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A B S T R A C T

Angiogenesis is essential for diabetic wound healing. Endothelial progenitor cell-derived extracellular vesicles 
(EPC-EVs) are known to promote wound healing by enhancing angiogenesis, while the low yield and lack of 
effective targeting strategies limit their therapeutic efficacy. Here, the biomimetic nanovesicles (NVs) prepared 
from EPC (EPC-NV) through an extrusion approach were reported, which functioned as EV mimetics to deliver 
contents from EPC to the wound. Besides, the cRGD peptide was coupled to the surface of EPC-NV (mEPC-NV) to 
achieve active endothelial cells (ECs)-targeting. Furthermore, we developed a dual hydrogel network by 
combining Fe3+@ Protocatechualdehyde (PA) complex-modified Acellular Dermal Matrix (ADM) with light- 
cured gelatin (GelMA), to enrich and sustainably release mEPC-NV. The hydrogel system with antioxidant and 
antibacterial properties also made up for the deficiency of mEPC-NV, reducing reactive oxygen species (ROS) and 
inhibiting infection in diabetic wound. Taken together, this study established a novel bioactive delivery system 
with angiogenesis, antioxidant and antibacterial activities, which might be a promising strategy for the treatment 
of diabetic wound.

1. Introduction

Diabetes represents a globally prevalent and severe chronic meta
bolic disorder [1]. Chronic non-healing diabetic wounds, especially 
diabetic foot ulcers, are prevalent complications of diabetes, imposing 
substantial health and financial burdens on millions globally [2–4]. 
Although various treatment methods, including biomaterials, drugs, and 
stem cells, have been developed to aid diabetic wound healing, 
approximately 25 % of diabetic patients still undergo limb amputation 
due to prolonged wound healing, and the 5-year mortality rate following 

amputation exceeds 70 % [5]. Therefore, the identification of effective 
treatments for diabetic wound healing represents an urgent unmet need 
[6–8].

Adequate vascularization plays a crucial role in wound healing by 
facilitating the delivery of essential nutrients and oxygen to the injured 
tissue, thereby creating a conducive microenvironment for the repair 
process [9–11]. In diabetic wounds, hyperglycemia-induced endothelial 
dysfunction impairs angiogenesis, which is an important cause of 
delayed wound healing. Many studies have showed that impaired 
angiogenesis in diabetic wounds can lead to hypoxia, nutrient 
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deprivation, impaired immune cell recruitment, disrupted stem cell 
homing, reduced growth factor delivery, and chronic inflammation 
[12–15]. Therefore, there is an urgent need for more effective strategies 
to promote angiogenesis in the treatment of diabetic wounds [16,17]. 
Evidences indicate that endothelial progenitor cell (EPC)-derived 
extracellular vesicles (EVs) can enhance angiogenesis and facilitate 
wound healing in hypoxic environments [18–22]. However, low yield 
and high cost are key barriers to the application of this approach in 
practice [23–25]. Recently, studies have been conducted on an extrusion 
approach to the preparation of nanovesicles (NVs) as mimetics for EVs 
[26–28]. NVs prepared by the serial extrusion of cells have comparable 
cell membranes and are similar in size to EVs, and are more enriched in 
proteins and RNAs than EVs, resulting in a higher yield [29]. Accord
ingly, compared to EVs, NVs may exhibit superior efficacy in facilitating 
biomolecule delivery and eliciting therapeutic responses within recip
ient cells.

In this study, EPC-NVs were not only taken up by trabecular human 
umbilical vein endothelial cells (HUVECs) but also fibroblasts (HDF) and 
keratinocytes (HaCaT). Importantly, EPC-NVs are internalized by HDF 
and HaCaT cells without significantly influencing their proliferation or 
migration, whereas they notably promote angiogenesis in endothelial 
cells (ECs). Therefore, an engineering strategy is necessary to improve 
the targeting ability of EPC-NVs. Previous studies suggested that the 
small molecule peptide arginine-glycine-aspartate sequence (RGD pep
tide) can specifically bind to the endothelial integrin αvβ3 on EC 
membranes [30]. Moreover, cyclic RGD peptide (cRGD) has stronger 
specificity and affinity for integrin αvβ3 than linear RGD peptide, and is 
more stable in vivo [31–33]. This method has been widely used in 
research for the treatment of cancer [34–39]. Hence, we coupled cRGD 
to the surface of EPC-NVs (mEPC-NV) to achieve active targeting of ECs 
by EPC-NV.

Although the therapeutic effect of biomimetic NVs in diabetic trauma 
has been demonstrated, there remain issues with their application in 
practice. Traditionally, EV-related treatments are administered via in
jection, either a single injection for large-dose or multiple injections for 
low dose [40]. However, using these methods, EVs may be phagocytosed 
by macrophages due to excessive EV concentrations in patients receiving 
large doses, and complications may occur in patients receiving multiple 
low-dose injections [41]. Furthermore, elevated levels of oxidative 
stress and susceptibility to bacterial infections are also present in dia
betic wounds [42–44]. As such, single mEPC- NV therapy may be 
associated with suboptimal therapeutic outcomes. To address these is
sues, we propose a dual hydrogel namely ADM-Fe3+@PA/GelMA (AFG) 
that allows loading of mEPC-NVs in large quantities, which reduces 
reactive oxygen species (ROS) levels and inhibits bacterial infection.

Multiple factors affect the healing of diabetic wounds, and an 
effective therapeutic approach should address as many of these as 
possible. This study aims to tackle three crucial factors contributing to 
suboptimal diabetic wound healing; 1) impaired EC function, 2) 
increased oxidative stress, 3) vulnerability to bacterial infection. To do 
this, we developed a multifunctional hydrogel named AFG-mNV (ADM- 
Fe3+@PA-mNV/GelMA), demonstrating excellent biocompatibility and 
sustained release of mEPC-NVs (mNV) with EC-targeting ability. This 
system promotes diabetic wound healing by enhancing angiogenesis, 
scavenging reactive oxygen species (ROS), and inhibiting bacterial 
infection.

2. Methods

2.1. Manufacture and isolation of nanovesicles

The EPC-NVs (NVs) were prepared and purified using a well- 
established extrusion method [45]. Briefly, EPCs cultured in vitro were 
dissociated utilizing TrypLE™ Express Enzyme (Gibco, USA), and sub
sequently, diluted to a concentration of 5 × 106 cells mL− 1 using PBS 
(Gibco, USA). The cell suspension was then passed through a 

mini-extruder (Avanti Polar Lipids, USA) across a sequence of Nucle
pore™ track-etched polycarbonate membranes (Whatman, USA) with 
pore sizes of 10 μm, 5 μm, 1 μm, and 0.4 μm, each iteration being 
repeated five times (Fig. 1A).

Following extrusion, the samples were subjected to centrifugation at 
3000×g for 20 min and 9000×g for 30 min at 4 ◦C to remove cells, 
debris, and microvesicles. Next, the supernatant was centrifuged at 
140000×g for 90 min at 4 ◦C to isolate nanoscale vesicles. The vesicle 
pellets underwent two washes, were resuspended in cold sterile PBS, and 
stored at − 80 ◦C for future use within one month.

2.2. Engineering and characterization of cRGD-NV

The phospholipid (DSPE)-PEG2K-cRGDyK powder (0.5 mg, Xi’an 
Ruixibio Ltd, China) was dissolved in 0.5 mL sterile ultrapure water and 
co-incubated at 60 ◦C for 30 min to form micelles. Subsequently, 1 mL of 
NV suspension was incubated with 0.5 mL of cRGD micelle solution at 
40 ◦C for 2 h, the cRGD-modified NVs were then purified by size 
exclusion chromatography.

To detect the positive connectivity rate between cRGD peptides and 
NVs, FAM (Green Fluorescent Probes, 488 nm)-cRGD@NVs were tested 
by Nano Flow Cytometry (NanoFCM, Fuliu Biotechnology, China).

2.3. Characterization of EPC-NV and mEPC-NV

The morphologies of EPC-NV and mEPC-NV were observed using 
transmission electron microscopy (TEM, Hitachi, Japan). The zeta po
tential was measured using nanoparticle tracking analysis (NTA, Particle 
Metrix, GER). The particle diameter was measured using Nano Flow 
Cytometry (NanoFCM, Fuliu Biotechnology, China) Western-blot was 
utilized to evaluate the expression of EVS markers such as CD9, CD81, 
TSG101.

2.4. Cellular uptake assay

Cells were seeded in 24-well culture plates (8000-10000 cells per 
well) and were co-incubated with 20 μg/mL DiI (Beyotime, China)- 
labeled NVs for 24 h. Following the incubation period, cells were 
rinsed 2–3 times with PBS and subsequently fixed with 4 % para
formaldehyde for 20 min. Then, cell cytoskeletons were stained with 
FITC (HYCEZBIO, China) phalloidin and cell nucleics were stained with 
DAPI (Solarbio, Beijing, China). The images of NVs internalization by 
cells were visualized and imaged with confocal laser scanning micro
scopy (CLSM, Nikon, Japan)) and quantified by ImageJ. The cellular 
uptake was expressed as amount of DiI-labeled NVs/total cell amount ×
100 %.

2.5. Cellular proliferation, migration, tube formation assay

Cellular proliferation was evaluated using EdU staining (Beyotime, 
China). The Transwell migration assay was used to evaluate the 
migration ability of cells (24-well Transwell Chamber, Corning, USA). 
Briefly, serum-starved cells (20,000 cells/well) were seeded into the 
upper compartment of transwells and incubated for 24 h with a com
plete medium containing 10 % FBS in the lower chamber. Migrated cells 
on the bottom surface were stained with crystal violet (Solarbio, Beijing, 
China) and counted microscopically. For tube formation, HUVECs 
(30,000 cells/well) were seeded on coated with 65 μL Matrigel Basement 
Membrane Matrix (BD Biosciences, CA, USA)-coated 96-well plates. 
After 6 h incubation, tube formation was imaged, and junction points 
were quantified using the ImageJ angiogenesis plugin.

2.6. EC-targeting ability in vitro

GFP-labeled HUVECs were co-cultured with HaCaT or HDF cells in 
24-well culture plates to establish an in vitro cutaneous cell model. DiI- 
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labeled NVs were internalized as described earlier. The targeting effi
ciency of NVs was evaluated based on the distribution relationship be
tween DiI and GFP, calculated using the following equation: 

Target efficiency (%)=

1
m
∑

i=m
Fi

1
n
∑

j=n
Fj

× 100% 

The red fluorescence signal in GFP-labeled HUVEC and other cells 
(HaCaT or HDF) was represented as Fi and Fj, respectively. Targeting 
efficiency was assessed using ImageJ software.

For flow cytometry (FCM), HUVECs were seeded in 6-well culture 
plates for 12 h, after treated by PBS or MGO for another 24 h, they were 
co-cultured with Dil-labeled NVs or Dil-labeled mNVs with the same 
quality for 24 h. Subsequently, the cells were rinsed twice with PBS and 
collected into flow tubes after digestion with trypsin. The cellular uptake 
of NVs was evaluated by quantifying the mean fluorescence intensity 
(MFI) with a Gallios Flow Cytometer (Beckman Coulter, Miami, FL, 
USA) following the manufacturer’s protocol. FlowJo software was used 
for data analysis (version 10.8.1, BD biosciences).

2.7. Preparation and characterization of AFG-mNV hydrogel

The constituents, namely protocatechuic aldehyde (PA), ferric 
chloride hexahydrate (FeCl3⋅6H2O), an acellular dermal matrix (ADM) 

(Youchuang, Jiangsu, China), light-curable gelatin (GelMA) (EFL, 
Jiangsu, China), and mEPC-NVs, were employed to fabricate hydrogels 
via photo-crosslinking at ambient temperature. Specifically, a Fe3+@PA 
solution was synthesized following a prior report, blended with ADM 
particulates, and subsequently, redundant Fe3+@PA was eliminated via 
centrifugation. Thereafter, a GelMA formulation incorporating 50 μg of 
mEPC-NVs was introduced, and gel formation was facilitated through 
exposure to 416 nm blue light irradiation for a duration of 10 s [46].

The hydrogel structures were characterized by scanning electron 
microscopy (SEM) and rheometry. Enzymatic degradation was evalu
ated using 2 U/mL collagenase-I, with the degradation rate determined 
from weight loss measurements. 

degradation rate=
(Wi − Wx)

Wi
× 100% 

Here, Wi denotes the initial weight of the dry sample, and Wx signifies 
the weight of the dry sample degraded on day x.

The hemocompatibility of the AFG hydrogel was evaluated using a 
hemolysis assay. Purified red blood cells were diluted to 5 % (v/v) 
suspension, which was incubated with the AFG hydrogel for 4 h at 37 ◦C, 
alongside ultrapure H2O (positive control) and PBS (negative control). 
After centrifugation at 2000 rpm for 10 min, the supernatant absorbance 
was measured at 540 nm to quantify hemolysis. The OD value of the AFG 
group is the actual value minus the background value.

Fig. 1. Manufacture and characterization of EPC-NV and mEPC-NV. 
(A) Schematic diagram of NVs manufacture. (B) TEM image of EPC-NV and mEPC-NV. Scale bar: 200 nm. (C) Western blotting analysis of EVs specific markers 
including CD9, CD81 and TSG101 of EPC-NV and mEPC-NV. (D) and (F) Show the results of size distribution of EPC-NV and mEPC-NV. (E) Show the zeta potential of 
EPC-NV and mEPC-NV. (ns indicates no significant).
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To learn the distribution of NVs in the AFG hydrogel, the laser 
scanning confocal was used to observe the plan and 3D construction 
image of AFG-DiI-mNV.

2.8. Biocompatibility of AFG hydrogel

The biocompatibility of AFG hydrogel was assessed through CCK-8 
and LIVE/DEAD assays. For the CCK-8 assay, absorbance at 450 nm 
was measured using a microplate reader, and cell viability was calcu
lated as (As - Ab)/(Ac - Ab) × 100 %, where As, Ac, and Ab represent 
sample, control, and blank absorbance values, respectively. A leachate 
was prepared by soaking 0.5 g of AFG hydrogel material in 50 mL of 
DMEM with 10 % FBS for 24 h. Cells were exposed to the leachate for 24 
h, with PBS-treated cells as controls. Subsequently, cells were stained 
with a Calcein-AM/PI kit (Beyotime, China) for the LIVE/DEAD assay 
and imaged using fluorescence microscopy.

2.9. Antibacterial ability of AFG hydrogel in vitro

The antimicrobial activity of the AFG hydrogel was assessed through 
colony formation assays, bacterial growth curves, and an antimicrobial 
ring assay. To evaluate antimicrobial activity, 100 μL of bacterial sus
pension at a concentration of 1 × 106 CFU/mL was spread uniformly 
onto an agar plate. Subsequently, sterilized paper discs (8 mm diameter) 
containing the hydrogel samples were placed on the inoculated plate 
and incubated for 24 h at 37 ◦C. Following incubation, the zone of in
hibition surrounding the hydrogel discs was analyzed.

Bacterial suspensions of Staphylococcus aureus (S. aureus) and 
Escherichia coli (E. coli) were prepared in Luria-Bertani (LB) broth at a 
final concentration of approximately 1 × 106 colony-forming units per 
milliliter. Different treatment solutions were co-incubated with the 
bacterial suspension for differing durations at 37 ◦C. To construct the 
bacterial growth curve, 100 μL of the bacterial suspension was sampled 
at 0, 6, 12, 18, and 24 h for absorbance measurement at 600 nm. For the 
colony formation assay, the suspension was collected at 4 h, diluted 20- 
fold with PBS, and spread onto LB plates, followed by incubation at 
37 ◦C for 24 h. Colony images were captured, and the colony count was 
determined using ImageJ software.

2.10. Antioxidant ability of AFG hydrogel in vitro

To detect the ROS scavenging ability of AFG hydrogel, cells (HUVEC 
or HDF or HaCaT) were seeded in 24-well culture plates and treated with 
PBS or MGO or AFG hydrogel leachate for 24 h. Then, the cells were 
detected by the ROS Assay kit (Beyotime, China), according to the 
manufacturer’s instructions. Briefly, the cells were stained with DCFH- 
DA dye (10 μM, 500 μL/well) for 20 min, washed twice with PBS, and 
imaged by fluorescence microscope.

2.11. Diabetic wound model

All animal experiments received approval from the Animal Care 
Committee of Tongji Medical College. For a span of five consecutive 
days, 6-week-old male C57BL/6 mice (body weight 15–25g) received 
intraperitoneal injections of streptozotocin (STZ, 50 mg/kg body 
weight) (Biosharp, China) to induce diabetes. Two weeks later, the 
weights of STZ-treated mice were found lower than normal mice. The 
blood glucose levels of STZ-injected mice were >16.7 mM determined 
using a blood glucose meter, indicating the successful induction of 
diabetic mice models. Additional 4 weeks were needed to monitor the 
glucose levels before surgery. Prior to the surgical intervention, the mice 
were rendered unconscious through intraperitoneal administration of 
sodium pentobarbital anesthetic (Sigma–Aldrich) (1 %, 50 mg/kg). 
Under aseptic conditions, an 8-mm full-thickness wound was created in 
the dorsum of each mouse. Then, the diabetic mice were randomly 
assigned to 6 groups (n = 10/group): PBS (40 μL PBS), AFG (40 μL AFG), 

NV (40 μL NV, 40 μg/mL), mNV (40 μL mNV, 40 μg/mL), AFG-mNV (40 
μL AFG-mNV); the Normal (40 μL PBS) group contained 10 normal mice. 
Another two groups were NV (40 μL DiI-labeled NV, 40 μg/mL), mNV 
(40 μL DiI-labeled mNV, 40 μg/mL) (n = 5/group). Each mouse was 
injected around the wound by multisite subcutaneous injection (four 
sites). In the AFG and AFG-mNV groups, the diabetic wound areas were 
irradiated with a blue light laser (416 nm) after adding hydrogel solu
tion and maintained at indoor temperature for 10 s. Treatments were 
also performed on day 4 and day 8 post-wounding. Photographs of 
wound healing were captured at days 0, 4, 8, and 12, and wound areas 
were evaluated by ImageJ software.

2.12. Detection of wound ROS levels

In the diabetic wound model, the wound tissue samples collected on 
day 12 were made into frozen sections (longitudinally cut into 8 μm 
thick) and subjected to DHE staining. Images were taken using a fluo
rescence microscope and analyzed using ImageJ software.

2.13. EC-targeting ability in vivo

The DiI-labeled NV (40 μL, 40 μg/mL) and DiI-labeled mNV (40 μL, 
40 μg/mL) were injected to the NV group and mNV group diabetic mice 
wound, respectively. The wound tissue collected on day 4 was frozen 
and made into longitudinal sections. Subsequently, these sections were 
stained with DAPI and CD31/PECAM-1 Antibody. Fluorescence micro
scopy images were acquired at wound center and edge (Nikon, Japan).

2.14. Histological and immunostaining analysis

The whole wound beds of mice were collected 12 days after surgery 
and were fixed within 4 % paraformaldehyde solution. Following 
dehydration using a graded ethanol series, the tissues were embedded in 
paraffin and subsequently sliced into longitudinal sections with a 
thickness of 8 μm. Hematoxylin and eosin (H&E) staining was utilized to 
assess the rate of re-epithelialization in the wound area, while collagen 
accumulation was evaluated using Masson staining.

Mature vessel formation in wound beds was determined by incu
bating sections overnight at 4 ◦C with α-SMA antibody (Abcam, USA), 
followed by three PBS washes and 1 h incubation with a secondary 
antibody (Aspen, China) at room temperature. To evaluate inflamma
tory responses, sections of diabetic wound samples were stained for IL- 
1β using immunofluorescent antibodies (Abcam, USA) overnight at 4 ◦C. 
To evaluate the neovascularization in the wound tissues, the sections 
were incubated with CD31 antibody (AFFinity, AUS) for immunohisto
chemical staining. The image was taken by a microscope and then 
analyzed by using ImageJ software.

2.15. Statistical analysis

All experimental data were analyzed using GraphPad Prism10 and 
presented as mean ± standard deviation (SD). For pairwise compari
sons, an unpaired Student’s t-test was employed. For comparisons 
involving three or more groups, one-way analysis of variance (ANOVA) 
with Tukey’s multiple comparisons test was utilized. All in vitro exper
iments were conducted in triplicate at minimum. (ns indicates no sig
nificant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

3. Results

3.1. Manufacture and characterization of EPC-NV and mEPC-NV

NVs derived from EPCs were isolated by extrusion and ultracentri
fugation as described above. TEM images show that the NVs were 
spherical, double-membraned, and approximately 100 nm in diameter. 
(Fig. 1B). Nano FCM results further verified the nanoscale size of the 
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NVs. The diameter of EPC-NVs was approximately 54.8 ± 7.9 nm, with 
mEPC-NVs slightly larger at about 67.8 ± 23.8 nm (Fig. 1D and F). The 
zeta potential of EPC-NVs and mEPC-NVs was − 15 ± 0.9 mV and − 14 ±
0.6 mV, respectively (Fig. 1E). Western blotting analysis revealed high 
expression of EV-specific markers in both NVs including CD9, CD81, and 
TSG101 (Fig. 1C). Overall, our results showed that the mEPC-NVs 
characteristics were similar to EPC-NVs and conformed to the identifi
cation standards of EVs.

3.2. EPC-NV can promote EC function under oxidative stress

We evaluated EPC-NVs internalization by incubating 20 μg DiI- 
labeled EPC-NVs with HUVEC, HDF, and HaCaT, respectively. Using 
CLSM, we visualized red fluorescent staining in the cytoplasm of all cell 
types, indicating that EPC-NVs were steadily phagocytized by these cells 
(Fig. 2A). Previous studies have shown that EPC-NVs promote prolifer
ation and migration, and enhance the angiogenic capacity of HUVEC 
under oxidative stress [47–49]. In this study, we treated HUVEC, HDF, 
and HaCaT cells with EPC-NVs under MGO and H2O2-induced oxidative 
stress conditions, respectively. The control group in each case was 
treated with PBS. Next, we assessed cell behavior through EdU assays, 
transwell assays, and in vitro tube formation assays. The results indicate 
that EPC-NVs partially recovered proliferation, migration, and angio
genic capacity in HUVEC cells under oxidative stress, compared with the 
control group (Fig. 2B–D, 2I-K, Fig. S2). We also observed that EPC-NVs 
failed to recover the proliferation and migration functions of HDF 
(Fig. 2E and F and 2L, M, Fig. S3) and HaCaT cells (Fig. 2G and H and 2N, 
O, Fig. S4) under oxidative stress. These results indicated that EPC-NVs 
can be internalized by HUVEC, HDF, and HaCaT cells, but they only 
promote proliferation, migration, and angiogenesis in HUVEC under 
oxidative stress. No significant enhancement in proliferation or migra
tion was observed in HDF and HaCaT cells.

3.3. cRGD-modified EPC- NV achieves EC-targeting in vitro

We next considered whether modifying the cRGD targeting peptide 
on the surface of EPC-NVs would help to avoid wastage due to uptake by 
other cells and to maximize its therapeutic function. Nano FCM analysis 
revealed that the positive connectivity between cRGD peptides and NVs 
was 76.1 % (Fig. 3G), which indicates that most of the cRGD peptides 
were successfully attached to EPC-NVs. To assess the intracellular up
take of the mEPC-NV, DiI-labeled NVs and DiI-labeled mNVs (red) were 
co-incubated with HUVECs for 12 h and examined under CLSM. Some 
few red fluorescence was observed in HUVECs in the EPC-NV group and 
was notably distributed next to the nucleus (blue, DAPI-stained) in the 
mEPC-NV group (Fig. 3A). The cell uptake percentage in the mEPC-NV 
group was 82.03 %, while in the EPC-NV group was only 26.03 % 
(Fig. 3B). This result implied that cRGD peptides helped intensify the 
intracellular uptake of mEPC-NV in vitro, a similar outcome that was also 
confirmed by flow cytometry (FCM) (Fig. 3E and F). The mean fluo
rescence intensity (MFI) of red fluorescence in mEPC-NV group was 
significantly higher than that in EPC-NV group.

To further validate the targeted delivery of mEPC-NV in diabetic 
wounds, a cutaneous in vitro cell model was established. HUVECs were 
distinguished from HDF and HaCaT cells of fusiform or imbricate 
morphology by green fluorescent protein (GFP) fluorescence. Subse
quently, 293T cell-derived NVs (293T-NV) were prepared as a negative 
control using established protocols. The 293T-NV, EPC-NV, and mEPC- 
NV were labeled with DiI dye. CLSM imaging was employed to evaluate 
the internalization of these distinct nanovesicle into GFP-labeled 
HUVECs (HUVECGFP). As shown in Fig. 3C and D, mEPC-NVs were 
internalized more by ECs than other typical skin cells (HDF and HaCaT), 
demonstrating the targeting ability of cRGD.

These data confirmed that mEPC-NV exhibited excellent EC- 
targeting ability which was attributed to presence of membrane cRGD 
peptide.

3.4. mEPC-NV restores EC function

To investigate whether mEPC-NVs could restore HUVEC prolifera
tion, migration, and tube formation functions in diabetic wounds, we 
cultured HUVECs under MGO and H2O2-induced oxidative stress. 
Initially, we assessed HUVEC proliferation and noted a marked reduc
tion in EdU-positive nuclei following PBS treatment under oxidative 
stress, a trend partially countered by EPC-NV. Interestingly, the number 
of EdU-positive nuclei significantly rose under oxidative stress following 
pretreatment with mEPC-NV (Fig. 4A–E and Fig. S5). Subsequently, a 
transwell assay and cell scratch assay was conducted to further confirm 
the impact of mEPC-NV on EC migration. As depicted in Fig. 4B–F and 
4C, G and Fig. S5, mEPC-NV markedly enhanced cell migration after 24 
h of exposure. Additionally, the tube formation assay revealed enhanced 
tubular structures with a higher number of tube formations and junction 
points in the mEPC-NV group under oxidative stress, surpassing both the 
PBS and EPC-NV groups. (Fig. 4D–H and Fig. S5). These results sug
gested that mEPC-NVs restore EC proliferation, migration, and tube- 
forming functions under oxidative stress, which may due to the 
greater aggregation of functional mEPC-NVs in the vicinity of ECs.

3.5. Preparation and characterization of AFG-mNV hydrogel

Our hydrogel design aims to preserve the natural three-dimensional 
extracellular matrix structure of ADM and the activity of the internal 
bioactive factor while enabling antioxidant and antimicrobial properties 
to sustainably release mNVs for diabetic wound repair. The AFG-mNV 
hydrogel was synthesized at room temperature (Fig. 5A). Fig. 5B dis
plays the morphologies of the GelMA and AFG-mNV hydrogel. Fig. 5C 
shows the porous structure of the AFG-mNV hydrogel as visualized by 
SEM. As shown in Fig. 5D, the mEPC-NV was separated uniformly in the 
hydrogel. We also tested the degradation rate of the AFG hydrogel, 
which exceeded 70 % within ten days, reaching the intended target. In 
addition, a hemolysis test showed that the extent of hemolysis was 
similar to that of the blood incubated with PBS, with a low percentage of 
ruptured red blood cells (<5 %) (Fig. 5F and G). Rheological measure
ments were utilized to evaluate the mechanical properties of the 
hydrogels. A rheometer was employed to examine the relationship be
tween the energy storage modulus (G′) and the loss modulus (G″) of the 
AFG hydrogel (Fig. 5H). The finding demonstrated that the energy 
storage modulus of the AFG hydrogel surpassed the loss modulus, sug
gesting the presence of crosslinking. To confirm that mNVs could be 
sustainably released from the AFG-mNV hydrogel, daily mNV release 
was quantified using the microBCA microprotein assay. Approximately 
50 % of total mNVs loaded in the AFG-mNV hydrogel were released 
within five days, and nearly 80 % of mNVs were released within 14 days, 
indicating that mNVs could be customized release from the hydrogel 
(Fig. 5I). These findings collectively confirmed the successful synthesis 
of AFG hydrogel loaded with mEPC-NV.

3.6. Biocompatibility of AFG hydrogel

The application of medical biomaterials relies heavily on superior 
biocompatibility. Thus, we investigated whether our AFG hydrogel had 
any cytotoxic effects on HUVEC, HDF, and HaCaT cells by CCK-8 assay 
and LIVE/DEAD staining. Following incubation with the AFG hydrogel, 
we identified no cytotoxicity in any of the cell types, with the cell 
viability remaining above 90 % (Fig. 7S. A and C). To distinguish live 
cells from dead ones, calcein-AM (green) and propidium iodide (red) 
stains were used. Additionally, to ensure the absence of cytotoxic effects 
during hydrogel degradation, the biocompatibility of degradation 
products from the AFG hydrogel was assessed. As shown in Fig. 7S. B and 
D, the degradation of the AFG hydrogel was non-toxic and promoted the 
proliferation of HUVEC, HDF and HaCaT cells. Notably, the degradation 
solution of the AFG hydrogel and the co-culture of cells with the 
hydrogel both increased the survival rates of HUVEC, HDF, and HaCaT 
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Fig. 2. EPC-NV can promote EC function under oxidative stress. 
(A) Internalization of DiI-labeled EPC-NV (red) in HUVEC, HDF, and HaCaT (blue nucleics and green cytoskeletons). Scale bar: 10 μm. (B) Representative images of 
proliferative HUVECs in EdU staining. The proliferative cells were stained with red color, and their cellular nucleis were stained with blue color. Scale bar: 100 μm. 
(C) Representative images of migrating HUVECs in transwell assay. The migrating HUVECs stained purple by crystal violet. Scale bar: 100 μm. (D) Representative 
images of tube formation of HUVECs. Scale bar: 100 μm. (E, F) Representative images of proliferative and migrating HDF. Scale bar: 100 μm. (G, H) Representative 
images of proliferative and migrating HaCaT. Scale bar: 100 μm. (I, J, K) Statistical analysis of B-D. (L, M) Statistical analysis of E, F. (N, O) Statistical analysis of G, 
H. (ns indicates no significant, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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cells, as measured by a CCK-8 assay (Fig. 7S. E and F). These findings 
collectively emphasize the outstanding biocompatibility of our AFG 
hydrogel.

3.7. Antibacterial and antioxidant ability of AFG hydrogel in vitro

After incubating the bacteria with AFG hydrogel for 4 h, a colony 
formation assay showed that the AFG hydrogel group markedly reduced 
the viability of S. aureus and E. coli (Fig. 6A). Especially, the AFG 
hydrogel inhibited the survival rate of S. aureus and E. coli by 70.7 % and 
40.5 %, respectively (Fig. 6B). We further investigated bacterial growth 
after 24 h. In the AFG hydrogel group, the absorbance curve of the 
bacterial solution was significantly shifted to the right and the peak 
value decreased (Fig. 6C). Additionally, we conducted a bacterial inhi
bition ring formation assay, which showed no bacterial growth in the 
regions of the formed rings, with the diameter of the inhibitory ring 
measuring approximately 60 % of that of the positive control for E. Coli 
and 50 % for S. aureus, respectively (Fig. 6D and E). These results 
indicated that the AFG hydrogel has sufficient antibacterial properties. 
Fig. 6F and G shows that the abundance of ROS in HUVEC, HDF, and 
HaCaT cells was significantly lower within the effect of AFG hydrogel 
compared to the MGO group (P < 0.001), suggesting excellent anti-ROS 
ability of AFG hydrogel in diabetic wounds. All these results verified the 
good antibacterial and ROS-reducing abilities of AFG hydrogel in dia
betic wound in vitro.

3.8. AFG-mNV hydrogel accelerates diabetic wound healing in vivo

To further verify the potential of AFG-mNV hydrogel in the clinic, we 
established a full-thickness wound model in the dorsum of both normal 
and diabetic mice and divided them into six groups: untreated normal 
mice served as a control, and diabetic mice in the remaining 5 groups 
were treated with PBS, AFG, NV, mNV, and AFG-mNV, respectively 
(Fig. 7A). As Fig. 7B–E indicate, the wounds of Normal and AFG-mNV 
mice were completely healed on day 12 post-surgery, while the dia
betic wounds treated with PBS exhibited delayed wound healing and 
were far from complete closure. Notably, at days 4, 8, and 12 post- 
wounding, the mice treated with AFG-mNV exhibited the lowest rate 
of unclosed wounds among the various treatment groups, approaching 
levels observed in the Normal group.

Next, we dissected wound sections of all groups on day 12 post- 
surgery and carried out downstream histological analysis. H&E and 
Masson staining analysis showed that AFG, NV, mNV, and AFG-mNV 
decreased granulation tissue lengths and accelerated collagen deposi
tion of diabetic wounds when compared with those of the PBS group. 
Both the mNV and AFG-mNV groups demonstrated markedly higher 
rates of re-epithelialization and collagen deposition, with the AFG-mNV 
group exhibiting the most significant effect, while the AFG and NV 
groups demonstrated showed lower re-epithelialization and collagen 
deposition rates than the mNV and AFG-mNV groups (Fig. 8A–D). 
Additionally, wounds treated with AFG-mNV exhibited a collagen 
arrangement closely resembling that of normal wound tissue.

To detect and quantify angiogenesis in wound beds of the different 
groups, immunofluorescence staining analysis of α-SMA and immuno
histochemical staining of CD31 were performed. These analyses high
lighted that the AFG-mNV hydrogel group exhibited the highest 
fluorescence intensity of α-SMA and the highest vascular density, which 
were even closing the levels observed in the Normal group (Fig. 8E–H).

These findings collectively suggested that ADM-Fe3+@PA and mEPC- 

NV can synergistically enhance diabetic wound healing in vivo. Addi
tionally, AFG-mNV treatment achieved better wound neo
vascularization than mNV did in diabetic wound healing.

3.9. ROS scavenging, EC-targeting and antibacterial activity of AFG-mNV 
hydrogel in vivo

To confirm the potential role of inflammation in diabetic wound 
healing, immunofluorescence staining for IL-1β was conducted. The 
results indicated evident inflammation in the wound bed within the PBS 
and NV groups compared with negative control group, whereas 
inflammation in the AFG and AFG-mNV groups was downregulated 
(Fig. 9A and B). The ROS levels in the wound were assessed via DHE 
staining. The intensity of the red fluorescence signal markedly decreased 
in the AFG-mNV group compared to other groups (Fig. 9C and D). These 
results indicated that AFG-mNV hydrogel can efficiently diminish the 
inflammatory response and oxidative stress.

The EC-targeting ability and distribution of mNVs in the diabetic 
wound were further explored by immunofluorescence examination in 
vivo. As shown in Fig. 9E, compared with the DiI-labeled NV, the DiI- 
labeled mNV group had a wide distribution (red signal) in diabetic 
wounds at day 4. Moreover, we noted that mNV showed greater coloc
alization with blood vessels compared with NV (Fig. 9F). The results 
showed that mNV could accumulate in ECs efficiently, due to the 
membrane-modified cRGD-targeted peptides.

The antibacterial activity of AFG-mNV hydrogel was further exam
ined using an S. aureus infection wound model in vivo. Representative 
images of infected wounds showed obvious signs of infection and 
inflammation, such as redness and secretion, by day 0. As expected, the 
AFG and AFG-mNV groups exhibited the best wound healing throughout 
the treatment period, with wounds in the AFG-mNV group nearly healed 
by day 10. (Fig. S8 B-D). The colony formation assay of wound crust and 
secretion further confirmed the infection progression of infected wounds 
(Fig. S8 E, F). The results of bacteria quantification in vivo verified the 
successful establishment of infected wounds by day 0. The suppression 
of bacteria viability in the AFG and AFG-mNV groups further confirmed 
the antibacterial properties of AFG hydrogel.

4. Discussion

In this study, we successfully prepared biomimetic NVs from EPCs 
through an extrusion approach. Engineered membrane cRGD-targeting 
peptides conferred the EC-targeting ability of these EPC-NVs. Further
more, we successfully designed a multifunctional AFG hydrogel with 
excellent antioxidant and antibacterial ability to sustainably release 
mEPC-NVs. The synergistic treatment of AFG hydrogel and mNV showed 
outstanding efficacy in an in vivo model of diabetic wounds.

Impaired EC function induced by high glucose is a key factor in non- 
healing diabetic wounds. Considering the crucial role of ECs in wound 
healing, restoring endothelial function in wound tissues offers a poten
tial therapeutic strategy [42,50–52]. EPC-derived EVs promote EC 
function and increase angiogenesis under hypoxic conditions, attributed 
to the transfer of pro-angiogenic microRNAs and proteins from the 
EPC-EVs to recipient ECs [53–55]; however, this technique is associated 
with low yield and high cost, which limit clinical application. Lately, 
NVs derived from cell extrusion have gained widespread application as 
nanocarriers for drug delivery in various disease treatments, owing to 
their high yields, rapid production, excellent uniformity, and inheri
tance of parental cell phenotypes [56–60]. Thus, we designed a 

Fig. 3. cRGD-modified EPC- NV achieves EC-targeting in vitro 
(A, B) Representative images and quantification data of internalization of DiI-labeled EPC-NV and DiI-labeled mEPC-NV in HUVECs. Scale bar: 100 μm. (C) Vali
dation of mEPC-NV EC-targeting in cutaneous cell model in vitro. Scale bar: 100 μm. (D) Corresponding statistical analysis of EC target efficiency in different co- 
culture condition. (E, F) Representative images and quantification data of MFI in FCM. (G) The positive connectivity between RGD peptides and NVs. (ns in
dicates no significant, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Fig. 4. mEPC-NV restores EC function. 
(A, E) Representative images and quantification data of immunofluorescence staining for EdU. Scale bar: 50 μm. (B, F) Representative images and quantification of 
transwell migration for HUVECs. Scale bar: 100 μm. (C, G) Scratch assay of HUVECs and corresponding statistical analysis, cells were stained with crystal violet, and 
the original scratch was labeled by yellow dotted lines. Scale bar: 100 μm. (D, H) Representative images and relative quantification of number of junction points of a 
matrigel tube formation assay. Scale bar: 100 μm. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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biomimetic NV derived from EPCs to promote diabetic wound healing. 
Consistent with previously reported results, we found that for the same 
number of 8 vials of T75 EPC cells, the number of particles obtained by 
extrusion was about 14 times higher than that obtained by collecting the 
supernatant (Fig. 6S).

Integrin αvβ3 is widely expressed in a variety of cell types, vascular 
ECs, vascular smooth muscle cells, platelets, leukocytes, tumor cells, 
osteocytes, stem cells. The RGD peptide, a ligand for the αvβ3 integrin, 
has been extensively investigated for targeted therapy of cancer and 
anti-angiogenic applications but has not been used in EV bioengineering 

for diabetic wounds [34,37,61–63]. Hence, this study is the first to apply 
cRGD peptides to diabetic wounds to promote EC-targeting. In our 
study, both in vivo and in vitro results consistently demonstrated that 
cRGD peptide-modified EPC-NV could enhance its uptake by ECs and 
exhibit a good level of co-localization with EC, thereby avoiding uptake 
by other cells to optimize EPC-NV function.

ADM is an advanced wound dressing comprising a natural three- 
dimensional extracellular matrix structure and an array of bioactive 
factors, which has found extensive clinical applications [64–66]. 
Furthermore, the degradation products exhibit non-toxicity; therefore, it 

Fig. 5. Preparation and characterization of AFG-mNV hydrogel. 
(A) The schematic of hydrogel synthesis. (B) Morphologies of GelMA hydrogel and AFG hydrogel. (C) SEM image of AFG hydrogel (D) Plan and 3D construction 
image of AFG-mNV hydrogel (mNV was labeled by DiI). scar bar: 100 μm. (E) Degradation rate of AFG hydrogel. (F) Hemolysis test results and (G) quantitative 
analysis. (H) Rheological behavior of the AFG hydrogel. (I) The release curve of mNV in the AFG-mNV hydrogel. (ns indicates no significant, ****p < 0.0001).
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Fig. 6. Antibacterial and antioxidant ability of AFG hydrogel in vitro. 
(A) Representative images of bacterial clone plate test. (B) Statistical analysis of A. (C) Bacteria growth curve of S. aureus and E. coli in 24 h. (D) Antibacterial ring of 
S. aureus and E. coli. and (E) quantitative analysis. (F) Level of ROS in HDF, HaCaT and HUVECs, ROS was imaging in green by DCFA-DA probe. scar bar: 100 μm. (G) 
Statistical analysis of F. (**p < 0.01, ***p < 0.001, ****p < 0.0001).
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can self-assemble into a hydrogel to further enhance the therapeutic 
effect of mEPC-NVs. The dual hydrogel network employs GelMA to 
enhance the mechanical properties of the hydrogel while preserving the 
bioactivity of cytokines present in the ADM. PA is a naturally occurring 
compound renowned for its antibacterial properties and excellent 
biocompatibility [67,68]. In alkaline conditions at pH＝10, PA could 
complex with Fe3+ forms complexes with a molar ratio of 3:1 via co
ordination bond, enabling PA to reduce aldehyde group oxidation 

through physical crosslinking of the catechol moiety with Fe3+. This 
dynamic crosslinking retains the reductive properties of the complex, 
endowing it with excellent ROS scavenging capability [69].

Diabetic wounds are highly susceptible to bacterial infections, 
particularly by S. aureus and E. coli, posing challenges for effective 
healing. Moreover, bacterial biofilm formation hinders substance ex
change within wounds, further impeding the healing process. Conse
quently, several studies have advocated for diabetic wound dressings 

Fig. 7. AFG-mNV hydrogel accelerates diabetic wound healing in vivo 
(A) Schematic diagram of treated timelines in animal model. (B) Gross view of wounds at days 0, 4, 8, 12. (C) Images of continuous wound healing trace of each 
group. (D) Statistical analysis of the residual wound area in each group (n = 5). (E) Statistical analysis of wound closure area in each group (n = 5). (*p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001).

S. Liu et al.                                                                                                                                                                                                                                       Materials Today Bio 29 (2024) 101330 

12 



Fig. 8. Histological analysis of diabetic wound healing. 
(A) H&E staining of wound sections on day 12 (black double-headed arrows indicates granulation tissue length). scar bar: 1.25 mm. (B) Statistical analysis of 
granulation tissue length (n = 5). (C) Masson staining of wound sections on day 12. scar bar: 50 μm. (D) Statistical analysis of the stain intensity of blue collagen (n =
5). (E) Immunohistochemical staining for CD31 (The arrow indicates neovascularization). scar bar: 50 μm. (F) Statistical analysis of vessels field (n = 5). (G) 
Immunofluorescent staining of α-SMA. Smooth muscle cells (α-SMA) and cell nuclei (DAPI) were stained with green and blue, respectively. scar bar: 100 μm. (H) 
Statistical analysis of relative fluorescence intensity (n = 5). (ns indicates no significant, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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with antimicrobial properties [43,70–72]. In this study, we assessed the 
in vitro antimicrobial efficacy of AFG hydrogel against S. aureus and 
E. coli. Compared with the previous results, our AFG hydrogel possessed 
equally good antibacterial properties of S. aureus (70.7 %) and E. coli 
(40.5 %). Given its excellent antimicrobial activity in vitro, the hydro
gel’s therapeutic efficacy was further assessed in vivo. On day 10, the 
bacterial survival rate in the AFG (1.5 %) and AFG-mNV (0.8 %) groups 
was significantly lower than that in the PBS group (77.5 %). These re
sults suggested that the AFG-mNV hydrogel exhibited excellent anti
microbial properties both in vitro and in vivo.

Oxidative stress is known to elicit potent inflammation, inhibit 
angiogenesis, and impair ECs function, consequently delaying wound 
healing [73]. ROS damages mitochondrial DNA and results in abnor
malities in ECs. HDF and HaCaT cell function is also impaired by ROS. 
Hence, the hydrogel’s antioxidant capacity is crucial for enhancing 
diabetic wound repair. Several studies have shown that PA has antiox
idant and antimicrobial properties and is clinically used to treat coro
nary heart disease, and Fe3+ is able to reduce PA oxidation by physically 
crosslinking catecol groups [74–76]. In this study, we investigated the 
effects of AFG hydrogel on ROS eliminating both in vivo and in vitro. We 

Fig. 9. ROS scavenging and EC-targeting ability of AFG-mNV hydrogel in vivo. (A) Immunofluorescent staining for IL-1β. IL-1β and cell nuclei (DAPI) were stained 
with green and blue, respectively. scale bar: 100 μm. (B) Statistical analysis of A (n = 5). (C) Immunofluorescent staining for DHE. ROS (DHE) and cell nuclei (DAPI) 
were stained with red and blue, respectively. scale bar: 100 μm. (D) Statistical analysis of C (n = 5). (E) Immunofluorescence section of diabetic wound on day 4. DiI- 
labeled mNV, endothelial cells (CD31), and cell nuclei (DAPI) were stained with red, green, and blue, respectively. scale bar: 50 μm. (F) Corresponding fluorescence 
intensity trace in the merged image were plotted. Peak overlapping indicated the co-localization of mNV and CD31. (ns indicates no significant, *p < 0.05, ***p <
0.001, ****p < 0.0001). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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selected MGO for inducing diabetic cell (HUVEC, HDF, and HaCaT) 
models. The final concentrations of MGO applied to HUVEC, HDF, and 
HaCaT cells were 600 μM, 500 μM, and 750 μM, respectively, and the 
results were obtained from our laboratory [77]. The ROS levels in vitro 
were detected by DCFH assay. In all three cell types, the MGO-only 
treatment groups exhibited the highest intensity of green fluorescence. 
After treatment with AFG hydrogel, a significant reduction in ROS levels 
was observed across the three cell types (HaCaT cells: 3.10 times, HDF: 
3.89 times, HUVEC: 4.60 times) compared with the MGO group. The 
ROS levels in vivo were detected by DHE staining. In the AFG-mNV 
group, red signal was dramatically reduced by about 80 % compared 
with PBS group. Consistent with previous findings, our results suggested 
that AFG hydrogel could efficiently reduce ROS, which was due to the 
antioxidant properties of Fe3+@PA.

5. Conclusion

In summary, the engineered biomimetic mNVs derived from EPCs 
offer distinct advantages over native EPC-EVs, including higher yields, 
streamlined manufacturing, and EC-targeting capability that promotes 
angiogenesis. Notably, the multifunctional AFG hydrogel system incor
porating these mNVs synergistically integrates ROS scavenging, anti
bacterial properties, and angiogenic stimulation, thereby exhibiting a 
robust capacity to enhance diabetic wound repair. This innovative 
biomaterial platform, featuring engineered nanovesicles within a 
multifunctional hydrogel matrix, represents a promising therapeutic 
modality that harnesses the benefits of biomimicry and multi-pronged 
activity for efficient management of the complex diabetic wound 
microenvironment.
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