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Background: Diabetic chronic wounds present a formidable challenge in clinical management, lacking effective treatment options. 
Mesenchymal stem cell (MSC) transplantation has emerged as a promising therapy for tissue repair and regeneration. However, 
transplanted MSCs often undergo rapid apoptosis, giving rise to heterogeneous extracellular vesicles (EVs), including apoptotic bodies 
(apoBDs) and apoptotic small extracellular vesicles (apoSEVs). The potential stimulatory role of these EVs in diabetic wound healing 
remains unknown.
Methods: In this study, we investigated the effects of apoSEVs derived from adipose-derived mesenchymal/stromal cells (ADSCs) on 
the recovery of diabetic wounds by modulating the function of versatile target cells. First, we characterized the apoSEVs and apoBDs 
derived from apoptotic ADSCs. Subsequently, we evaluated the effects of apoSEVs and apoBDs on macrophages, endothelial cells, 
and fibroblasts, three essential cell types in wound healing, under high-glucose conditions. Furthermore, we developed a gelatin 
methacryloyl (GelMA) hydrogel for the sustained release of apoSEVs and investigated its therapeutic effects on wound healing in type 
2 diabetic mice in vivo.
Results: apoSEVs facilitated the polarization of M1 phenotype macrophages to M2 phenotype, promoted proliferation, migration, and 
tube formation of endothelial cells, and enhanced fibroblast proliferation and migration. However, apoBDs failed to improve the 
function of endothelial cells and fibroblasts. In vivo, the apoSEVs-loaded GelMA effectively promoted wound healing by facilitating 
collagen fiber deposition, angiogenesis, and immune regulation.
Conclusion: Our study elucidates the beneficial effects of apoSEVs on wound recovery in diabetes and introduces a novel strategy for 
diabetic wound treatment based on apoSEVs.
Keywords: apoptotic small extracellular vesicles, wound healing, diabetes, stem cells, GelMA

Introduction
Diabetic chronic wounds are among the most challenging complications of Diabetes mellitus (DM).1–3 These wounds 
pose significant problems due to their prolonged treatment duration, high cost, and resulting disability, leading to 
substantial physical, psychological, and economic burdens.4,5 Furthermore, diabetic chronic wounds frequently exhibit 
infection or deep tissue damage, making them the leading cause of non-traumatic amputations.6 The overall mortality rate 
within 5 years for Diabetic foot ulcers (DFUs) is nearly 50%, and approximately 20% of moderate to severe DFUs 
eventually require amputation.7 Despite the proposal of various innovative wound repair methods, such as local negative 
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pressure, growth factors, and autologous platelet-rich gel, these conventional treatments often prove ineffective for many 
patients due to impaired cell function around the wound site resulting from underlying microenvironmental alterations.8,9

The wound healing process relies on a dynamic chain of physiological events, including hemostasis, inflammation, 
proliferation, and remodeling. Any disruption in this process, such as excessive inflammation and dysfunction of cells 
involved in repair due to a high glucose environment, leads to delayed wound healing and the development of chronic 
wounds.10,11 Impaired wound healing in diabetes stems from the dysfunction of cells associated with the wound, induced 
by hyperglycemia.2 Inflammatory cell dysfunction and dysregulated inflammatory factors characterize the inflammation 
phase of diabetic wound healing. The hyperglycemic microenvironment leads to macrophage dysfunction and persistent 
polarization towards the pro-inflammatory M1 phenotype, while inflammatory factors become dysregulated, resulting in 
a sustained inflammatory state that hampers wound healing.12 The proliferative phase of diabetic wound healing is 
marked by impaired physiological function of fibroblasts and endothelial cells, leading to compromised granulation tissue 
formation and angiogenesis, which further impede wound healing.13 Consequently, addressing persistent inflammation, 
impaired cell proliferation and migration, and diminished angiogenesis is crucial for the management of refractory or 
contraindicated wounds. This necessitates the exploration of more targeted treatment options.
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Cytotherapy of mesenchymal stem cells (MSCs) have emerged as a promising therapy and have shown favorable 
effects on accelerating the healing of diabetic skin wounds and restoring skin integrity.14,15 Traditionally, it was believed 
that MSCs function through self-renewal and paracrine regulation after homing.16–20 However, recent studies have 
reported extensive apoptosis of transplanted MSCs shortly after transplantation. These dead MSCs were uptaken by local 
cells through a process of efferocytosis, which eventually clear the apoptotic MSCs. Emerging evidence showed 
efferocytosis of the apoptotic MSCs would perform profound effect on the recipient cells, including macrophage, 
fibroblast, and others.21–23

During the process of apoptosis, a significant quantity of heterogenous apoptotic extracellular vesicles (apoEVs) is 
generated.24–26 These apoEVs include large vesicles named apoptotic bodies (apoBDs), vesicles ranging from 1 to 5 μm 
in size,27,28 and smaller membrane-bound vesicles, namely apoptotic microvesicles (apoMVs) with a diameter of 0.1−1 
μm and apoptotic exosomes (apoExos) with a diameter of less than 150 nm. These smaller vesicles are collectively 
referred to as apoptotic small extracellular vesicles (apoSEVs).28,29

Previous studies predominantly focused on ApoBDs have demonstrated ApoBDs restore tissue homeostasis and 
promote tissue repair by facilitating angiogenesis and immune regulation.30,31 A previous study has confirmed the 
regulatory role of apoBDs in wound healing.21 The latest study has shown that apoBDs could be efferocytosed by 
macrophages and functionally modulate liver macrophage homeostasis to counteract T2D.32 But due to their large size, 
apoBDs is mainly engulfing by macrophage.

With a significantly smaller size, apoSEVs can be efferocytosed by various types of cells, including macrophages, 
fibroblasts, mesenchymal stem cells, endothelial cells, and others.31,33 Furthermore, apoSEVs carry a wealth of proteins, 
RNA, DNA, lipids, and more, and can perform essential functions once taken up by recipient cells.34 However, the 
precise role of apoSEVs in wound healing requires further exploration and elucidation.

In this study, we extensively investigated the biological of apoSEVs of adipose-derived stem cells (ADSCs) in wound 
healing. Our results confirm that apoSEVs derived from ADSCs exert positive effects on essential cells involved in the 
inflammatory and proliferative phases, namely macrophages, endothelial cells, and fibroblasts, in vitro. Subsequently, we 
applied a novel dressing composed of apoSEVs and GelMA hydrogel to an in vivo model of diabetic skin wounds, which 
exhibited remarkable healing effects. ApoSEVs treatment holds promise as a potential therapeutic approach to expedite 
the healing of diabetes-related skin wounds.

Materials and Methods
Cell Culture
The cell lines of Raw264.7 and HUVECs were purchased from the Cell Bank of the Chinese Academy of Sciences. Raw264.7 
and HUVECs were cultured in high glucose DMEM (Gibco) supplemented with 10% Fetal Bovine Serum (FBS, Gibco, USA) 
and 100 U/mL penicillin, and 100 g/mL streptomycin. All the cells were cultured in condition at 37°C, 5% CO2.

ADSCs were isolated according to the previous literature.35 All procedures were reviewed and approved by the Ethics 
Committees of the State Key Laboratory of Oral Diseases, West China School of Stomatology, Sichuan University 
(approval number: WCHSIRB-D-2021-028). The informed consent was obtained from the study participants and the 
guidelines outlined in the Declaration of Helsinki were followed. Briefly, 100mL of adipose tissue from abdominal 
liposuction was washed with PBS, adding 2% of penicillin and streptomycin. Then, the tissue would be digested with 
collagenase type I (1 mg/mL) for 30 min, at 37 °C shaker. The cell suspension was centrifuged at 1200 rpm for 5 min 
accompanied by the same volume of α-MEM. Cell precipitation was resuspended in α-MEM (supplemented with 10% of 
FBS, 1% of penicillin and streptomycin) and added in 75 cm2 culture flasks. Cells were cultured at 37 °C, 5% CO2. The 
culture medium was then replaced every two days. When ADSCs were cultivated at 90% confluence, cells were detached 
with trypsin and seeded as Passage-1 cells. ADSCs before Passage-5 were used only.

Isolation and Characterization of apoSEV, EV, and apoBD
To isolate apoSEV and apoBD, ADSCs were exposed to 300 nM staurosporine (STS, Enzo Life Sciences) in serum- 
free medium for 12 hours to induce apoptosis. Apoptosis was confirmed through changes in cell morphology, 
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analysis of flow cytometry, and staining analysis of terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL, Beyotime Biotechnology, China). Subsequently, the supernatant from apoptotic cells underwent centrifu-
gation at 800 x g for 10 minutes to eliminate cell debris and at 3000 x g for 20 minutes to collect apoBD pellets. The 
remaining supernatant was then centrifuged at 16,000 x g for 30 minutes to isolate apoSEV in the pellet. For the 
isolation of EVs, a method based on our previous literature was utilized.36 Briefly, ADSCs were cultured in medium 
without serum for 24 hours. The culture medium was first collected, followed by centrifugation at 2000 x g for 10 
minutes to remove cellular debris. The resulting supernatants were then subjected to centrifugation at 10,000 x g for 
30 minutes and subsequently at 100,000 x g for 70 minutes to obtain EV pellets. These pellets were then washed 
twice with PBS.

Transmission electron microscopy (TEM) was employed to examine the morphology of apoSEV and apoBD. 
Approximately 2 μL of each sample droplet was placed and adsorbed onto Formvar-carbon electron microscopy grids, 
followed by a 10-minute incubation at room temperature to facilitate nonspecific particle binding. Subsequently, the grids 
were washed with MilliQ water and then immersed in a uranyl acetate solution with a pH of 7 for approximately 3 min. 
After removing excess fluid using filter paper, the grids were air-dried. Imaging was performed using a Jeol 1010 electron 
microscope (JEM-1400PLUS, USA).

The particle concentration and size distribution of apoSEV were determined using Nanoparticle Tracking Analysis 
(NTA, Particle Metrix, Germany). The experiment was conducted following the manufacturer’s manual. Samples were 
diluted in ultrapure water at ratios ranging from 1:100 to 1:10,000. All samples were measured in duplicate with 
consistent instrument settings. Measurements were carried out in 488 nm laser scatter mode, and the data were analyzed 
using ZetaView software 8.02.31.

For apoptotic marker detection, apoSEVs and apoBDs were characterized by Western blotting using the antibody 
Caspase-3 (#9664, Cell Signaling Technology). The BCA Protein Assay Kit (TIANGEN, China) was used to quantify the 
protein concentration of ApoSEV, EV, and apoBD.

For in vitro experiments, apoSEV, EV, and apoBD were introduced into fresh culture medium at 20 μg/mL. For 
in vivo experiments, 50 μg apoSEV and EV were mixed in 150 μL GelMA solution.

Macrophage Polarization and Immunofluorescence Detection
RAW264.7 cell line were cultured in DMEM with high glucose and supplementing with 10% FBS and 1% penicillin and 
streptomycin. Five groups were divided: the PBS group, LPS group (lipopolysaccharide, Sigma Aldrich, at 100 ng/mL, 
for 24 h), LPS + apoSEV group (apoSEVs at 20 μg/mL), LPS+EV (EVs at 20 μg/mL), LPS+apoBD (apoBD at 20 μg/ 
mL). Cells were initially seeded into confocal dishes and then incubated at 37°C with 5% CO2. After 24 hours, the cells 
were washed with PBS and fixed with 4% PFA for 30 minutes at room temperature. Following another PBS wash, 
blocking was performed using goat serum for 30 minutes at room temperature. Subsequently, the cells were incubated 
overnight at 4°C with the following primary antibodies and corresponding secondary antibodies: anti-F4/80 (Santa Cruz, 
sc-25830) conjugated with Alexa Fluor 647 (Life tech, A31573), anti-CD206 (Santa Cruz, sc-58986) conjugated with 
Alexa Fluor 488 (Life tech, A11001), and anti-NOS2 (Santa Cruz, sc-7271) conjugated with Alexa Fluor 555 (Life tech, 
A21422). After another round of PBS washing, the cells underwent nuclei counterstaining with DAPI (Sigma-Aldrich, 
USA) for 10 min at room temperature. Finally, following further PBS washing, the cells were preserved using an anti- 
fade mounting medium. Fluorescence imaging was performed with a confocal laser scanning microscope from Olympus, 
and the analysis was conducted using ImageJ software.

The Isolation of Total RNA and qRT-PCR Analysis
To quantify the relative gene expressions of iNOS, IL-1β, TNF-α, IL-6, TGFβ, CD206 and IL-10, quantitative real-time 
polymerase chain reaction (qRT-PCR) were employed. In brief, total RNA was extracted from RAW264.7 cells using 
TRIzol reagent (Invitrogen). Subsequently, complementary DNA (cDNA) was synthesized through reverse transcription 
of the extracted total RNA using the Prime Script RT reagent Kit (Vazyme Biotech). For qRT-PCR analysis, we utilized 
the SYBR Green detection reagent (Vazyme Biotech). Finally, the 2-(ΔΔCT) method were used to determine the relative 
expression levels.
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Cell Proliferation Assay
The cell proliferation was assessed by cell counting kit-8 (CCK-8) assay (KeyGen Bio TECH) according to the 
manufacturer’s protocol. 2×103 per well cells were seeded into 96-well plates and treated with PBS, apoSEV (20 μg/ 
mL), EV (20 μg/mL), and apoBD (20 μg/mL), respectively, for 7 days constantly. The automated plate reader were used 
to detect the optical density (OD) values at 450 nm.

Cell Migration Assay
For the scratch assay, Human Umbilical Vein Endothelial Cells (HUVECs) and Human Dermal Fibroblasts (HDFs) were 
seeded at a density of 5×105 cells per well into 6-well plates. Once the cells reached 90% confluence, using sterile 200 
μL pipette tips to create scratches on the plates by gently scraping away the cells. Subsequently, the plates were washed 
with PBS, and the culture medium was replaced with a medium containing different vesicles, all at a concentration of 20 
μg/mL. Scratch images were captured at 0, 12, and 24 hours using an inverted microscope. The quantification of the 
scratch area was conducted using ImageJ software.

For the transwell assay, HUVECs and HDFs were prepared in serum-free medium at a concentration of 5×103 cells/ 
mL. Next, 100 μL of this cell suspension was added to the upper chamber of 24-well plates, which were equipped with an 
8.0 μm polycarbonate membrane. In the lower chamber, medium containing various vesicles, similar to those used in the 
cell scratch assay, was added. After a 24-hour incubation period at 37°C with 5% CO2, the cells from the upper 
chamber’s microporous membrane were carefully removed, and the migrated cells were stained with 0.1% crystal violet 
for 5 minutes. Subsequently, an optical microscope was utilized to observe and capture images of the stained cells.

Tube Formation Assay
To assess the formation of capillary networks, we conducted an in vitro tube formation assay using ibidi angiogenesis μ- 
Slides (ibidi, Germany) pre-coated with Matrigel (Corning, USA). 2×105 cells/mL HUVECs were seeded with 50 μL of 
medium in each well and incubated in culture FBS-free medium. The different treatments with vesicles were consistent 
with those described in the migration assay. Tube formation was captured through microscopy at the 4-hour mark using 
an inverted microscope. The quantification of network structures was performed by measuring five randomly selected 
microscopic fields using ImageJ software.

Preparation of GelMA/GelMA+apoSEV Hydrogels
GelMA and LAP photoinitiators were procured from Suzhou Engineering Life Co., LTD., China. A LAP photoinitiators 
standard solution was created using PBS at a 0.25% working concentration, which was subsequently employed to prepare 
GelMA solutions at varying concentrations. The prepared GelMA solution underwent sterilization via filtration through 
a 0.22 μm filter. To form composite GelMA+apoSEV hydrogels, ApoSEV pellets were blended with the GelMA solution 
and chemically cross-linked using ultraviolet radiation.

Analysis of Swelling Ratio and Storage and Loss Modulus
Cross-linked samples, measuring 10 mm in diameter and 5 mm in height, were submerged in PBS and left to incubate at 
37°C for 24 h. After removing excess surface water, the swollen samples were weighed at designated time intervals. To 
determine the swelling ratios of the hydrogels, we applied the following formula: swelling ratio = [(weight of swollen 
hydrogels - initial dry weight) / initial dry weight] × 100%. The storage and loss modulus were accessed by the dynamic 
shear rheometer.

Degradation Behavior Assay
Cylindrical cross-linked samples, measuring 10 mm in diameter and 5 mm in height, were immersed in PBS containing 
20U of collagenase at 37°C. These samples were collected at specified time intervals and subsequently rinsed with 
distilled water. Afterward, the samples underwent freeze-drying, and the excess mass was weighed. To determine the 
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degradation ratios of the hydrogels, we utilized the following formula: degradation ratio = (surplus weight of the 
hydrogels / initial weight) × 100%.

Cytotoxicity Assays for GelMA
Different concentrations of cross-linked GelMA samples were introduced into the upper chambers of 24-well plates, 
featuring an 8.0 μm polycarbonate membrane. In the lower chambers, ADSC cells were seeded at a density of 2×104 cells 
per well. To evaluate cytotoxicity, we employed the cell counting kit-8 (CCK-8) assay. Specifically, 20 μL of CCK-8 
solution was added to 200 μL of culture medium in each well and incubated for an additional hour. The optical density 
(OD) values were then measured at 450 nm using an automated plate reader. This assay was conducted continuously over 
a span of 7 days.

Establishment of Skin Defect Model in Diabetic Mice and Treatment with GelMA 
+apoSEV
We obtained BKS-Dock Leprem2Cd479, DB/db male mice aged 8 weeks from GemPharmatech Co., Ltd. (Chengdu, 
China) and maintained them under standard experimental animal housing conditions. All experimental protocols and 
procedures were granted approval by the Ethics Committees of the State Key Laboratory of Oral Diseases, West China 
School of Stomatology, Sichuan University (Approval No. WCHSIRB-D-2023-036), and in accordance with the 
Guidelines for the Ethical Review of Laboratory Animal Welfare (GB/T 35892–2018). The mice were anesthetized 
using 4% chloral hydrate, and full-thickness skin wounds with a diameter of 10 mm were surgically created on their 
backs. The mice were divided into four groups randomly: (1) Control, (2) GelMA, (3) GelMA+EV, and (4) GelMA 
+apoSEV to assay the therapeutic effects of GelMA+apoSEV. In Control group, mice were treated with PBS at wound 
site. In GelMA group, mice were treated with 150 μL GelMA in wound site. In the GelMA+EV and GelMA+apoSEV, 
mice were treated with 150 μL GelMA containing 50 μg of EV or apoSEV protein content, respectively. On the day of 
surgery, GelMA solution was applied to the wounds and subsequently cross-linked using ultraviolet radiation for 
a duration of 10 seconds. Wounds in each experimental group were photographed on days 0, 4, 7, 10, and 14. The 
wound areas were quantified using Image software with the assistance of a ruler for reference. After 14 days, the mice 
were humanely euthanized under anesthesia induced by 10% chloral hydrate, and the healing wound tissues were 
collected for further analysis.

Histological Analysis
Tissues were fixed, dehydrated, and embedded in paraffin by histochemical methods. The embedded tissues were cut into 
7 μm thick sections and stained with hematoxylin and eosin (H&E) kit (Solarbio, China) and Masson’s kit (Solarbio, 
China). Images were recorded under a microscope and collagen fiber ratio was analyzed by Image.

Immunohistochemistry and Immunofluorescence Staining of Tissue Sections
For immunohistochemistry staining, the sections underwent dewaxing, hydration, and antigen retrieval procedures. 
Subsequently, they were incubated overnight at 4°C with anti-VEGF antibody (1:100, Abcam, ab46154). Following 
this incubation, the sections were exposed to HRP-conjugated secondary antibodies (1:200, Abcam) for 1 hour at room 
temperature. Visualization of the immunocomplexes was achieved using a DAB kit (ZSGBBIO, China).

For immunofluorescence staining, tissue sections were initially deparaffinized, rehydrated, and subjected to antigen 
retrieval. Following blocking, the sections were incubated overnight at 4°C with primary antibodies and their corre-
sponding secondary antibodies as follows: anti-F4/80 (Santa Cruz, sc-25830) conjugated with Alexa Fluor 647 (Life tech, 
A31573), anti-CD206 (Santa Cruz, sc-58986) conjugated with Alexa Fluor 488 (Life tech, A11001), and anti-NOS2 
(Santa Cruz, sc-7271) conjugated with Alexa Fluor 555 (Life tech, A21422). After PBS washing, the sections underwent 
nuclei counterstaining with DAPI (Sigma-Aldrich, USA) for 10 min at room temperature. Finally, following additional 
PBS washing, the sections were preserved with an anti-fluorescent destructor. Fluorescence imaging was performed using 
a confocal laser scanning microscope from Olympus, and the analysis was carried out using ImageJ software.
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Statistical Analysis
The data were expressed as mean ± standard deviation (SD). To compare two groups, statistical significance was 
evaluated using Student’s t-test (two-tailed). For comparisons involving multiple groups, statistical significance was 
determined using One-way ANOVA with Tukey’s post hoc test. Significant differences between groups are indicated as * 
P< 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001; NS, not significant. Statistical and graph analyses were performed 
using GraphPad Prism 9.4.1.

Results
Isolation and Characterization of ADSC-Derived apoSEVs
Characterization of the ADSCs utilized in this study was performed initially. The ADSCs displayed typical expression 
patterns of MSC surface markers, with high expression levels of CD90, CD44, and CD105, while showing negative 
staining for CD34, CD11b, and CD45 (Figure S1A). The ADSCs exhibited the ability to generate single colony clusters 
(Figure S1B) and demonstrated osteogenic and adipogenic differentiation potential when induced with osteogenic or 
adipogenic medium, as confirmed by alizarin red S and Oil Red O (ORO) staining, respectively (Figure S1C).

To induce apoptosis, undifferentiated ADSCs were treated with 300 nM Staurosporine (STS) for 12 hours, following 
established literature protocols.31,32 Apoptotic ADSCs exhibited characteristic morphological changes such as cell 
rounding and shrinkage (Figure 1A and B). Flow cytometry analysis using annexin V and PI staining validated the 
induction of apoptosis in ADSCs (Figure 1B), which was further supported by positive TUNEL immunofluorescent 
staining (Figure 1C).

apoSEVs, derived from apoptotic ADSCs, were isolated using an optimized gradient centrifugation protocol 
(Figure 1A).37 Transmission electron microscopy (TEM) analysis revealed that both apoSEVs and apoBDs appeared 
as double-membrane spherical structures. apoSEVs measured approximately 200 nm in size, while apoBDs were larger 
than 500 nm (Figure 1D). Nanoparticle tracking analysis (NTA) provided size distribution information for apoSEVs, 
demonstrating that 82.1% of ADSC-apoSEVs fell within the range of 50−300 nm (with an average size of 185.2 ± 17.7 
nm) (Figure 1E). Western blot analysis confirmed the presence of apoptotic EV-specific marker, cleaved caspase-3, in 
apoSEVs (Figure 1F). These findings confirm that the apoSEVs utilized in this study exhibit the characteristic features of 
apoptotic EVs.

Notably, the quantity of apoSEV particles and protein produced by ADSCs undergoing apoptosis was significantly 
higher compared to the number of EVs secreted by normal ADSCs within 24 hours, as determined by both calculating 
the protein ratio of EV to cell and the particle concentration. Specifically, an equal number of ADSCs generated six times 
more apoSEV particles and four times more protein than normal EVs within a 12-hour period (Figure 1G–I). These 
results indicate that apoptotic cells produce a greater quantity of extracellular vesicles than normal cells.

ApoSEVs Facilitate the Phenotypic Polarization of M2 Macrophages in the Context of 
Diabetes
After the formation of a skin wound and achievement of hemostasis, the wound enters the inflammatory phase, during which 
macrophage phenotypic changes play a crucial role in the transition from inflammation to proliferation.38 In the initial stages, 
M1 macrophages actively contribute to promoting inflammation and eliminating pathogens and wound debris. As the repair 
process progresses, the population of M1 macrophages decreases, and partly transits into M2 macrophages. M2 macrophages 
help secrete factors and dampen inflammation that regulate the migration and proliferation of fibroblasts and endothelial 
cells, thereby facilitating neovascularization and wound closure.39 However, in the context of diabetes, where the wound 
environment is often compromised, the conversion of M1 macrophages into M2 macrophages becomes challenging, 
resulting in prolonged inflammation that hinders proper wound healing.12,39–41 Therefore, in this study, we investigated 
the impact of apoSEVs, apoBDs, and normal EVs on the phenotypic polarization of macrophages from M1 to M2 under high 
glucose conditions (Figure 2A). A concentration of 20 μg/mL was employed for all three groups of vesicles, based on 
relevant published literature.21,42,43 The morphology of Raw264.7 cells changed significantly following various treatments. 
Raw264.7 cells stimulated with LPS exhibited a spindle and dendritic morphology (Figure S2A). LPS+apoEV-treated cells 
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Figure 1 Apoptotic ADCSs induction and apoSEV isolation and characterization. (A) Schematic illustration of apoptotic ADSCs induction and apoSEV isolation. (B and C) 
The cellular morphology and flow cytometry analysis (B), and TUNEL immunofluorescent staining (C) of normal ADSCs and STS induced apoptosis ADSCs. Scale bar = 50 
μm. (D) Representative image showing the morphology of apoSEV and apoBD by TEM. Scale bar = 500 nm. (E) The size distribution of apoSEV analyzed by NTA. (F) The 
presence of Caspase-3/Cleaved Caspase-3 in ADSC, apoSEV, and ApoBD analyzed by Western Blot. (G)Schematic illustration of the procedure for obtaining apoSEV and EV 
with the same number of ADSCs. (H and I) Quantification of the particle concentration (H) and the protein ratio of EV to cell (I). The data in the figures represent the 
mean ±SD. Significant differences between groups are indicated as * P< 0.05; ** P < 0.01.
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Figure 2 apoSEV inhibited the inflammatory response by increasing the ratio of M2 polarization macrophages to M1 polarization in vitro. (A) Schematic illustration of 
apoSEV promoted M2 macrophage polarization and reduced inflammation in the phase of inflammatory response. (B) The morphology of Raw264.7 cells treated with LPS, 
LPS+EV, LPS+apoSEV, and LPS+apoBD. Scale bar = 100 μm. (C and D) immunofluorescence staining of M1 macrophage marker NOS2 (C) and M2 macrophage marker 
CD206 (D). Scale bar = 50 μm. (E and F) Quantification of the ratio of NOS2 to F4/80 (E) and the ratio of CD206 to F4/80 (F). (G) The M1 and M2 macrophage relative 
gene expressions of iNOS, IL-1β, TNF-α, IL-6, TGFβ, CD206 and IL-10 were detected by qRT-PCR. The data in the figures represent the mean ± SD. Significant differences 
between groups are indicated as *P< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; NS, not significant.
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displayed a more spread-out morphology. LPS+apoSEV and LPS+apoBD-treated cells exhibited a rounded and shrunken 
morphology, with some retaining a spindle-shaped morphology (Figure 2B). Immunofluorescence results demonstrated that 
the expression level of the M1 marker NOS2 significantly decreased following treatment with apoSEVs and EVs, whereas 
the expression level of the M2 marker CD206 increased after treatment with apoSEVs, EVs, and apoBDs (Figure 2C and D). 
Quantitative analysis further confirmed these observations (Figure 2E and F). Subsequently, the expression levels of M1 
macrophage-associated genes, including iNOS, TNFα, IL-1β, and IL-6, as well as M2 macrophage-associated genes, such as 
TGFβ, CD206 and IL-10, were evaluated through qRT-PCR. It was observed that the expression levels of the M1 marker 
gene iNOS and the pro-inflammatory cytokine TNFα, IL-1β and IL-6 significantly decreased after treatment with apoSEVs 
and apoBDs (Figure 2G). Regarding M2 macrophages, the marker gene TGFβ, CD206 and IL-10 showed a significant 
increase in expression in the apoSEV-treated groups, and only IL-10 expression was significantly increased in apoBD-treated 
groups (Figure 2G).

Based on the aforementioned results, it can be concluded that apoSEVs facilitated the transition of RAW264.7 
macrophages towards the M2 phenotype. Moreover, the expression levels of M1 macrophage-associated genes decreased 
while the expression levels of M2 macrophage-associated genes increased, thereby inhibiting prolonged inflammation. 
Notably, apoSEVs possesses a more pronounced functional role than apoBDs.

ApoSEVs Promote the Recovery of Endothelial Cell and Fibroblast Function in the 
High Sugar Microenvironment
During the proliferative phase, endothelial cells and fibroblasts are recruited to the wound site to facilitate vascular 
regeneration and tissue repair (Figure 3A).44,45 However, the diabetic high-glucose environment hampers the prolifera-
tion, migration, and functionality of these cells, making wound healing challenging.11,41 Therefore, we investigated the 
impact of apoSEVs on endothelial and fibroblast function in vitro.

Firstly, we examined the effects of apoSEVs on the proliferation, migration, and tube formation ability of HUVECs under 
high glucose conditions, using EVs and apoBDs as controls. The CCK8 assay results demonstrated that apoSEVs and EVs 
significantly promoted HUVEC proliferation, while apoBDs slightly inhibited it (Figure 3B). For HUVEC migration, the 
scratch test showed that the apoSEV and EV groups achieved 44% and 35% closure, respectively, at 12 hours, while the 
apoBD group only reached 17% closure. After 24 hours, the scratch area of the apoSEV and EV groups was almost completely 
healed, whereas the apoBD group achieved only 68% closure. Similarly, the results of the transwell assay indicated that the 
average number of migrated cells in the apoSEV group was three times higher than that in the control group, while the apoBD 
group had only 0.7 times more migrated cells than the control group. These results from the scratch and transwell assays 
indicate that apoSEVs and EVs promote HUVEC migration, while apoBDs have an inhibitory effect (Figure 3C–G). 
Regarding the tube formation assay, HUVECs stimulated by apoSEVs and EVs exhibited an enhanced formation of capillary- 
like tubes on Matrigel compared to apoBDs and the control group (Figure 3F). Quantitative analysis of the number of branches 
and junctions further confirmed these observations (Figure 3H–I).

Next, we assessed the impact of apoSEVs on the proliferation and migration of human dermal fibroblasts (HDFs). 
The CCK8 assay revealed that apoSEVs and EVs significantly promoted cell growth compared to the control group 
(Figure 4A). Similar to the HUVEC proliferation assays, apoBDs inhibited the proliferative ability of HDFs. Migration of 
HDFs was assessed using scratch and transwell assays. In the scratch assays, the closure rates of the apoSEV and EV 
groups were higher than that of the control group at both 12 hours and 24 hours. At 24 hours, the closure rates of the 
apoSEV and EV groups reached 44% and 39%, respectively. Conversely, apoBDs exhibited an inhibitory effect, with 
a closure rate of only 19% at 24 hours (Figure 4B and D). In the transwell assays, a higher number of cells migrated in 
the apoSEV and EV groups, whereas fewer cells migrated in the apoBD group (Figure 4E). Quantitative statistical 
analysis indicated that apoSEVs had the most significant effect (Figure 4C).

In summary, our findings demonstrate that apoSEVs promote the recovery of fibroblast and endothelial cell functions, 
enhancing tube formation in the diabetic wound environment and improving the wound closure rate in diabetes mellitus. 
However, apoBDs did not exhibit a promoting effect and, in fact, had an opposite effect on endothelial cells and 
fibroblasts.
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Figure 3 apoSEV promoted the proliferation, migration, and tube formation of HUVEC. (A) Schematic illustration of apoSEV promoted cellular function recover of the 
endothelia cells and fibroblast in the phase of proliferative. (B) The effects of apoSEV, EV and apoBD on HUVEC proliferation under high glucose conditions was examined by 
CCK8 assay. (C and D) Representative images showcasing the wound closure progress of HUVECs in various experimental groups, as determined through the cell scratch 
assay at the 12-hour and 24-hour time points (D). Scale bar = 200 μm. Statistical analysis of migration area (%) in scratch assay (C). (E and G) Representative images of 
transwell migration assay of HUVECs in different groups (E). Statistical analysis of migrated number of HUVECs in transwell assay (G). (F, H and G) Tube formation of 
HUVECs with different treatment. Scale bar = 200 μm. (F) Statistical analysis of total junction and branch points representing tube formation ability (H and I). The data in 
the figures represent the mean ±SD. Significant differences between groups are indicated as * P< 0.05; ** P < 0.01; *** P < 0.001; NS, not significant.
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GelMA Has Good Biocompatibility and Characteristics of Sustained Release of apoSEVs
Based on the aforementioned evidence, we proceeded to develop an apoSEV-based strategy for treating diabetic ulcers. Initially, 
we attempted to inject apoSEVs into the surrounding area of the wound. However, the use of an injection needle resulted in local 
skin impairment in diabetic mice. Therefore, we explored the construction of a coating that could carry apoSEVs.

GelMA, with its excellent biocompatibility and porous structure, coupled with the ease of photocatalytic coagulation, 
allows for its application in the storage and continuous release of cells and extracellular vesicles.46–48 Published research 

Figure 4 apoSEV promoted the proliferation and migration of HDFs. (A) The effects of apoSEV, EV and apoBD on HDFs proliferation under high glucose conditions was 
examined by CCK8 assay. (B and D) Representative images showcasing the wound closure progress of HDFs in various experimental groups, as determined through the cell 
scratch assay at the 12-hour and 24-hour time points (D). Statistical analysis of migration area (%) in scratch assay (B). Scale bar = 200 μm. (E and C) Representative images 
of transwell migration assay of HDFs in different groups (E). Statistical analysis of migrated number of HDFs in transwell assay (C). The data in the figures represent the 
mean ±SD. Significant differences between groups are indicated as * P< 0.05; ** P < 0.01.
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has reported that the biocompatibility, degradation, and micropore diameter of the photo-crosslinked material decrease 
with a higher substitution of MA and concentration.49 To determine a suitable GelMA concentration as a carrier for 
vesicles in wound dressings, we selected three different concentrations: 5%, 10%, and 15%, and examined their 
mechanical properties and biocompatibility. Considering wound application characteristics, we focused on the deforma-
tion, degradation, biocompatible toxicity of GelMA, and its ability to sustainably release vesicles. The internal porous 
structure of GelMA with different concentrations was visually observed using SEM (Figure 5A). As the concentration 
increased, the mean pore size decreased significantly (Figure 5B). The storage and loss modulus, determined through the 
detection of G’ and G”, respectively, confirmed the gel-like nature of GelMA, with G’ higher than G” for all three 
concentrations (Figure 5C). After 24 hours of immersion in PBS, the swelling behavior of GelMA with different 
concentrations increased as the concentration decreased. The swelling and deformation rates of 5%, 10%, and 15% 
GelMA over 24 hours were 28.65%, 20.56%, and 11.25%, respectively (Figure 5D). For wound application, GelMA in 
a moist environment should experience minimal deformation and swelling to fit the wound. Among the concentrations 
tested, 10% GelMA exhibited better deformation resistance. The degradation rate of GelMA was assessed by soaking 
different concentrations in saline containing collagenase and measuring the residual mass after 24 hours. The residual 
mass percentages of 5%, 10%, and 15% GelMA were 29.36%, 57.48%, and 80.22%, respectively (Figure 5E). The 10% 
GelMA concentration degraded approximately half within 24 hours. The degradation rate of 5% GelMA was much faster 
than that of the 10% group, while 15% GelMA exhibited the slowest degradation. Considering GelMA as a carrier for 
sustained vesicle release, a moderate degradation rate is necessary for achieving long-term release. The degradation rate 
of 5% GelMA was too fast, preventing long-term release, whereas the slow degradation of 15% GelMA would hinder the 
wound healing process. Thus, the degradation rate of the 10% GelMA concentration was found to be more suitable.

Next, we assessed the biocompatibility of GelMA with various concentrations on cells. We co-cultured HFDs with 
different concentrations of GelMA and measured cell proliferation over seven consecutive days. The results indicated 
that GelMA at various concentrations did not affect cell proliferation and showed no toxicity, confirming its good 
biocompatibility (Figure 5F). Based on the results of deformation, degradation, and biocompatibility, we concluded that 
10% GelMA exhibited a moderate degradation rate and swelling deformation while showing no cytotoxicity. Therefore, 
we selected 10% GelMA as the optimal concentration for subsequent applications.

Subsequently, we mixed PKH26-labeled apoSEV with 10% GelMA and examined its 3D structure using fluorescence 
microscopy after photo-crosslinking. The 3D reconstruction images revealed the uniform distribution of apoSEV within 
the GelMA scaffold (Figure 5G). To further validate the sustained release effect of GelMA on apoSEVs, we co-cultured 
PKH26-labeled apoSEVs with HDFs in both free form and GelMA-loaded form for 12h, 24h, 48h, and 72h, respectively. 
We then observed the number of apoSEVs engulfed by the cells at different time points. The results demonstrated that the 
highest amount of apoSEV in the free form was observed at 12h, which gradually decreased over time, with almost no 
apoSEVs remaining at 72h. Conversely, the number of apoSEVs carried by GelMA exhibited an increasing trend, with 
the amount of apoSEVs rising over time and reaching its peak at 48h. Even at 72h, some apoSEVs were still present. 
These findings clearly demonstrate that GelMA-encapsulated apoSEVs can provide a sustained release effect 
(Figure 5H).

In summary, the aforementioned results indicate that 10% GelMA exhibits moderate swelling and deformation 
properties, along with a sustained degradation rate and good biocompatibility. The hybrid hydrogel constructed using 
10% GelMA and apoSEVs enables the continuous release of vesicles, thus holding significant potential for various 
applications.

Treatment of apoSEVs Accelerates Diabetic Wound Healing
The aforementioned results confirm that apoSEVs can restore cellular functions of macrophages, endothelial cells, and 
fibroblasts in vitro. To further explore the effect of apoSEVs on skin healing in vivo, we applied dressings made from 
apoSEVs and GelMA to a full-thickness skin defect model in type 2 diabetic mice. Based on the in vitro results, which 
indicated that apoSEVs and EVs had a positive effect on cellular function recovery, while apoBDs had an inhibitory 
effect, we selected only apoSEVs and EVs for the in vivo study. Additionally, considering the characterization results of 
GelMA material, we determined that a 10% concentration would be used for the in vivo application.
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Figure 5 Characterization of GelMA and GelMA+apoSEV hydrogel. (A) The representative SEM images of GelMA hydrogels at different concentrations. Scale bar = 100 μm. (B) 
Mean pore size of the GelMA hydrogels at different concentration. (C) Storage and loss modulus of the GelMA hydrogels at different concentration. (D) Swelling ratio of the GelMA 
hydrogels at different concentration. (E) Degradation ratio of the GelMA hydrogels at different concentration. (F) Cytotoxicity of the GelMA hydrogels tested by CCK8. (G) 
Reconstruction 3D image illustrating 10% photo-crosslinked GelMA hydrogels containing apoSEVs labeled with PKH26. Scale bar = 100 μm. (H) Representative confocal images 
display HDFs co-cultured with PKH26 labeled apoSEVs (red) in both their free form and GelMA-incorporated form, with nuclei stained using DAPI (blue). Scale bar = 50 μm. The 
data represent the mean ±SD in the figures. Significant differences between groups are indicated as * P< 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.
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Full-thickness skin defect wounds were created on the backs of BKS-DB mice and divided randomly into four 
treatment groups: Control, GelMA, GelMA+EV, and GelMA+apoSEV. The wound area of each group was recorded and 
measured at 0, 4, 7, 10, and 14 days (Figure 6A). To visualize the wound healing process for each group, the wound 
healing areas at different time points were separately displayed and overlapped (Figure 6B). From Figure 6A, it can be 
observed that on day 14, the skin wounds in the GelMA group and Control group, which received no treatment, were still 
not healed. However, the wounds in the GelMA+apoSEV and GelMA+EV treatment groups showed signs of healing. 
The overlapping plot in Figure 6B visually demonstrates that GelMA+apoSEV significantly accelerated wound healing 
(Figure 6C). These results indicate that apoSEVs have a significant promoting effect on wound healing.

H&E images revealed full-thickness regeneration and re-epithelialization of skin wounds in the defect sites of the 
GelMA+apoSEV and GelMA+EV groups. Zoomed images showed that at the junction of normal and defect skin sites, 
the epithelium was disrupted in the Control group and GelMA group, with the central area of the defect still incomplete 
(Figure 7A). Masson staining results demonstrated that the GelMA+apoSEV and GelMA+EV groups had a greater 
abundance of thicker collagen with densely arranged and better-deposited collagen fibers, while the Control group and 
GelMA group exhibited less collagen (Figure 7B). Quantitative analysis indicated that the GelMA+apoSEV group had 
a significantly higher proportion of deposited collagen fibers in the wound area compared to other groups (Figure 7E).

Angiogenesis was assessed by immunofluorescence staining for CD31, a transmembrane protein expressed during 
early angiogenesis, indicating neovascularization.50,51 The fluorescence results showed the presence of more linear vessel 
structures in the dermis of the GelMA+apoSEV and GelMA+EV groups, with some vessels showing stained blood cells, 
indicating blood perfusion (Figure 7D). Quantitative analysis demonstrated that the GelMA+apoSEV and GelMA+EV 
groups had a larger fluorescence area compared to the other groups (Figure 7F). Furthermore, immunohistochemical 
staining revealed that the expression of VEGF, produced by M2 macrophages and stromal cells and effective in 
promoting angiogenesis, was significantly higher in the GelMA+apoSEV and GelMA+EV groups compared to other 
groups (Figure 7C).

Lastly, we employed immunofluorescence staining to analyze the different phenotypes of macrophages in each group. 
The immunofluorescence results revealed a significant decrease in the number of M1 macrophages, indicated by the 
NOS2 marker, within the regenerated tissues of the GelMA+apoSEV and GelMA+EV groups (Figure 8A–D). 
Conversely, the number of M2 macrophages, marked by CD206, showed an increase in these groups. In addition, the 
GelMA+apoSEV group showed decreased intensity of F4/80 in the wound area in the wound healing area, which means 
a decrease in macrophages infiltration. These findings indicate a favorable phenotype conducive to promoting wound 
healing. In contrast, the Control group and GelMA group exhibited a higher number of M1 macrophages and a lower 
number of M2 macrophages, which are less conducive to wound healing (Figure 8A–D).

Collectively, these data strongly suggest that GelMA coating carrying apoSEV can significantly promote the 
polarization of M2 macrophages, enhance angiogenesis, and facilitate collagen fiber deposition. Ultimately, this mechan-
ism accelerates the healing of skin wounds.

Discussion
The skin serves as the natural protective layer of the human body, yet it is also highly susceptible to damage. Normally, 
the healing process of skin wounds involves distinct but interconnected phases, including hemostasis, inflammation, 
proliferation, and remodeling. However, in the presence of diabetes, the elevated glucose environment disrupts these 
processes, resulting in prolonged and challenging healing.52,53 While various innovative wound repair methods have been 
proposed, such as local negative pressure, growth factors, and autologous platelet-rich gel, these approaches primarily 
create a conducive environment for skin repair without addressing the fundamental issues related to cell regeneration and 
repair. Recently, a pilot case-control interventional study using autologous extracellular vesicles to treat chronic venous 
ulcers unresponsive to conventional treatments has been published. The study’s findings have significant implications for 
improving the treatment outcomes and quality of life for patients with chronic venous ulcers.54 The underlying cause of 
impaired healing in diabetic chronic wounds stems from the high glucose environment, which triggers excessive 
inflammation in macrophages, reduces the proliferation and migration capacity of endothelial cells and fibroblasts, and 
impairs the angiogenesis ability of endothelial cells. Thus, restoring the function of these crucial cells becomes the key to 
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Figure 6 ApoSEV accelerates the rate of wound healing in vivo. (A) The gross view of wounds closure of Control, GelMA, GelMA+EV and GelMA+apoSEVs groups at day 0, 
4, 7, 10 and 14. (B) Simulation plots of the wound closure areas at different time points and overlapped visualization groups. (C) Quantitative evaluation of the wound 
closure rate.The data represent the mean ±SD in the figures. Significant differences between groups are indicated as * P< 0.05.
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Figure 7 ApoSEV promotes wound healing and angiogenesis. (A) H&E staining of regenerated skin tissue in Control, GelMA, GelMA+EV and GelMA+apoSEV groups at day 
14. Scale bar = 100 μm. (B) Masson staining of regenerated skin wounds in different groups at day 14. Scale bar = 100 μm. (C) Immunohistochemical staining of VEGF in 
regenerated skin tissue in different groups at day 14. (D) immunofluorescence staining of CD31 in regenerated skin tissue in different groups at day 14. Scale bar = 100 μm. 
(E) Quantitative analysis of collagen ratios of Masson staining of regenerated skin wounds in different groups at day 14. (F) The quantitative analysis of the relative mean 
density of immunohistochemical staining for CD31 in regenerated skin tissue among various experimental groups on day 14. The data represent the mean ±SD in the figures. 
Significant differences between groups are indicated as * P< 0.05; ** P < 0.01; *** P < 0.001.
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Figure 8 ApoSEV promoted an increase in the ratio of M2 polarization macrophages to M1 polarization in vivo. (A and B) immunofluorescence staining of M1 macrophage 
marker NOS2 (C) and M2 macrophage marker CD206 in regenerated skin tissue in different groups at day 14. Scale bar = 100 μm. (C and D) Quantitative analysis the ratio 
of relative mean density of immunohistochemical staining of NOS2 and CD206 to F4/80 in regenerated skin tissue among various experimental groups on day 14. The data 
represent the mean ±SD in the figures. Significant differences between groups are indicated as * P< 0.05; ** P < 0.01; *** P < 0.001.
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resolving the challenge of refractory wound healing. In this study, we employed adipose-derived stem cells (ADSCs) to 
induce apoptosis and isolate apoSEVs. ADSCs can be obtained in ample quantities through minimally invasive 
procedures such as liposuction and exhibit low mortality rates and high MSC yields.55,56 Compared to bone marrow- 
derived MSCs (BMSCs), ADSCs possess greater cell division capacity, making them well-suited for chronic and 
persistent diseases.57 ADSCs have shown potential in enhancing the wound healing process and appear to have fewer 
limitations for clinical applications in skin wound healing.58–60 Our results demonstrated that apoSEVs derived from 
ADSCs can promote the expression of the anti-inflammatory phenotype in macrophages, restore the proliferation and 
migration of endothelial cells and fibroblasts, and reinstate the tube formation capability of endothelial cells in vitro.

It is widely acknowledged that after transplantation, MSCs exhibit self-renewal and directed differentiation by 
homing to the site of injury, while promoting tissue repair through the secretion of EVs and soluble factors. 
Numerous studies have confirmed the ability of MSC-derived EVs to enhance skin healing and facilitate tissue 
regeneration and repair in various contexts.11,16,61–63 However, despite these findings, the precise mechanisms by 
which MSCs exert their therapeutic effects remain to be fully elucidated.64 Notably, since apoptosis occurs rapidly in 
transplanted MSCs in vivo, it is crucial to understand the mechanisms underlying MSC-mediated therapeutic effects. 
Apoptosis, as a primary form of programmed cell death, is recognized as a physiological process that plays a vital role in 
development, tissue homeostasis, aging, and pathogenesis.65–67 The delicate balance between stem cell-mediated efforts, 
including compensatory proliferation, and the apoptosis of neighboring stem or somatic cells is indispensable for tissue 
regeneration following injury.68 Studies have reported that WNT and c-Jun amino-terminal kinase (JNK) signaling 
pathways, triggered by surrounding apoptotic stimuli, contribute to compensatory proliferation.69 In the context of MSC 
transplantation, apoptosis has also garnered significant attention as an important biological process. For instance, it has 
been observed that infused human MSCs become trapped and disappear in the lung, while the upregulation of the anti- 
inflammatory protein TSG-6 in the lung helps prevent injury.70 Given the importance of MSC apoptosis after transplanta-
tion, further elucidation of the apoptotic mechanisms involved in MSCs and the effects and mechanisms of apoEVs 
secreted by apoptotic MSCs will enhance our understanding of apoptosis-mediated MSC transplantation, shedding light 
on the potential of apoEVs as cell-free therapeutics.

Apoptotic extracellular vesicles (apoEVs) encompass two distinct subpopulations, namely apoBDs and apoSEVs, 
with particle sizes ranging from 1–5 μm and 0.1–1 μm, respectively. To the best of our knowledge, the production and 
secretion mechanisms of apoEVs share similarities with EVs but are characterized specifically by the involvement of 
apoptosis.29,71,72 The generation of apoEVs is largely regulated by the apoptotic process, as further supported by 
evidence showing Caspase 3 as an upstream molecule for apoEV formation.73 During apoptosis, the cell membrane 
undergoes shrinkage and invagination, leading to the formation of vesicular bodies that ultimately give rise to apoptotic 
bodies through germination and abscission mechanisms.71 Additionally, apoEVs include a subset of exosome-like 
particles that are initially formed within intracellular multivesicular bodies (MVBs). However, the molecular pathway 
involved in apoEV release exhibits distinctive features. While MVBs are primarily formed through plasma membrane 
and endosomal membrane invagination via ESCRT-dependent and -independent mechanisms, apoEVs are released 
through a specific molecular pathway mediated by Rab11/27/35-mediated exocytosis.72 Different secretion patterns 
give rise to the formation of large vesicle apoBDs and small vesicle apoSEVs, which possess distinct soluble metabolites, 
thereby conferring diverse functional properties. Although limited studies have focused on comparing the characteristics 
of apoSEVs and apoBDs, it has been demonstrated that apoSEVs contain a more active 20S proteasome core compared 
to apoBDs.74 Thus, the transfer of biological signals in the form of apoEVs may represent a unique and specific 
mechanism. However, further investigations are required to explore whether the differential production mechanisms of 
apoEVs contribute to potential functional discrepancies among apoEV subpopulations.

In line with previously published findings, our study confirmed that apoBDs have the ability to promote M2 
polarization and induce an anti-inflammatory phenotype in macrophages in vitro.21 However, we observed 
a suppressive effect on the proliferation and migration ability of fibroblasts and endothelial cells, which remains 
unexplained by the current study. Further research by our group will be conducted to investigate this phenomenon. To 
facilitate skin healing, we selected apoSEVs and EVs that demonstrated the ability to promote cell function recovery 
in vitro for further investigation in an in vivo study. Furthermore, it has been demonstrated that apoEVs can induce 
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transcription-level macrophage reprogramming in an efferocytosis-dependent manner, leading to the inhibition of 
macrophage accumulation and the transformation of macrophages towards an anti-inflammatory phenotype in T2D 
liver.32 However, the specific bioactive factors carried by apoSEVs and their role in promoting the recovery and 
regulation of fibroblasts and endothelial cells remain unclear. To address this, proteomic analysis of apoSEVs and 
apoBDs will be conducted.

Meanwhile, there have been reports on the beneficial effects of EVs in promoting tissue and organ 
regeneration.21,31,75 However, further confirmation is needed to determine whether apoSEVs derived from apoptotic 
MSCs can effectively enhance diabetic skin wound healing. Moreover, in the early stages after transplantation, it is 
important to determine which type of vesicle is more abundant in terms of EVs or apoSEVs produced by MSCs. With 
this in mind, we designed an assay to investigate this aspect in our study. We isolated EVs and apoSEVs from the same 
number of ADSCs and confirmed that apoSEVs were much more abundant than EVs by comparing protein ratios and 
particle numbers. Our additional findings also demonstrated that apoSEVs, compared to EVs, exhibited similar functions 
in promoting cell function recovery and tissue regeneration, and in some aspects, even showed superior effects. 
Therefore, it can be assumed that MSCs primarily produce apoSEVs following apoptosis after transplantation, which 
is the main reason why we chose apoSEVs for application in diabetic skin wound healing.

Compared to conventional EVs, apoEVs possess unique membrane molecular components, such as the apoptotic 
marker phosphatidylserine (PtdSer) and C1q. They also exhibit distinct miRnomes and proteomes based on specific 
content distribution during apoptosis.74,76–78 These characteristics can serve as standards for the identification, isolation, 
and purification of apoEVs. Convenient purification and identification procedures, including gradient centrifugation and 
flow cytometry analysis, have been previously employed in experiments.37 Moreover, our results from this study 
demonstrate that apoEVs generated by the same amount of cells yield a much higher output in a short timeframe 
compared to EVs produced by normal cells. Considering the high yield and larger size of apoEVs, it may be unnecessary 
to undergo laborious ultracentrifugation isolation steps, thereby offering a more convenient and rapid approach for the 
application of apoEV-based cell-free therapeutics.75

GelMA hydrogel has gained wide recognition as a favorable biological scaffold material. In the context of skin 
wound models, the unique photo-crosslinking property of GelMA makes it suitable for fusion and filling within the 
wound defect. However, the optimal concentration of GelMA can vary across different studies.46,48,79 Considering its 
application in skin healing, the chosen GelMA concentration should meet several basic requirements, including 
resistance to deformation, slow degradation over a period of time with continuous vesicle release, and the ability to 
support skin growth and healing. In our preliminary experiment, we constructed a skin defect model in normal mice and 
treated the wounds with different concentrations of GelMA. Through comparison, we observed that 5% GelMA lacked 
sufficient strength and was prone to deformation and destruction, while 15% GelMA was excessively rigid and degraded 
slowly, hindering skin wound healing. However, 10% GelMA demonstrated a moderate condition, providing suitable 
strength without easy destruction, along with a moderate degradation rate. Therefore, considering these comprehensive 
factors, we selected 10% GelMA for the purpose of wound healing in our experiment.

Another important aspect to discuss is the impact of scabs on wound healing rate observed in our in vivo study. 
Throughout the recording process of wound healing, scabs gradually formed before the 10th day, and no significant 
differences were observed between the groups during this period. However, between days 10 and 14, after the scab fell 
off, we observed remarkable differences in the speed and progression of skin healing, as indicated by our results. We 
hypothesize that scabs might hinder tissue healing to some extent, potentially due to the presence of residual undegraded 
hydrogel. Early shedding of scabs during the middle and late stages of wound healing may have a certain effect on 
promoting skin healing.

Conclusion
In this study, our findings collectively demonstrate the significant ability of apoSEVs derived from ADSCs to enhance 
cellular function recovery and promote skin wound healing in diabetic models, both in vitro and in vivo. Our results 
confirm the positive effects of apoSEVs on crucial cells involved in the inflammatory and proliferative phases, such as 
macrophages, endothelial cells, and fibroblasts, in vitro. Remarkably, the application of our novel dressing, composed of 
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apoSEVs and GelMA hydrogel, to an in vivo model of diabetic skin wounds showed impressive healing effects. Overall, 
apoSEVs treatment expands the current therapeutic strategies for diabetic skin wound healing and holds great promise as 
a potential therapeutic approach to expedite the healing of diabetes-related skin wounds.
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