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Exosomes derived from platelet-rich
plasma promote diabetic wound
healing via the JAK2/STAT3 pathway

Wenhai Cao,1,2,3 Xiaotong Meng,1,2 Fangming Cao,1 Jinpeng Wang,1 and Maowei Yang1,*

SUMMARY

Diabetic non-healing wounds are bringing a heavy burden on patients and society. Platelet-rich plasma
(PRP) has been widely applied in tissue regenerating for containing various growth factors. Recently,
PRP-derived exosomes (PRP-Exos) have been proved to be more effective than PRP in tissue regenera-
tion. However, few studies have investigated the therapeutic potential of PRP-Exos in diabetic wound
healing to date. Therefore, we extracted and identified exosomes derived from PRP and tested its pro-
moting effect on diabetic wound healing in vivo and in vitro. We found that high glucose (HG) inhibited
cell proliferation and migration and induced apoptosis through ROS-dependent activation of the JNK
and p38 MAPK signaling pathways. PRP-Exos can stimulate fibroblast functions and accelerate diabetic
wound healing. The benefits of PRP-Exos may be attributed to its capability to prevent HG-induced
ROS-dependent apoptosis via the PDGF-BB/JAK2/STAT3/Bcl-2 signaling pathway. This illustrates the
therapeutic potential of PRP-Exos in diabetic wounds.

INTRODUCTION

The prevalence of diabetesmellitus (DM) and its relevant complications are on the rise around the world, with serious consequences for patients

andhealthcare systems.Among the complications, amajor concern forpublic health is chronicwounds causedbydiabetes.1Normalwoundheal-

ing involvesphases of inflammation, proliferation, and tissue remodeling.2 As thewoundheals, fibroblasts are present from the late inflammatory

stage to full epithelization.3 Fibroblasts proliferate in the wound and synthesize extracellular matrix (ECM), which regulates and provides support

for the activity of fibroblasts. Meanwhile, ECMalso supports and transfers signals to accelerate granulation tissue generation, angiogenesis, and

epithelialization.4 In diabetes, wound healing is a complex process consisting of various biochemical and molecular events, and diabetes influ-

enceswoundhealingat all stages. Theoccurrenceanddevelopmentof diabeticwoundsarebelieved tobe largely influencedbyoxidative stress.5

A highly oxidizing environment, which is associated with hyperglycemia, leads to apoptosis of fibroblasts, causing insufficient synthesis of ECM,

excessive activation of proteolytic activity, attenuated wound contraction, and finally, a nonhealing wound.6

Over the last decades, new advanced therapies have been developed to address compromised wounds. Platelet-rich plasma (PRP), as a

product obtained by autologous blood centrifugation, contains supraphysiological concentrations of platelets and growth factors.7 A variety

of pro-tissue-healing growth factors and cytokines can be released by degranulated platelets.8 There is great potential for PRP to enhance

skin healing because it contains molecules and cytokines such as VEGF (vascular endothelial growth factor), PDGF (platelet-derived growth

factor), and TGF-b (transforming growth factor b) that promote collagen synthesis, angiogenesis, or cellular proliferation as well as the depo-

sition of ECM.9,10 Despite all of these benefits, the requirement for autologous platelets, complicated preparation procedures, and the lack of

standardized protocols for preparation limit the popularization of PRP.11

In addition to growth factors, platelets secrete several extracellular vesicles, including exosomes, upon stimulation. Exosomes, which are 40–

150 nm in size and of endosomal origin, are believed to be essential for intercellular communication by delivering bioactive proteins and RNA to

recipient cells.12Moreover,due to their low immunogenicity andstability, exosomescan carry signalsacross species.13With their capacity to trans-

port large cargo loads, exosomes have become the preferred carrier of clinical nanomedicine due to their ability to protect biomolecules from

destructive enzymes and chemicals.14 Since Torreggiani et al.15 first extracted exosomes from PRP in 2014, PRP-derived exosomes (PRP-Exos)

have been confirmed to promote tissue repair and regeneration.16–20 However, several of the studies mainly on wound healing did not discuss

in detail the inhibitory effect of diabetes onwoundhealingboth in vivo and in vitro simultaneously and failed to further explore the specificmech-

anismof exosomesonwoundhealing inadiabetic environment. Therefore,wedecided touse a high-glucoseenvironment in vitro to simulate the

effect of the diabetic environment on fibroblasts and to test the therapeutic ability of exosomes in a diabetic rat model in vivo.
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Based on the facts mentioned earlier, we studied the influence of high glucose on fibroblasts and whether PRP-Exos could exert a pro-

tective effect. Furthermore, themolecularmechanismunderlying the function of PRP-Exoswas investigated.We also applied a biocompatible

HP-PEG/HA-SH hydrogel to test the effect of the hydrogel and PRP-Exos on diabetic woundswhen applied alone and in combination through

animal experiments. To our knowledge, we are the first to investigate the effect of PRP-Exos on protecting fibroblasts from the high-glucose

environment in vitro and promoting diabetic wound healing in vivo simultaneously.

RESULTS

Identification of exosomes and biological effects

Characterization of PRP-Exos

Purified nanoparticles derived from PRP were identified using Nanosight tracking analysis (NTA), transmission electron microscopy

(TEM), and western blotting. NTA showed that the peak size of the particles was 117.5 nm (Figure 1A). The exosomes appeared to

be cup-shaped or sphere-shaped with a diameter of approximately 100 nm, as observed by TEM (Figure 1B). The WB results confirmed

that PRP-Exos exhibited high expression of the Exo markers CD9, CD63, and CD81 and the source marker of platelet CD41 (Figure 1C).

All of these results indicated the existence of Exo. In addition, PDGFBB, VEGF, and bFGF were confirmed in the exosome cargo

(Figure 1C).

PRP-Exos could be internalized by HSFs

Next, we found that fibroblasts internalized PRP-Exos. PRP-Exos were labeled with the fluorescent dye PKH67 (green) and incubated with

fibroblasts. After 24 h, recipient cells were stained with DAPI. HSFs were found to have taken up PKH67-labeled exosomes by fluorescence

microscopy (Figure 1D).

PRP-Exos promoted the proliferation and migration of HSFs

Cell proliferation andmigration were assessed by culturing HSFs in conditionedmedium supplemented with different concentrations of PRP-

Exos. The proliferation activity was evaluated by CCK-8 assays at 24, 48, and 72 h, and the results indicated that PRP-Exos significantly pro-

moted HSF proliferation (Figure 2A). For the 50 mg/mL and 100 mg/mL groups, differences were observed starting at 24 h compared with the

control group, but there were no differences between the two groups. For the 5 mg/mL PRP-Exos group, differences were observed starting at

48 h.

Migrationwas investigated by Transwell and scratch wound assays (Figures 2B and 2C). The exosomeswere able to promote themigration

of fibroblasts in a dose-dependent manner in both Transwell and scratch wound assays (Figures 2D and 2E).

Figure 1. Characterization of PRP-Exos

(A) Particle size distribution measured by DLS.

(B) Morphology observed by transmission electron microscopy. Scale bar: 100 nm.

(C) Western blotting analysis of the exosome surface markers and cargo.

(D) Fluorescence staining results of PKH67-labeled PRP-Exos co-cultured with HSFs; green represents PKH67, and blue represents nuclear DNAs stained byDAPI.

Scale bar: 10 mm.
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PRP-Exos alleviated HG-induced apoptosis and inhibited proliferation and migration

Tomimic the hyperglycemic condition of diabetes in vitro, HSFswere exposed to different concentrations of glucose to investigate the impact

of high glucose through CCK-8 and Annexin V-FITC/PI assays (Figures 3A–3C). The results of the CCK-8 assays showed that cell proliferation

was compromised under 35, 45, and 55 mM glucose in a dose-dependent manner, and the results for cell apoptosis were similar. Based on

these results, we used HG (55 mM) with or without PRP-Exos (50 mg/mL) for 48 h in the following experiments if not stated otherwise.

In further analysis, the negative effect of HGwas attenuated by PRP-Exos. The inhibition of proliferation was rescued by exosomes through

the CCK-8 assay (Figure 3F), and the alleviation of migration was confirmed by the Transwell assay (Figures 3D and 3E) and wound scratch

assay (Figures 3G and 3H). The Annexin V-FITC/PI assay indicated that PRP-Exos could alleviate cell apoptosis induced by HG without

affecting cell apoptosis when used alone (Figures 3I and 3J).

PRP-Exos alleviated HG-induced apoptosis through PDGF-BB/JAK2/STAT3 pathway

HG triggered the intrinsic apoptosis pathway through the ROS-dependent JNK and p38 pathways

The intrinsic apoptosis pathway, or mitochondrial pathway, is primarily characterized by mitochondrial dysfunction and is widely involved in

the pathogenesis of diabetic complications.21 Hyperglycemia is believed to induce oxidative stress through various pathways and then

lead to activation of the mitochondrial apoptosis pathway.22 Therefore, we investigated whether HG triggers the intrinsic apoptosis

pathway by inducing intracellular ROS overproduction. First, we discovered that ROS could be induced by HG as deduced by the ROS

scavenger NAC through fluorescence microscopy and flow cytometry (Figures 4A, 4B, 4D, and 4E). Mitochondrial membrane potential

(6Jm) loss in the HG group was also observed via JC-1 staining detected by flow cytometry, and it could be reversed by NAC

(Figures 4C and 4F). The expression of SOD 1 and CAT, two kinds of essential antioxidant proteins, presented similar results on western

blotting (Figure 4G). All of these findings demonstrated that HG could result in oxidative stress and mitochondrial outer membrane per-

meabilization (MOMP).

The JNK and p38MAPK signaling pathways play key roles in cellular apoptosis in response to extracellular signals and stress.23 Our next step

was to determine whether the JNK and p38 MAPK pathways participate in HG-induced apoptosis. The WB results showed that HG markedly

increased both JNK and p38 protein phosphorylation, increased expression of the pro-apoptotic protein Bax and executive protein cleaved

caspase-3, and inhibited the expression of anti-apoptotic protein Bcl-2. The ROS scavenger NAC almost completely neutralized the apoptosis

activated by HG, whereas the JNK inhibitor SP600125 and the p38 inhibitor SB203580 partly decreased the proapoptotic function of HG

(Figures 4H–4L). The involvement of the JNK and p38 MAPK pathways in HG-mediated apoptosis was also validated by an Annexin V-FITC/PI

detection assay. The data showed that NAC (ROS scavenger), SP600125 (JNK inhibitor), and SB203580 (p38 inhibitor) all inhibited apoptosis in

an HG environment (Figures 4M and 4N).

Figure 2. Effects of PRP-Exos on cell proliferation and migration

(A) Different concentration of PRP-Exos promoted the proliferation of fibroblasts, analyzed by CCK-8 assay.

(B) Representative photomicrographs showing the effect of PRP-Exos on the Transwell migration (violet-stained cells) of HSFs. Scale bar: 100 mm.

(C) The effect of PRP-Exos on migration of HSFs analyzed by scratch wound assay. Scale bar: 200 mm.

(D and E) Quantitative analysis of the Transwell assays and scratch wound assays. *p < 0.05 compared with control. #p < 0.05 comparing PRP-Exos (5) and PRP-

Exos (50).
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Figure 3. PRP-Exos alleviated HG-induced apoptosis and inhibition of proliferation and migration

(A) The cell viability of HSFs treated with different concentration of glucose, examined by CCK-8 analysis.

(B andC)TheapoptosisofHSFs inducedbydifferent concentrationof glucose, assessed throughAnnexin V-FITC/PI stainingwith flowcytometric quantitative analysis.

(D) The influence of high glucose (HG) together with or without PRP-Exos on migration of HSFs, tested by Transwell assays. Scale bar: 100 mm.

(E) Quantitative analysis of the Transwell assays.

(F) Proliferation of fibroblasts treated with HG alone or with PRP-Exos, analyzed by cck-8 assay.

(G) Migration of fibroblasts treated with HG alone or with PRP-Exos, analyzed by wound scratch assay. Scale bar: 200 mm.

(H) Quantitative analysis of the wound scratch assays.

(I) The apoptosis of HSFs induced by HG with or without PRP-Exos were assessed through Annexin V-FITC/PI double staining with flow cytometric.

(J) Quantitative analysis of cell apoptosis. *p < 0.05 compared with control. #p < 0.05 compared with HG.
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These data indicate that high glucose could cause oxidative stress and trigger the mitochondrial apoptosis pathway. The JNK and p38

pathways are involved in regulating HG-induced apoptosis.

PRP-Exos rescued cells from HG-induced apoptosis without disturbing JNK and p38 MAPK pathway activation

Apoptosis of HSFs was investigated by treating the cells with PRP-Exos or HG alone or in combination. The generation of ROS

with DCFH-DA probes detected by fluorescence microscopy and flow cytometry showed that PRP-Exos did not inhibit HG-induced

ROS generation (Figures 5A–5D). We further examined the mitochondrial membrane potential with JC-1 probes by flow cytometry.

However, the results suggested that the loss of mitochondrial membrane potential (6Jm) was rescued by PRP-Exos in HSFs.

The activation of Bax and Bak can lead to mitochondrial outer membrane permeabilization (MOMP) and apoptosis, and

antiapoptotic Bcl-2 proteins inhibit MOMP by binding to activated Bax and Bak.24 Hence, we continued to explore the expression

of relevant proteins. The results revealed that PRP-Exos neither activate JNK and p38 nor intervene with HG-induced activation

of JNK and p38. However, the downstream Bcl-2 (anti-apoptosis), Bax (pro-apoptosis), and apoptosis executive protein cleaved

caspase-3 were rescued by PRP-Exos (Figures 5G–5I). These expression changes in Bcl-2 and Bax were also confirmed by PCR

(Figure 5J).

The aforementioned results indicate that PRP-Exos could reverse ROS-dependent apoptosis induced by HG without disturbing JNK and

p38 activation. The protective effect may be attributed to maintaining Bcl-2 expression and inhibiting Bax expression.

PRP-Exos inhibited HG-induced apoptosis through the JAK2/STAT3 pathway activated by PDGF-BB

We continued to explore the mechanism by which exosomes maintain Bcl-2 expression and inhibit Bax expression. Previously, we found

that exosomes are rich in cytokines. Thus, we turned our attention to PDGF-BB, a widely investigated growth factor involved in wound

healing.25 Figure 6A shows that the expression level of PDGF receptor-b was highly increased after treatment with exosomes (Figure 6A).

The JAK2/STAT3 signaling pathway is a ubiquitously expressed intracellular signaling pathway, and it participates in many

vital physiological activities, including proliferation, differentiation, and apoptosis.26 Next, the results showed that PRP-Exos could acti-

vate the JAK2/STAT3 pathway, and the application of imatinib, which is an inhibitor of PDGFRb, significantly blocked the phosphory-

lation of JAK2/STAT3 (Figure 6B). This illustrates that the JAK2/STAT3 signaling pathway is activated by PDGF-BB contained in the

PRP-Exos.

To investigate the role of the JAK2/STAT3 axis in alleviating apoptosis induced by HG, we applied AG490, a specific JAK2 inhibitor, and

coumermycin A1, a specific JAK2 activator, to verify our hypothesis. The results of the Annexin V-FITC/PI detection assay showed that

AG490 could block the anti-apoptotic effect of PRP-Exos, and the application of CA-1 in the HG environment could mimic the anti-

apoptotic effect of PRP-Exos (Figures 6C and 6D). The relevant protein expression was further verified by western blotting. As shown in

Figure 6E, HG did not interfere with the JAK2/STAT3 pathway. The HG+PRP-Exos group displayed marked activation by phosphorylation

of JAK2/STAT3 and inhibition of Bax and cleaved caspase-3 while promoting Bcl-2. When AG490 was added to HSFs with HG and PRP-

Exos, the JAK2/STAT3 axis was inhibited; therefore, the inhibition of Bax and cleaved caspase-3 was rescued, whereas Bcl-2 was inhibited.

We also used CA-1 to trigger the phosphorylation of the JAK2/STAT3 axis, and the results were similar to those obtained with PRP-Exos

(Figures 6E–6H).

All of these results suggest that the inhibitory effect of PRP-Exos on HG-induced apoptosis was mediated by PDGF-BB-induced activation of

the JAK2/STAT3 pathway.

Combined application of PRP-Exos and HP-PEG/HA-SH hydrogel promoted diabetic wound healing in diabetic rats model

Cytotoxicity of hydrogels

To evaluate the cytotoxicity of the hydrogels, we used CCK-8 assays to examine the cell viability in Transwell 96-well plates. After coculture of

HSFs and hydrogel for 24 or 48 h, the OD value detected by CCK-8 showed no difference, which indicates that HP-PEG/HA-SH hydrogels are

nontoxic to HSFs (Figure 7A).

Figure 4. HG triggered intrinsic apoptosis pathway by ROS-dependent JNK and p38 MAPK pathway

(A) Representative confocal microscope images using DCFH-DA showed that HG induced ROS production in HSFs and ROS scavenger N-acetylcysteine (NAC)

significantly reduced ROS generation. Scale bar: 100 mm.

(B) ROS examined by flow cytometer using DCFH-DA.

(C) Mitochondrial membrane potential evaluated by JC-1 assay revealed that HG decreased mitochondrial membrane potential (6Jm) and NAC could reverse it.

(D) Quantitative analysis of ROS generation under confocal microscope.

(E) Quantitative analysis of ROS generation measured by flow cytometer.

(F) Numerical data were expressed in terms of the ratio of JC-1 monomers positive cells.

(G) The expression of SOD 1 and CAT treated with HGwith or without NACwas analyzed by western blotting. NAC reversed HG-induced inhibition of expression

of SOD 1 and CAT.

(H–L) In the different treatment groups, the p-JNK, JNK, p38, p-p38, Bax, Bcl-2, caspase-3 and cleaved caspase-3 protein expression levels were examined by

western blotting.

(M and N) The apoptosis of different treatment groups and quantitative analysis. *p < 0.05 compared with control. #p < 0.05 compared with HG.
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Figure 5. PRP-Exos rescued cells from HG-induced apoptosis without disturbing JNK and p38 MAPK pathway activation

(A) Representative confocal microscope images using DCFH-DA in groups treated with HG, PRP-Exos or both.

(B) Quantitative analysis of ROS measured by confocal microscope using DCFH-DA. Scale bar: 100 mm.

(C) Quantification of ROS generation tested by flow cytometer in all groups.

(D) Quantification analysis of the fluorescent intensity.

(E) Changes of mitochondrial membrane potential (6Jm) were analyzed by JC-1 and measured by flow cytometer.

(F) Quantification analysis of the ratio of JC-1 monomers positive cells.

(G–J) The expression levels of JNK, p-JNK, p38, p-p38, Bax, Bcl-2, caspase-3, and cleaved caspase-3 investigated by western blotting in different groups.

*p < 0.05 compared with control. #p < 0.05 compared with HG.
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Release of PRP-Exos from hydrogels

The sustained release ability of HP-PEG/HA-SH hydrogels was tested by a BCA protein quantification kit at 12, 24, 48, 72, and 96 h.

We found that the protein was present in the solution around the hydrogel, indicating leaching (Figure 7B). This indicates that

the PRP-Exos embedded in HP-PEG/HA-SH hydrogels can be sustained and released for at least 96 h.

Figure 6. PRP-Exos inhibited HG-induced apoptosis through JAK2/STAT3 pathway activated by PDGF-BB

(A) The expression level of PDGFRb detected by western blotting, PRP-Exos significantly increased the expression level of PDGFRb.

(B) JAK2 and STAT3 phosphorylation level in fibroblasts treated with PRP-Exos together with or without imatinib. Imatinib blocked the activation of JAK2 and

STAT3 induced by PRP-Exos.

(C and D) The apoptosis induced by HG together with specific treatment was assessed through Annexin V-FITC/PI double staining with flow cytometric

analysis.

(E–H) The expression levels of JAK2, p-JAK2, STAT3, p-STAT3, Bax, Bcl-2, caspase-3 and cleaved caspase-3 in groups that received different

treatments were examined by western blotting. *p < 0.05 compared with control. #p < 0.05 compared with HG. **p < 0.05 compared between

specific groups.
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Figure 7. The promoting effects of PRP-Exos on wound healing in diabetic rat model

(A) Cytotoxicity of the HP-PEG/HA-SH hydrogel was analyzed by CCK-8 assay, the OD value was measured at 0, 24, and 48 h.

(B) The sustained release ability of HP-PEG/HA-SH hydrogels was tested by BCA protein quantification kit at 12, 24, 48, 72, and 96 h; cumulative amount of

released protein was represented.

(C) Quantitative analysis of wound closure percentage at 7and 14 days.

(D) Quantitative analysis of the extent of re-epithelialization at 14 days (Length = original wound length�wound length at 14 days).
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PRP-Exos promote the diabetic wound healing process

Humanized full-thickness excisional wound models were developed in STZ-induced diabetic SD rats to test PRP-Exo efficacy in vivo.27 Four

treatment groups were set: control (no treatment), hydrogel (100 mL gel without exosomes), PRP-Exos (200 mg exosomes, subcutaneous in-

jection), and hydrogel/PRP-Exos (100 mL gel containing 200 mg exosomes). Digital photographs were taken during the process of healing of all

groups at 0, 7, and 14 days, and the groups with specific treatments showed better healing. In particular, wounds in the hydrogel/PRP-Exos

groupwere almost entirely healed at Day 14 (Figure 7E). In terms of wound closure, the PRP-Exos and hydrogel/PRP-Exos groups did not differ

significantly at 7 days, but at 14 days, the hydrogel/PRP-Exos group revealed the best capacity for promoting wound healing (Figure 7C).

Histologic analyses

For histologic analysis, thewound sampleswere stainedwithHE toevaluate theneoepitheliumat 14days (Figure7F). The initial woundsizewas the

same (1.5 cm). The hydrogel/PRP-Exos treatment groups showed significantly better epithelia than the other groups, whereas the PRP-Exos treat-

ment groups showed better epithelia than the hydrogel treatment groups.Meanwhile, the groups that received treatment had better results than

thecontrolgroup (Figure7D).CollagenwasevaluatedbyMasson’s trichromestaining.ThePRP-Exosgroupandhydrogel/PRP-Exosgroupshowed

a greater extent of collagen deposition and large wavy collagen fibers compared with the hydrogel group and control group at 7 and 14 days.

Interestingly, the hydrogel/PRP-Exos group showedhigher collagen fiber levels and awell-organizedmatrix than theother groups at 14 days (Fig-

ure 7G). The aforementioned results confirm the dramatic enhancement of collagen remodeling and epithelial regeneration through PRP-Exos.

Immunohistochemistry and immunofluorescence analysis

IHC and IF staining were applied to detect the influence of PRP-Exos on angiogenesis at Day 14. CD31 is located on the surface of endothelial

cells, and a-SMA is localized on smooth muscle cells; both are known markers for vascular networks. The number of CD31- and a-SMA-pos-

itive vessels in each wound was counted in IHC analysis to reflect the newly formed blood vessels (Figure 8A). Quantification of the new blood

vessels showed that the PRP-Exos group and hydrogel/PRP-Exos group had significantly enhanced angiogenesis and that the hydrogel/PRP-

Exos group exhibited a stronger angiogenesis function than the PRP-Exos group. Furthermore, CD31 and a-SMA costaining indicatedmature

vessels in the IF analysis (Figure 8D). Quantification of the mature blood vessels revealed that the generation level of mature vessels in the

hydrogel/PRP-Exos group was the highest at 14 days. These results also validated that the sustained release ability of HP-PEG/HA-SH hydro-

gels amplifies the function of PRP-Exos.

DISCUSSION

Researchers and clinicians are increasingly interested in applying PRP for tissue engineering.28 PRP is a concentrated platelet product derived

fromwhole blood that is widely used in regenerativemedicine and has already proven effective in clinical practice. Upon activation, the plate-

lets immediately degranulate, releasingmultipleGFs.29,30 Furthermore, extracellular vesicles (EVs), vital paracrinemediators released by cells,

such as exosomes and microvesicles, may contribute to cell-to-cell communication.12,31 PRP’s effects are thought to be mediated in part

through efficient intercellular communication of bioactive molecules by nanosized vesicles called exosomes.15 Exosomes isolated from PRP

have curative potential in tissue repair, osteoarthritis, osteonecrosis, and muscle injury.16–20 However, two of the studies on diabetic wound

healing did not involve the study of themechanism of delayedwound healing caused by diabetes and failed to systematically confirm the pro-

tective effect of PRP-Exosonfibroblasts in diabetic environments both in vitro and in vivo.16,20GFs havealsobeen found in exosomes fromPRP,

and they are very effective forwoundhealing.16 In relation towound repair, PDGFBB, VEGF, andbFGFare themost strongly associatedgrowth

factors secreted by PRP,31 as they are involved in regeneration and possibly regulate HMEC-1 cells and fibroblasts.32 In our study, exosomes

were successfully extracted from PRP and identified, andGFs related to wound repair, such as PDGFBB, VEGF, and bFGF, were encapsulated

within these exosomes, suggesting that growth factors are delivered across the extracellular space by PRP-Exos, facilitating tissue regenera-

tion. ThePRP-Exoswere validated topromoteproliferationandmigrationofHSFs inour study in vitro and in vivo. In addition,CD41was usedas

a source marker of platelets because platelets are generally degranulated from megakaryocytes that highly express CD41.

Healing occurs as a result of hemostasis, inflammation, proliferation, epithelialization, and remodeling.25 The repair process will begin with

hemostasis, and platelets are activated at this stage, leading to platelet aggregation, clotting, and factor release, resulting in fibrin clot gen-

eration at the wound site. Meanwhile, inflammatory cells are recruited to clean up the debris and pathogens and prepare the environment for

the next step, and during the late inflammatory phase, fibroblasts start to come into play.33 Soft tissue wound healing relies on fibroblasts to

contract wounds, synthesize collagen, and remodel tissues. The proliferation and migration of fibroblasts are crucial for wound healing.2,3

Diabetes, as amultifacetedmetabolic disease, is increasingly prevalent worldwide and places a serious burden on patients and healthcare

systems.34 Chronic wounds induced by DM have received increasing attention but still lack effective therapeutic interventions. Diabetic

wounds have an exceptionally complex pathology, and hyperglycemia-induced oxidative stress is believed to be onemajor causative factor.5

Figure 7. Continued

(E) Representative images of full-thickness excisional wound in a diabetic rat model; four groups were involved: control, hydrogel, PRP-Exos, and hydrogel/PRP-

Exos. Images were recorded at 0, 7, and 14 days after operation.

(F) H&E staining of wound sections received different treatments at 14 days after operation. The black arrows indicate the re-epithelialization. Scale bar: 1 mm.

(G) Masson’s trichrome-stained wound sections of different groups at 7 and 14 days after operation, indicating collagen deposition. Scale bar: 100 mm. *p < 0.05

compared with control. #p < 0.05 and **p < 0.05 compared between specific groups.
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Hyperglycemia can upregulate oxidative stress through different metabolic pathways, such as glycolytic, hexosamine, protein kinase C, pol-

yol, and advanced glycation end product (AGE) pathways.22 Nonhealing diabetic wounds exhibit a highly oxidizing environment, and this

impairs fibroblasts in their regeneration process.4 Therefore, our study used high glucose to mimic abnormal hyperglycemia in HSFs

in vitro, and the results suggested that HG significantly blocked proliferation and migration and induced apoptosis. As expected, after

the addition of PRP-Exos, the cell apoptosis and impaired biological behavior were reversed.

Apoptosis, an essential and widely investigated type of programmed cell death, is involved in many physiological activities, such as meta-

bolism, development, and immune homeostasis.35 As discussed widely, mitochondria are a crucial part of the initiation of intrinsic apoptosis,

one of the twomain apoptotic signaling pathways.36Diverse cellular stresses, includingdeprivation of growth factors, DNAdamage, or oxidative

stress, could lead to apoptosis via the intrinsic or mitochondrial pathway. When the intrinsic pathway is activated, proapoptotic proteins are

released from the intermembrane space of the mitochondria as a result of mitochondrial outer membrane permeabilization (MOMP).21 In our

work,we found thatHG inducedROSoverproductionandapoptosis. Therefore,we investigated the specificmechanismunderlying theapoptosis

and whether PRP-Exos could intervene. Researchers have shown thatMAPK pathways are involved inmany cellular activities, including develop-

ment, proliferation, differentiation, and apoptosis, in response to extracellular stimuli. Among them, JNK and p38 MAPK are activated most

notably when cells are exposed to physical, chemical, and biological stress.37,38 The data suggested that HG induced oxidative stress and JNK

and p38MAPK activation.When the ROS scavengerNACwas added, the ROS level decreased to normal levels, JNK andp38MAPKwere inacti-

vated, and the HG-induced apoptotic effect was totally blocked. Likewise, the use of SP600125, a specific JNK inhibitor, and SB203580, a p38 in-

hibitor,partlyblockedapoptosis,whereas theROS levelwasnotdisturbed.Thisfinding indicates thatHG-inducedapoptosisoccurs throughROS-

dependent activation of the JNK and p38 MAPK pathways.

Figure 8. The promotion effects of PRP-Exos on angiogenesis

(A) IHC staining of CD31 and a-SMA at 14 days. Newly formed blood vessels were identified by positive CD31 or positive a-SMA staining and their typical oval

structures. Scale bar: 50 mm.

(B) IF staining of CD31 and a-SMA at 14 days. CD31 and a-SMA are stained green and red, respectively. Red and green co-staining stands for mature blood

vessels. Scale bar: 50 mm.

(C) Quantitative analysis of newly formed blood vessels based on CD31- and a-SMA-positive stained vasculature.

(D) Quantitative analysis of mature blood vessels. CD31 is located on the surface of endothelial cells; a-SMA is localized on smooth muscle cells. *p < 0.05

compared between specific groups.
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Furthermore, we examined how PRP-Exos attenuate HG-induced apoptosis. The ROS level results revealed that PRP-Exos neither induced

ROS production nor affected HG-induced ROS production. However, the JC-1 results showed that PRP-Exos could preserve the mitochon-

drial membrane potential, which is based on the protein expression ratio of Bcl-2 and Bax. These results were confirmed by western blotting:

PRP-Exos did not affect the HG-induced activation of JNK or p38 but maintained the Bcl-2 levels and inhibited the upregulation of Bax. Both

Bax and Bcl-2 belong to the Bcl-2 protein family.39 Activated Bax and Bak can cause MOMP and apoptosis, whereas Bcl-2 proteins have the

ability to bind activated Bax and Bak effectors and preventMOMP.24 This finding suggests that the anti-apoptotic effect of PRP-Exos is due to

other pathways.

It has been widely demonstrated that the bioactive promoting influence of PRP is due to diverse growth factors, and these GFs were also

found in PRP-Exos in our study. Thus, we turned our attention toward the GFs enriched in the PRP-Exos. PDGF-BB, a growth factor derived

from platelets, has been recognized as a potent growth factor for fibroblasts since its discovery in platelets.40–42 Multiple signaling pathways

can be activated by PDGF-BB binding to the two extracellular domains of receptors, PDGFRa and PDGFRb. Their promotion effects on fibro-

blasts are most predominantly mediated through PDGFRb.32,43 Therefore, we studied the role of PDGF-BB encapsulated in PRP-Exos. First,

we tested the protein expression of PDGFRb, and the results suggested that after the addition of PRP-Exos, the PDGFRb expression level

markedly improved. This result indicated that PRP-Exos indeed activated PDGFRb. The JAK/STAT signaling pathway regulates multiple

body functions, such as cell proliferation, differentiation, apoptosis, immune function, and hematopoiesis.44 Several studies have confirmed

that PDGF-BB can promote fibroblast proliferation and differentiation through the JAK2/STAT3 signaling pathway.42,45 Accordingly, we were

curious about whether the JAK2/STAT3 pathway could be activated by PDGF-BB. Our data revealed that PRP-Exos activate the JAK2/STAT3

pathway and imatinib, an inhibitor preventing PDGFRb autophosphorylation upon PDGF-BB binding, blocks the activation effect of PRP-Exos

on the JAK2/STAT3 axis.

To this point, our data indicated that PDGF-BB in PRP-Exos activated the JAK2/STAT3 pathway. Previously, we discovered that the inhib-

itory apoptosis effect of PRP-Exos is ascribed to the maintenance of Bcl-2 and the inhibition of Bax. As a classic prosurvival signaling axis, the

JAK2/STAT3 pathway possesses the capacity to promote Bcl-2, inhibit Bax, and subsequently relieve apoptosis. Therefore, we next investi-

gated whether the anti-apoptotic effect of PRP-Exos involved the JAK2/STAT3 pathway. AG490 and CA-1 were used to inhibit or activate the

JAK2/STAT3 pathway, respectively. After treatment, AG490 significantly attenuated the anti-apoptotic effect of PRP-Exos, and CA-1

enhanced the anti-apoptotic effect as shown by the Annexin V-FITC/PI assay. Protein expression was further analyzed by western blotting,

and HG decreased the level of Bcl-2/Bax without affecting the JAK2/STAT3 pathway. PRP-Exos successfully activated the JAK2/STAT3

pathway and promoted the level of Bcl-2/Bax, as expected. Moreover, after AG490 blocked the JAK2/STAT3 axis, the Bcl-2/Bax level

decreased to a level similar to that in the HG group. When CA-1 was added under conditions of high glucose, JAK2/STAT3 was phosphor-

ylated, and the Bcl-2/Bax level was improved. The expression trends of the apoptosis effector protein cleaved caspase-3 were the same as

those of the proapoptotic protein Bax. The results demonstrated that PRP-Exos alleviated HG-induced HSF apoptosis bymaintaining the Bcl-

2/Bax level through PDGF-BB-induced activation of the JAK2/STAT3 pathway.

The recent development of hydrogel systems for wound healing has receivedmuch attention.46–48 Hydrogels can be injected and applied

to any irregular condition, and they possess many advantages, such as maintaining cell activity, minimal invasion, and a sustained release

ability.46 Based on these advantages, we chose an injectable HP-PEG/HA-SH hydrogel as an exosome-delivery platform to validate the pro-

moting ability of PRP-Exos in vivo. We confirmed the biocompatibility and sustained-release ability of the hydrogel in vitro. The comparison

between the hydrogel/PRP-Exos group and the PRP-Exos group showed that the hydrogel could improve the biological effects of PRP-Exos.

The results between the hydrogel/PRP-Exos group and the hydrogel group eliminated the interference from hydrogels on results and suc-

cessfully proved the promoting ability of PRP-Exos. Finally, our results found that the application of PRP-Exos alone showed a significant effect

of promotingwound healing, while the application of hydrogel alone also had a promotion effect, and the promotion effect was the strongest

when the two were applied in combination. Therefore, we inferred that PRP-Exos have the potential to promote diabetic wound healing, and

the hydrogel can enhance the promoting effect of PRP-Exos in accelerating diabetic wound healing and angiogenesis.

In summary, our results confirmed the capacity of PRP-Exos to promote diabetic wound healing both in vitro and in vivo for the first time.

Our study found that the PDGF-BB-induced JAK2/STAT3 signaling pathway plays a vital role in the protective effect of PRP-Exos on apoptosis

resulting from oxidative stress. This study will help elucidate the mechanism by which PRP-Exos promote wound healing. Of course, there are

still many limitations of this study. First, high glucose could not simulate the diabetic environment entirely due to its complex pathogenic

mechanisms. Second, other growth factors in PPR-Exos may also be involved, and this needs further investigation.

In summary, our work demonstrates for the first time that PRP-Exos protect fibroblasts fromHG environment in vitro and promote diabetic

wound healing in vivo. In HSFs, high glucose induces oxidative stress and activates the JNK and p38 pathways to inhibit cell proliferation and

survival. PRP-Exos rescue the negative influence of HG without disturbing HG-induced oxidative stress or the JNK and p38 signaling path-

ways. Under HG-induced oxidative stress, PRP-Exos block the ROS/JNK and p38-mediated inhibition of Bcl-2 protein expression and pro-

mote Bax protein expression via the JAK2/STAT3/Bcl-2 pathway, saving the cell from apoptosis.

Limitations of the study

PRP-Exos contain a variety of growth factors. Our study only focused on the protective effect of PDGF-BB on fibroblasts. The biological effects

of other growth factors need further exploration. The wound healing process is complex and involves many kinds of cells. The interaction

between other cells, such as vascular endothelial cells and inflammatory cells, and PRP-Exos also deserves further study. Moreover, SEM

microstructure (structure and exosome integrity) of hydrogel/PRP-Exos composites still need to be further verified in future research.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-CD31 Abcam Cat#ab76533; RRID: AB_1523298

Rabbit monoclonal anti-CD9 Abcam Cat#ab236630; RRID: AB_2922400

Rabbit monoclonal anti-CD41 Abcam Cat#ab134131; RRID: AB_2732852

Rabbit monoclonal anti-CD63 Abcam Cat#ab134045; RRID: AB_2800495

Mouse monoclonal anti-CD81 Abcam Cat#ab79559; RRID: AB_1603682

Rabbit monoclonal anti-Catalase Abcam Cat#ab209211; RRID: AB_2612413

Rabbit monoclonal anti-Superoxide Dismutase

1

Abcam Cat#ab51254; RRID: AB_882757

Mouse monoclonal anti-GAPDH Abcam Cat#ab8245; RRID: AB_2107448

Mouse monoclonal anti-VEGF Abcam Cat#ab69479; RRID: AB_1271452

Mouse monoclonal anti-PDGFR beta Abcam Cat#ab69506; RRID: AB_1269704

Rabbit monoclonal anti-PDGF BB Abcam Cat#ab178409; RRID: AB_2268084

Rabbit monoclonal anti-Basic FGF Cell Signaling Technology Cat#98658; RRID: AB_398188

Rabbit monoclonal anti-Bax Cell Signaling Technology Cat#41162; RRID: AB_2924730

Rabbit polyclonal anti-Cleaved caspase-3 Cell Signaling Technology Cat#9661; RRID: AB_2341188

Rabbit polyclonal anti-Caspase-3 Cell Signaling Technology Cat#9662; RRID: AB_331439

Mouse monoclonal anti-Bcl-2 Cell Signaling Technology Cat#15071; RRID: AB_2744528

Rabbit polyclonal anti-JNK Cell Signaling Technology Cat#9252; RRID: AB_2250373

Mouse monoclonal anti-Phospho-JNK Cell Signaling Technology Cat#9255; RRID: AB_2307321

Rabbit polyclonal anti-p38 MAPK Cell Signaling Technology Cat#9212; RRID: AB_330713

Rabbit monoclonal anti-Phospho-p38 MAPK Cell Signaling Technology Cat#4511; RRID: AB_2139682

Rabbit monoclonal anti-JAK2 Cell Signaling Technology Cat#3230; RRID: AB_2128522

Rabbit polyclonal anti-Phospho-JAK2 Cell Signaling Technology Cat#3771; RRID: AB_330403

Mouse monoclonal anti-STAT3 Cell Signaling Technology Cat#9139; RRID: AB_331757

Rabbit monoclonal anti-Phospho-STAT3 Cell Signaling Technology Cat#9145; RRID: AB_2491009

Rabbit monoclonal anti-a-Smooth Muscle

Actin

Cell Signaling Technology Cat#19245; RRID: AB_2734735

Biological samples

Sprague Dawley (SD) rats HFK Bioscience N/A

Human peripheral blood samples The First Hospital of China

Medical University

N/A

Chemicals, peptides, and recombinant proteins

AG490 Sigma‒Aldrich 133550-30-8

N-Acetylcysteine Sigma‒Aldrich 38520-57-9

STZ Sigma‒Aldrich 18883-66-4

ACD-A Sigma‒Aldrich 8013-89-6

hematoxylin Sigma‒Aldrich 517-28-2

eosin Sigma‒Aldrich 548-24-3

PKH-67 MKBio MX4023

SP600125 Beyotime S1876

0.5% crystal violet Beyotime C0121

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Inquiries and requests for resources should be directed to and will be fulfilled by the lead contact, Dr. Wenhai Cao (cmudr_cao@163.com).

Materials availability

The study did not generate new unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SB203580 Beyotime S1863

Enhanced chemiluminescence reagent Thermo Fisher Scientific WP20005

Critical commercial assays

JC-1 kit Beyotime C2003S

DCFH-DA probe kit Beyotime S0033S

CCK-8 Apexbio K1018

Annexin V-FITC/PI detection kit BD Bioscience 556547

24-well Transwell plate Corning 3422

96-well Transwell plates Corning 3382

HP-PEG and HA-SH hydrogel Blafar N/A

Masson’s trichrome Sigma‒Aldrich 1.00485

Revert Aid first-strand cDNA synthesis kit Fermentas, Life Sciences K1621

Experimental models: Cell lines

Human skin fibroblast cell line The Cell Bank of the Chinese

Academy of Sciences

SCSP-106

Experimental models: Organisms/strains

Sprague Dawley (SD) rats HFK Bioscience N/A

Oligonucleotides

Human-Bax Forward (5’ to 3’):

ATCATACTGGTTGCATCTGGTG

This paper N/A

Human-Bax Reverse (5’ to 3’):

CACAGAGGTACGGGCTTATTG

This paper N/A

Human-Bcl-2 Forward (5’ to 3’):

TCGCCGAGATGTCCAGC

This paper N/A

Human-Bcl-2 Reverse (5’ to 3’):

CCCACCGAACTCAAAGAAGG

This paper N/A

Human-GAPDH Forward (5’ to 3’):

GGAGCGAGATCCCTCCAAAAT

This paper N/A

Human-GAPDH Reverse (5’ to 3’):

GGCTGTTGTCATACTTCTCATGG

This paper N/A

Software and algorithms

GraphPad Prism version 8.0 GraphPad https://www.graphpad.com/

Image J NIH https://imagej.net/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture studies

The human skin fibroblast cell line (HSF) was purchased from theCell Bank of the ChineseAcademy of Sciences (SCSP-106, China), the cell line

has been authenticated by STR and tested for mycoplasma contamination. HSF cells were cultured in Dulbecco’s modified Eagle’s medium

(DMEM,Gibco) supplemented with 10% fetal bovine serum (Gibco). The fibroblasts weremaintained at 37�C in a humidified atmosphere with

5% CO2. The cells were subcultured every 2–3 days.

To explore the effects of high glucose (HG) and PRP-Exos, the cells were treated with HG (55 mM), PRP-Exos (50 mg/mL) or both. The cells

were subjected to a series of in vitro tests at certain intervals. N-Acetylcysteine (Sigma‒Aldrich, 38520-57-9), SB203580 (Beyotime, S1863),

AG490 (Sigma‒Aldrich, 133550-30-8), SP600125 (Beyotime, S1876), imatinib mesylate (Novartis Pharma GmbH, Glivec) and coumermycin

A1 (Santa Cruz Biotechnology, 4434-5-3) were used to pretreat the cells for 1 h. N-Acetylcysteine is a ROS scavenger;49 SP600125 is a specific

inhibitor of JNK;38 SB203580 is an inhibitor of p38 MAPK;38 AG490 is a specific JAK2 inhibitor;50 imatinib is an inhibitor of PDGFRb;51 and

coumermycin A1 is a specific JAK2 activator.52 The HSFs were cultured in conditioned medium containing N-acetylcysteine (5 mM),

SP600125 (10 mM), SB203580 (10 mM), AG490 (50 mM), imatinib (1 mM) or coumermycin A1 (300 nM). After treatment, the indicated experiments

were performed on the cells.

Animals

Eight-week-old male Sprague Dawley (SD) rats (HFK Bioscience) between 240 and 280 g were used to induce a diabetic rat model and a sub-

sequent humanized diabetic wound model. Rats were housed in the laboratory of China Medical University and fed ad libitum water and ro-

dent diet. All experiments performed on the rats and their care procedures were approved by the Animal Ethics Committee of ChinaMedical

University (Approval number: 2020111).

To induce diabetes in SD rats, STZ (Sigma‒Aldrich, 18883-66-4) (55 mg/kg) was injected intraperitoneally for one time.47,53 The establish-

ment of a diabeticmodel was verifiedby their bloodglucose levels. Blood glucose greater than 16.8mmol/L lasting for 4 weeks (one test every

week) after the injection was considered successful. An electronic blood glucose meter (Roche) was used to measure their serum glucose

levels.

The present study involved 12 diabetic rats (12 weeks old; 300–350 g). Initially, the rats were anesthetized with 3.5% isoflurane and main-

tained at 2%, and four full-thickness excisional wounds (1.5 cm) were created on the back of each rat. There were four wounds on each rat and

they were randomized into four treatment groups: control (no treatment), hydrogel (100 mL gel without exosomes), PRP-Exos (200 mg exo-

somes, subcutaneous injection), and hydrogel/PRP-Exos (100 mL gel containing 200 mg exosomes). The wound was covered with gauze

and a bandage. The dressings were refreshed every three days with the standard of care, and wound tissues were sampled and harvested

at 7 and 14 days (n=6).

Digital photographs of the wounds were recorded on Days 0, 7, and 14 after the operation (Nikon, Tokyo, Japan). The images of the

wounds were measured by ImageJ software. The wound closure rate was calculated as follows: (origin wound area � residual wound area

at scheduled time)/origin wound area 3 100%.

METHOD DETAILS

Platelet-rich plasma (PRP) extraction

The isolationmethods of PRP are based on Tao et al.17 andGuo et al.16 All of the blood specimens involved in our study were approved by the

ethical committee of the First Affiliated Hospital of China Medical University (Approval number: 2022270). Briefly, we collected totally 40mL

peripheral blood samples from healthy volunteers (2 males) and transferred them to tubes containing anticoagulant solution A (ACD-A,

Sigma‒Aldrich, 8013-89-6) (1 mL of ACD-A/9mL of blood). Plasma and platelets were collected and transferred to a new centrifuge tube after

centrifugation (160 g 3 10 min). Then, the plasma was centrifuged again (250 g 3 15 min). After discarding the supernatant plasma, the re-

maining platelet pellets were resuspended to obtain approximately 4 mL of PRP.

PRP-derived exosome (PRP-Exo) extraction

The extraction methods were described by Torreggiani et al.15 and Thery et al.54 The PRP samples were centrifuged (250 g3 15min) to pellet

the platelets and then they were washed with PBS (Gibco). After activation with 10% CaCl2 and 1000 U thrombin for 30 seconds (Beyotime,

ST1699),55 the suspension was centrifuged at specific speeds (300 g3 10 min, 2000 g3 10 min), and the debris at the bottom was discarded.

As a next step, we filtered the supernatant with a 0.22 mmfilter (Millipore) and centrifuged (4000 g3 50min) it with a 15ml ultrafiltration centri-

fuge tube (Millipore). A second ultrafiltration at 4000 gwas conducted on the collected liquid after washing it with PBS. To purify the PRP-Exos,

the suspension was ultracentrifuged (100,000 g 3 70 min). After washing again with PBS, the resuspended PRP-Exos were ultracentrifuged

again under the same conditions. Finally, the collected PRP-Exos were resuspended and stored at �80�C.

Identification of PRP-Exos

The concentration and size distribution of the PRP-Exos were measured by Nanosight tracking analysis (NTA; Nanosight, UK). TEM (JEOL,

Tokyo, Japan) was used to identify the morphology of PRP-Exos. The biomarkers CD9, CD63, and CD81, cargo bFGF, PDGFBB, and

VEGF, and the source marker CD41 were determined by western blotting.
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Hydrogel and PRP-Exos-loaded hydrogel preparation

An injectable hydrogel system composed of hyperbranched multiacrylated polyethylene glycol macromers (HP-PEGs) and thiolated hyal-

uronic acid (HA-SH) reported previously by our teamwas used in the present study.46 HP-PEGs andHA-SHwere purchased fromBlafar (Hang-

zhou, China). The hydrogel was formed in situ via a thiolene click reaction bymixing 100 mL HP-PEG (5%w/v) with 100 mL HA-SH (1%w/v) (both

were dissolved in deionized water), and the gelation time was approximately one minute at room temperature. For the PRP-Exos-loaded hy-

drogel, as the liquid state solution was gently agitated, PRP-Exos were added (1% v/v). After gelation, the gel was injected for further tests.

Exosome uptake by HSFs

After extraction, the PRP-Exos were incubated with PKH67 dye liquor for 5 min following the manufacturer’s instructions (MKBio, MX4023).

Afterward, to terminate the staining process, 0.5% BSA was added, and the medium was ultracentrifuged (100,000 g 3 70 min). After resus-

pension in PBS, the PRP-Exos suspension was ultracentrifuged again to extract the exosomes. HSFs were incubated with PKH67-labeled exo-

somes for 24 h, fixed with 4% paraformaldehyde (30 min) and DAPI (5 min) at room temperature, washed with PBS, and finally imaged under

fluorescence microscopy.

Cell proliferation assay

ACell Counting Kit-8 (CCK-8) assay (Apexbio, K1018) was used to evaluate the viability of the HSFs. Briefly, 53 103 cells (n = 5 per group) were

seeded into 96-well plates. At certain time intervals, a dilution of 1:10 CCK8 solution (10 mL) was added, and the plates were incubated for one

hour at 37�C. The absorbance at 450 nm was measured with a microplate reader (ELx800, Bio-Tek), which reflected the viability of the cells.

Cell migration assay

Transwell assays were used to examine the effect of PRP-Exos or HG on fibroblast migration. A total of 13 104 cells were placed in the upper

chamber of a 24-well Transwell plate (Corning, 8 mm, #3422). The lower chamber was filledwith 700 mLmedium supplementedwith HGor PRP-

Exos. The cells on the upper surface of the filter membranes were gently removed by a wet swab after 24 hours of incubation. Then, 0.5%

crystal violet (Beyotime, C0121) was applied to stain the filter membrane for 5 min. To evaluate their migration activity, the stained cells re-

maining on the membrane were observed and counted under a microscope (IX71, Olympus).

Scratch wound assays were also performed. Briefly, HSFs were cultured until 95% to 100% confluence in 6-well plates. The cell monolayer

was directly scratched by pipette tips (200 mL). All groups were recorded bymicroscopy at 24 hours after scratching andwashingwith PBS. The

wound closure area was calculated to determine the level of migration.

Cell apoptosis assay

Fibroblast apoptosis was assessedwith anAnnexin V-FITC/PI detection kit (BDBioscience, #556547) following themanual. After specific treat-

ment, HSFs were harvested. For staining, the collected cells were resuspended in 500 mL binding buffer, and then 5 mL propidium iodide (PI)

and 5 mL Annexin V-FITCwere added to the cells in the dark. After incubation in darkness for 10min, the cells were detected by flow cytometry

(Beckman Coulter).

ROS measurement

Reactive oxygen species (ROS) levels in the HSFs were evaluated by DCFH-DA probe kits (Beyotime, S0033S). After treatment, the cells were

incubated with 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) working solution for 30 min at 37�C in the dark and washed with PBS 3

times. Next, fluorescent images were recorded by amicroscope (IX71, Olympus) and analyzed by ImageJ software. Meanwhile, the cells were

detected by flow cytometry, and the mean fluorescence intensity represents the level of ROS.

Mitochondrial membrane potential detection

The intracellular mitochondrial membrane potential of the HSFs was assessed with a JC-1 kit (Beyotime, C2003S). The cells were suspended in

JC-1 staining solution and incubated for 30 minutes before being washed with JC-1 buffer solution. All procedures were conducted under

protection from the light. The resuspended cells were tested by flow cytometry (Beckman Coulter). JC-1 fluorescence was measured at exci-

tation/emission wavelengths of 585/590 (red, aggregate) and 510/527 nm (green, monomer). JC-1 monomer-positive cells (green) were

counted to determine the mitochondrial membrane potential.

Western Blot

The lysate of cells or exosomes diluted with loading buffer was heated (95�C, 5 min) and stored at -20�C. Protein extracts were separated with

12.5% sodium dodecyl sulfate‒polyacrylamide gel electrophoresis (SDS‒PAGE) at 120 volts for 60 minutes and blotted onto a PVDF mem-

brane (Millipore) for 70 minutes at 180 mA. Then, 5% skimmedmilk was utilized to block the membranes for 120 min. Primary antibodies were

diluted with TBST and incubated with the membranes at 4�C overnight. After washing with TBST, the membranes were incubated with horse-

radish peroxidase-labeled secondary antibodies (Abcam, ab6721) at 4�C for 1.5 h. An enhanced chemiluminescence reagent (Thermo Fisher
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Scientific, WP20005) was applied to visualize the protein bands and imaged by an imaging system (Analytik Jena AG). The optical density was

analyzed and normalized to GAPDH with ImageJ software to compare the protein expression levels.

The primary antibodies used included anti-CD9 (Abcam, ab236630, 1:2000), anti-CD41 (Abcam, ab134131, 1:1000), anti-CD63 (Abcam,

ab134045, 1:2000), anti-CD81 (Abcam, ab79559, 1:5000), anti-CAT (Abcam, ab209211, 1:1000), anti-SOD 1 (Abcam, ab51254, 1:1000), anti-

GAPDH (Abcam, ab8245, 1:10000), anti-VEGF (Abcam, ab69479, 1:1000), anti-PDGFRb (Abcam, ab69506, 1:1000) and anti-PDGFBB (Abcam,

ab178409, 1:1000); anti-bFGF (Cell Signaling Technology, #98658, 1:1000), anti-Bax (Cell Signaling Technology, #41162, 1:1000), anti-cleaved-

caspase-3 (Cell Signaling Technology, #9661, 1:1000), anti-Bcl-2 (Cell Signaling Technology, #15071, 1:1000), anti-caspase-3 (Cell Signaling

Technology, #9662, 1:1000), anti-JNK (Cell Signaling Technology, #9252, 1:2000) andphosphorylated JNK (p-JNK) (Cell Signaling Technology,

#9255, 1:1000), anti-p38 (Cell SignalingTechnology, #9212, 1:1000) andphosphorylatedp38 (p-p38) (Cell SignalingTechnology, #4511, 1:1000),

anti-JAK2 (Cell Signaling Technology, #3230, 1:1000) and phosphorylated JAK2 (p-JAK2) (Cell Signaling Technology, #3771, 1:1000), and anti-

STAT3 (Cell Signaling Technology, #9139, 1:1000) and phosphorylated STAT3 (p-STAT3) (Cell Signaling Technology, #9145, 1:1000).

qRT‒PCR analysis

Total RNA was extracted using TRIzol (Invitrogen, #15596026). A Revert Aid first-strand cDNA synthesis kit (Fermentas, Life Sciences, K1621)

was used to synthesize cDNA.Next, qRT‒PCRwas performedprogressively usingGotaq�qPCRMasterMix (PromegaCorporation). Relative

mRNAexpressionwas calculated using the 2-DDCtmethod. The resultswere normalized toGAPDH. Theprimers used in the present studywere

as follows: human-Bax: forward, 5’-ATCATACTGGTTGCATCTGGTG-3’, and reverse, 5’-CACAGAGGTACGGGCTTATTG-3’; human-Bcl-2:

forward, 5’-TCGCCGAGATGTCCAGC-3’, and reverse, 5’-CCCACCGAACTCAAAGAAGG-3’; human-GAPDH: forward, 5’-GGAGCGAGAT

CCCTCCAAAAT-3’, and reverse, 5’-GGCTGTTGTCATACTTCTCATGG-3’.

Cytotoxicity assays

Ninety-six-well Transwell plates (Corning, 8.0 mm, #3382) were used for toxicity testing. These plates (5x103 cells per well) were seeded with

fibroblasts and incubated for 24 and 48 hours. In each of the wells, 20 mL of gel was placed in the upper chamber, and 200 mL of media was

added to the lower chamber (n = 5 per group). After indirect contact with the cells, CCK-8 assays were used to test the toxicity of the

hydrogels.

Release profile of PRP-Exos-loaded hydrogel

After following the procedure for making PRP-Exos-loaded hydrogel in the previous step, 1% v/v PRP-Exos-loaded hydrogel was prepared

with a final concentration of exosomes in the gels of 500 mg/mL. After preparation, 100 mL gel was added to each well of a 24-well plate in

500 mL PBS. Each well contained 50 mg of exosomal proteins. Then, the plate was transferred to an incubator at 37�C and 5% CO2. At 12,

24, 48, 72, and 96 hours, the supernatant from eachwell was collected, and after collection, the gels were soaked in fresh PBS. The supernatant

collected at each time point was used to determine the protein quantity with a BCA protein quantification kit (Beyotime, P0010).

Histological analysis

A graded series of ethanol and formaldehyde were applied to the wound tissues after they had been sampled at 7 and 14 d, and paraffin was

applied to them after they were fixed in 4% formaldehyde overnight. The sections were prepared with a thickness of 5 mm. Then, the prepared

sections were treated with hematoxylin and eosin (H&E, Sigma‒Aldrich, 517-28-2, 548-24-3) andMasson’s trichrome (Sigma Aldrich, 1.00485)

and examined under a microscope. The re-epithelialization rate was calculated as follows: (new epidermis length/original wound

length) 3 100%.

Immunohistochemistry and immunofluorescence analysis

In the immunohistochemical staining procedure, deparaffinized sections of 5 mm thickness were washedwith PBS for fiveminutes. After block-

ing in 5% serum for 30 minutes, the slides were incubated overnight with primary antibodies against CD31 (Abcam, ab76533, 1:200) and

a-SMA (Cell Signaling Technology, #19245, 1:100) at 4�C. For visualization, biotinylated secondary antibodies were applied to stained sec-

tions along with avidin-biotin-peroxidase complexes, and DAB substrate was applied to visualize them.

For immunofluorescence staining, rehydrated sections were blocked with 1.5% goat serum and incubated with primary antibodies against

CD31 (Abcam, ab76533, 1:100) and a-SMA (Cell Signaling Technology, #19245, 1:100) overnight at 4�C. The nuclei were stained with DAPI

(Abcam, ab104139). The images were examined with a confocal microscope (Carl Zeiss, Oberkochen). The number of CD31-positive and

a-SMA-positive cells was calculated to indicate vascularization. For each wound sample, five high-power microscopic fields were imaged

and evaluated at 4003.

QUANTIFICATION AND STATISTICAL ANALYSIS

In all cases, the data are presented as the meansG standard deviations (SD). Comparisons of the means between the two groups were per-

formed using independent-sample t-tests. The level of significance was determined using GraphPad Prism version 8.0 (GraphPad Software,

San Diego, CA) using one-way analysis of variance (ANOVA). Statistical significance was determined by a P value < 0.05.
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