin Vivo Studies. J. Biomed. Mater. Res. 65A, 271–282. doi:10.1002/jbm.a.10476
 Matoori, S., Veves, A., and Mooney, D. J. (2021). Advanced Bandages for Diabetic Wound Healing. Sci. Transl Med. 13, eabe4839. doi:10.1126/scitranslmed.abe4839
 Nakazaki, M., Morita, T., Lankford, K. L., Askenase, P. W., and Kocsis, J. D. (2021). Small Extracellular Vesicles Released by Infused Mesenchymal Stromal Cells Target M2 Macrophages and Promote TGF-β Upregulation, Microvascular Stabilization and Functional Recovery in a Rodent Model of Severe Spinal Cord Injury. J. Extracellular Vesicles 10. doi:10.1002/jev2.12137
 Newsom, J. P., Payne, K. A., and Krebs, M. D. (2019). Microgels: Modular, Tunable Constructs for Tissue Regeneration. Acta Biomater. 88, 32–41. doi:10.1016/j.actbio.2019.02.011
 Nguyen, T. T., Ding, D., Wolter, W. R., Pérez, R. L., Champion, M. M., Mahasenan, K. V., et al. (2018). Validation of Matrix Metalloproteinase-9 (MMP-9) as a Novel Target for Treatment of Diabetic Foot Ulcers in Humans and Discovery of a Potent and Selective Small-Molecule MMP-9 Inhibitor that Accelerates Healing. J. Med. Chem. 61, 8825–8837. doi:10.1021/acs.jmedchem.8b01005
 Nourian Dehkordi, A., Mirahmadi Babaheydari, F., Chehelgerdi, M., and Raeisi Dehkordi, S. (2019). Skin Tissue Engineering: Wound Healing Based on Stem-Cell-Based Therapeutic Strategies. Stem Cel Res Ther 10, 111. doi:10.1186/s13287-019-1212-2
 Nyame, T. T., Chiang, H. A., Leavitt, T., Ozambela, M., and Orgill, D. P. (2015). Tissue-Engineered Skin Substitutes. Plast. Reconstr. Surg. 136, 1379–1388. doi:10.1097/prs.0000000000001748
 Patel, S., Srivastava, S., Singh, M. R., and Singh, D. (2019). Mechanistic Insight into Diabetic Wounds: Pathogenesis, Molecular Targets and Treatment Strategies to Pace Wound Healing. Biomed. Pharmacother. 112, 108615. doi:10.1016/j.biopha.2019.108615
 Piard, C., Jeyaram, A., Liu, Y., Caccamese, J., Jay, S. M., Chen, Y., et al. (2019). 3D Printed HUVECs/MSCs Cocultures Impact Cellular Interactions and Angiogenesis Depending on Cell-Cell Distance. Biomaterials 222, 119423. doi:10.1016/j.biomaterials.2019.119423
 Plikus, M. V., Guerrero-Juarez, C. F., Ito, M., Li, Y. R., Dedhia, P. H., Zheng, Y., et al. (2017). Regeneration of Fat Cells from Myofibroblasts during Wound Healing. Science 355, 748–752. doi:10.1126/science.aai8792
 Qian, X., Guo, L., Sigen, A., Gao, Y., and Wang, W. (2018). Injectable Hyperbranched Poly(β-Amino Ester) Hydrogels with On-Demand Degradation Profile to Match Wound Healing Process. Chem. Sci. 9, 2179–2187.
 Rustad, K. C., Wong, V. W., Sorkin, M., Glotzbach, J. P., Major, M. R., Rajadas, J., et al. (2012). Enhancement of Mesenchymal Stem Cell Angiogenic Capacity and Stemness by a Biomimetic Hydrogel Scaffold. Biomaterials 33, 80–90. doi:10.1016/j.biomaterials.2011.09.041
 Santoro, M., Tatara, A. M., and Mikos, A. G. (2014). Gelatin Carriers for Drug and Cell Delivery in Tissue Engineering. J. Controlled Release 190, 210–218. doi:10.1016/j.jconrel.2014.04.014
 Shabbir, A., Cox, A., Rodriguez-Menocal, L., Salgado, M., and Badiavas, E. V. (2015). Mesenchymal Stem Cell Exosomes Induce Proliferation and Migration of Normal and Chronic Wound Fibroblasts, and Enhance Angiogenesis In Vitro. Stem Cell Dev. 24, 1635–1647. doi:10.1089/scd.2014.0316
 Shi, M., Xuan, L., Zhang, Y., Wang, D., Ye, F., Shi, X., et al. (2019b). Synergistic Effects of thermal Treatment and Encapsulation of Calcium Phosphate Nanoparticles on Enhancing Dimensional Stability and Osteogenic Induction Potential of Free-Standing PLGA Electrospun Membranes. Colloids Surf. B: Biointerfaces 183, 110437. doi:10.1016/j.colsurfb.2019.110437
 Shi, M., Zhang, H., Song, T., Liu, X., Gao, Y., Zhou, J., et al. (2019a). Sustainable Dual Release of Antibiotic and Growth Factor from pH-Responsive Uniform Alginate Composite Microparticles to Enhance Wound Healing. ACS Appl. Mater. Inter. 11, 22730–22744. doi:10.1021/acsami.9b04750
 Sivadas, N., O’Rourke, D., Tobin, A., Buckley, V., Ramtoola, Z., Kelly, J. G., et al. (2008). A Comparative Study of a Range of Polymeric Microspheres as Potential Carriers for the Inhalation of Proteins. Int. J. Pharmaceutics 358, 159–167. doi:10.1016/j.ijpharm.2008.03.024
 Solorio, L., Zwolinski, C., Lund, A. W., Farrell, M. J., and Stegemann, J. P. (2010). Gelatin Microspheres Crosslinked with Genipin for Local Delivery of Growth Factors. J. Tissue Eng. Regen. Med. 4, 514–523. doi:10.1002/term.267
 Sung, B., Krieger, J., Yu, B., and Kim, M. H. (2018). Colloidal Gelatin Microgels with Tunable Elasticity Support the Viability and Differentiation of Mesenchymal Stem Cells under Pro‐inflammatory Conditions. J. Biomed. Mater. Res. 106, 2753–2761. doi:10.1002/jbm.a.36505
 Tabata, Y. (1998). Protein Release from Gelatin Matrices. Adv. Drug Deliv. Rev. 31, 287–301. doi:10.1016/s0169-409x(97)00125-7
 Takemitsu, H., Zhao, D., Yamamoto, I., Harada, Y., Michishita, M., and Arai, T. (2012). Comparison of Bone Marrow and Adipose Tissue-Derived Canine Mesenchymal Stem Cells. BMC Vet. Res. 8, 150. doi:10.1186/1746-6148-8-150
 Tao, S.-C., Guo, S.-C., Li, M., Ke, Q.-F., Guo, Y.-P., and Zhang, C.-Q. (2017). Chitosan Wound Dressings Incorporating Exosomes Derived from MicroRNA-126-Overexpressing Synovium Mesenchymal Stem Cells Provide Sustained Release of Exosomes and Heal Full-Thickness Skin Defects in a Diabetic Rat Model. Stem Cell Translational Med. 6, 736–747. doi:10.5966/sctm.2016-0275
 Tomaszewski, C. E., Constance, E., Lemke, M. M., Zhou, H., Padmanabhan, V., Arnold, K. B., et al. (2019). Adipose-derived Stem Cell-Secreted Factors Promote Early Stage Follicle Development in a Biomimetic Matrix. Biomater. Sci. 7, 571–580. doi:10.1039/c8bm01253a
 Turner, P. A., Thiele, J. S., and Stegemann, J. P. (2017). Growth Factor Sequestration and Enzyme-Mediated Release from Genipin-Crosslinked Gelatin Microspheres. J. Biomater. Sci. Polym. Edition 28, 1826–1846. doi:10.1080/09205063.2017.1354672
 Wimmer, R. A., Leopoldi, A., Aichinger, M., Wick, N., Hantusch, B., Novatchkova, M., et al. (2019). Human Blood Vessel Organoids as a Model of Diabetic Vasculopathy. Nature 565, 505–510. doi:10.1038/s41586-018-0858-8
 Wu, Y., Chen, L., Scott, P. G., and Tredget, E. E. (2010). Mesenchymal Stem Cells Enhance Wound Healing through Differentiation and Angiogenesis. Stem Cells 25, 2648–2659. doi:10.1634/stemcells.2007-0226
 Wynn, T. A., Chawla, A., and Pollard, J. W. (2013). Macrophage Biology in Development, Homeostasis and Disease. Nature 496, 445–455. doi:10.1038/nature12034
 Yang, Z., Huang, R., Zheng, B., Guo, W., Li, C., He, W., et al. (2021). Highly Stretchable, Adhesive, Biocompatible, and Antibacterial Hydrogel Dressings for Wound Healing. Adv. Sci. 8, 2003627. doi:10.1002/advs.202003627
 Zhao, X., Liu, S., Yildirimer, L., Zhao, H., Ding, R., Wang, H., et al. (2016). Injectable Stem Cell-Laden Photocrosslinkable Microspheres Fabricated Using Microfluidics for Rapid Generation of Osteogenic Tissue Constructs. Adv. Funct. Mater. 26, 2809–2819. doi:10.1002/adfm.201504943
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Shi, Gao, Lee, Song, Zhou, Yan and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-10-813805-g005.gif





OPS/images/fbioe-10-813805-g006.gif





OPS/images/fbioe-10-813805-g003.gif





OPS/images/fbioe-10-813805-g004.gif





OPS/images/math_1.gif
Wound contraction (%) = (Ap — A)/ Ay x 100% (1)





OPS/images/fbioe-10-813805-g007.gif





OPS/images/fbioe-10-813805-g008.gif
S S o poscs
o Peanaot
-— S 0
“wE g

vecs






OPS/xhtml/nav.xhtml
Contents

		Cover

		Adaptive Gelatin Microspheres Enhanced Stem Cell Delivery and Integration With Diabetic Wounds to Activate Skin Tissue Regeneration		Introduction

		Materials and Methods		Materials

		Preparation of Uniform Gelatin Microspheres

		Characterizations of Gelatin Microspheres

		Preparation and Characterizations of Adipose-Derived Stem Cells From Rats-Loaded Gelatin Microspheres

		Application of Gelatin Microspheres on Full-Thickness Skin Wound of Type I Diabetes Mellitus Rats

		Histological and Immunohistochemistry Staining Analysis

		Immunofluorescence Analysis

		Statistical Analysis





		Results		Characterizations of Gelatin Microspheres

		In Vitro Cell Tests for Gelatin Microspheres as Adipose-Derived Stem Cells From Rats Delivery Platform

		Adipose-Derived Stem Cells From Rats Improving Diabetic Wound Healing

		Mechanism of Adipose-Derived Stem Cells From Rats on Improving Diabetic Wound Healing





		Discussions

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Bioengineering and Biotechnology

Adaptive Gelatin Microspheres
Enhanced Stem Cell Delivery and
Integration With Diabetic Wounds
to Activate Skin Tissue
Regeneration





OPS/images/fbioe-10-813805-g001.gif





OPS/images/fbioe-10-813805-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





