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Biomimetic gene delivery system coupled
with extracellular vesicle-encapsulated
AAV for improving diabetic wound through
promoting vascularization and remodeling
of inflammatory microenvironment
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Abstract

Adeno-associated virus (AAV)-mediated gene transfer has demonstrated potential in effectively promoting re-
epithelialization and angiogenesis. AAV vector has a safety profile; however, the relatively low delivery efficacy in
chronic wound with an inflammatory microenvironment and external exposure has limited its prospective clinical
translation. Here, we generated AAV-containing EVs (EV-AAVs) from cultured HEK 293T cells and confirmed that
the gene transfer efficiency of VEGF-EV-AAV significantly surpassed that of free AAV. Subsequently, a biomimetic
gene delivery system VEGF-EV-AAV/MSC-Exo@FHCCgel developing, and synergistically enhances anti-inflammation
and transfection efficiency in the combination of human umbilical cord mesenchymal stem cell-derived exosomes
(hUC-MSC-Exo). Upon reaching physiological temperature, this hydrogel system transitions to a gel state,
maintaining AAV bioactivity and facilitating a sustained release of the encapsulated vesicles. The encapsulation
strategy enables the vesicles to rapidly fuse with endothelial cell membranes, ensuring controlled expression of
endogenous VEGF. Results revealed that VEGF-EV-AAV/MSC-Exo@FHCCgel alleviates mitochondrial function in
endotheliocyte under oxidative stress. Furthermore, it eliminates senescent macrophages by inhabitation of cyclic
GMP-AMP (cGAMP) synthase (cGAS)-stimulator of interferon genes (STING) pathway to promote efferocytosis.

The system increases Treg cells accumulation, leading to a reduction of inflammatory cytokines. Collectively, the
biomimetic gene delivery system represents a promising multi-faceted strategy for chronic wound healing.
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Introduction

Normal skin serves as a protective barrier covering the
human body, vital for resisting external pathogens and
adapting to environmental changes [1]. It plays a crucial
role in maintaining homeostasis. In diabetic patients, the
anatomical and functional integrity of the skin is compro-
mised [2], disrupting the sequential phases of hemostasis,
inflammation, proliferation, and remodeling necessary
for normal wound healing [3]. The orderly regulation of
angiogenesis and coordinated control of inflammatory
responses are key to promoting proper wound healing,
as excessive inflammatory conditions often lead to prob-
lematic vascularization and abnormal granulation tissue
formation, ultimately manifesting as delayed healing [4].
Studies indicate that vascular endothelial growth factor
(VEGF) is the most potent mitogen in the growth factor
family for endothelial cells, facilitating endothelial pro-
liferation and accelerating granulation tissue formation.
Its involvement in vascular regeneration is beneficial for
efficient wound repair [5]. VEGF holds a unique posi-
tion in wound healing research as a critical regulator of
angiogenesis [6]. Thus, enhancing VEGF expression in
the wound microenvironment is essential for promoting
chronic wound healing. Recent studies have focused on
supplementing VEGF to aid wound healing, but exog-
enous growth factors struggle with precision control
synchronized with the repair state. In contrast, the sup-
plementation of endogenous VEGF offers superior con-
trollability. Additionally, intracellularly produced VEGF
can improve endothelial cell apoptosis and enhance sur-
vival in inflammatory environments [7, 8].

With the rapid advancement of gene engineering, gene
therapy has become an effective method for sustained
local effects of endogenous growth factors [9]. Adeno-
associated virus (AAV) is a promising gene delivery vec-
tor for its safety, low toxicity, and multiple serotypes with
preferred tropism to distinct tissue and cell types [10,
11]. To date, clinical trials of gene therapy have focused
on targeting muscular tissues [12], retina [13], myocar-
dium [14, 15], or tumor [16] via the delivery of specific
nucleotides for protein expression and correction. How-
ever, the strategy for wound treatment via AAV remained
complex and challenging. A major obstacle is the loss of
vectors due to antibody neutralization and the impaired
gene transfer efficacy [17]. Studies have shown that EVs
collected from AAV-producing HEK293T cultures carry
and deliver intact AAVs to the retina, inner ear, liver, and
nervous system of mice [18]. With the rapid development
of biomaterials, various implantable biomimetic engi-
neering scaffolds for wound repair have been reported.

To address the issues of inactivation and loss, this study
proposes, for the first time, the construction of a bio-
mimetic gene delivery system as a non-surgical therapy
with significant potential for diabetic wound repair. The
thermosensitive hydrogel system of the biomimetic scaf-
fold enables the uniform dispersion of both hydrophilic
and hydrophobic liposomes (MSC-Exo and VEGF-EV-
AAV) within the matrix while maintaining activity, and
can deliver them in any shape at the wound site [19, 20].
More importantly, it resolves the initial burst and uncon-
trollable release issues present in other hydrogel systems
[21].

To correct the local inflammatory microenvironment
of diabetic wounds [22] and further promote endothelial
cell proliferation involved in vascularization [23], exo-
somes derived from human umbilical cord mesenchymal
stem cells (hUC-MSC-Exo) were added. In recent years,
hUC-MSC-Exo has been shown to have therapeutic
potential for inflammatory [24] and aging diseases [25]
and has become a non-cellular therapeutic nanomedi-
cine [26]. Mesenchymal stem cells (MSCs) offer a versa-
tile therapeutic platform for accelerating wound recovery
and repair by comprehensively modulating the immune
system [27] and promoting intercellular synergy [28]. On
one hand, MSCs secrete anti-inflammatory cytokines
[29] such as IL-10 and TGF-p, as well as inhibitors of
pro-inflammatory cytokines, aiding in the regulation of
the local inflammatory environment. On the other hand,
exosomes released by MSCs can repair macrophage effe-
rocytosis impairment [30], thus participating in immune
modulation.

This study, based on iodixanol ultracentrifugation,
obtained highly purified vesicles encapsulating adeno-
viruses (VEGF-EV-AAV) as a natural envelope, protect-
ing the carried VEGF gene sequences and facilitating
rapid uptake by endothelial cells through phagocytosis,
ensuring efficient transfection, and sustained progeny
expression of endogenous VEGF. Additionally, a ther-
mosensitive hydrogel-based biomimetic gene deliv-
ery system, VEGF-EV-AAV/MSC-Exo@FHCCgel, was
designed to co-deliver MSC-Exo and VEGF-EV-AAYV,
synergistically remodeling the inflammatory microenvi-
ronment (Scheme 1). The gene delivery system elucidates
the cascade regulatory mechanisms between promot-
ing endothelial cell proliferation, improving macrophage
senescence, and regenerating basal blood vessels. By
eliminating macrophages senescence and inducing mac-
rophages efferocytosis and promoting Treg cell-medi-
ated tissue repair, this bioresponsive strategy versatilely
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Scheme 1 VEGF-EV-AAV/MSC-Exo@FHCCgel construction and synergistic effect of reshaping the inflammatory microenvironment

reshaping the inflammatory microenvironment, is an
attractive approach for diabetic wound healing.

Results and discussion

Density gradient ultracentrifugation purification
successfully enriched EV-AAVs

Our overarching objective was to isolate and thor-
oughly characterize highly purified EV-AAVs, assessing
their efficacy in delivering VEGF to HUVECs (Fig. 1a).
HEK293T cells, approved by the FDA for AAV produc-
tion and known for EV secretion, have been extensively
utilized. Previous studies indicated that HEK293T cells
producing AAV naturally secreted EV-AAVs into the cul-
ture medium. Three-dimensional fluorescence analysis
showed that within 72 h, mCherry-AAV successfully self-
assembled within HEK293T cells expressing the mCherry
red fluorescent protein (Fig. 1b). In practice, besides the

required EV-AAYV, the supernatant contained a mixture
of numerous free AAVs and simple EVs. To isolate EV-
AAVs free of free AAV contamination, we innovatively
designed a stepwise protocol using a 15-60% iodixanol
density gradient, from which purified EV-AAV particles
were collected. Target EV-AAVs were primarily located
in fraction F6 (highlighted in gray). Tetraspanin pro-
tein expression on the EV surface was analyzed via flow
cytometry (FC), showing no difference between EV-AAV
and EV (Fig. 1c). The quantity of AAVs was determined
by qPCR (Fig. 1d). Furthermore, exosome marker pro-
teins CD9 and CD63 were analyzed by western blotting
(WB) (Fig. 1e and Figure S1). These strategies confirmed
that the density gradient-based isolation strategy was
highly effective in purifying EV-AAVs. To determine the
size of different vesicles, dynamic light scattering (DLS)
was employed, revealing approximate sizes of EV-AAVs,
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Fig. 1 Characterization of purified EV-AAV. (a) Synthesis of EV-AAV through iodixanol-based high-speed centrifugation. (b) Time-dependent expression
of mCherry fluorescence in HEK293T cells and analysis using a 2.5-Dimensional visualization technique. (c) Surface characterization of EV-AAV, EV, and AAV
via nano-flow cytometry for tetraspanin proteins CD9 and CD63, with buffer plus tetraspanin serving as the gating control. Identification of EV-AAV, AAV,
and EV confirmed by (d) quantitative PCR and (e) Western blot analysis. (f) Hydrodynamic size distribution of extracellular vesicle-encapsulated adeno-
associated vectors (EV-AAV), isolated EVs, and free AAV particles. (g) Transmission electron microscopy (TEM) provided representative images showcas-
ing extracellular vesicle-encapsulated adeno-associated vectors (EV-AAV), isolated EVs, and free AAV particles. Functional assessment of cellular uptake
and expression included (h) flow cytometry and (i) CLSM of HUVECs at three days post-infection with equivalent titers of mCherry-tagged EV-AAV and
mCherry-AAV. (j) Quantification of mCherry-positive HUVECs via flow cytometry. (k) Confocal microscopy analysis of mCherry fluorescence intensity in
HUVECs, presented as median values with ranges and analyzed using the Mann-Whitney U test, indicating statistical significance where *P < 0.05. Experi-

ments were biologically replicated thrice, with representative outcomes displayed

EVs, and AAVs as 100 nm, 180 nm, and 20 nm, respec-
tively (Fig. 1f). Additionally, ultrathin sections of the
three types of vesicles were processed and imaged using
transmission electron microscopy, where AAVs encapsu-
lated within EV-AAVs were observed (Fig. 1g).

To compare the gene transfer efficiencies of AAV and
EV-AAYV, equititered mCherry-AAV and mCherry-AAV
were co-incubated with HUVECs at 37 °C. The transduc-
tion efficiency of the vectors was assessed via FC (Fig. 1h)
and CLSM quantifying mCherry expression (Fig. 1i).
Results analysis (Fig. 1j-k) indicated that the transduc-
tion efficiency of EV-AAV was significantly higher than
that of AAV. This enhancement is likely due to the outer
vesicular membrane’s similarity to cellular membranes,
facilitating cellular uptake via endocytosis [31], thereby
accelerating the transfection process and enhancing
efficiency.

Characterization of VEGF-EV-AAV/MSC-E Xo@FHCCgel

Due to the vesicles being loaded as liposomes, the
thermosensitive hydrogel can overcome the defect of
pre-curing damage to biological activity inherent in tra-
ditional hydrogel systems [32]. Additionally, in situ cur-
ing allows perfect conformity to wound surfaces and
addresses the burst release issue of liposomes [33]. For
this purpose, we prepared a thermosensitive hydrogel
(FHCCgel) based on F127 as a tissue engineering scaf-
fold for gene delivery systems. Upon incubation in a
37 °C water bath, the hydrogel was observed to solidify
(Fig. 2a). Post-solidification and freeze-drying, SEM
revealed a uniformly porous three-dimensional network
structure within the VEGF-EV-AAV/MSC-Exo@FHC-
Cgel (Fig. 2b). Based on the results from the scanning
electron microscopy (SEM), tensile stress, and elastic
modulus, the structure became more porous and loose
after the addition of chitosan, with increased pore size
(Figure S3). To assess degradation periods, a defined vol-
ume of the solidified hydrogel was placed in PBS (pH 7.4,
37 °C) and in an oxidative alkaline environment mim-
icking diabetic wound surfaces (pH 8.0). The process
was maintained in a constant temperature water bath at
37 °C, with periodic removal for drying and weighing,
resulting in calculated degradation periods of 10 and 14
days, respectively (Fig. 2c). In addition, we confirmed

that the VEGF-EV-AAV/MSC-Exo@FHCCgel can be
completely degraded in vivo, with no significant residual
material observed (Figure S4). Although the degradation
period was shortened under simulated conditions, it still
contributed to early substrate vascularization processes
(7 days). As shown in Fig. 2d, the thermosensitive hydro-
gel in PBS solution gradually released VEGF-EV-AAV
and MSC-Exo in 7 days.

Biocompatible F127, approved by the FDA for use as a
temperature-sensitive curable agent, produced a hydro-
gel with less-than-ideal mechanical strength [34]. Wound
dressings often need to provide a certain rigidity to sup-
port the internal three-dimensional structure, which is
beneficial for the migration and attachment of repair cells
around the wound. Compared to the curing speed of the
gel, the loading of liposomes focuses more on tempera-
ture control to maintain biological activity. Adjuvants
such as HPMC-100 M were used effectively to adjust
Tgel [35], while chitosan and type I collagen enhanced gel
strength and biocompatibility through self-assembling
cross-linked networks. Thus, these components were
mixed with F127 in specific proportions (18% F127, 0.5%
HPMC-100 M, 0.25% chitosan, 0.25% type I collagen) to
prepare the thermosensitive hydrogel (FHCCgel). Tgel
was measured at 37.0 °C (Fig. 2e). The value of EV-AAV
MOI in the control gene delivery system is 1. Human
umbilical cord MSCs exosomes (abbreviation, MSC-Exo)
were prepared as described in previous studies, and char-
acterization confirmed successful extraction to MSC-
Exo (Figure S2) [36]. The EV-AAV and MSC-Exo were
mixed in a 1:1 ratio to participate in the preparation of
the gene delivery system. In Fig. 2f, mCherry-EV-AAV/
MSC-Exo@FHCCgel and mCherry-AAV/MSC-Exo@
FHCCgel were implanted into murine wound sites, with
IVIRS observing sustained in vivo enhancement of fluo-
rescent proteins, the former showing higher transfection
efficiency (Fig. 2g). These results demonstrate that the
gene delivery system based on FHCCgel can simultane-
ously maintain biological activity and mechanical rigidity.

Biocompatibility evaluation

As for implantable biomaterials, it is imperative that
excellent biocompatibility and absence of cytotoxicity
are thoroughly validated. Results from the LDH assay
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Fig. 2 Development of a thermosensitive 3D scaffold VEGF-EV-AAV/MSC-Exo@FHCCgel for controlled delivery. (a) Visual confirmation of the tempera-
ture-induced gelation of the hydrogel system. (b) SEM representation of the VEGF-EV-AAV/MSC-Exo@FHCCgel structure. () Depiction of the degradation
kinetics, showing the percentage of remaining mass under various conditions over time. (d) Release kinetics of PKH26-labelled VEGF-EV-AAV and VEGF-
AAV, expressed as cumulative percent release at sequential time intervals. (e) Temperature-dependent rheological properties, detailing storage modulus
(G) and loss modulus (G"). (f) Infrared-visible reflectance spectroscopy (IVIRS) images demonstrating the transfection efficiency of fluorescent proteins in
wounds treated with mCherry-EV-AAV/MSC-Exo@FHCCgel (right) versus mCherry-AAV/MSC-Exo@FHCCgel (left), with (g) corresponding fluorescence in-
tensity measurements. (h) Lactate dehydrogenase (LDH) release assay quantifying cellular damage in HUVECs co-cultured with VEGF-EV-AAV/MSC-Exo@
FHCCgel. (i) MTT assay results at designated time points post-treatment with VEGF-EV-AAV/MSC-Exo@FHCCgel, showing statistically significant differenc-
es: 'p <0.05 for VEGF-EV-AAV/MSC-Exo@FHCCgel vs. VEGF-AAV/MSC-Exo@FHCCgel; #p < 0.01 for VEGF-AAV/MSC-Exo@FHCCgel vs. Control; **p <001 for
VEGF-EV-AAV/MSC-Exo@FHCCgel vs. Control. Data are presented as mean + standard deviation. (j) Three-dimensional confocal laser scanning microscopy
(3D-CLSM) images on days 3 and 5 showing the architecture of tissue-engineered dermis employing VEGF-EV-AAV/MSC-Exo@FHCCgel and VEGF-AAV/

MSC-Exo@FHCCgel

(Fig. 2h), MTT (Fig. 2i) and CCK-8 assay (Figure S5a)
indicated that there is no significant cytotoxicity in
HaCaT, HUVEC, and L1929 cells. The biocompatibility
was evidenced by the no distinct damage of vital organs
for the treated mice. Furthermore, negligible variations in
the blood hematological assay also confirmed the excel-
lent biosafety. (Figure S5b and c). To further assess the
impact of the post-curing internal three-dimensional
structure on cell migration and adhesion, cells seeded
on the scaffold surface were able to migrate and adhere
internally. Interestingly, the spreading and proliferation
of cells within the VEGF-EV-AAV/MSC-Exo@FHCCgel
were notably superior to those in the VEGF-AAV/MSC-
Exo@FHCCgel (Fig. 2j). This suggests that VEGF-EV-
AAV plays a significant role in enhancing endothelial cell
migration and proliferation.

Anti-inflammatory influence in endotheliocytes through
mitochondrial function recovery

Excessive reactive oxygen species (ROS) has been con-
firmed to cause damage on the mitochondria of Endo-
thelial Cell (ECs) [37]. Repairing mitochondrial oxidative
damage duly is critical for the normal physiological activ-
ity in endothelial cells [38]. Observed under biological-
transmission electron microscopy (Bio-TEM), it has
been further validated that VEGF-EV-AAV/MSC-Exo@
FHCCgel can relieve the effects of H,O, on mitochon-
dria. Electron microscopy examination revealed that
control group contains mitochondria in rod shapes with
well-organized. In H,O,-treated HUVECs, mitochon-
drial shrinkage and blurred structure of inner membrane
were observed, whereas the mitochondria in the VEGF-
EV-AAV/MSC-Exo@FHCCgel group were nearly identi-
cal to those in the normal group in terms of intracellular
mitochondrial structure (Fig. 3a). The timely closure of
mitochondrial permeability transition pores (mPTP) and
the maintenance of mitochondrial membrane potential
(A¥m) are crucial for sustaining cellular metabolism and
proliferation [39, 40]. As one biological marker, mito-
chondrial function was shown by the red/green fluo-
rescence intensity analysis (Fig. 3b) and FC (Fig. 3c) via
JC-1 assay kit. Quantitative analysis in Fig. 3f suggested

that HUVECs co-cultured with VEGF-EV-AAV/MSC-
Exo@FHCCgel exhibited stronger red fluorescence (JC-1
aggregation) within mitochondria. While the effects were
less pronounced, co-cultures with VEGF-EV-AAV@
FHCCgel and MSC-Exo@FHCCgel similarly facilitated
the recovery of mitochondrial function.

It is well-known that mitochondria possesses own
DNA (mtDNA), which is a set of genetic instructions
completely independent of nuclear DNA [41]. Through
colocalization of 8-OHdG (oxidized mitochondrial DNA,
Ox-mtDNA) with mitochondrial fluorescence, repre-
sentative CLSM images demonstrated that co-culture
with VEGF-EV-AAV/MSC-Exo@FHCCgel significantly
reduced the presence of Ox-mtDNA (Fig. 3d and g). The
mtDNA remains within mitochondria to maintains mito-
chondrial and cellular health; however, extracellular leak-
age of Ox-mtDNA through mitochondrial membrane
pores (mPTP) can act as pathogen-associated molecu-
lar patterns (DAMPs), triggering an immune response
and inducing inflammation [42]. Currently, excessive
opening of mPTP is considered to activate pathophysi-
ological processes by causing cellular and mitochon-
drial oxidation imbalances [43]. With calcein released
from mitochondria due to excessive mPTP opening, the
fluorescence was quenched by cobalt chloride, thus the
accumulation of calcein selectively within mitochondria
indicates the degree of opening. CLSM results showed
that under oxidative condition, co-culture with VEGF-
EV-AAV/MSC-Exo@FHCCgel reduced the opening
rate of mPTP more effectively than other groups (Fig. 3e
and h). We also conducted a long-term evaluation of the
dynamics of mPTP using flow cytometry to assess the
sustained impact of the material on mitochondrial recov-
ery over a period of 72 h. During this process, an increas-
ing number of mPTPs returned to a closed state (Figure
S6).

Decrease of macrophage senescence based on the cGAS—
STING pathway facilitates efferocytosis recovery

In this study, we further investigated the Mgas senescence
and polarization regulation of VEGF-EV-AAV/MSC-
Exo@FHCCgel, within an oxidative microenvironment,
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co-culture with VEGF-EV-AAV/MSC-Exo@FHCCgel.
The excessive inflammatory state of chronic wounds,
accompanied by lipid peroxidation, enzyme deactivation
and DNA damage [44], are closely associated with the

excess presence of peroxides. Macrophages (Mgs) intrin-
sically linked to inflammation are the most formidable

staining of AM (Fig. 4b-c) and the marker of cell senes-
cence (Fig. 4d-f) revealed a marked improvement under
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phagocytic cells, whose aging are reciprocally led by
inflammation. ELISA assays detected the reduction in the
senescence-associated secretory phenotype (SASP) in the
AMs culture supernatant (Fig. 4g-i).

Recent researches indicate that as intracellular DNA
damage accumulates, including mitochondrial DNA (mt-
DNA), it may increase pathological senescence through
the activation of the cGAS-STING pathway, known
as “inflammatory aging” (inflammaging) [45, 46]. As
expected, western blot analysis indicated significant acti-
vation of the cGAS-STING pathway in the H,O,-treated
macrophages, while this pathway was notably inhibited in
the VEGF-EV-AAV/MSC-Exo@FHCCgel group (Fig. 4j-
k). This correlates with results from Fig. 3 showing a
reduction in the release of Ox-mtDNA into the superna-
tant by HUVECsS, suggesting that AMs reduce the acti-
vation of the cGAS-STING pathway due to decreased
phagocytosis of Ox-mtDNA, thereby mitigating senes-
cence. Interestingly, increase of the anti-inflammatory
cytokine IL-10 (Fig. 41) and decrease of the pro-inflam-
matory cytokines IL-6, IL-1f and IFN-y (Fig. 4g-i) were
observed in the secretion levels, leading us to hypoth-
esize that the polarization state of AMs in the oxidative
microenvironment also underwent changes. Utilizing
CD86 staining (a marker for the M1 phenotype), CLSM
images revealed that AMs in the H,O, group were polar-
ized towards the M1 phenotype, whereas both the immu-
nofluorescence intensity and cells’ morphology showed
no significant characteristics of M1 polarization in the
VEGE-EV-AAV/MSC-Exo@FHCCgel group (Fig. 4m-n).
The relative expression of iNOS (M1 marker) and Argl
(M2 marker) also confirmed that co-culturing VEGE-
EV-AAV/MSC-Exo@FHCCgel can induce the polar-
ization of AMs towards the M2 anti-inflammatory type
in an oxidative micro-environment (Fig. 40-p). What’s
more, as shown in Figure S7a and d, after staining with
[B-actin, macrophages showed cellular elongation in cell
morphology, while M2 macrophages showed a rounded
morphology. Meanwhile, immunofluorescence analy-
sis confirmed the upregulation of CD206, revealing that
VEGF-EV-AAV/MSC-Exo@FHCC gel can induce the
polarization of AMs towards M2 subtypes. Furthermore,
flow cytometric evaluation also confirmed the transitions
towards M2 subtypes (Figure S7b-c and S7e-f). Addition-
ally, we measured the expression of y-H2AX, a sensitive
marker of DNA double-strand breaks, which reflects
DNA damage during the DNA repair process. As shown
in our CLSM images, ROS generated by H,O, treatment
significantly increased y-H2AX levels at 24 h, indicating
nuclear DNA damage (nDNA). However, with extended
incubation (at 72 h), y-H2AX expression decreased, sug-
gesting partial self-repair of nDNA damage over time
(Figure S8a). Furthermore, after applying VEGF-EV-
AAV/MSC-Exo@FHCC gel, y-H2AX expression declined
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as early as 24 h, indicating that this treatment accelerated
nDNA repair (Figure S8b). PicoGreen staining for DNA
damage yielded similar results (Figure S8c). These obser-
vations suggest that, under in vitro conditions, ECs can
sustain nuclear DNA damage but are capable of partial
self-repair within a certain timeframe, and VEGF-EV-
AAV/MSC-Exo@FHCC gel can further enhance this
repair process. Building on these findings, our current
study focused on mitochondrial DNA (mtDNA) damage
and Ox-mtDNA, which we found to be more susceptible
to oxidative stress and less capable of repair compared
to nuclear DNA. Notably, VEGF-EV-AAV/MSC-Exo@
FHCC gel reversed mitoDNA damage and promoted
mitoDNA repair, suggesting a unique mechanism
wherein mitochondrial function and ox-mtDNA damage
are mitigated by this intervention. Consequently, in this
study, we concentrated on the mitochondrial dysfunction
and ox-mtDNA damage mechanisms instead of explor-
ing nDNA damage. We intend to conduct a more com-
prehensive investigation into this aspect in our future
studies.

Mo senescence is a double-edged sword in both regu-
lation of local inflammatory activation through cell cycle
inhibition and differential polarization, and sensitively
reducing its phagocytic activity to decrease the accu-
mulation of aging signals. Phagocytic activity refers to
the orderly disintegration and engulfment of cells during
the autophagy process, serving as a crucial mode of cell
death. This function plays a significant role in defend-
ing against viruses and maintaining intercellular balance.
Western blot results from Fig. 4q indicated a significant
downregulation of the efferocytosis-related marker pro-
tein MerTK following co-culture with VEGF-EV-AAV/
MSC-Exo@FHCCgel. CLSM images demonstrated that
AMs in the VEGF-EV-AAV/MSC-Exo@FHCCgel group
could restore phagocytosis of Did-stained apoptotic
HUVECs (ACs), while the proportion of ACs phagocy-
tized by AMs in the H,O, group was significantly lower
(Fig. 4r). These findings suggested that as a gene delivery
system with antioxidative properties, VEGF-EV-AAV/
MSC-Exo@FHCCgel can protect the biological activ-
ity of VEGE-EV-AAV to efficiently transfect cells. Addi-
tionally, it synergistically regulates the interplay between
endothelial cell damage and the release of inflammatory
factors by macrophages, inhibiting Mg senescence and
restoring efferocytosis.

Improvement of endothelial cells proliferation and
angiogenesis capacity

With the improvement of the inflammatory microenvi-
ronment mediated by macrophage polarization towards
the M2 phenotype, we further verified that endothelial
cells exhibit enhanced proliferation and anti-apoptotic
effects. Endothelial cells are critical cellular components
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of the vascular wall. In both normal and pathological
states, the survival of endothelial cells is essential for
maintaining the integrity and functionality of blood ves-
sels, with wound healing dependent on the degree of
underlying vascularization. Vascular Endothelial Growth
Factor (VEGEF) serves as a crucial signaling protein, acti-
vating the PI3K/Akt signaling pathway to counteract
endothelial cell apoptosis [47, 48]. Additionally, VEGF
enhances the expression of protective molecules in endo-
thelial cells, such as Bcl-2 and other anti-apoptotic pro-
teins, thereby further preventing cell death [49]. VEGF
improves the resistance of endothelial cells to apoptotic
stimuli [50], such as hypoxia or inflammatory environ-
ments, making the endogenous enhancement of VEGF’s
anti-apoptotic activity a key objective of this study.

To elevate the endogenous expression and secretion of
VEGF in endothelial cells, we innovatively developed a
gene delivery system, VEGF-EV-AAV/MSC-Exo@FHC-
Cgel. To simulate the inflammatory microenvironment
of chronic wounds, 100 uM H,0O, was added to the cul-
ture medium [51, 52]. Cell scratch assay revealed that
HUVECs co-cultured with VEGF-EV-AAV/MSC-Exo@
FHCCgel migrated significantly faster than those in the
VEGE-AAV/MSC-Exo@FHCCgel and H,O, groups
(Fig. 5a and e). F-actin staining of the cytoskeleton,
observed in Fig. 3b and f, showed enhanced spread and
accelerated proliferation of HUVECs under co-culti-
vation. Further analysis of the components of the gene
delivery system that contribute to the enhanced prolif-
erative and migratory effects revealed that both VEGF-
EV-AAV and MSC-Exo could reduce intracellular ROS
levels, without significant differences (Fig. 5¢ and g).
Moreover, in the presence of H,0O,, the improvement of
endogenous VEGF regulated by VEGF-EV-AAV/MSC-
Exo@FHCCgel was more than VEGF-AAV/MSC-Exo@
FHCCgel (Fig. 5d). Specifically, compared with the other
groups with H,O, treated, proliferative activity in the
VEGF-AAV/MSC-Exo@FHCCgel group increased via
EDU assay (Fig. 5h). These results confirm that, within
an oxidative microenvironment, the gene delivery system
upregulated VEGF from HUVECsS to promote prolifera-
tion and cell migration.

Diabetic wound repair promotion via facilitating
vascularization

The superior transfection efficiency and antioxidative
properties of the biomimetic gene delivery system in vitro
inspired further investigation into its capability for dia-
betic wound healing (Fig. 6a). Full-thickness skin wounds
(diameter 0.8 cm) were symmetrically created along the
spine on the dorsal side of diabetic mice, and randomly
divided into four groups: (i) Sham; (ii) MSC-Exo@FHCC-
gel; (ili) VEGF-EV-AAV@FHCCgel; (iv) VEGF-EV-AAV/
MSC-Exo@FHCCgel. To monitor the healing process,
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photographs were taken periodically post-implanta-
tion, and the ulcer areas were calculated based on these
images (Fig. 6b). A systematic and comprehensive under-
standing of the interactions between cells and the matrix
is essential to promote their clinical applications in vivo.
Here, we utilize an established dynamic temperature-
sensitive hydrogel system for gene delivery, delving into
the cellular biological responses and signaling pathways
involved in chronic wound applications, which will aid in
expanding its applications in the future. We included a
separate group for the application of the hydrogel system
to observe its promoting effects on wound healing and to
exclude the influence of the hydrogel, clarifying the roles
of MSC-Exo and VEGF-EV-AAYV in regulating cell anti-
apoptosis. As shown in Fig. 6] and n, the VEGF-EV-AAV/
MSC-Exo@FHCCgel group exhibited the fastest recov-
ery, achieving 100% healing by day 10, while the Sham
group still showed wound swelling with complete healing
only by day 20. Both the MSC-Exo@FHCCgel and VEGE-
EV-AAV@FHCCgel groups also demonstrated healing
effects, with healing times of 15 and 16 days, respectively.
The above results demonstrated that the hydrogel itself
has a clear promoting effect on healing, while the FHC-
Cgel loaded with MSC-Exo and VEGF-EV-AAV synergis-
tically enhances their respective anti-inflammatory and
wound-healing effects.

For further exploration of tissue-level skin reconstruc-
tion post-treatment, wound area tissues were collected
for systematic histological studies, utilizing Hematoxylin
and Eosin (H&E) staining. From the H&E stained sec-
tions, we observed that the region implanted with VEGF-
EV-AAV/MSC-Exo@FHCCgel had thicker epidermal and
dermal layers (Fig. 6¢). To ascertain the levels of vascu-
larization post different treatments, content of VEGF in
VEGEF-EV-AAV/MSC-Exo@FHCCgel group was highest
(Fig. 6d-i), while FHCCgel-treated tissue was higher than
Sham confirming hydrogel system could promote vascu-
larization.No significant vascularization was observed in
the PBS group tissues, while vascular marker expression
in the VEGF-EV-AAV@FHCCgel and MSC-Exo@FHC-
Cgel groups were distinctly higher, though not as pro-
nounced as in the VEGF-EV-AAV/MSC-Exo@FHCCgel
group. Tissues from day 14 were stained for CD31 immu-
nofluorescence (Fig. 6j and p). In Fig. 6k, vascular gen-
eration consistent with microscopic observations could
be seen on day 21 in healed skin sublayers, with vascu-
larization in the VEGF-EV-AAV/MSC-Exo@FHCCgel
group approaching that of normal tissue. Combined with
ELISA tests, this demonstrates that VEGF-EV-AAV can
still enhance local VEGF levels through efficient trans-
fection in vivo. Moreover, collagen and vascular regen-
eration, crucial indicators of tissue recovery [53], are
noted as being more uniform and orderly in the dermal
tissue of this group, with no significant inflammation,
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Fig. 5 Assessment of HUVECs proliferation and migration in co-culture with VEGF-EV-AAV/MSC-Exo@FHCCgel under simulated hyperoxic conditions.
(@) Wound scratch assay demonstrating the migration of endothelial cells (ECs). (b) Confocal laser scanning microscopy (CLSM) images depicting the
transfection of endothelial cells with F-actin/DAPI staining to evaluate cell number and morphology. (c) CLSM imaging for the assessment of intracellular
reactive oxygen species (ROS) in ECs pre- and post-incubation with H,O, across various treatments. (d) Relative expression levels of vascular endothelial
growth factor (VEGF). (e) The corresponding quantification of closure rates of wound scratch assay. (f) Quantitative analysis of cell counts of F-actin/DAPI
staining. (g) Statistical evaluation of ROS intensity within ECs. (h) EDU level of HUVECs under the oxidative culture conditions described above. (i) The
tube formation assay to assess the ability of vascularization promotion, and (j) relative analysis. Error bars represent mean + standard deviation, with n=3
experiments conducted. Statistical notations: n.s.=not significant, **p <0.01, ***p <0.001, indicating levels of statistical significance
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(See figure on previous page.)

Fig. 6 Enhancement of Vascularization and Healing in Diabetic Wounds through VEGF-EV-AAV/MSC-Exo@FHCCgel Treatment by Augmenting VEGF
Expression. (a) Schematic representation of the animal experiment protocol. (b) Photographic documentation of diabetic wounds following various treat-
ments ondays 0, 1,7,and 14. Immunohistochemical analysis using (c) hematoxylin and eosin (HE) on days 7 and 14. (d) Immunofluorescence (IF) staining
for a-SMA (green) and VEGF (red). (e) Western blotting of VEGF in wound tissues. (f-g) The statistical evaluations of VEGF. (h) ELISA and (i) PCR assays for
detection of VEGF in wound tissues. (j) IF images of CD31. (k) Examination of newly healed skin under illumination on day 21 to assess subcutaneous
vascularization. (I) The comparison of wound size ratios in different groups on days 0, 1, 7, and 14. (m) Masson's trichrome staining of diabetic wounds
harvested on day 28 where the blue intensity showed the arrangement and the concentration of collagen deposition. (n) The corresponding analysis of
wound healing time on days 0, 1, 7, and 14. Corresponding statistical analysis of (0) a-SMA and (p) CD31 IF images. (q) The collagen index was calculated
according to Masson’s trichrome staining. Error bars represent the mean + standard deviation, with n= 3. Statistical significance is indicated by *p <0.05,

**p<0.01,and **p<0.001

resembling characteristics of healthy tissue (Fig. 6m and
q). It is worth mentioning that MSC-Exo promotes vas-
cularization to some extent, but it is less effective than
VEGF-EV-AAV, which suggests that the elevation of
endogenous VEGF is crucial for base vascularization of
diabetic wounds.

Implantation of the biomimetic gene delivery system in
vivo reshapes the inflammation microenvironment

In diabetic mice, a systemic hyperglycemic and hyperoxi-
dative microenvironment disrupts homeostatic mecha-
nisms, leading to impaired wound healing. However, the
molecular pathways that mediate aberrant inflammatory
signaling remain unclear. Here, we further validated that
VEGE-EV-AAV/MSC-Exo@FHCCgel promoted MerTK
signaling involved in efferocytosis and increase the M2
phenotype macrophages in vivo by inhibiting the cGAS-
STING pathway. Western blot (WB) analysis indicated
that the expression of proteins related to the cGAS-
STING pathway in the wound tissues implanted with
VEGE-EV-AAV/MSC-Exo@FHCCgel was significantly
lower than in other groups (Fig. 7a-b), and the expression
of the efferocytosis-related receptor MerTK was high-
est (Fig. 7c-d). We speculate that the elevation of endog-
enous VEGF induced by VEGF-EV-AAV and the release
of MSC-Exo both contribute to the enhancement of local
efferocytosis to some extent.

Furthermore, wound tissues with different treatment
were digested to obtained single-cell, and labeled with
CD86 and CD206. Flow cytometry (Fig. 7e-h) and immu-
nofluorescence staining (Figure S9) analysis revealed
that, compared with other groups, anti-inflammatory M2
phenotype macrophages were significantly infiltrated in
the VEGF-EV-AAV/MSC-Exo@FHCCgel-treated tissue,
whereas pro-inflammatory M1 phenotype macrophages
infiltrated in the control tissue (Fig. 7e-h). Interestingly,
compared to other groups, the wound implanted with
VEGE-EV-AAV/MSC-Exo@FHCCgel displayed more
complete skin appendages on day 28. Recent studies sug-
gest that skin is highly sensitive to resident regulatory
T cells (Tregs), which play a crucial role in maintain-
ing local immune balance in the skin [54]. Therefore,
we explored the involvement of Tregs in promoting tis-
sue repair following the remodeling of the inflammatory

microenvironment of the wound. Increased infiltration of
Tregs in the wound tissue of the VEGF-EV-AAV/MSC-
Exo@FHCCgel group via immunofluorescence staining
(Fig. 7i-j). Similarly, flow cytometry identified that the
proportion of Foxp3+/CD25+cells in this group was
significantly higher than in other groups (Fig. 7k-1). The
transcription levels of anti-inflammatory factors in the
VEGE-EV-AAV/MSC-Exo@FHCCgel group were signifi-
cantly higher than those of pro-inflammatory factors in
other groups (Fig. 7m-p).

Our findings identify the cGAS-STING pathway as a
driver of the crosstalk between senescence and inflam-
mation in chronic wounds and demonstrate that VEGE-
EV-AAV/MSC-Exo@FHCCgel is a potential strategy to
disrupt this deleterious cycle. On one hand, downregu-
lating the cGAS-STING signaling that mediates DNA
immune sensing restores local efferocytosis to clear
necrotic material and induces macrophage polarization
to an anti-inflammatory M2 phenotype, releasing anti-
inflammatory factors and preventing ongoing inflamma-
tion. On the other hand, improving tissue senescence,
reducing the expression of senescence-associated secre-
tory phenotype (SASP), alleviates senescence-related
inflammation in diabetic wounds, and enhances Treg-
mediated skin repair functions.

Conclusion

In summary, this study developed a purified extracellu-
lar vesicle-encapsulated AAV (EV-AAV) from HEK293T
cells using a two-step ultrapurification method based on
Iodixanol, and constructed an implantable 3D tissue-
engineered bionic scaffold, VEGF-EV-AAV/MSC-Exo@
FHCCgel, based on optimized thermosensitive hydrogel.
As the previous researches shown, hydrogels are highly
versatile platforms with a wide range of biomedical appli-
cations. Despite recent advancements in EV research,
composite hydrogels are typically used immediately
after preparation, lacking established storage methods
and validation of EV activity. To address this, this study
developed an EV-AAV hydrogel system aimed at pro-
viding dual protection for both AAV and EVs [55-57].
In general, cells perceive surrounding material cues and
transduce these signals into intracellular biochemical
signals, thereby affecting cell viability, gene expression,
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Fig. 7 Immunomodulatory Effects and Enhanced Wound Healing Induced by VEGF-EV-AAV/MSC-Exo@FHCCgel in Diabetic Wounds. This formulation
ameliorated immune dysregulation and fostered effective wound repair. Western blot analyses were conducted to assess protein levels within (a-b) the
cGAS/STING and (c-d) efferocytosis signaling pathways in skin tissues extracted from mice with varied treatments. (e-h) Flow cytometric evaluation and
associated quantitative analysis of emerging tissue markers for CD86 (indicative of M1 macrophages) and CD206 (indicative of M2 macrophages) at day
3. (i) Immunofluorescence staining for Foxp3 (a Treg marker) on days 14 and 28, accompanied by (j) corresponding statistical analysis. (k-1) Flow cytology
sorted CD25%/Foxp3™ cells picked, and relative analysis. (m-p) Quantitative PCR was employed to measure transcript levels of inflammatory mediators
in wound tissues on day 7 post-treatment. Error bars represent the mean + standard deviation, with n=3. Statistical significance is denoted by **p <0.01,
**¥p<0.001, and n.s.=not significant
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and cell lineage specification. A systematic and compre-
hensive understanding of the interactions between cells
and the matrix is essential to promote their clinical appli-
cations in vivo. Here, we utilize an established dynamic
temperature-sensitive hydrogel system for gene delivery,
delving into the cellular biological responses and signal-
ing pathways involved in chronic wound applications,
which will aid in expanding its applications in the future.
This hydrogel system serves as a gene delivery system
for the sustained release of VEGF-bearing EV-AAVs and
anti-inflammatory MSC-Exos. Protected by the extracel-
lular vesicles, the VEGF-EV-AAVs efficiently transfect
endothelial cells, enhancing the expression of endog-
enous VEGE. In fact, existing research indicates that
both MSC-Exo [58] and VEGF [59] can improve intra-
cellular oxidative stress damage and promote the prolif-
eration of endothelial cells, which has been consistently
validated in this article. In vivo and in vitro experiments
confirmed that the antioxidant effects of VEGF-EV-
AAV/MSC-Exo@FHCCgel were superior to those of
VEGEF-EV-AAV@FHCCgel and MSC-Exo@FHCCgel.
The timely closure of mitochondrial membrane pores in
endothelial cells reduces the extracellular leakage of oxi-
dized mitochondrial DNA (Ox-mtDNA). Concurrently,
macrophages reduce the ingestion of Ox-mtDNA, inhib-
iting the cGAS/STING pathway and improving cellular
senescence. A reduction in senescence-associated secre-
tory phenotype (SASP) facilitates polarization towards an
anti-inflammatory M2 phenotype in macrophages, effec-
tively preventing a new cycle of inflammation. Accom-
panied by a decrease in local inflammatory factors, Treg
cell infiltrating and function enhancing aids the basal
layer remodel in wound bed. This work provides evidence
for the novel concept of combining EV-AAV with tissue
engineering as a gene delivery system for treating dia-
betic wounds. We also believe that this integrated design
of anti-inflammatory regulation and vascular regen-
eration will inspire strategies for endogenous repair of
chronic wounds.
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