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Abstract

Background: Chronic nonhealing wounds are major complications in diabetic patients, with impaired angiogenesis playing a critical role in
the delayed healing process. Current treatments for diabetic wounds are inadequate. The dysregulation of endothelial cell genes, particularly
thrombospondin-1 (TSP-1), impairs neovascularization and delays wound repair. In recent years, hydrogel-based wound dressings have gained
widespread application in biomedicine. The study introduced a new therapeutic approach, embedding miR-221-3p-loaded small extracellular
vesicles (miR-2219F-sEVs) within gelatin methacryloyl (GeIMA) hydrogels to reduce TSP-1 levels and improve healing in diabetic wounds.

Methods: First, we observed upregulated TSP-1 expression in human umbilical vein endothelial cells (HUVECs) when cultured in a high-glucose
(HG) environment. We employed small interfering RNA (siRNA) and miR-221-3p to suppress TSP-1 expression and then evaluate the functional
effects on HUVECs. Subsequently, miR-221-3p was encapsulated in SEVs via lentiviral transfection. The effects of miR-221°E-sEVs on HUVECs
under HG conditions were evaluated. Finally, miR-221°F-sEVs were incorporated into a GelMA hydrogel (G-miR-221°F-sEVs) and applied to a
diabetic murine wound model to evaluate their effects on wound closure and angiogenesis.

Results: Under HG conditions, the use of siTSP-1 to silence TSP-1 enhanced the proliferation, migration, and tube formation capabilities of
HUVECs. Similarly, miR-221-3p treatment exerted proregenerative effects via the targeting of TSP-1. We successfully generated miR-221°E-sEVs
that exhibited a 28-fold increase in miR-221-3p exEression, which significantly enhanced HUVEC functionality under HG conditions. Encapsulation
within the GelMA hydrogel enabled G-miR-2219E-sEVs to significantly accelerate diabetic wound healing via increased angiogenesis.

Conclusions: This study demonstrated the successful fabrication of a novel bioactive wound dressing (G-miR-2219E-sEVs), which promotes
diabetic wound healing by promoting angiogenesis through the regulation of TSP-1. This approach offers a potential therapeutic option for
enhancing the management of diabetic wounds.
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Highlights

« A novel bioactive dressing (G-miR-221%E-sEVs) to enhance angiogenesis by targeting thrombospondin-1 (TSP-1) for diabetic wound therapy is developed.

* Engineered miR-2219E-sEVs ameliorate the regenerative abilities of HUVECs under HG conditions by targeting TSP-1.

¢ GelMA hydrogel is utilized to construct a sustained release system of sEVs and barrier similar to extracellular matrix to maximize the therapeutic efficacy
of sEVs.

individuals worldwide were diagnosed with diabetes in 2021,
among whom ~19%-34% will experience a lifelong risk of

Background

Chronic refractory wounds represent a major clinical
challenge due to their complex pathophysiology. With the
increasing number of diabetic patients, the occurrence rate
of chronic refractory wounds caused by diabetes has corre-
spondingly increased on an annual basis [1]. A report from the
International Diabetes Federation showed that ~500 million

enduring chronic refractory wounds exemplified by diabetic
foot ulcers, thus causing considerable suffering to patients
[2]. A sufficient blood supply is essential for tissue repair.
However, in the local hyperglycemic environment of diabetic
wounds, the endothelial cells’ ability to proliferate and
migrate is limited. This disruption subsequently hampers
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the process of wound angiogenesis [3, 4]. Therefore, the
restoration of impaired endothelial function and an increase
in the blood supply are indispensable for promoting wound
healing in diabetic patients [5, 6].

Thrombospondin-1 (TSP-1), which is a matricellular pro-
tein, acts as a strong antiangiogenic agent by suppressing
endothelial cell migration and proliferation, along with induc-
ing endothelial apoptosis [7]. The interaction of TSP-1 with its
receptor (CD47) further inhibits angiogenesis by antagonizing
nitric oxide signaling in endothelial and vascular smooth
muscle cells 8, 9]. A high-glucose (HG) environment has been
reported to induce a relatively high level of TSP-1 expression,
leading to delayed healing of diabetic wounds [10]. Several
previous studies have concentrated on the targeting of TSP-1
as an effective approach for managing diabetic wounds. For
example, treatment with metformin markedly attenuates TSP-
1 in endothelial precursor cells, thus improving angiogene-
sis and promoting diabetic wound healing [11]. Zhu et al.
reported that alizarin protects against vascular endothelial
dysfunction in type 2 diabetes through suppression of TSP-
1 generation and activation of AMPK-mediated signaling
networks [12]. Therefore, therapies that target the inhibition
of TSP-1 can be used as an effective means of treating diabetic
wounds.

MicroRNAs (miRNAs) exist naturally in the human
body and can bind to the messenger RNAs (mRNAs) of
multiple target genes, thereby exerting regulatory effects
and effectively reversing the pathophysiological states of
cells [13, 14]. The miRNA-based approach offers high
efficiency and cost-effectiveness, thus making it a highly
favorable method for experimental research and clinical
treatment [15-17]. Recent investigations highlight miRNAs’
angiogenic modulation through endothelial cell functional
restoration, particularly in vascular pathophysiology [18].
Experimental evidence shows that extracellular vesicle-
encapsulated miR-17-5p improves cellular performance in
hyperglycemic environments, enhancing human umbilical
vein endothelial cell (HUVEC) and human dermal fibroblast
viability [19]. Additionally, miR-221-3p is widely recognized
as a functional molecule that exerts regulatory control over
a diverse range of biological processes [20], such as cardiac
fibrosis [21], osteogenesis [22], and papillary thyroid cancer
[23]. Previous studies have demonstrated that in an HG
environment, miR-221-3p can accelerate diabetic wound
healing through targeted inhibition of TSP-1 expression;
however, the downstream pathway involved in this effect
has not been elucidated [24]. These findings provide a novel
strategy for the management of diabetic wounds. Therefore,
miR-221-3p can be used as an effective functional molecule
to promote angiogenesis.

Due to their exceptional biocompatibility, minimal
immunogenicity, efficient delivery capabilities, capacity
to traverse various physiological barriers, and targeting
precision, small extracellular vesicles (sEVs) can serve as
crucial carriers of bioactive molecules, including nucleic
acids and proteins [25, 26]. These characteristics enable
sEVs to protect miRNAs from degradation in enzyme-
rich environments, thereby ensuring their stability and
effective delivery to target cells [27, 28]. Thus, they possess
immense potential as tools for repair and delivery purposes
[29]. Mesenchymal stem cell (MSC)-originated extracellular
vesicles (EVs) have resulted in significant advancements in the
field of tissue repair [30]. However, natural EVs exhibit certain
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challenges, including complex compositions, low contents
of effective components, and limited clinical translational
efficiency. Therefore, researchers have engineered EVs by
incorporating specific proteins or nucleic acid molecules to
further enhance their biological functions, thereby increasing
their therapeutic efficacy for targeted diseases. For example,
Huang et al. administered engineered EVs loaded with cir-
CDK13 to diabetic wounds in preclinical models and observed
accelerated wound healing [31]. These findings indicate that
engineered EVs encapsulating sufficient quantities of miR-
221-3p may be promising therapies for promoting diabetic
wound healing.

The GelMA hydrogel serves as a fundamental component in
developing and studying multifunctional dressings for tissue
regeneration. This material is an optical crosslinking hydrogel
that exhibits excellent biocompatibility, cell adhesion, and
remarkable molding capabilities [32-34]. Due to its adjustable
physical and chemical properties, as well as its biodegrad-
ability, GeIMA demonstrates extensive applications in tissue
regeneration, drug delivery, and other related fields [35-38].
Yoon et al. incorporated chemokines into a hydrogel, which
demonstrated immunomodulatory and prohealing properties
by recruiting MSCs to severe cutaneous injuries in diabetic
mice [39]. The safe and effective sustained release system
offers a potential solution to the issue of rapid drug clearance
in the body following the conventional administration of
free EVs or local drug injections, thereby enabling sustained
release throughout all stages of wound healing.

In this study, miR-2219F-sEVs were prepared and incor-
porated into GelMA hydrogels to create an innovative
therapeutic dressing for diabetic wound management.
Initial experiments demonstrated elevated TSP-1 expression
under hyperglycemic conditions, while suppressing TSP-1
expression enhanced HUVEC proliferation and migratory
capacity. We further verified that miRNA-221-3p could target
TSP-1 and act on the downstream AKT/eNOS pathway,
thus ameliorating the impaired functions of HUVECs in
an HG environment. Finally, we generated engineered EVs
encapsulating miR-221-3p and loaded miR-2219F-sEVs in
GelMA hydrogels to treat the diabetic wounds in Db/Db
mice. We subsequently reported that the G-miR-221°F-sEVs
markedly improved the healing of diabetic wounds through
enhancing neovascularization. These results may propose
a promising combination therapy leveraging engineered
EVs and hydrogel delivery systems for diabetic wound
management.

Methods
Cell culture

HUVECs and human umbilical cord mesenchymal stem cells
(hucMSCs) were sourced from the Cell Bank of the Chi-
nese Academy of Sciences (China), while human microvascu-
lar endothelial cells (HMECs) were acquired from Shanghai
Fuheng Biotechnology Co., Ltd (China). These cells under-
went expansion, characterization, and classification as the pri-
mary (P1) culture. HUVECs were grown in Dulbecco’s Mod-
ified Eagle Medium (DMEM) containing 10% fetal bovine
serum (FBS), 1% penicillin/streptomycin (P/S), and 5 mM
glucose (normal glucose, NG), followed by incubation at 37°C
with 5% CO,. HMECs were maintained in Modified Chee’s
Dulbecco’s Medium (MCDB) 131 enriched with 10% FBS,
10 ng/ml epidermal growth factor, 1 pg/ml hydrocortisone,

9202 4290joQ €| U0 358N Aq ZZ€191.8/9E0LEMASUING/EE0 |0 |/10P/2[O1E/BWNENSUING/WOD dNO"DILISPEOE WO} POPEOIUMO(]



Burns & Trauma, 2025, Vol. 13, tkaf036

2 mM L-glutamine solution, and 1% P/S. Under HG condi-
tions, the glucose concentrations were 25 mM for the HMECs
[40] and 35 mM for HUVEGCs [19, 31]. HucMSCs were
specifically cultured using serum-free mesenchymal stem cell

medium (Yocon, China) under standard culture parameters
(5% CO, at 37°C).

siRNA and cell transfection

siRNAs against TSP-1 (siTSP-1, 100 nM; GenePharma,
China) (sense 5-3’: CCAACAAACAGGUGUGCAATT;
antisense 5’-3": UUGCACACCUGUUUGUUGGTT), along
with its negative control siRNA (siNC), were synthesized and
procured from GenePharma (China). Following the protocols
provided by the manufacturer, a Lipofectamine 3000 kit
(Invitrogen, USA) was used to transfect target cells (HUVECs)
at a confluency of 60%-70%.

5-Ethynyl-20-deoxyuridine assay

The proliferation ability of the cells was evaluated using
the BeyoClick™ EdU Cell Proliferation kit with Alexa
Fluor 488 (Beyotime, China). HUVECs from the HG, NG,
HG +siNC, and HG +siTSP-1 groups were seeded in 24-
well culture plates at ~20000 cells per well, and each
group had three replicates. The same methodology was
utilized for HUVECs from the NG, HG, HG + miNC, and
HG 4 miR-221-3p groups. For the HUVECs from the NG,
HG, HG+ NC-sEVs, and HG +miR-2219E-sEVs groups,
the particle concentration of the NC-sEVs or miR-2219F-
sEVs was 2 x 1010 particles/ml. After 24 h of culture, a
solution containing 10 uM EdU was added to each well and
incubated for 2 h. The cells were subsequently fixed with
4% paraformaldehyde for 30 min, permeabilized with 0.3%
Triton for 10 min, subjected to click reaction mixture staining
for another 30 min, and finally stained with 4',6-diamidino-
2-phenylindole (DAPI) for an additional 5 min, after which
fluorescence microscopy was used to obtain representative
images. The cell proliferation rate was calculated as the ratio
of EdU-positive cells (green) to DAPI-positive cells (blue).

Cell counting kit-8 assay

Cell proliferation capacity was evaluated using the Cell count-
ing kit-8 (CCK-8) reagent (Solarbio, China). Complete culture
medium was employed to dilute cellular suspensions from dif-
ferent experimental groups to concentrations between 20 000
and 40 000 cells/ml. Subsequently, 100 ul of the cell suspen-
sion per well was added to a 96-well plate, and triplicate wells
were set up for each group. Following supplementation with
10 ul CCK-8 solution into each well, the plates underwent
2-h incubation at 37°C. Absorbance readings at 450 nm
wavelength were subsequently recorded through a microplate
reader.

Transwell assay

Cell migration capacities of HUVECs and HMECs were
evaluated using transwell migration chambers. Cellular
suspensions were loaded into the upper compartments of 24-
well plates containing polycarbonate membranes with 8 um
pores. Each experimental group’s cell density was diluted to
2-4 x 10° cells/ml using serum-deprived medium. Aliquots
(100 ul) of HUVEC suspensions representing HG, NG,
HG + siNC, and HG + siTSP-1 experimental conditions were
placed in the upper compartments, while the lower chambers
received 500 ul nutrient-rich medium. Parallel experimental
setups were implemented for HUVEC groups including

NG, HG, HG + miNC, and HG + miR-221-3p conditions.
During sEV-related investigations, HUVECs or HMECs
suspended in serum-free medium were introduced into upper
chambers, with corresponding lower chambers containing
media from NG, HG, HG + NC-sEVs, or HG + miR-2219E-
sEVs treatments. Cellular cultures were maintained at 37°C
under 5% CO; conditions for subsequent development.
Following 24-h incubation periods, nonmigratory cells on
the membrane’s upper surface were carefully eliminated
using sterile swabs. Specimens underwent fixation with 4%
paraformaldehyde solution for 20-min intervals followed
by 10-min staining with crystal violet (Beyotime, China).
Finally, five random individual microscope fields were
photographed and counted using Image] software (Version
1.53¢, NIH, USA).

Scratch assay

The cell migration capacities of HUVECs and HMECs were
evaluated through a wound healing assay. In this proce-
dure, treated cells from both types were plated in six-well
culture dishes. After forming a dense monolayer through
cell—cell contact, standardized linear wounds were generated
using a 200 ul pipette tip. Following wound creation, all
samples underwent continued incubation at 37°C with 5%
CO,. Photographic documentation occurred at baseline (0 h)
and 24 h postscratch for HUVECs, while HMEC obser-
vations extended to 36 h. Quantitative analysis was per-
formed using Image] software, with migration percentage
calculated as [(initial wound area (M) — residual unhealed
area (Mq))/My] x 100%.

Tube formation assay

To evaluate the angiogenic potential of HUVECs and HMECs,
an in vitro angiogenesis assay was performed. Pre-chilled 96-
well plates were layered with 50 ul of Matrigel (Corning,
USA) and polymerized at 37°C for 30 min. HUVECs or
HMECs (1-1.5 x 10* cells/well) from each group were then
seeded onto the Matrigel-coated plates. After a 6-h incubation,
microscopy was used to acquire images of lumen formation,
and parameters such as total lumen fulcrum and lumen length
were calculated using Image] software.

Western blot analysis

The experimental samples (comprising sEVs, HUVECs, and
HMECs) were harvested and homogenized using Radio
Immunoprecipitation Assay (RIPA) lysis solution (Solar-
bio, China) supplemented with protease and phosphatase
inhibitors. Protein concentrations were assessed through
Bicinchoninic Acid (BCA) protein assay (Solarbio, China).
Aliquots containing 20 ug of protein were combined with
sample buffer, separated via Sodium Dodecyl Sulfate - Poly-
acrylamide Gel Electrophoresis (SDS-PAGE) electrophoresis,
and followed by electrophoretic transfer onto polyvinylidene
difluoride membranes (Millipore, USA). Following 1-2 h
of blocking with 5% skimmed milk at room temperature,
membranes were exposed to specific primary antibodies
at 4°C overnight. After thorough washing with Tris-
buffered saline Tween-20 buffer, membranes were treated
with Horseradish Peroxidase (HRP)-conjugated secondary
antibodies (1:2000, Zgb-bio, China) targeting mouse or rabbit
IgG for 60 min at room temperature. Protein signals were
ultimately detected using an Enhanced Chemiluminescence
(ECL) detection system (Solarbio, China), with band intensity
quantification performed through Image] software. Key
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antibodies employed in this study targeted TSP-1, B-actin,
p-AKT, AKT, p-eNOS, eNOS, calnexin, CD63, TSG101, and
CD9 (11 000, CST, USA).

Engineering hucMSCs with lentivirus carrying
miR-221-3p

The recombinant shuttle plasmid containing the miR-221-
3p coding sequence, along with negative control (NC)
and packaging plasmids, was procured from GenePharma
(China). Subsequently, 293T cells were transduced using
Lipofectamine 3000 transfection reagent to generate lentiviral
particles carrying miR-221-3p (Lv-miR-221-3p) and NC
(Lv-NC) (Figure S1, see online supplementary material).
HucMSCs were transfected with red-stained Lv-miR-221-
3p or Lv-NC to obtain miR-221-3p-overexpressing hucMSCs
and control hucMSCs, respectively. Puromycin was subse-
quently used to select successfully transfected hucMSCs. The
transfection rate was verified via fluorescence microscopy and
flow cytometry.

Acquisition and identification of
miR-221-3p-encapsulated mesenchymal stem
cell-derived small extracellular vesicles

sEVs were isolated from the culture medium of the miR-221-
3p-overexpressing hucMSCs and control hucMSCs via ultra-
centrifugation, based on protocols used in previous studies
[19, 41]. Upon reaching 80%-90% confluency, the condi-
tioned medium underwent initial clarification via centrifuga-
tion at 400xg (6 min) and 2100xg (25 min) to eliminate
cellular debris [42]. Subsequent filtration through 0.22 pum
membranes removed residual contaminants before processing
through two cycles of ultracentrifugation (100 000 x g, 75 min,
4°C). The harvested vesicles were either immediately resus-
pended in Phosphate Buffered Saline (PBS) for experimental
use or preserved at —80°C. Vesicle characterization included
nanoparticle tracking analyzer (NTA) for size profiling and
transmission electron microscopy (TEM) for morphological
assessment, complemented by western blot analysis detecting
sEV markers (TSG101, CD9, CD63) and excluding calnexin
expression as a negative control.

Dil kit for the staining and cellular internalization
assay

The Dil labeling kit (YEASEN, China) was employed to stain
sEVs, following the manufacturer’s guidelines. sEVs were
exposed to a 5 uM Dil solution and maintained at room tem-
perature for 20 min. Following centrifugation at 100 000xg
for 75 min, the labeled sEVs were suspended in PBS. HUVECs
were coincubated with Dil-stained sEVs for ~6 h. Afterward,
the HUVECs were fixed with 4% paraformaldehyde, washed
with PBS, and stained with phalloidin (5 pug/ml; YEASEN,
China) for 1 h and Hoechst 33342 (Beyotime, China) for
10 min at room temperature. Cellular images were subse-
quently obtained using confocal microscopy.

RNA isolation and quantitative Polymerase Chain
Reaction (qPCR)

Total RNA was isolated from NC-sEVs and miR-221°F.
sEVs using the SeraMir Exosome RNA Purification system,
following the manufacturer’s protocols (System Biosciences,
USA). Reverse transcription was performed with the TagMan
microRNA Reverse Transcription Kit (Applied Biosystems ™,

USA). Quantitative real-time PCR analysis was conducted on
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the ABI PRISMTM 7900HT platform employing SYBR Pre-
mix ExTaqTM II reagents (Takara Biotechnology, Japan). For
precise miRNA quantification, stem-loop-based quantitative
reverse-transcription PCR methodology was implemented.
Experimental data were analyzed through the 272ACT cal-
culation method, with U6 small nuclear RNA serving as the
endogenous control for both EVs and cellular miRNA mea-
surements. All miRNA-specific primers were custom-designed
and manufactured by Sangon Biotech (China), with detailed
sequences provided in Supplementary Table S1.

RNA protection assay

Based on our previous study [31], miR-2219F-sEVs (1 x 1011
particles) were coincubated with 20 ul RNase A/T1 solution
(Thermo, USA) at 37°C for 30 min with or without 1%
Triton X-100. All of the RNAs were extracted via a SeraMir
Exosome RNA Purification kit (System Biosciences, USA).

Fabrication and characterization of the GelMA
hydrogel and G-miR-2219€-sEVs

The GelMA monomer and lithium phenyl-2,4,6-trimethylben
zoylphosphinate (LAP) (Engineering for Life, China) were
prepared as previously reported [19, 43]. Briefly, the GeIMA
monomer at a concentration of 15% was blended with the
LAP initiator. This homogeneous mixture underwent sterile
filtration through 0.22 pum membranes before ultraviolet
(UV)-induced crosslinking (405 nm wavelength, 60-s expo-
sure). Post-crosslinking specimens underwent cryopreserva-
tion at —80°C followed by lyophilization. For microscopic
analysis, freeze-dried samples were mounted on conductive
adhesive substrates, sputter-coated with gold nanoparticles
(60-s deposition), and imaged using field-emission scanning
electron microscopy (ZEISS SEM, Germany) with secondary
electron detection mode.

Tissue adhesion assays

Adhesion assessments under ex vivo conditions were con-
ducted utilizing porcine skin specimens to evaluate the binding
capacity of G-miR-2219F-sEVs, as previously reported [19,
44]. Freshly obtained porcine tissue was sectioned into
rectangular segments (50 x 15 mm) and prepared through
three sequential cleansing cycles employing 1 M sodium
hydroxide solution, followed by deionized water rinsing to
eliminate residual adipose material. A composite formulation
containing GelMA precursor polymers, miR-221°F-sEV
suspension, and blue food-grade colorant (Sugarman, China)
was applied uniformly onto the epidermal surface. Photopoly-
merization was induced through ultraviolet irradiation to
achieve in situ hydrogel formation. Adhesion performance
was subsequently evaluated through mechanical deformation
testing simulating physiological wet environments and
dynamic movement patterns.

Animal experiments

All animal studies were performed in compliance with the
ethical guidelines established by the PLA General Hospital’s
Institutional Animal Care Committee. Eight-week-old male
diabetic mice (BKS Dock Leprem2Cd479, Db/Db) were
purchased from Viewsolid Biotech Co., Ltd, and housed in
a standard laboratory animal feeding environment. After
achieving anesthesia through intraperitoneal injection of
1% pentobarbital, bilateral full-thickness excisional wounds
(1 cm diameter) were surgically created on the dorsal surface.
The mice were subsequently randomly divided into five
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groups: [1] the PBS group, [2] the GelMA (Gel) group, [3]
the NC-sEVs group, [4] the miR-2219F-sEVs group, and
[5] the G-miR-2219E-sEVs group. In groups [3] and [4],
a solution containing 80 ul of sEVs or miR-2219E-sEVs
(1 x 10! particles/ml) was injected at four points surrounding
the wound site (20 ul per site). In groups [2] and [5], a solution
containing 80 ul of either GelMA or G-miR-2219F-sEVs was
applied to the wounds on the day of surgery and crosslinked
via UV radiation for at least 1 min. Wound progression was
documented through standardized photography and tissue
collection on postoperative Days 0, 4, 8, and 12. Quantitative
analysis of epithelialization was performed using Image]
software, with wound closure percentage determined with the
equation: (Wo — Wr)/Wy x 100%, where W represents the
initial wound area, and W denotes the specific time point
at which the wound area was measured. In vivo retention
of therapeutic agents was monitored using a PerkinElmer
IVIS Spectrum imaging system to quantify Dil-labeled miR-
2219E§EVs fluorescence intensity on Days 1, 3, and §
postadministration. Angiogenesis assessment was conducted
on day 12 specimens through stereomicroscopic examination
(Leica M205 FA), with neovascular density calculated as the
percentage of vascularized area relative to total wound bed
area. Comparative analysis of relative vascularization indices
was performed across all experimental groups.

Histological analysis and immunohistochemistry

At specified intervals, wound specimens were collected and
immersion-fixed in 4% paraformaldehyde solution. The
fixed tissues underwent graded ethanol dehydration before
being embedded in paraffin blocks and sliced into § um
cross-sectional preparations. Histological evaluation was
performed through hematoxylin—eosin (HE) staining and
Masson’s trichrome protocols, with wound dimensions and
collagen deposition levels assessed by applying previously
reported methods [19]. Following fixation, CD31 immuno-
histochemical analysis (Proteintech, China; 1:1000 dilution)
was conducted to visualize vascular endothelial cells on
postoperative day 8.

In vivo blood perfusion examination

On Day 12, blood perfusion around the wound was assessed
using laser speckle contrast imaging (LSCI) following our
previously reported method [19]. Images were captured at a
consistent distance from the wound with identical scanning
site dimensions. Flux images were obtained for each wound
using PIMSoft (Moor Instruments Ltd, UK), and the mean
perfusion units (MPUs) were quantified by comparing the
MPU values detected at the wound site and in its vicinity.

In vivo biodegradability assay

A biodegradability assay of the GelMA hydrogel was
conducted as previously reported [45]. Db/db mice were
randomly assigned to two groups: GelMA control and G-
miR-2219EsEVs treatment cohorts, and treated as previ-
ously reported in the Animal Experiments section. During
surgical intervention, wounds received 50 ul of fluorescently
labeled hydrogel complexes containing Alexa Fluor 750
CS5-maleimide (Invitrogen, A30459), with subsequent UV
irradiation applied for a minimum of 60 s to crosslink the
composite. To examine the biodegradability of the hydrogel,
a Perkin Elmer IVIS Spectrum system was used to detect the
fluorescence intensity on Days 0, 4, 8,12, 16, and 17.

Biocompatibility assay in vivo

The long-term stability of the GelMA hydrogel in vivo was
evaluated as previously reported [46,47]. Experimental Db/db
mice cohorts were allocated randomly into three treatment
arms: PBS control, GelMA, and G-miR-221°E-sEVs compos-
ite with administration methods as previously reported in the
Animal Experiments section. After 32 days, comprehensive
biological evaluations were conducted through systematic
blood collection for complete hematological profiling and
serum chemistry analysis. Concurrently, vital organs including
cardiac, hepatic, splenic, pulmonary, and renal tissues were
surgically excised for histopathological examination. Excised
specimens underwent fixation in paraformaldehyde solution
before sequential processing through ethanol dehydration and
paraffin embedding. Tissue blocks were microtomed into
5 um sections for subsequent histopathological examination
via H&E staining.

Statistical analysis

Experimental results are expressed as mean values + standard
deviations (SDs) derived from three or more independent tri-
als. GraphPad Prism 10.0 software was employed for conduct-
ing statistical computations and generating visual data repre-
sentations. Comparative analyses between two experimental
groups utilized two-tailed Student’s #-tests, while multi-group
comparisons involved either one-way or two-way Analysis
of Variance (ANOVA) followed by Tukey’s multiple com-
parison test. A probability threshold of P <.05 served as
the benchmark for determining statistical significance, with
specific sample sizes (7) detailed in respective figure captions.
The graphical annotation system employs the following con-
ventions: ns indicates nonsignificant findings (P >.035), single
asterisk (*) represents P-values between 0.01 and 0.05, double
asterisks (**) correspond to 0.001-0.01, triple asterisks (***)
denote 0.0001-0.001, and quadruple asterisks (****) signify
P-values below .0001.

Results

Inhibition of TSP-1 expression improves the
proliferation, migration, and tube formation ability
of human umbilical vein endothelial cells in
high-glucose conditions

Earlier research indicated that HG conditions led to increased
TSP-1 expression in vascular endothelial cells [48, 49]. West-
ern blot analysis was conducted to explore how HG affects
TSP-1 expression in HUVECs. To assess whether modulating
TSP-1 could enhance HUVEC functions under HG conditions,
we used TSP-1 siRNA (SiTSP-1) to suppress its expression.
Figure 1a and b demonstrated that HG conditions signifi-
cantly elevated TSP-1 expression in HUVECs, while SiTSP-1
treatment effectively reversed this effect, suggesting its role in
reducing TSP-1 levels under such conditions.

Following this, we examined how TSP-1 inhibition impacts
HUVEC function under HG conditions iz vitro. The impact of
TSP-1 knockdown on the proliferation capacity of HUVECs
was evaluated through EdU and CCK-8 assays. The EdU
assay results revealed that the HG group had a reduced
percentage of EdU-positive cells (green fluorescence), but
this increased when SiTSP-1 was added to suppress TSP-1
expression (Figure 1c and d). Figure 1e shows that the Optical
Density(OD) 450 nm value in the HG group was markedly
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Figure 1. Inhibition of TSP-1 expression improves the proliferation, migration, and tube formation ability of HUVECs under HG conditions. (a, b) Western
blot analysis (a) of the protein expression and corresponding quantification results (b) of TSP-1 inside HUVECs treated with NG, HG, HG + SiNC, and

HG + SiTSP-1. Protein expression levels were normalized to B-actin levels (n= 3 per group). (¢) Fluorescence images showing proliferating HUVECs in
different treatment groups (green: EdU staining; blue: DAPI staining) (n=3 per group, scale bar =100 um). (d) Statistical analysis of a portion of
EdU-positive cells (%) in different treatment groups. (e) CCK-8 assay revealing the proliferation ability of HUVECs in different treatment groups (n=3 per
group). (f) Representative images of transwell migration assay of HUVECs in different groups (n=3 per group, scale bar =100 um). (g) Statistical analysis
of a migrated number of HUVECs in the transwell assay. (h) Representative images of the wound closure of HUVECs in different groups by cell scratch
assay at 24 h (n=3 per group, scale bar =100 um). (i) Statistical analysis of migration rate (%) in scratch assay. (j) Tube formation of HUVECs with
different treatments (n= 3 per group, scale bar =100 um). (k) Statistical analysis of total branch points and tube formation ratio representing tube
formation ability. (I-n) Western blot analysis (I) of the protein expression and corresponding quantification results (m, n) of p-AKT, AKT, p-eNOS, and
eNOS inside HUVECs treated with NG, HG, HG + SiNC, and HG + SiTSP-1. Protein expression levels were normalized to B-actin levels (n=23 per group).
The data are presented as the mean 4 SD. Differences among the groups were examined with one or two-way ANOVA with Tukey's posttest.

**P <0.001, ***P <0.0001, ns, not significant versus the indicated group. NG normal glucose, HG high glucose, TSP-7 thrombospondin-1, AKT protein
kinase B, eNOS endothelial nitric oxide synthase, p-AKT phosphorylated protein kinase B, p-eNOS phosphorylated endothelial nitric oxide synthase,
DAPI 4’ 6-diamidino-2-phenylindole, EdU 5-ethynyl-20-deoxyuridine
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lower than in the NG group after 72 h, but it increased
again following TSP-1 inhibition. The findings indicated that
suppressing TSP-1 expression might enhance the proliferation
capacity of HUVECs under HG conditions.

Then, the effect of TSP-1 inhibition on HUVEC migration
ability under HG conditions was investigated in vitro using
transwell and scratch assays. Figure 1f and g reveals substan-
tially fewer purple-stained migratory cells (purple stained)
under HG conditions relative to normoglycemic controls,
which was reversed upon addition of SiTSP-1 to inhibit TSP-
1 expression. In line with that, the scratch test revealed
that the HG group exhibited marked impairment in wound
closure rates during a 24-h culture period compared to the
NG group—a deficit substantially mitigated through genetic
silencing of TSP-1 expression (Figure 1h and i). These find-
ings suggested that inhibiting TSP-1 expression can enhance
HUVEC migration ability under HG conditions iz vitro. Con-
sistently, Vascular network formation assays further corrobo-
rated these findings, with hyperglycemic conditions producing
the most compromised tube formation capacity that was sub-
stantially improved through TSP-1 suppression, as evidenced
by increased branch point quantification and enhanced tubu-
lar network density measurements (Figure 1j and k). These
results confirmed that targeted TSP-1 inhibition exerted a
restorative effect on endothelial angiogenic potential under
hyperglycemic stress.

To elucidate the mechanism underlying the functional
improvements in HUVECs under HG conditions following
TSP-1 inhibition, we focused on the TSP-1/AKT/eNOS
signaling pathway. Prior studies have established that TSP-
1 suppresses AKT phosphorylation via CD47 binding,
thereby indirectly inhibiting eNOS activation—a critical
step in endothelial nitric oxide production and angiogenesis
[50, 51]. Consistent with this pathway, our western blot
data revealed that HG conditions significantly reduced p-
AKT/AKT and p-eNOS/eNOS ratios (Figure 11-n), reflecting
impaired AKT/eNOS signaling. Genetic silencing of TSP-1
(siTSP-1) reversed these effects, restoring p-AKT and p-eNOS
levels remarkably. These findings aligned with our hypothesis
that TSP-1 acted as an upstream suppressor of AKT activity
under HG, and its removal relieved this inhibition, enabling
AKT-dependent phosphorylation of eNOS.

Targeting TSP-1 by miR-221-3p activates AKT/eNOS
pathway and ameliorates the impaired functions of
human umbilical vein endothelial cells in
high-glucose conditions

MiRNAs are naturally occurring noncoding RNA molecules
in the body, which could negatively regulate target genes
by direct combination with them [52]. We employed Tar-
getScanHuman8.0 (https://www.targetscan.org/vert_80/) and
the miRDB database (https://mirdb.org/) to predict possible
upstream miRNAs of TSP-1 and found that miR-221-3p
could be the candidate miRNA to silence the gene expression
(Figure 2a and b) [53, 54]. Previous studies have verified that
miR-221-3p could directly bind with TSP-1 in kidney failure—
induced cardiac fibrosis [55] and corpus luteum regression
[56]. Hence, we fabricated miR-221-3p to examine the effects
on TSP-1 in HUVECs while miR-NC is in control. Western
blot analysis conducted 48 h post-transfection demonstrated
significant downregulation of TSP-1 protein level in miR-221-
3p-treated cells compared to the HG group. Concurrently,

we observed enhanced phosphorylation ratios of both AKT
(p-AKT/AKT) and eNOS (p-eNOS/eNOS) in the intervention
group, indicating activation of this crucial signaling cascade
(Figure 2c—f). These experimental outcomes mirror the effects
previously observed with siTSP-1 treatment, suggesting that
miR-221-3p exerts its regulatory influence through analogous
molecular mechanisms targeting TSP-1 expression.
Subsequent investigations focused on evaluating miR-221-
3p’s influence on HUVEC functionality under hyperglycemic
environments. Quantitative analysis revealed a notable
enhancement in EdU-positive cell proportions after miR-
221-3p administration during HG exposure (Figure 2g and
h). Scratch assays in Figure 2i and j showed a markedly
higher migration rate following the administration of miR-
221-3p. Angiogenic potential evaluation showed improved
vascular network formation metrics, including increased
total branching points and elevated tube formation ratio
in the HG+ miR-221-3p cohort (Figure 2k and 1). These
observations collectively indicate miR-221-3p’s therapeutic
potential in counteracting HG-induced endothelial dysfunc-
tion through TSP-1 modulation. Conclusively, the sequential
cascade—TSP-1 downregulation — p-AKT upregulation
— p-eNOS activation—validates the proposed mechanistic
cascade (Figure 2c—f) and corroborates the known role of
AKT/eNOS signaling in endothelial functional recovery [57].

miR-2219E_sEVs are engineered and characterized

Given the inherent vulnerability of miRNAs to enzymatic
breakdown and chemical instability in vivo [58], we employed
sEVs derived from MSCs as a protective coating to maintain
the bioactivity of miR-221-3p. Lentiviral vectors contain-
ing miR-221-3p or miR-NC sequences were transfected into
293T cells to generate a substantial quantity of lentivirus
particles, which were subsequently transfected into MSCs.
Following a designated time period, the supernatant was
collected for the isolation of engineered and miR-2219F-
sEVs and NC-sEVs (Figure 3a). The representative images of
transfecting MSCs in different treatment groups are shown in
Figure 3b, and the flow cytometry demonstrated a relatively
high transfection rate (89.3% for MSC*210F and 82.7% for
MSCNC, Figure 3c). The quantitative real-time polymerase
chain reaction (QRT-PCR) revealed a 55-fold elevation in miR-
221-3p expression within MSC*210F compared to MSCNC
(Figure 3d). The morphological characteristics and size dis-
tributions of NC-sEVs and miR-2219F-sEVs were assessed
using TEM and NTA techniques. No significant differences
were observed in the morphology of the two types, which
both exhibited a saucer-like shape and a double membrane
structure (Figure 3e). NTA results indicated no significant
differences in average particle size, main particle size peak, or
final concentration between NC-sEVs and miR-2219F-sEVs,
The average particle sizes of NC-sEVs and miR-221°9F-sEVs
were measured to be 119.8 and 116.6, nm respectively. The
main particle size peaks corresponded to sizes of ~96.6 and
97.7 nm, respectively. The final concentrations were deter-
mined as follows: for sEVs is 4.5 x 10! particles/ml and for
miR-2219E_sEVs is 2.5 x 101! particles/ml (Figure 3f). West-
ern blot analysis confirmed the conserved exosomal markers
(CD9, CD63, TSG101) in NC-sEVs and miR-2219E-sEVs,
whereas calnexin was exclusively expressed in MSCs but not
detected in sEVs (Figure 3g).

The qRT-PCR was performed to assess miR-221-3p lev-
els in both NC-sEVs and engineered miR-2219F-sEVs. The
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Figure 2. Targeting TSP-1 by miR-221-3p activates AKT/eNOS pathway and ameliorates the impaired functions of HUVECs in HG conditions. (a)
Confirmation that miR-221-3p could silence the expression of human and mouse TSP-1 by binding their mRNA. (b) The binding sites of miR-221-3p on
human and mouse TSP-1 mRNA. (e—f) Western blot analysis (c) and the corresponding quantification results (d—f) of the TSP-1, p-AKT, AKT, p-eNOS, and
eNOS inside HUVECs treated with NG, HG, HG + miR-NC, and HG + miR-221-3p. Protein expression levels were normalized to B-actin levels (n=3 per
group). (g) Fluorescence images showing proliferating HUVECs treated with NG, HG, HG + miR-NC, and HG + miR-221-3p (green: EdU staining; blue:
DAPI staining) (n= 3 per group, scale bar =100 um). (h) Statistical analysis of a portion of EdU-positive cells (%) in different treatment groups. (i)
Representative images of the wound closure of HUVECs in different groups by cell scratch assay at 24 h (n=3 per group, scale bar =100 um). (j)
Statistical analysis of migration rate (%) in scratch assay. (k) Tube formation of HUVECs with different treatments (n= 3 per group, scale bar =100 um).
(I) Statistical analysis of total branch points and tube formation ratio representing tube formation ability. The data are presented as the mean =+ SD.
Differences among the groups were examined with one-way ANOVA with Tukey's posttest. *P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001, ns, not
significant versus the indicated group. NG normal glucose, HG high glucose, TSP-1 thrombospondin-1, AKT protein kinase B, eNOS endothelial nitric
oxide synthase, p-AKT phosphorylated protein kinase B, p-eNOS phosphorylated endothelial nitric oxide synthase, DAPI 4’,6-diamidino-2-phenylindole,
EdU 5-ethynyl-20-deoxyuridine
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Figure 3. miR-2219F-sEVs are engineered and characterized. (a) Schematic diagram illustrating the preparation process of NC-sEVs and
miR-2219E-sEVs. (b) Representative images of lentivirus transfection of hucMSCs in different treatment groups (n=3 per group, scale bar =100 xm). (c)
Flow cytometry analysis of the transfection rate in hucMSCs (n =3 per group). (d) gRT-PCR analysis showing the relative expression level of miR-221-3p
in MSC, MSCNC, and MSC22'OF groups (n= 3 per group). (e) Typical TEM images of NC-sEVs and miR-221°F-sEVs (scale bar = 100 nm). (f) Particle size
distribution of NC-sEVs and miR-221CF-sEVs detected by NTA. (g) Western blot analysis showing protein expressions of TSG101, HSP70, CD9, and
calnexin in MSCs, NC-sEVs, and miR-2219F-sEVs. (h) gRT-PCR analysis showing the relative expression level of miR-221-3p in NC-sEVs and
miR-2219F-sEVs (n=3 per group). (i) gRT-PCR analysis of miR-221-3p abundance in miR-2219E-sEVs after treatments with RNase A/T1 Mix and 1%
Triton X-100 for 30 min (n=3 per group). (j) Respective internalization of NC-sEVs and miR-221°E-sEVs by HUVECs under HG conditions, HG group as
control (scale bar =50 um). (k) gRT-PCR analysis showing the relative expression level of miR-221-3p in HUVECs from control, NC-sEV cocultured, and
miR-221CF-sEV cocultured groups, respectively (n=3 per group). The data are presented as the mean + SD. Differences among the groups were
examined with one-way ANOVA via Tukey’s posttest. ***P < 0.001, ****P < 0.0001, ns, not significant versus the indicated group. MSCs mesenchymal
stem cells, MSCsNC negative control mesenchymal stem cells, MSCs?270F mesenchymal stem cells overexpressing miR-221-3p, miR-2219€-sEVs
small extracellular vesicles loaded with miR-221-3p, NC-sEVs negative control small extracellular vesicles, DAPI 4’,6-diamidino-2-phenylindole, TSG101
Tumor susceptibility gene 101, CD63lysosome-associated membrane glycoprotein 3, CD9 tetraspanin 29
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experimental data revealed a striking 28-fold elevation in
miR-221-3p concentration within miR-221°F-sEVs relative
to control vesicles, demonstrating effective incorporation of
the miR-221-3p into sEVs (Figure 3h). Moreover, treatment of
miR-2219E_sEVs with the RNase A/T1 mixture alone proved
ineffective in reducing the level of miR-221-3p, whereas sup-
plementation with 1% Triton X-100 to disrupt vesicular
membranes resulted in a marked reduction in miR-221-3p
content within sEVs after 30 min. This verified the protective
role of sEVs bilayer structure against their cargo (Figure 3i).
All these above results indicated the successful construction of
engineered miR-221-3p-enriched sEVs.

Internalization by recipient cells is one of the prerequisites
for sEVs to exert their biological effects. As soon as they reach
target cells, sEVs could be internalized via immediate fusion,
receptor-mediated endocytosis, macropinocytosis, and phago-
cytosis [59-61]. The sEVs labeled with Dil (red fluorescence)
were incubated for 5-6 h with the DAPI-stained nuclei (blue
fluorescence) of HUVECs. Then, sEVs (red) were observed
closely surrounding the nucleus (Figure 3j). The results of
gRT-PCR analysis further confirmed substantial elevation of
miR-221-3p expression levels in HUVECs exposed to miR-
221°EsEVs, indicating successful intracellular transfer of
miR-221-3p into HUVECs (Figure 3k).

miR-2219E-sEVs optimize the proliferation,
migration, and angiogenic abilities of human
umbilical vein endothelial cells under high-glucose
conditions

We have verified that miR-221-3p could abrogate TSP-
1 expression, hence exerting proregenerative effects in
HUVECs under HG conditions. Subsequent investigations
focused on evaluating miR-221°9F-sEVs’ influence on cellular
proliferation, migratory capacity, and angiogenic potential
in both HUVECs and HMECs following successful vesicle
preparation. Quantitative analysis revealed significantly
higher EdU-positive cell percentages in NC-sEV- and miR-
221CE_sEV-treated groups compared to HG controls, with
miR-2219F_sEVs demonstrating superior enhancement
(Figure 4a and b). Parallel CCK-8 assay results demonstrated
increased OD450nm values at 72-h incubation in both
vesicle-treated groups relative to HG conditions, particularly
accentuated in miR-2219F-sEV samples (Figures 4c and S2a,
see online supplementary material). Altogether, these findings
strongly indicated that both NC-sEVs and miR-221°F-sEVs
possessed proliferative-enhancing properties for HUVECs
and HMECs, with a superior efficacy demonstrated by miR-
221°EEVs.

To evaluate the effects of miR-221°F-sEVs on HUVEC and
HMEC migration, transwell chambers and scratch wound
assays were performed. Both NC-sEVs and miR-2219E-sEVs
treatments notably increased migratory cell counts compared
to the HG group, with miR-2219F-sEV group demonstrating
superior enhancement (Figures 4d and e and S2b and c, see
online supplementary material). Moreover, migration rates
were higher in both the NC-sEV and miR-221°E-sEV groups
than that of the HG group, with a more notable enhancement
observed in the miR-2219F-sEV group (Figures 4f and g
and S2d and e, see online supplementary material). Hence,
both NC-sEVs and miR-2219E-sEVs exhibited an ability
to enhance HUVEC and HMEC migration, with a more
significant effect observed in miR-2219F-sEVs. The results of
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tube formation assay corroborated these findings by revealing
maximal total branch points and tube formation ratio in
the miR-2219F-sEVs-treated cells, followed sequentially
by the NC-sEV and HG groups (Figures 4h and i and
S2f-h, see online supplementary material). Collectively,
it can be concluded that miR-2219E-sEVs substantially
improved HUVECs’ and HMECs’ proliferation, migration,
and angiogenic ability in vitro.

Western blot analysis was conducted to evaluate TSP-
1 expression dynamics and AKT/eNOS pathway modula-
tion in HUVECs and HMECs under various treatments
(Figures 4j—m and S2i-l, see online supplementary material).
Relative to the HG group, NC-sEV and miR-221°9E-sEV
treatments demonstrated substantial suppression of TSP-
1 protein expression. Concurrently, these interventions
enhanced AKT (p-AKT/AKT) and eNOS (p-eNOS/eNOS)
phosphorylation levels, with maximal activation observed
in miR-2219E_sEV-treated cells. These findings indicated
that miR-221°F-sEVs suppressed TSP-1 expression most
and robustly activated the AKT/eNOS pathway. Consistently,
this inverse relationship between TSP-1 downregulation and
AKT/eNOS activation aligns with our prior mechanistic work,
further supporting the role of miR-221-3p in targeting TSP-1
to modulate endothelial signaling under HG conditions.

G-miR-2219F_sEVs are fabricated, characterized,
and administrated to accelerate diabetic wound
healing in mice

To prolong retention at wound sites, miR-221°E-sEVs were
encapsulated within the biocompatible GelMA hydrogel
using UV-induced photopolymerization (Figure 5a). The
microscopic morphology of the GelMA hydrogel under
SEM is shown in Figure 5b, the pore size was ~20.67 um,
similar with our previous studies [19]. As the laser scan-
ning confocal microscopy (CLSM) image demonstrated
in Figure Sc, successful encapsulation of miR-221°F-sEVs
(red) into GelMA hydrogel exhibited a homogenous and
uniform distribution, validating the potential application
in wound regeneration. Based on previous studies of our
team, we chose GelMA hydrogel of a 15% monomer
concentration as the optimal delivery platform of miR-
2219E6EVs to fulfil the following assays on account of
suitable pore size, mechanical tension, swelling ratio, and
degradation time [19, 43]. Furthermore, miR-2219F-sEVs
released from GelMA after 3 days still had an intact
morphology with no visibly detectable differences compared
with the free miR-2219E-sEVs (Figure 5d). The tissue-
adhesive properties of the hydrogel were validated through
rigorous mechanical testing on porcine skin substrates,
demonstrating maintained adhesion under various stressors
including torsion, elongation, and aqueous exposure (Figure
S3, see online supplementary material). This bioadhesive
characteristic creates a protective microenvironment that
prevents microbial invasion and minimizes exudate leakage
[62]. G-miR-2219F-sEVs were proved to adhere well to
porcine skins after stretching, twisting, bending, and water
washing. To further investigate the controlled release of
miR-2219EsEVs, we created two full-thickness wounds
~1 cm in diameter on either side of the dorsal region in
one Db/Db mouse. One site was administered with G-miR-
2219E_sEVs, while the other received a four-point injection
of free miR-2219E-sEVs solution of an equivalent amount.
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Figure 4. miR-221°F-sEVs improve the proliferation, migration, and angiogenic capacity of HUVECs in HG conditions. (a) Fluorescence images showing
proliferating HUVECs treated with NG, HG, HG + NC-sEVs, and HG + miR-221°E-sEVs (green: EdU staining; blue: DAPI staining) (n= 3 per group, scale
bar =100 um). (b) Statistical analysis of a portion of EdU-positive cells (%) in different treatment groups. (¢) CCK-8 assay revealing the proliferation ability
of HUVECs in different treatment groups (n= 3 per group). (d) Representative images of transwell migration assay of HUVECs in different groups (n=3
per group, scale bar =100 um). (e) Statistical analysis of a migrated number of HUVECs in the transwell assay. (f) Representative images of the wound
closure of HUVECs in different groups by cell scratch assay at 24 h (n=3 per group, scale bar =100 um). (g) Statistical analysis of migration rate (%) in
scratch assay. (h) Tube formation of HUVECs with different treatments (n= 3 per group, scale bar =100 um). (i) Statistical analysis of total branch points
and tube formation ratio representing tube formation ability. (j-m) Western blot analysis (j) and the corresponding quantification results (k-m) of the
TSP1, p-AKT, AKT, p-eNOS, and eNOS inside HUVECs treated with NG, HG, HG + NC-sEVs, and HG + miR-2219F-sEVs. Protein expression levels were
normalized to B-actin levels (n=3 per group). The data are presented as the mean =+ SD. Differences among the groups were examined with one or
two-way ANOVA with Tukey's posttest. *P < 0.05, **P < 0.01, ***P <0.001, ****P <0.0001, ns, not significant versus the indicated group. NG normal
glucose, HG high glucose, TSP-1 thrombospondin-1, AKT protein kinase B, eNOS endothelial nitric oxide synthase, p-AKT phosphorylated protein
kinase B, p-eNOS phosphorylated endothelial nitric oxide synthase, miR-2219€-sEVs small extracellular vesicles loaded with miR-221-3p, NC-sEVs
negative control small extracellular vesicles, DAPI 4’,6-diamidino-2-phenylindole, EdU 5-ethynyl-20-deoxyuridine
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Figure Se and f illustrates that free miR-221°F-sEVs dispersed
randomly around the wound and were left a little after
5 days, while the fluorescent intensity of miR-221°F-sEVs
delivered from G-miR-2219F-sEVs was significantly higher
on Day 5, denoting a sustained localized retention in hydrogel-
mediated delivery. The hydrogel biodegradability in vivo was
evaluated by assessing the relative fluorescence intensity of
the AlexaFluor750 C5-maleimide-dyed hydrogel from the
Gel group and the G-miR-2219FsEV group (Figure S4a,
see online supplementary material). The degradation rates
of the two groups were approximately equivalent, with
almost complete degradation by Day 17 (Figure S4b, see
online supplementary material). Additionally, the CCK-8
assay demonstrated unaltered skin cell viability when exposed
to each monomer or prepolymer solution of GelMA (Figure
S5a—c, see online supplementary material). This indicated that
no cytotoxicity was detected in skin cells, likely due to the
rapid cross-linking process that limits the exposure time of
LAP, as well as the minimal leachables after polymerization
[63]. Furthermore, comprehensive hematological profiling
and serum biochemistry analysis revealed no significant
differences among treatment groups on Day 32 (Figure
S6a-k, see online supplementary material). Meanwhile, H&E
staining of major organs including the heart, liver, spleen, lung,
and kidney of mice administered with G-miR-2219F-sEVs
showed no morphological abnormalities or inflammatory cell
infiltration compared with those in the gel and control groups
(Figure S6l, see online supplementary material). The evidence
above confirms that G-miR-2219F-sEVs have excellent
biosafety, which is a necessary prerequisite for application.
Given the superiority in bioactivities of miR-221°F-sEVs in
vitro and the desirable controlled release of G-miR-221°F-
sEVs, we subsequently appraised the pro-healing effects in
diabetic mice. Two full-thickness skin wounds (1 cm diameter
approximately) were surgically established on murine dor-
sums. About an 80-ul prepolymer solution of miR-2219F.
sEVs, GelMA monomers, and LAP was supplemented to the
wound region and cross-linked under UV 405 nm light for a
minute or so. On Days 0, 4, 8, and 12 post-treatment, repre-
sentative macroscopic images of full-thickness wounds under
different treatment conditions were obtained. (Figure 5g). The
G-miR-221°E-sEVs group exhibited the most rapid wound
closure relative to other interventions, reaching ~90% healing
rate on Day 12. It was followed by groups treated with miR-
2219E_sEVs, sEVs, and Gel, while the control group demon-
strated the slowest healing response (Figure 5h—j). H&E stain-
ing revealed that the wounds in miR-221°F-sEV and G-miR-
2219EsEV groups exhibited regenerative skin appendages
with nascent, well-aligned epidermis, as well as complete re-
epithelialization. These two groups had the thickest epidermis,
followed by the sEVs, Gel, and control groups (Figure Sk
and 1). Collagen deposition analysis via Masson’s trichrome
staining [31] showed enhanced extracellular matrix remodel-
ing in both miR-2219F-sEV groups, with G-miR-221°F-sEVs
achieving optimal collagen density (Figure 5m and n). More-
over, the G-miR-2219E-sEV group demonstrated a more orga-
nized distribution of collagen and a more mature morpholog-
ical structure with appendages similar to the normal skin.

G-miR-2219F-sEVs accelerate diabetic wound
healing via promoting angiogenesis

The neovascularization of the wound was detected by
immunohistochemistry of CD31. The de novo vessel area

Burns & Trauma, 2025, Vol. 13, tkaf036

demonstrated remarkably higher CD31 expression in G-
miR-221°FsEVs group, displaying the most pronounced
vascularization degree, followed by the miR-2219E-sEVs,
sEVs, Gel, and control groups (Figure 6a and b). Subsequently,
on Day 8, we assessed blood perfusion levels in wounds
of Db/Db mice from various treatment groups using the
LSCI system and found that the G-miR-2219F-sEV group
had the highest MPU ratio (Figure 6¢ and d), followed
by the miR-2219E-sEVs, sEV, Gel, and control groups,
implying that the G-miR-221°F-sEVs exerted a prominent
pro-angiogenic effect. Additionally, neovascularization of
wounds was observed through stereoscopic microscopy
and revealed that the G-miR-2219E-sEV group exhibited
a larger vascularization area (Figure 6e and f), consistent
with previous experimental findings. Therefore, it could
be concluded that G-miR-2219E-sEV treatment enhanced
vascular regeneration mechanisms, thereby accelerating
the healing process in diabetic wound pathology through
optimized angiogenic activity (Figure 7).

Discussion

Our investigation revealed that hyperglycemia-induced
endothelial dysfunction in HUVECs exhibited direct correla-
tion with elevated TSP-1 levels. Targeted suppression of TSP-1
expression was shown to stimulate the AKT/eNOS signaling
axis, subsequently improving vascular network formation
capacity in these cells. We subsequently confirmed that miR-
221-3p exerted similar proregenerative effects on HUVECs
by suppressing TSP-1 expression. We then successfully
generated engineered MSC-sEVs enriched with miR-221-
3p and validated their proangiogenic effects on HUVECs
under HG conditions. Finally, we incorporated miR-2219E-
sEVs into GelMA hydrogels and achieved remarkable efficacy
in diabetic wound healing, with the composite biomaterial
G-miR-2219F-sEVs significantly accelerating wound closure
through robust neovascularization.

Functional vascular endothelial cells are indispensable
for physiological skin wound healing. The hyperglycemic
microenvironment-induced impairment of endothelial cell
activity represents a key contributor to impaired healing
dynamics in diabetic wounds. The overexpression of TSP-1 in
endothelial cells under HG conditions inhibits the AKT/eNOS
pathway, which regulates cell proliferation and migration,
whereas the inhibition of TSP-1 promotes endothelial cell
growth and migration [50, 51]. Therefore, these findings
provide new avenues and therapeutic targets for treating
diabetic wounds. Current research indicates that multiple
miRNAs participate in post-transcriptional regulation of
TSP-1 expression through sequence-specific nRNA targeting
and degradation. Experimental evidence demonstrates that
miR-221 ameliorates renal failure-associated cardiac fibrosis
by suppressing TSP-1-mediated latent TGF-g1 activation
in cardiac fibroblasts [55]. Moreover, miR-18a normalizes
brain endothelial cell function and phenotype by targeting
TSP-1, thus reversing brain arteriovenous malformations
[64]. In addition, there are other methods available for
regulating the expression of target genes, which include
transcriptional control, the Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR) system, exogenous
overexpression, epigenetic regulation, and translational
control [65-67]. Here, our findings establish that TSP-1
suppression in endothelial cells activates AKT/eNOS signaling
to enhance cellular proliferation and migration. Furthermore,
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Figure 5. G-miR-2219E-sEVs are fabricated and characterized. Application of G-miR-2219F-sEVs accelerates diabetic wound healing in mice. (a)
Schematic diagram depicting the preparation process of G-miR-2219E-sEVs. (b) Representative cross-section SEM image of GelMA hydrogel (scale
bar =50 um). (¢) CLSM images revealing the distribution of miR-221°F-sEVs in GeIMA hydrogel (scale bar = 100 nm). (d) Electron microscopic
morphology of free miR-2219E-sEVs and miR-221°F-sEVs released from GelMA hydrogel (scale bar = 100 nm). (e) Typical in vivo imaging pictures
reflecting retention of Dil-stained miR-2219E-sEVs in free form and GelMA encapsulation form on wounds at the designed time point. (f) Quantitative
results of released miR-221°F-sEVs intensity in vivo of (e) (n=3 per group). (g) Schematic diagram demonstrating the experimental procedure of
full-thickness excisional wound healing study on diabetic mice. (h) Representative macroscopic images of wound healing in mice treated with control
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(PBS), GelMA hydrogel, NC-sEVs, miR-2219F-sEVs, and G-miR-2219E-sEVs. (i) Healing trace of wounds treated with different groups. (j) Quantification
of respective wound areas on Day 4, Day 8, and Day 12 in mice with the above-mentioned treatments in relation to their corresponding initial size on Day

0 (n=6 per group). (k) H&E staining evaluation of wound regeneration with relevant treatments on Day 12 showing morphometric analysis of newly

formed epithelium and wound width (n=6 per group, scale bar: 1 mm and 100 um for enlarged images). (l) Statistics of epidermis thickness in wounds

with the above-mentioned treatments on Day 12. (m, n) Representative Masson'’s trichrome staining images of the wound region with the
above-mentioned treatments and quantitative analysis of collagen volume fraction on Day 12 (n=6 per group, scale bar: 100 and 50 um for enlarged

images). The data are presented as the mean + SD. Differences among the groups were examined with one- or two-way ANOVA with Tukey's posttest.

*P <0.05, *P <0.01, **P <.0.001, ****P <0.0001, ns, not significant versus the indicated group. UV ultraviolet, G-miR-2219€-sEVs miR-2219F-sEVs
encapsulated GelMA hydrogel, miR-2219€-sEVs small extracellular vesicles loaded with miR-221-3p, NC-sEVs negative control small extracellular

vesicles, Gel gelatin methacryloyl
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Figure 6. G-miR-2219E-sEVs promote angiogenesis in the diabetic wound healing process. (a, b) Immunohistochemical images and the statistical results
of CD31 at wound sites on Day 8 treated with PBS (control), GelMA hydrogel, NC-sEVs, miR-2210E-sEVs, and G-miR-2219E-sEVs to detect the vascular
regeneration capacity of endothelial cells (n=6 per group, scale bar =50 um). (c) Blood flow perfusion of the wound area with a laser speckle contrast
imaging (LSCI) system. (d) Statistical results of (c), n=6 per group. (e) The new blood vessels around the wound on Day 12 by the stereo microscope
(scale bar =5 mm). (f) The statistical results of (e), n=6 per group. The data are presented as the mean + SD. Differences among the groups were
examined with one-way ANOVA with Tukey's posttest. *P < 0.05, **P <0.01, ***P < 0.001, ***P < 0.0001, ns, not significant versus the indicated group.
MPUs mean perfusion units, G-miR-2219F-sEVs miR-2219F-sEVs encapsulated GelMA hydrogel, miR-2219€-sEVs small extracellular vesicles loaded
with miR-221-3p, NC-sEVs negative control small extracellular vesicles, Gel gelatin methacryloy!

miR-221-3p exhibits potent TSP-1 inhibitory effects that
stimulate pro-angiogenic signaling through AKT/eNOS
pathway activation. However, miRNAs are inherently
labile and prone to enzymatic degradation within the
wound microenvironment. Hence, it is imperative to iden-
tify stable and safe vectors for the efficient delivery of
miRNAs.

Overall, sEVs are considered to be a desirable choice for
miRNA transportation because of their high stability, bio-
compatibility, and capacity to traverse diverse biological bar-
riers [68-70]. Reportedly, miRNAs encapsulated in sEVs can
remain stable and maintain >90% of their original levels even
after 48 h of encapsulation, in contrast with free miRNAs
[71]. This preservation capability ensures sufficient bioactive
cargo reaches target tissues to modulate gene expression
effectively. Additionally, sEVs derived from MSCs exhibit
a distinctive proregenerative effect at the wound site via
the regulation of inflammation, the facilitation of growth,
and the promotion of re-epithelialization via the encapsu-
lation of therapeutic miRNAs [31]. To optimize the inher-
ent limitations of natural vesicle performance, we developed
engineered MSC-sEVs through genetic modification of par-
ent hucMSCs. Our methodology successfully generated miR-
221-3p-enriched vesicles while preserving native sEV charac-
teristics including structural integrity, size distribution, sur-
face biomarkers, and cellular uptake efficiency. We subse-
quently evaluated the impact of miR-221°F-sEV adminis-
tration on HUVEC function. As anticipated, treatment with
miR-221FsEVs significantly augmented the proliferative,
migratory, and angiogenic potential of HUVECs in wvitro,

aligning with our therapeutic objectives for diabetic wound
management.

To further increase the local administration time of miR-
221CE_sEVs, we incorporated these sEVs into a GelMA
hydrogel, which exhibits promising potential in wound
management applications because of its extracellular matrix—
mimetic properties, favorable biocompatibility, adjustable
morphology, and mechanical strength, as well as its ability
to maintain a clean and moist wound bed [72-76]. The
utilization of the GelMA hydrogel as a carrier for various
drugs, cytokines, and engineered sEVs has demonstrated
remarkable efficacy in the fields of diabetic wound healing
[47], bone and cartilage regeneration [77, 78], and nerve
tissue repair [79]. Building on our previous work, GelMA
encapsulation extended the retention of miR-17-5p-enriched
and VH298-loaded sEVs beyond 20 and 15 days respectively,
thus accelerating the healing of diabetic wounds [19, 43].
The pore size, mechanical strength, swelling, and degradation
rate characteristics of GelMA are principally determined by
monomer concentration and methacrylation degree [73, 80].
Therefore, to extend the treatment duration of miR-2219E-
sEVs and based on our previous experiences, we encapsulated
these sEVs within a GelMA hydrogel (15% monomer) to
prepare uniformly embedded miR-2219F-sEVs in GelMA.
We verified that the incorporation of miR-2219E-sEVs
into GelMA achieved desirable sustained release behavior.
Moreover, comparative therapeutic evaluation against PBS,
blank GelMA, native sEVs, and free miR-2219E-sEVs
demonstrated that G-miR-221°F-sEVs accelerated wound
healing by promoting neovascularization. These findings
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Figure 7. Schematic illustration showing the preparation process of GelMA hydrogel encapsulating engineered miR-221°F-sEVs as well as the regulatory
mechanism involving TSP-1-mediated angiogenesis to accelerate skin wound healing in diabetic mice. G-miR-2219F-sEVs miR-221°E-sEVs encapsulated
GelMA hydrogel:miR-2219€-sEVs small extracellular vesicles loaded with miR-221-3p, GelMA gelatin methacryloyl; UV ultraviolet, TSP-1
thrombospondin-1, AKT protein kinase B, eNOS endothelial nitric oxide synthase

suggest that G-miR-2219F-sEVs have the potential to serve
as novel bioactive dressings, thereby suggesting a promising
approach for diabetic wound management.

However, the clinical translation of engineered sEVs and
GelMA systems still demonstrates numerous challenges.
Large-scale production remains a significant challenge
because of the need for high yield, consistent quality, and
maintenance of material properties. Recent studies have
explored innovative approaches to increase sEV produc-
tion, such as the modulation of the circadian rhythm of
adipose-derived stem cells [81] and the combination of
superabsorbent polymers in a dialysis membrane with size
exclusion chromatography [82]. Moreover, the scaling up
of the production of GelMA hydrogels while maintaining
their material properties is a challenge. Recent research has
demonstrated the importance of optimizing the molecular
network density to tailor GelMA hydrogels for specific
applications. This optimization is crucial for large-scale
production to ensure consistent performance in clinical
settings [83]. Moreover, the clinical translation of the system
is also hindered by regulatory hurdles. Ensuring the safety,
efficacy, and consistency of this system is a prerequisite for
regulatory approval. Current clinical trials administering
natural sEVs have provided a foundation for achieving these
goals [84, 85]; however, the clinical application of engineered
sEVs demands further optimization and standardization in
terms of fabrication and characterization, as well as desirable
biocompatibility, mechanical properties, and degradation

rates of GeIMA hydrogels [86]. Additionally, the extraction
and utilization of sEVs elicit ethical and privacy concerns,
particularly when these sEVs are derived from human cells,
thus necessitating strict adherence to legal and regulatory
standards throughout the entire process.

Despite these numerous challenges, the use of sEVs and
hydrogel systems represents an innovative strategy in biomed-
ical engineering, with broad application prospects and devel-
opment potential being demonstrated. Future research should
focus on translating the findings regarding research on engi-
neered sEVs and GelMA into human clinical settings. Specif-
ically, rigorous clinical trials should be systematically con-
ducted to assess both therapeutic effectiveness and biosafety
parameters of these engineered systems. Additionally, the
consideration of immune response challenges will be crucial
in future research. Paramount attention must be directed
toward immunological compatibility challenges in forthcom-
ing studies, particularly elucidating the intricate interplay
between engineered sEVs, GelMA matrices, and host immune
defenses to prevent undesirable immunological consequences.
Moreover, further research should explore the optimization
of sEV engineering to increase their stability and targeting
capabilities, as well as establishing universal manufacturing
guidelines and rigorous quality assurance measures for these
therapeutic biomaterials. We believe that these future direc-
tions will not only lead to revolutionary advancements in
this field but also provide valuable insights for the clinical
application of engineered systems.
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Conclusions

In summary, the results of this study illustrated that engi-
neered hucMSCs-sEV-mediated transportation of miR-221-
3p silenced the expression of TSP-1 and activated p-AKT/AKT
and p-eNOS/eNOS pathway in HUVECs under HG con-
ditions, which enhanced proliferation, migration, and tube
formation ability, thus accelerating diabetic wound repair.
Collectively, this study establishes a novel therapeutic strategy
for diabetic wound management through TSP-1 silencing and
AKT/eNOS pathway activation.

Author contributions

Y.G., W.Q., and S.C. contributed to conceptualization, design, revision,
supervision, and funding; C.Y., M.S., and X.X.Y. performed the exper-
iments, analyzed the data, and wrote the manuscript. C.Y., L.Y., Z.Y.,
L.W., and Z.L. performed the experiments and revised the manuscript.
Yan Cong (Data curation, Investigation, Methodology, Project admin-
istration, Writing—original draft, Writing—review & editing [equal]),
Sheng Meng (Data curation, Investigation, Methodology, Writing—
original draft, Writing—review & editing [equal]), Xiaoye Xie (Data
curation, Investigation, Methodology, Writing—original draft, Writ-
ing—review & editing [equal]), Yiqi Chen (Methodology, Writing—
review & editing [equal]), Yucong Li (Methodology, Writing—review
& editing [equal]), Yinggian Zhou (Methodology, Writing—review
& editing [equal]), Wandi Li (Methodology, Writing—review & edit-
ing [equal]), Lipeng Zhang (Methodology, Writing—review & editing
[equal]), Guoging Yang (Conceptualization, Supervision [equal]), Qian
Wei (Conceptualization, Project administration, Supervision, Writing—
review & editing [equal], Funding acquisition [lead]), and Chuan’an
Shen (Conceptualization, Funding acquisition, Project administration,
Supervision, Writing—review & editing [equal])

Supplementary data

Supplementary data are available at Burns & Trauma Journal online.

Conflict of interest: None declared.

Funding

The study was supported by Beijing Natural Science Foundation
(7244411) and Independent Innovation Science Fund of The Fourth
Medical Center of the PLA General Hospital (2024-4ZX-MS-06,2024-
47X-MS-07,2024-47X-MS-09).

Data availability

All data needed to support the conclusions are present in the paper
and/or the supplementary materials. Additional data related to this
paper may be requested from the authors.

Ethics approval and consent to participate

All animal procedures were conducted according to the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals and
approved by the Animal Research Committee of PLA General Hospital
in Beijing, China and Viewsolid Biotech CO. Ltd (VS2126A01295).

References

1. Zheng Y, Ley SH, Hu FB. Global aetiology and epidemiology of
type 2 diabetes mellitus and its complications. Nat Rev Endocrinol
2018;14:88-98. https://doi.org/10.1038/nrend0.2017.151.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Burns & Trauma, 2025, Vol. 13, tkaf036

. Sun H, Saeedi P, Karuranga S, Pinkepank M, Ogurtsova K,

Duncan BB. er al. IDF diabetes atlas: global, regional and
country-level diabetes prevalence estimates for 2021 and projec-
tions for 2045. Diabetes Res Clin Pract 2022;183:109119. https:/
doi.org/10.1016/j.diabres.2021.109119.

. Okonkwo UA, DiPietro LA. Diabetes and wound angiogenesis. Int

J Mol Sci 2017;18:1419. https://doi.org/10.3390/ijms18071419.

. Falanga V. Wound healing and its impairment in the diabetic foot.

Lancet 2005;366:1736-43. https://doi.org/10.1016/50140-6736
(05)67700-8.

. Baltzis D, Eleftheriadou I, Veves A. Pathogenesis and treat-

ment of impaired wound healing in diabetes mellitus: new
insights. Adv Ther 2014;31:817-36. https://doi.org/10.1007/
$12325-014-0140-x.

. Eming SA, Martin P, Tomic-Canic M. Wound repair and regen-

eration: mechanisms, signaling, and translation. Sci Transl Med
2014;6:265sr6. https://doi.org/10.1126/scitranslmed.3009337.

. Gutierrez LS, Gutierrez J. Thrombospondin 1 in metabolic dis-

eases. Front Endocrinol (Lausanne) 2021;12:638536. https://doi.o
rg/10.3389/fendo.2021.638536.

. Bornstein P. Thrombospondins function as regulators of angio-

genesis. | Cell Commun Signal 2009;3:189-200. https://doi.o
rg/10.1007/s12079-009-0060-8.

. Bornstein P. Thrombospondins as matricellular modulators of cell

function. | Clin Invest 2001;107:929-34. https://doi.org/10.1172/
jci12749.

Lan CC, Huang SM, Wu CS, Wu CH, Chen GS. High-glucose envi-
ronment increased thrombospondin-1 expression in keratinocytes
via DNA hypomethylation. Transl Res 2016;169:91-101.€3.
https://doi.org/10.1016/j.trs1.2015.11.002.

Han X, Tao Y, Deng Y, Yu J, Sun Y, Jiang G. Metformin accelerates
wound healing in type 2 diabetic db/db mice. Mol Med Rep
2017;16:8691-8. https://doi.org/10.3892/mmr.2017.7707.

Zhu ML, Fan JX, Guo YQ, Guo LJ, Que HD, Cui BY.
et al. Protective effect of alizarin on vascular endothelial
dysfunction via inhibiting the type 2 diabetes-induced syn-
thesis of THBS1 and activating the AMPK signaling path-
way. Phytomedicine 2024;128:155557. https://doi.org/10.1016/j.
phymed.2024.155557.

Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol
Cell Biol 2014;15:509-24. https://doi.org/10.1038/nrm3838.
Krol J, Loedige I, Filipowicz W. The widespread regulation
of microRNA biogenesis, function and decay. Nat Rev Genet
2010;11:597-610. https://doi.org/10.1038/nrg2843.

Hussen BM, Rasul MF, Abdullah SR, Hidayat H]J, Faraj GSH, Ali
FA. et al. Targeting miRNA by CRISPR/Cas in cancer: advantages
and challenges. Mil Med Res 2023;10:32. https://doi.org/10.1186/
s40779-023-00468-6.

Wang P, Zhou Y, Richards AM. Effective tools for RNA-derived
therapeutics: siRNA interference or miRNA mimicry. Theranostics
2021;11:8771-96. https://doi.org/10.7150/thno.62642.

Su J, Wei Q, Ma K, Wang Y, Hu W, Meng H, et al. P-MSC-
derived extracellular vesicles facilitate diabetic wound healing
via miR-145-5p/ CDKN1A-mediated functional improvements
of high glucose-induced senescent fibroblasts. Burns Trauma.
2023;11:tkad010. https://doi.org/10.1093/burnst/tkad010.

Liu Y, Li Q, Hosen MR, Zietzer A, Flender A, Levermann
P. et al. Atherosclerotic conditions promote the packaging
of functional MicroRNA-92a-3p into endothelial microvesi-
cles. Circ Res 2019;124:575-87. https://doi.org/10.1161/circresa
ha.118.314010.

Wei Q, Su J, Meng S, Wang Y, Ma K, Li B. et al. MiR-17-
Sp-engineered sEVs encapsulated in gel MA hydrogel facilitated
diabetic wound healing by targeting PTEN and p21. Adv Sci
(Weinh) 2024;11:¢2307761. https://doi.org/10.1002/advs.20230
7761.

Kochhar P, Vukku M, Rajashekhar R, Mukhopadhyay A.
microRNA signatures associated with fetal growth restriction: a
systematic review. Eur | Clin Nutr 2022;76:1088-102. https://
doi.org/10.1038/s41430-021-01041-x.

9202 4290joQ €| U0 358N Aq ZZ€191.8/9E0LEMASUING/EE0 |0 |/10P/2[O1E/BWNENSUING/WOD dNO"DILISPEOE WO} POPEOIUMO(]


https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkaf036#supplementary-data
https://doi.org/10.1038/nrendo.2017.151
https://doi.org/10.1038/nrendo.2017.151
https://doi.org/10.1038/nrendo.2017.151
https://doi.org/10.1038/nrendo.2017.151
https://doi.org/10.1038/nrendo.2017.151
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.3390/ijms18071419
https://doi.org/10.3390/ijms18071419
https://doi.org/10.3390/ijms18071419
https://doi.org/10.3390/ijms18071419
https://doi.org/10.1016/s0140-6736(05)67700-8
https://doi.org/10.1016/s0140-6736(05)67700-8
https://doi.org/10.1016/s0140-6736(05)67700-8
https://doi.org/10.1016/s0140-6736(05)67700-8
https://doi.org/10.1016/s0140-6736(05)67700-8
https://doi.org/10.1016/s0140-6736(05)67700-8
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.1126/scitranslmed.3009337
https://doi.org/10.1126/scitranslmed.3009337
https://doi.org/10.1126/scitranslmed.3009337
https://doi.org/10.1126/scitranslmed.3009337
https://doi.org/10.1126/scitranslmed.3009337
https://doi.org/10.1126/scitranslmed.3009337
https://doi.org/10.1126/scitranslmed.3009337
https://doi.org/10.3389/fendo.2021.638536
https://doi.org/10.3389/fendo.2021.638536
https://doi.org/10.3389/fendo.2021.638536
https://doi.org/10.3389/fendo.2021.638536
https://doi.org/10.3389/fendo.2021.638536
https://doi.org/10.1007/s12079-009-0060-8
https://doi.org/10.1007/s12079-009-0060-8
https://doi.org/10.1007/s12079-009-0060-8
https://doi.org/10.1007/s12079-009-0060-8
https://doi.org/10.1172/jci12749
https://doi.org/10.1172/jci12749
https://doi.org/10.1172/jci12749
https://doi.org/10.1172/jci12749
https://doi.org/10.1016/j.trsl.2015.11.002
https://doi.org/10.1016/j.trsl.2015.11.002
https://doi.org/10.1016/j.trsl.2015.11.002
https://doi.org/10.1016/j.trsl.2015.11.002
https://doi.org/10.1016/j.trsl.2015.11.002
https://doi.org/10.3892/mmr.2017.7707
https://doi.org/10.3892/mmr.2017.7707
https://doi.org/10.3892/mmr.2017.7707
https://doi.org/10.3892/mmr.2017.7707
https://doi.org/10.1016/j.phymed.2024.155557
https://doi.org/10.1016/j.phymed.2024.155557
https://doi.org/10.1016/j.phymed.2024.155557
https://doi.org/10.1016/j.phymed.2024.155557
https://doi.org/10.1016/j.phymed.2024.155557
https://doi.org/10.1016/j.phymed.2024.155557
https://doi.org/10.1038/nrm3838
https://doi.org/10.1038/nrm3838
https://doi.org/10.1038/nrm3838
https://doi.org/10.1038/nrm3838
https://doi.org/10.1038/nrg2843
https://doi.org/10.1038/nrg2843
https://doi.org/10.1038/nrg2843
https://doi.org/10.1038/nrg2843
https://doi.org/10.1186/s40779-023-00468-6
https://doi.org/10.1186/s40779-023-00468-6
https://doi.org/10.1186/s40779-023-00468-6
https://doi.org/10.1186/s40779-023-00468-6
https://doi.org/10.7150/thno.62642
https://doi.org/10.7150/thno.62642
https://doi.org/10.7150/thno.62642
https://doi.org/10.7150/thno.62642
https://doi.org/10.1093/burnst/tkad010
https://doi.org/10.1093/burnst/tkad010
https://doi.org/10.1093/burnst/tkad010
https://doi.org/10.1093/burnst/tkad010
https://doi.org/10.1093/burnst/tkad010
https://doi.org/10.1093/burnst/tkad010
https://doi.org/10.1093/burnst/tkad010
https://doi.org/10.1161/circresaha.118.314010
https://doi.org/10.1161/circresaha.118.314010
https://doi.org/10.1161/circresaha.118.314010
https://doi.org/10.1161/circresaha.118.314010
https://doi.org/10.1161/circresaha.118.314010
https://doi.org/10.1161/circresaha.118.314010
https://doi.org/10.1161/circresaha.118.314010
https://doi.org/10.1002/advs.202307761
https://doi.org/10.1038/s41430-021-01041-x
https://doi.org/10.1038/s41430-021-01041-x
https://doi.org/10.1038/s41430-021-01041-x
https://doi.org/10.1038/s41430-021-01041-x
https://doi.org/10.1038/s41430-021-01041-x

Burns & Trauma, 2025, Vol. 13, tkaf036

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

33.

34.

35.

36.

37.

Jin ZQ. MicroRNA targets and biomarker validation for diabetes-
associated cardiac fibrosis. Pharmacol Res 2021;174:105941.
https://doi.org/10.1016/j.phrs.2021.105941.

Proia P, Rossi C, Alioto A, Amato A, Polizzotto C, Pagliaro A.
et al. MiRNAs expression modulates osteogenesis in response to
exercise and nutrition. Genes (Basel) 2023;14:1667. https://doi.o
rg/10.3390/genes14091667.

Ruiz-Pozo VA, Cadena-Ullauri S, Guevara-Ramirez P, Paz-Cruz
E, Tamayo-Trujillo R, Zambrano AK. Differential microRNA
expression for diagnosis and prognosis of papillary thyroid cancer.
Front Med (Lausanne) 2023;10:1139362. https://doi.org/10.3389/
fmed.2023.1139362.

Hu K, Liu X, Chang H, Zhang Y, Zhou H, Liu L. et al.
MicroRNA-221-3p targets THBS1 to promote wound healing in
diabetes. Diabetes Metab Syndr Obes 2023;16:2765-77. https://
doi.org/10.2147/DMS0.5424847.

Chen T, Song P, He M, Rui S, Duan X, Ma Y. et al. Sphingosine-
1-phosphate derived from PRP-exos promotes angiogenesis in dia-
betic wound healing via the SIPR1/AKT/FN1 signalling pathway.
Burns Trauma 2023;11:tkad003. https://doi.org/10.1093/burnst/
tkad003.

Zhang Y, Wu D, Zhou C, Bai M, Wan Y, Zheng Q, et al. Engi-
neered extracellular vesicles for tissue repair and regeneration.
Burns Trauma. 2024;12:tkae062. https://doi.org/10.1093/burnst/
tkae062.

Pegtel DM, Gould SJ. Exosomes. Annu Rev Biochem 2019;88:
487-514.  https://doi.org/10.1146/annurev-biochem-013118-11
1902.

Kalluri R, LeBleu VS. The biology, function, and biomedical appli-
cations of exosomes. Science 2020;367:eaau6977. https://doi.o
rg/10.1126/science.aau6977.

Lai JJ, Chau ZL, Chen SY, Hill JJ, Korpany KV, Liang NW. ez al.
Exosome processing and characterization approaches for research
and technology development. Adv Sci (Weinh) 2022;9:e2103222.
https://doi.org/10.1002/advs.202103222.

Qin X, He J, Wang X, Wang ], Yang R, Chen X. The func-
tions and clinical application potential of exosomes derived from
mesenchymal stem cells on wound repair: a review of recent
research advances. Front Immunol 2023;14:1256687. https://doi.o
rg/10.3389/fimmu.2023.1256687.

. Huang Q, Chu Z, Wang Z, Li Q, Meng S, Lu Y. et al. circCDK13-

loaded small extracellular vesicles accelerate healing in preclinical
diabetic wound models. Nat Commun 2024;15:3904. https://doi.o
rg/10.1038/s41467-024-48284-3.

. Yang Q, Li J, Meng H, Wang Y, Hu L, Su W. er al. Coaxial

electrospun nanofibrous membranes as dual-functional biomimetic
tendon sheath for tendon repair and anti-peritendinous adhesion.
Adv Healthc Mater 2025;14:¢2402074. https://doi.org/10.1002/a
dhm.202402074.

He C, Yin M, Zhou H, Qin J, Wu S, Liu H. et al. Magnetic
nanoactuator-protein Fiber coated hydrogel dressing for well-
balanced skin wound healing and tissue regeneration. ACS Nano
2025;19:1713-31. https://doi.org/10.1021/acsnano.4c15647.
Ahn W, Han ], Kim N, Hwang YH, Kim W, Lee Y. et al.
Hierarchical protein nano-crystalline hydrogel with extracel-
lular vesicles for ectopic lymphoid structure formation. Bio-
materials 2025;318:123166. https://doi.org/10.1016/j.biomateria
1s.2025.123166.

Meng ], Lu ], Jiang C, Deng L, Xiao M, Feng ]J. et al.
Collagen hydrogel-driven pyroptosis suppression and combined
microfracture technique delay osteoarthritis progression. Bio-
materials 2025;314:122817. https://doi.org/10.1016/j.biomateria
1s.2024.122817.

Peng X, Wang T, Dai B, Zhu Y, Ji M, Yang P. et al. Gene
therapy for inflammatory Cascade in intrauterine injury with engi-
neered extracellular vesicles hybrid snail mucus-enhanced adhe-
sive hydrogels. Adv Sci (Weinh) 2025;12:€2410769. https://doi.o
rg/10.1002/advs.202410769.

Ren C, Chen W, Liao Y, Huang Y, Yu C, Chen T. ef al.
Reinforcing Gelatin hydrogels via In situ phase separation and

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

17

enhanced interphase bonding for advanced 3D fabrication. Adv
Mater 2025;37:e2416432. https://doi.org/10.1002/adma.20241
6432.

Alvarez MM, Cantoral-Sanchez A, Trujillo-de Santiago G. Chaotic
(bio)printing in the context of drug delivery systems. Adv
Drug Deliv Rev 2025;216:115475. https://doi.org/10.1016/j.a
ddr.2024.115475.

Yoon DS, Lee Y, Ryu HA, Jang Y, Lee KM, Choi Y. et al. Cell
recruiting chemokine-loaded sprayable gelatin hydrogel dressings
for diabetic wound healing. Acta Biomater 2016;38:59-68. https://
doi.org/10.1016/j.actbio.2016.04.030.

Chang TT, Li YZ, Mo HW, Chen C, Lin LY, Chang CC.
et al. Inhibition of CCL7 improves endothelial dysfunction and
vasculopathy in mouse models of diabetes mellitus. Sci Trans!
Med 2024;16:eadn1507. https://doi.org/10.1126/scitranslmed.a
dn1507.

Meng S, Wei Q, Chen S, Liu X, Cui S, Huang Q. ez al. MiR-141-3p-
functionalized exosomes loaded in dissolvable microneedle arrays
for hypertrophic scar treatment. Small 2024;20:e2305374. https://
doi.org/10.1002/smll.202305374.

Jia G, Han Y, An Y, Ding Y, He C, Wang X. et al. NRP-1
targeted and cargo-loaded exosomes facilitate simultaneous
imaging and therapy of glioma in vitro and in vivo. Bio-
materials 2018;178:302-16. https://doi.org/10.1016/j.biomateria
1s.2018.06.029.

Wang Y, Cao Z, Wei Q, Ma K, Hu W, Huang Q. et al.
VH298-loaded extracellular vesicles released from gelatin
methacryloyl hydrogel facilitate diabetic wound healing by
HIF-1alpha-mediated enhancement of angiogenesis. Acta

Biomater 2022;147:342-55. https://doi.org/10.1016/j.actbio.2022.

05.018.

Zhang W, Bao B, Jiang F, Zhang Y, Zhou R, Lu Y. et al.
Promoting oral mucosal wound healing with a hydrogel adhe-
sive based on a phototriggered S-nitrosylation coupling reac-
tion. Adv Mater 2021;33:e2105667. https://doi.org/10.1002/a
dma.202105667.

Martin KE, Hunckler MD, Chee E, Caplin JD, Barber GF,
Kalelkar PP. et al. Hydrolytic hydrogels tune mesenchymal stem
cell persistence and immunomodulation for enhanced diabetic
cutaneous wound healing. Biomaterials 2023;301:122256. https:/
doi.org/10.1016/j.biomaterials.2023.122256.

Peng Y, He D, Ge X, Lu Y, Chai Y, Zhang Y. et al. Construc-
tion of heparin-based hydrogel incorporated with Cu5.40 ultra-
small nanozymes for wound healing and inflammation inhibition.
Bioact Mater 2021;6:3109-24. https://doi.org/10.1016/j.bioactma
t.2021.02.006.

Cui S, Liu X, Liu Y, Hu W, Ma K, Huang Q. et al. Autophago-
somes defeat ferroptosis by decreasing generation and increasing
discharge of free Fe(2+) in skin repair cells to accelerate diabetic
wound healing. Adv Sci (Weinh) 2023;10:¢2300414. https://doi.o
rg/10.1002/advs.202300414.

Lu A, Miao M, Schoeb TR, Agarwal A, Murphy-Ullrich JE.
Blockade of TSP1-dependent TGF-8 activity reduces renal injury
and proteinuria in a murine model of diabetic nephropathy.
Am | Pathol 2011;178:2573-86. https://doi.org/10.1016/j.ajpa
th.2011.02.039.

Peng C, Yang LJ, Zhang C, Jiang Y, Shang LW, He ]B.
et al. Low-dose nifedipine rescues impaired endothelial pro-
genitor cell-mediated angiogenesis in diabetic mice. Acta Phar-
macol Sin 2023;44:44-57. https://doi.org/10.1038/s41401-022-
00948-w.

Bazzazi H, Zhang Y, Jafarnejad M, Isenberg JS, Annex BH, Popel
AS. Computer simulation of TSP1 inhibition of VEGF-Akt-eNOS:
An angiogenesis triple threat. Front Physiol 2018;9:644. https:/
doi.org/10.3389/fphys.2018.00644.

Singla B, Aithbathula RV, Pervaiz N, Kathuria I, Swanson M,
Ekuban FA. et al. CD47 activation by Thrombospondin-1 in
lymphatic endothelial cells suppresses Lymphangiogenesis and pro-
motes atherosclerosis. Arterioscler Thromb Vasc Biol 2023;43:
1234-50. https://doi.org/10.1161/atvbaha.122.318904.

9202 1990100 €| U0 1senB Aq ZZ€ 191 8/9S0LRMASUING/EE0 |0 L/10P/S]0IHE/BWNENSUING/WO9"dNO"DILUSPEDE WO} POPEOJUMOQ


https://doi.org/10.1016/j.phrs.2021.105941
https://doi.org/10.1016/j.phrs.2021.105941
https://doi.org/10.1016/j.phrs.2021.105941
https://doi.org/10.1016/j.phrs.2021.105941
https://doi.org/10.1016/j.phrs.2021.105941
https://doi.org/10.3390/genes14091667
https://doi.org/10.3390/genes14091667
https://doi.org/10.3390/genes14091667
https://doi.org/10.3390/genes14091667
https://doi.org/10.3390/genes14091667
https://doi.org/10.3390/genes14091667
https://doi.org/10.3389/fmed.2023.1139362
https://doi.org/10.3389/fmed.2023.1139362
https://doi.org/10.3389/fmed.2023.1139362
https://doi.org/10.3389/fmed.2023.1139362
https://doi.org/10.3389/fmed.2023.1139362
https://doi.org/10.2147/DMSO.S424847
https://doi.org/10.2147/DMSO.S424847
https://doi.org/10.2147/DMSO.S424847
https://doi.org/10.2147/DMSO.S424847
https://doi.org/10.2147/DMSO.S424847
https://doi.org/10.1093/burnst/tkad003
https://doi.org/10.1093/burnst/tkad003
https://doi.org/10.1093/burnst/tkad003
https://doi.org/10.1093/burnst/tkad003
https://doi.org/10.1093/burnst/tkad003
https://doi.org/10.1093/burnst/tkad003
https://doi.org/10.1093/burnst/tkad003
https://doi.org/10.1093/burnst/tkae062
https://doi.org/10.1093/burnst/tkae062
https://doi.org/10.1093/burnst/tkae062
https://doi.org/10.1093/burnst/tkae062
https://doi.org/10.1093/burnst/tkae062
https://doi.org/10.1093/burnst/tkae062
https://doi.org/10.1146/annurev-biochem-013118-111902
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1002/advs.202103222
https://doi.org/10.1002/advs.202103222
https://doi.org/10.1002/advs.202103222
https://doi.org/10.1002/advs.202103222
https://doi.org/10.3389/fimmu.2023.1256687
https://doi.org/10.3389/fimmu.2023.1256687
https://doi.org/10.3389/fimmu.2023.1256687
https://doi.org/10.3389/fimmu.2023.1256687
https://doi.org/10.3389/fimmu.2023.1256687
https://doi.org/10.1038/s41467-024-48284-3
https://doi.org/10.1038/s41467-024-48284-3
https://doi.org/10.1038/s41467-024-48284-3
https://doi.org/10.1038/s41467-024-48284-3
https://doi.org/10.1002/adhm.202402074
https://doi.org/10.1002/adhm.202402074
https://doi.org/10.1002/adhm.202402074
https://doi.org/10.1002/adhm.202402074
https://doi.org/10.1021/acsnano.4c15647
https://doi.org/10.1021/acsnano.4c15647
https://doi.org/10.1021/acsnano.4c15647
https://doi.org/10.1021/acsnano.4c15647
https://doi.org/10.1021/acsnano.4c15647
https://doi.org/10.1021/acsnano.4c15647
https://doi.org/10.1016/j.biomaterials.2025.123166
https://doi.org/10.1016/j.biomaterials.2025.123166
https://doi.org/10.1016/j.biomaterials.2025.123166
https://doi.org/10.1016/j.biomaterials.2025.123166
https://doi.org/10.1016/j.biomaterials.2025.123166
https://doi.org/10.1016/j.biomaterials.2025.123166
https://doi.org/10.1016/j.biomaterials.2025.123166
https://doi.org/10.1016/j.biomaterials.2025.123166
https://doi.org/10.1016/j.biomaterials.2025.123166
https://doi.org/10.1016/j.biomaterials.2024.122817
https://doi.org/10.1016/j.biomaterials.2024.122817
https://doi.org/10.1016/j.biomaterials.2024.122817
https://doi.org/10.1016/j.biomaterials.2024.122817
https://doi.org/10.1016/j.biomaterials.2024.122817
https://doi.org/10.1016/j.biomaterials.2024.122817
https://doi.org/10.1016/j.biomaterials.2024.122817
https://doi.org/10.1016/j.biomaterials.2024.122817
https://doi.org/10.1016/j.biomaterials.2024.122817
https://doi.org/10.1002/advs.202410769
https://doi.org/10.1002/advs.202410769
https://doi.org/10.1002/advs.202410769
https://doi.org/10.1002/advs.202410769
https://doi.org/10.1002/adma.202416432
https://doi.org/10.1016/j.addr.2024.115475
https://doi.org/10.1016/j.addr.2024.115475
https://doi.org/10.1016/j.addr.2024.115475
https://doi.org/10.1016/j.addr.2024.115475
https://doi.org/10.1016/j.addr.2024.115475
https://doi.org/10.1016/j.actbio.2016.04.030
https://doi.org/10.1016/j.actbio.2016.04.030
https://doi.org/10.1016/j.actbio.2016.04.030
https://doi.org/10.1016/j.actbio.2016.04.030
https://doi.org/10.1016/j.actbio.2016.04.030
https://doi.org/10.1126/scitranslmed.adn1507
https://doi.org/10.1126/scitranslmed.adn1507
https://doi.org/10.1126/scitranslmed.adn1507
https://doi.org/10.1126/scitranslmed.adn1507
https://doi.org/10.1126/scitranslmed.adn1507
https://doi.org/10.1126/scitranslmed.adn1507
https://doi.org/10.1126/scitranslmed.adn1507
https://doi.org/10.1126/scitranslmed.adn1507
https://doi.org/10.1002/smll.202305374
https://doi.org/10.1002/smll.202305374
https://doi.org/10.1002/smll.202305374
https://doi.org/10.1002/smll.202305374
https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1016/j.actbio.2022.05.018
https://doi.org/10.1002/adma.202105667
https://doi.org/10.1002/adma.202105667
https://doi.org/10.1002/adma.202105667
https://doi.org/10.1002/adma.202105667
https://doi.org/10.1016/j.biomaterials.2023.122256
https://doi.org/10.1016/j.biomaterials.2023.122256
https://doi.org/10.1016/j.biomaterials.2023.122256
https://doi.org/10.1016/j.biomaterials.2023.122256
https://doi.org/10.1016/j.biomaterials.2023.122256
https://doi.org/10.1016/j.biomaterials.2023.122256
https://doi.org/10.1016/j.biomaterials.2023.122256
https://doi.org/10.1016/j.biomaterials.2023.122256
https://doi.org/10.1016/j.biomaterials.2023.122256
https://doi.org/10.1016/j.bioactmat.2021.02.006
https://doi.org/10.1016/j.bioactmat.2021.02.006
https://doi.org/10.1016/j.bioactmat.2021.02.006
https://doi.org/10.1016/j.bioactmat.2021.02.006
https://doi.org/10.1016/j.bioactmat.2021.02.006
https://doi.org/10.1016/j.bioactmat.2021.02.006
https://doi.org/10.1016/j.bioactmat.2021.02.006
https://doi.org/10.1002/advs.202300414
https://doi.org/10.1002/advs.202300414
https://doi.org/10.1002/advs.202300414
https://doi.org/10.1002/advs.202300414
https://doi.org/10.1016/j.ajpath.2011.02.039
https://doi.org/10.1016/j.ajpath.2011.02.039
https://doi.org/10.1016/j.ajpath.2011.02.039
https://doi.org/10.1016/j.ajpath.2011.02.039
https://doi.org/10.1016/j.ajpath.2011.02.039
https://doi.org/10.1016/j.ajpath.2011.02.039
https://doi.org/10.1038/s41401-022-00948-w
https://doi.org/10.3389/fphys.2018.00644
https://doi.org/10.3389/fphys.2018.00644
https://doi.org/10.3389/fphys.2018.00644
https://doi.org/10.3389/fphys.2018.00644
https://doi.org/10.1161/atvbaha.122.318904
https://doi.org/10.1161/atvbaha.122.318904
https://doi.org/10.1161/atvbaha.122.318904
https://doi.org/10.1161/atvbaha.122.318904
https://doi.org/10.1161/atvbaha.122.318904

18

52.

S3.

54.

55.

Se.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Pritchard CC, Cheng HH, Tewari M. MicroRNA profiling:
approaches and considerations. Nat Rev Genet 2012;13:358-69.
https://doi.org/10.1038/nrg3198.

McGeary SE, Lin KS, Shi CY, Pham TM, Bisaria N, Kel-
ley GM. et al. The biochemical basis of microRNA targeting
efficacy. Science 2019;366:caav1741. https://doi.org/10.1126/scie
nce.aav1741.

Chen Y, Wang X. miRDB: an online database for prediction of
functional microRNA targets. Nucleic Acids Res 2020;48:D127-
d131. https://doi.org/10.1093/nar/gkz757.

Zhou Y, Ng DYE, Richards AM, Wang P. microRNA-221 inhibits
latent TGF-B1 activation through targeting Thrombospondin-
1 to attenuate kidney failure-induced cardiac fibrosis. Mol
Ther Nucleic Acids 2020;22:803-14. https://doi.org/10.1016/j.0
mtn.2020.09.041.

Farberov S, Meidan R. Fibroblast growth factor-2 and transform-
ing growth factor-betal oppositely regulate miR-221 that targets
thrombospondin-1 in bovine luteal endothelial cells. Biol Reprod
2018;98:366-75. https://doi.org/10.1093/biolre/iox167.

Gao B, Wang X, Wang M, You K, Ahmed Suleiman GS, Ren
XK. et al. Superlow dosage of intrinsically bioactive zinc metal-
organic frameworks to modulate endothelial cell morphogenesis
and significantly rescue ischemic disease. ACS Nano 2022;16:
1395-408. https://doi.org/10.1021/acsnano.1c09427.

Elbarbary RA, Maquat LE. Evaluating the susceptibility of AGO2-
loaded microRNAs to degradation by nucleases in vitro. Methods
2019;152:18-22. https://doi.org/10.1016/j.ymeth.2018.05.010.
Matusek T, Wendler F, Polés S, Pizette S, D’Angelo G, Furthauer
M. et al. The ESCRT machinery regulates the secretion and long-
range activity of hedgehog. Nature 2014;516:99-103. https://doi.o
rg/10.1038/nature13847.

Zhang L, Zhang S, Yao J, Lowery FJ, Zhang Q, Huang WC. et al.
Microenvironment-induced PTEN loss by exosomal microRNA
primes brain metastasis outgrowth. Nature 2015;527:100-4.
https://doi.org/10.1038/nature15376.

Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto
A, Tesic Mark M. et al. Tumour exosome integrins determine
organotropic metastasis. Nature 2015;527:329-35. https://doi.o
rg/10.1038/naturel5756.

Zhao X, Luo J, Huang Y, Mu L, Chen ], Liang Z. et al. Injectable
Antiswelling and high-strength bioactive hydrogels with a wet
adhesion and rapid gelling process to promote Sutureless wound
closure and scar-free repair of infectious wounds. ACS Nano
2023;17:22015-34. https://doi.org/10.1021/acsnano.3c¢08625.
Fairbanks BD, Schwartz MP, Bowman CN, Anseth KS. Photoiniti-
ated polymerization of PEG-diacrylate with lithium phenyl-2,4,6-
trimethylbenzoylphosphinate: polymerization rate and cytocom-
patibility. Biomaterials 2009;30:6702-7. https://doi.org/10.1016/
j.biomaterials.2009.08.055.

Marin-Ramos NI, Thein TZ, Ghaghada KB, Chen TC, Giannotta
SL, Hofman FM. miR-18a inhibits BMP4 and HIF-1a normalizing
brain arteriovenous malformations. Circ Res 2020;127:€210-31.
https://doi.org/10.1161/circresaha.119.316317.

Abbas CA, Sibirny AA. Genetic control of biosynthesis and trans-
port of riboflavin and flavin nucleotides and construction of robust
biotechnological producers. Microbiol Mol Biol Rev 2011;75:
321-60. https://doi.org/10.1128/mmbr.00030-10.

Abavisani M, Khayami R, Hoseinzadeh M, Kodori M, Kesharwani
P, Sahebkar A. CRISPR-Cas system as a promising player against
bacterial infection and antibiotic resistance. Drug Resist Updat
2023;68:100948. https://doi.org/10.1016/j.drup.2023.100948.
Abdel-Wahab O, Levine RL. Mutations in epigenetic modifiers
in the pathogenesis and therapy of acute myeloid leukemia.
Blood 2013;121:3563-72. https://doi.org/10.1182/bloo
d-2013-01-451781.

Cavallaro S, Pevere F, Stridfeldt F, Gorgens A, Paba C, Sahu SS.
et al. Multiparametric profiling of single nanoscale extracellular
vesicles by combined atomic force and fluorescence microscopy:

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Burns & Trauma, 2025, Vol. 13, tkaf036

correlation and heterogeneity in their molecular and biophysical
features. Small 2021;17:¢2008155. https://doi.org/10.1002/
smll.202008155.

Ghanam J, Chetty VK, Zhu X, Liu X, Gelléri M, Barthel
L. et al. Single molecule localization microscopy for studying
small extracellular vesicles. Small 2023;19:¢2205030. https://doi.o
rg/10.1002/smll.202205030.

Moller A, Lobb R]J. The evolving translational potential of small
extracellular vesicles in cancer. Nat Rev Cancer 2020;20:697-709.
https://doi.org/10.1038/s41568-020-00299-w.

Jeong K, Yu Y], You JY, Rhee WJ, Kim JA. Exosome-mediated
microRNA-497 delivery for anti-cancer therapy in a microfluidic
3D lung cancer model. Lab Chip 2020;20:548-57. https://doi.o
rg/10.1039/c91c00958b.

Klotz BJ, Gawlitta D, Rosenberg A, Malda ], Melchels FPW.
Gelatin-Methacryloyl hydrogels: towards biofabrication-based tis-
sue repair. Trends Biotechnol 2016;34:394-407. https://doi.o
rg/10.1016/j.tibtech.2016.01.002.

Yue K, Trujillo-de Santiago G, Alvarez MM, Tamayol A, Annabi
N, Khademhosseini A. Synthesis, properties, and biomedical
applications of gelatin methacryloyl (GelMA) hydrogels. Bio-
materials 2015;73:254-71. https://doi.org/10.1016/j.biomateria
1s.2015.08.045.

Burdick JA, Prestwich GD. Hyaluronic acid hydrogels for
biomedical applications. Adv Mater 2011;23:H41-56. https://
doi.org/10.1002/adma.201003963.

Maleki A, He J, Bochani S, Nosrati V, Shahbazi MA, Guo B.
Multifunctional photoactive hydrogels for wound healing accel-
eration. ACS Nano 2021;15:18895-930. https://doi.org/10.1021/a
csnano.1c08334.

Zhong R, Talebian S, Mendes BB, Wallace G, Langer R, Conde
J. et al. Hydrogels for RNA delivery. Nat Mater 2023;22:818-31.
https://doi.org/10.1038/s41563-023-01472-w.

Hu H, Dong L, Bu Z, Shen Y, Luo ], Zhang H. et al. miR-23a-
3p-abundant small extracellular vesicles released from Gelma/-
nanoclay hydrogel for cartilage regeneration. | Extracell Vesicles
2020;9:1778883.  https://doi.org/10.1080/20013078.2020.177
8883.

Zhang S, Xie Y, Yan F, Zhang Y, Yang Z, Chen Z. et al.
Negative pressure wound therapy improves bone regenera-
tion by promoting osteogenic differentiation via the AMPK-
ULK1-autophagy axis. Autophagy 2022;18:2229-45. https://doi.o
rg/10.1080/15548627.2021.2016231.

Xu C, Wu P, Yang K, Mu C, Li B, Li X. et al. Multifunctional
biodegradable conductive hydrogel regulating microenvironment
for stem cell therapy enhances the nerve tissue repair. Small
2024;20:e2309793. https://doi.org/10.1002/smll.202309793.
Zhou Z, Deng T, Tao M, Lin L, Sun L, Song X. et al. Snail-
inspired AFG/GelMA hydrogel accelerates diabetic wound healing
via inflammatory cytokines suppression and macrophage polariza-
tion. Biomaterials 2023;299:122141. https://doi.org/10.1016/.bio
materials.2023.122141.

Song W, Guo Y, Liu W, Yao Y, Zhang X, Cai Z. et al. Circadian
rhythm-regulated ADSC-derived sEVs and a triphasic microneedle
delivery system to enhance tendon-to-bone healing. Adv Mater
2024;36:€2408255. https://doi.org/10.1002/adma.202408255.
Bergqvist M, Lisser C, Crescitelli R, Park KS, Lotvall J. A non-
centrifugation method to concentrate and purify extracellular
vesicles using superabsorbent polymer followed by size exclusion
chromatography. | Extracell Vesicles 2025;14:¢70037. https://doi.o
rg/10.1002/jev2.70037.

He J, Sun Y, Gao Q, He C, Yao K, Wang T. et al. Gelatin Methacry-
loyl hydrogel, from standardization, performance, to biomedical
application. Adv Healthc Mater 2023;12:¢2300395. https://doi.o
rg/10.1002/adhm.202300395.

Xie X, Song Q, Dai C, Cui S, Tang R, Li S. et al. Clinical safety and
efficacy of allogenic human adipose mesenchymal stromal cells-
derived exosomes in patients with mild to moderate Alzheimer’s

9202 1990100 €| U0 1senB Aq ZZ€ 191 8/9S0LRMASUING/EE0 |0 L/10P/S]0IHE/BWNENSUING/WO9"dNO"DILUSPEDE WO} POPEOJUMOQ


https://doi.org/10.1038/nrg3198
https://doi.org/10.1038/nrg3198
https://doi.org/10.1038/nrg3198
https://doi.org/10.1038/nrg3198
https://doi.org/10.1126/science.aav1741
https://doi.org/10.1126/science.aav1741
https://doi.org/10.1126/science.aav1741
https://doi.org/10.1126/science.aav1741
https://doi.org/10.1126/science.aav1741
https://doi.org/10.1126/science.aav1741
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1016/j.omtn.2020.09.041
https://doi.org/10.1016/j.omtn.2020.09.041
https://doi.org/10.1016/j.omtn.2020.09.041
https://doi.org/10.1016/j.omtn.2020.09.041
https://doi.org/10.1016/j.omtn.2020.09.041
https://doi.org/10.1093/biolre/iox167
https://doi.org/10.1093/biolre/iox167
https://doi.org/10.1093/biolre/iox167
https://doi.org/10.1093/biolre/iox167
https://doi.org/10.1093/biolre/iox167
https://doi.org/10.1093/biolre/iox167
https://doi.org/10.1021/acsnano.1c09427
https://doi.org/10.1021/acsnano.1c09427
https://doi.org/10.1021/acsnano.1c09427
https://doi.org/10.1021/acsnano.1c09427
https://doi.org/10.1021/acsnano.1c09427
https://doi.org/10.1021/acsnano.1c09427
https://doi.org/10.1016/j.ymeth.2018.05.010
https://doi.org/10.1016/j.ymeth.2018.05.010
https://doi.org/10.1016/j.ymeth.2018.05.010
https://doi.org/10.1016/j.ymeth.2018.05.010
https://doi.org/10.1016/j.ymeth.2018.05.010
https://doi.org/10.1016/j.ymeth.2018.05.010
https://doi.org/10.1038/nature13847
https://doi.org/10.1038/nature13847
https://doi.org/10.1038/nature13847
https://doi.org/10.1038/nature13847
https://doi.org/10.1038/nature13847
https://doi.org/10.1038/nature13847
https://doi.org/10.1038/nature15376
https://doi.org/10.1038/nature15376
https://doi.org/10.1038/nature15376
https://doi.org/10.1038/nature15376
https://doi.org/10.1038/nature15376
https://doi.org/10.1038/nature15376
https://doi.org/10.1038/nature15756
https://doi.org/10.1038/nature15756
https://doi.org/10.1038/nature15756
https://doi.org/10.1038/nature15756
https://doi.org/10.1038/nature15756
https://doi.org/10.1038/nature15756
https://doi.org/10.1021/acsnano.3c08625
https://doi.org/10.1021/acsnano.3c08625
https://doi.org/10.1021/acsnano.3c08625
https://doi.org/10.1021/acsnano.3c08625
https://doi.org/10.1021/acsnano.3c08625
https://doi.org/10.1021/acsnano.3c08625
https://doi.org/10.1016/j.biomaterials.2009.08.055
https://doi.org/10.1016/j.biomaterials.2009.08.055
https://doi.org/10.1016/j.biomaterials.2009.08.055
https://doi.org/10.1016/j.biomaterials.2009.08.055
https://doi.org/10.1016/j.biomaterials.2009.08.055
https://doi.org/10.1016/j.biomaterials.2009.08.055
https://doi.org/10.1016/j.biomaterials.2009.08.055
https://doi.org/10.1016/j.biomaterials.2009.08.055
https://doi.org/10.1016/j.biomaterials.2009.08.055
https://doi.org/10.1161/circresaha.119.316317
https://doi.org/10.1161/circresaha.119.316317
https://doi.org/10.1161/circresaha.119.316317
https://doi.org/10.1161/circresaha.119.316317
https://doi.org/10.1161/circresaha.119.316317
https://doi.org/10.1161/circresaha.119.316317
https://doi.org/10.1161/circresaha.119.316317
https://doi.org/10.1128/mmbr.00030-10
https://doi.org/10.1128/mmbr.00030-10
https://doi.org/10.1128/mmbr.00030-10
https://doi.org/10.1128/mmbr.00030-10
https://doi.org/10.1016/j.drup.2023.100948
https://doi.org/10.1016/j.drup.2023.100948
https://doi.org/10.1016/j.drup.2023.100948
https://doi.org/10.1016/j.drup.2023.100948
https://doi.org/10.1016/j.drup.2023.100948
https://doi.org/10.1016/j.drup.2023.100948
https://doi.org/10.1182/blood-2013-01-451781
https://doi.org/10.1182/blood-2013-01-451781
https://doi.org/10.1182/blood-2013-01-451781
https://doi.org/10.1182/blood-2013-01-451781
https://doi.org/10.1182/blood-2013-01-451781
https://doi.org/10.1002/smll.202008155
https://doi.org/10.1002/smll.202008155
https://doi.org/10.1002/smll.202008155
https://doi.org/10.1002/smll.202008155
https://doi.org/10.1002/smll.202205030
https://doi.org/10.1002/smll.202205030
https://doi.org/10.1002/smll.202205030
https://doi.org/10.1002/smll.202205030
https://doi.org/10.1038/s41568-020-00299-w
https://doi.org/10.1038/s41568-020-00299-w
https://doi.org/10.1038/s41568-020-00299-w
https://doi.org/10.1038/s41568-020-00299-w
https://doi.org/10.1038/s41568-020-00299-w
https://doi.org/10.1039/c9lc00958b
https://doi.org/10.1039/c9lc00958b
https://doi.org/10.1039/c9lc00958b
https://doi.org/10.1039/c9lc00958b
https://doi.org/10.1039/c9lc00958b
https://doi.org/10.1039/c9lc00958b
https://doi.org/10.1016/j.tibtech.2016.01.002
https://doi.org/10.1016/j.tibtech.2016.01.002
https://doi.org/10.1016/j.tibtech.2016.01.002
https://doi.org/10.1016/j.tibtech.2016.01.002
https://doi.org/10.1016/j.tibtech.2016.01.002
https://doi.org/10.1016/j.tibtech.2016.01.002
https://doi.org/10.1016/j.tibtech.2016.01.002
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1002/adma.201003963
https://doi.org/10.1002/adma.201003963
https://doi.org/10.1002/adma.201003963
https://doi.org/10.1002/adma.201003963
https://doi.org/10.1021/acsnano.1c08334
https://doi.org/10.1021/acsnano.1c08334
https://doi.org/10.1021/acsnano.1c08334
https://doi.org/10.1021/acsnano.1c08334
https://doi.org/10.1021/acsnano.1c08334
https://doi.org/10.1021/acsnano.1c08334
https://doi.org/10.1038/s41563-023-01472-w
https://doi.org/10.1038/s41563-023-01472-w
https://doi.org/10.1038/s41563-023-01472-w
https://doi.org/10.1038/s41563-023-01472-w
https://doi.org/10.1038/s41563-023-01472-w
https://doi.org/10.1080/20013078.2020.1778883
https://doi.org/10.1080/15548627.2021.2016231
https://doi.org/10.1080/15548627.2021.2016231
https://doi.org/10.1080/15548627.2021.2016231
https://doi.org/10.1002/smll.202309793
https://doi.org/10.1002/smll.202309793
https://doi.org/10.1002/smll.202309793
https://doi.org/10.1002/smll.202309793
https://doi.org/10.1016/j.biomaterials.2023.122141
https://doi.org/10.1016/j.biomaterials.2023.122141
https://doi.org/10.1016/j.biomaterials.2023.122141
https://doi.org/10.1016/j.biomaterials.2023.122141
https://doi.org/10.1016/j.biomaterials.2023.122141
https://doi.org/10.1016/j.biomaterials.2023.122141
https://doi.org/10.1016/j.biomaterials.2023.122141
https://doi.org/10.1016/j.biomaterials.2023.122141
https://doi.org/10.1016/j.biomaterials.2023.122141
https://doi.org/10.1002/adma.202408255
https://doi.org/10.1002/adma.202408255
https://doi.org/10.1002/adma.202408255
https://doi.org/10.1002/adma.202408255
https://doi.org/10.1002/jev2.70037
https://doi.org/10.1002/jev2.70037
https://doi.org/10.1002/jev2.70037
https://doi.org/10.1002/jev2.70037
https://doi.org/10.1002/jev2.70037
https://doi.org/10.1002/adhm.202300395
https://doi.org/10.1002/adhm.202300395
https://doi.org/10.1002/adhm.202300395
https://doi.org/10.1002/adhm.202300395

Burns & Trauma, 2025, Vol. 13, tkaf036

19

disease: a phase I/II clinical trial. Gen Psychiatr 2023;36:¢101143. 86. Capella-Monsonis H, Crum R], Hussey GS, Badylak SF. Advances,
https://doi.org/10.1136/gpsych-2023-101143. challenges, and future directions in the clinical translation of
85. Rahnama M, Heidari M, Poursalehi Z, Golchin A. Global trends ECM biomaterials for regenerative medicine applications. Adv
of exosomes application in clinical trials: a scoping review. Drug Deliv Rev 2024;211:115347. https://doi.org/10.1016/j.a
Stem Cell Rev Rep 2024;20:2165-93. https://doi.org/10.1007/ ddr.2024.115347.
s12015-024-10791-7.
© The Author(s) 2025. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (h 1 by-nc/4.0/), which permits non-commercial re-use, distribution, and

reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact com for reprints and

our site-for further information please contact journals.permissions@oup.com.
Burns & Trauma, 2025, 13, tkaf036

https://doi.org/10.1093/burnst/tkaf036

Rescarch Article

rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on

9202 1990100 €| U0 1senB Aq ZZ€ 191 8/9S0LRMASUING/EE0 |0 L/10P/S]0IHE/BWNENSUING/WO9"dNO"DILUSPEDE WO} POPEOJUMOQ


https://doi.org/10.1136/gpsych-2023-101143
https://doi.org/10.1136/gpsych-2023-101143
https://doi.org/10.1136/gpsych-2023-101143
https://doi.org/10.1136/gpsych-2023-101143
https://doi.org/10.1007/s12015-024-10791-7
https://doi.org/10.1007/s12015-024-10791-7
https://doi.org/10.1007/s12015-024-10791-7
https://doi.org/10.1007/s12015-024-10791-7
https://doi.org/10.1016/j.addr.2024.115347
https://doi.org/10.1016/j.addr.2024.115347
https://doi.org/10.1016/j.addr.2024.115347
https://doi.org/10.1016/j.addr.2024.115347
https://doi.org/10.1016/j.addr.2024.115347
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/burnst/tkaf036

	 Engineered sEVs encapsulated in GelMA facilitated diabetic wound healing by promoting angiogenesis via targeting thrombospondin-1
	Background
	Methods
	Results
	Discussion
	Conclusions
	Author contributions
	Supplementary data
	Funding
	Data availability
	Ethics approval and consent to participate


