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ARTICLE INFO ABSTRACT

Keywords: Promoting skin wound healing is a major global public health challenge. Stem cell exosomes are regarded as a
Chitosan promising and ideal therapeutic approach. However, effective stem cell exosome therapy also depends on
Hyaluronic acid suitable vectors to promote the release and stability of exosomes. In this study, exosomes derived from human
szﬁialmg umbilical cord mesenchymal stem cells (UCMSCs-exo) were loaded into crosslinked hydrogels of chitosan (CS)
Angiogenesis and hyaluronic acid (HA) to prepare a novel multifunctional hydrogel dressing with sustained release of exo-

somes (UCMSCs-exo@CS-HA). The UCMSCs-exo@CS-HA hydrogels had good properties, including three-
dimensional porous structure, exosomes loading performance, mechanical properties, tissue adhesion, antibac-
terial activity, degradation performance, and good biocompatibility. The whole skin defect model of mice
verified that the UCMSCs-exo@CS-HA hydrogels reduced the expression level of inflammatory factor
cyclooxygenase-2 (COX2) and inducible nitric oxide synthase (iNOS), promoted the orderly deposition of
collagen and angiogenesis, and effectively promoted wound healing. Overall, the UCMSCs-exo@CS-HA hydrogels
can effectively regulate the interaction between inflammation, tissue fibrosis, and angiogenesis, providing a
promising solution for the treatment of skin injury.

1. Introduction

The skin is the largest organ in the human body, which consists of the
epidermis, dermis, and subcutaneous tissue, and plays a crucial role in
defending the body against the invasion of pathogens [1]. Skin tissue
damage caused by external factors is called a wound. Wound healing is a
common problem within clinical settings. It is difficult, time-consuming,
and expensive. Moreover, it seriously harms a person's physical and
mental health, reduces their quality of life, and increases the burden on
families and society by consuming healthcare resources [2]. Traditional
wound healing therapy includes wound negative pressure therapy,
gauze dressing, and hyperbaric oxygen therapy. However, these treat-
ment methods may lead to secondary injuries and limited tissue move-
ment, which cannot meet the needs of patients [3]. Therefore, designing
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and developing an effective wound-healing therapy has become a major
research goal.

Keeping the wound moist can reduce the risk of wound infection,
reduce complications, and promote healing [4]. In recent years,
hydrogel dressings have been widely used in wound treatment for
excellent moisturizing properties and three-dimensional porous struc-
ture [5]. Recent studies on antibacterial hydrogels and
microenvironment-feedback hydrogels have further emphasized that
wound dressings should not only maintain moisture but also match
infection-, inflammation-, and repair-related cues in the wound micro-
environment [6,7]. Hydrogels are classified according to crosslinking
methods, which mainly include chemical crosslinking and physical
crosslinking. Chemically crosslinked hydrogels have superior structural
properties and are more stable than physically crosslinked hydrogels,
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but their application and development in biomedical and other fields are
limited by reactions that are harmful to biological activity [8]. In
contrast, physically cross-linked hydrogels form three-dimensional
networks through non-covalent interactions without the need for
chemical cross-linkers, thereby offering superior biocompatibility [9].
Its cross-linking process is reversible and can undergo dissociation under
specific environmental stimuli, which gives it unique advantages in
biomedical applications [9].

Polysaccharides are one of the common matrix components of
physically cross-linked hydrogels that provide a physical barrier to
wounds [10]. Chitosan (CS) is a polysaccharide widely found in nature
[11]. The CS is abundant in the shells of shrimp, crabs, and other ar-
thropods, as well as in the cell walls of lower plants [12]. The CS has
good biocompatibility, is easy to form films, and has antibacterial and
antioxidant properties. Therefore, it has been intensively researched and
widely applied in biomedical applications, for example as a drug carrier
or dressing [13]. However, the CS has some limitations, including poor
stability, limited solubility, and difficulty in dissolving under neutral
and alkaline conditions [14]. Hyaluronic acid (HA) is an important
component of the extracellular matrix. It is a naturally occurring
non-sulfur polymeric polysaccharide [15]. As a signal transduction
molecule, the HA can be involved in cell signaling, including cell pro-
liferation and migration, by binding the receptor CD44 and interacting
with various proteins in the extracellular matrix and cell membrane
[16,17]. The HA is non-antigenic, highly absorbent, viscoelastic, and
biocompatible. However, the HA is susceptible to degradation, is rela-
tively unstable, and has a short half-life [18]. In order to solve the
limitation of the regulation of physical and chemical properties of a
single material. Li et al. prepared a composite hydrogel with the CS and
the HA for wound healing [19]. However, the composite hydrogel has no
anti-inflammatory activity, so it can be obtained by loading drugs.

Related literature reports that pluripotent stem cells also play an
important role in tissue repair processes [20]. Mesenchymal stem cells
(MSCs) derived from mesoderm have become the mainstream of wound-
healing research owing to their high self-renewal capability and multi-
directional differentiation potential. Compared with adult mesenchymal
stem cells, umbilical cord mesenchymal stem cells (UCMSCs) have
obvious advantages, namely good self-renewal ability, pluripotent dif-
ferentiation characteristics, and lower immunogenicity [21]. In addi-
tion, umbilical cord mesenchymal stem cell exosomes (UCMSCs-exo)
have received considerable attention in the field of wound-healing
research. UCMSCs-exo are extracellular vesicles that assist in intercel-
lular communication, cellular differentiation, and proliferation, which
also promote angiogenesis and immune signaling [22]. Moreover,
UCMSCs-exo can control the immune response, inhibit the expression of
inflammatory factors, and reduce proliferative scar formation during
wound healing [23]. However, the application of UCMSCs-exo to wound
repair remains a major challenge in clinical applications owing to the
rapid in vitro clearance of UCMSCs-exo, which may affect their function,
and the low retention of UCMSCs-exo in vivo [24]. Song et al. have
demonstrated that the use of novel biocompatible dressings as slow-
release carriers for exosomes can maintain the biological activity of
exosomes in the wound and further promote wound healing [25].

In this study, it was assumed that the chitosan/hyaluronic acid
hydrogels as a functional carrier can efficiently load and release the
UCMSCs-exo. The incorporation of UCMSCs-exo into the CS-HA hydro-
gel delivery system is mainly based on the following basic principles.
Firstly, the stability issue of UCMSCs-exo in in vivo applications has been
resolved. UCMSCs-exo is prone to degradation by enzymes and clear-
ance by the immune system in the in vivo environment, resulting in a
decrease in its bioavailability. The encapsulation effect of the hydrogels
can protect exosomes from adverse factors in vivo, and improve its
stability and bioavailability in vivo [26]. Secondly, the targeted delivery
of exosomes at the local wound site has been achieved [26]. This
UCMSCs-exo@CS-HA hydrogels was more effective in regulating in-
flammatory responses, promoting angiogenesis and granulation tissue
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formation, and accelerating epithelial regeneration in a mouse model of
full-thickness skin defects.

As aresult, it significantly surpasses the use of hydrogels or exosomes
alone, achieving faster and higher-quality wound healing. Therefore, we
constructed the CS-HA hydrogels delivery system by physical cross-
linking CS and HA in this study. Next, the UCMSCs-exo with strong
anti-inflammatory effect was loaded on the CS-HA hydrogels to
construct a new delivery system of the UCMSCs-exo@CS-HA wound
repair hydrogels. The physicochemical properties, biosafety and bio-
logical application of the UCMSCs-exo@CS-HA hydrogels as a sustain-
able wound drug delivery system were systematically studied. We then
analyzed the UCMSCs-exo@CS-HA hydrogels to evaluate its anti-
inflammatory and antibacterial activity, tissue regeneration capability,
vascular regeneration capability, and wound-healing safety. Further-
more, we investigated the mechanism by which the UCMSCs-exo@CS-
HA hydrogels promotes wound healing.

2. Materials and methods
2.1. Materials

The CS (Mean molecular weight (M,) of 62 x 104, degree of
deacetylation = 84% determined by acid-base titration) was provided by
China National Pharmaceutical Group Chemical Reagent Co. The HA
(molecular weight: 1500-2500 kDa) was purchased from China Phar-
maceutical Group Chemical Reagent Co. The BCA protein kit was ob-
tained by Hangzhou Fode Biotechnology Co. PBS buffer solution, 4%
paraformaldehyde fixative and serum-free cell cryopreservation solu-
tion were purchased from Beijing Lanjieke Technology Co. Isoflurane
was provided by Shanghai Macklin Biochemical Technology Co. CD31,
VEGF, and HIF1-« antibodies were purchased from Shanghai Abbot Anti
Trading Co. Exosome fluorescent labeling dye (DiR) and exosome red
fluorescent labelling dye (PKH26) were supplied by Shanghai Umibio
Science and Technology Co. MEM medium and fetal bovine serum were
bought from Shanghai Darthel Bio-technology Co. Ltd. MEM medium
and fetal bovine serum were purchased from Shanghai Darthelm
Bioscience Co. Trypsin was obtained by Shanghai Univision Biotech-
nology Co. The cell counting kit and CCK-8 were purchased from Beijing
Solepol Technology Co.

2.2. Preparation and characterization of the UCMSCs-exo

2.2.1. Preparation of the UCMSCs-exo

The USMCs-exo was purchased from Xi'an Chuyuan Cel Biotech-
nology Co., LTD., and stored in a —80 °C refrigerator. The concentra-
tions of the UCMSCs-exo were determined by the BCA protein kit [27].
The morphology of exosomes was analyzed by transmission electron
microscopy (TEM, 8-H7650, China). Finally, the signature markers CD9
(1:6000, Proteintech, China), CD63 (1:1000, Proteintech, China) and
TSG101 (1:500, Proteintech, China) of the UCMSCs-exo were analyzed
by protein blotting assay.

2.2.2. Exosome fluorescence labeling PKH staining

The PKH26 staining kit was used to prepare the exosome dye
working solution. 100 pL dye working solution was added to 500 pg
exosomes. After incubation, unbound dyes are removed by centrifuga-
tion. The stained exosomes were obtained by suspension precipitation of
200 pL PBS buffer solution [28]. The expression of UCMSCs-exo was
observed at 24 h, 48 h, and 72 h, respectively.

2.3. Preparation and characterization of the CS-HA hydrogels

2.3.1. Preparation of the CS-HA hydrogels

The structural characterization of CS and HA has been shown in our
previous studies [29]. It should be clarified that dry CS and HA powders
were not directly mixed to instantly generate a hydrogel. In the actual
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preparation process, 5.85 g of CS powder was first dispersed in 60 g of
sterile saline, followed by addition of 1.65 g of 0.5% (w/v) acetic acid
under continuous stirring at room temperature. The weakly acidic me-
dium protonated the amino groups of CS and promoted polymer-chain
hydration, thereby producing a uniform CS solution/gel precursor.
Subsequently, 6 g of HA powder was slowly added and stirred until a
homogeneous CS-HA hydrogel was formed (Fig. 1). The hydrogel
network was generated mainly by electrostatic interactions between
protonated CS amino groups and HA carboxylate groups, together with
hydrogen bonding among amino, hydroxyl, and carboxyl groups. The
final hydrogel pH was checked using a calibrated pH meter and main-
tained at 6.8 + 0.2 before subsequent biological experiments. Together
with the hemolysis, cell viability, and subcutaneous implantation re-
sults, this near-neutral pH supported the absence of obvious acid-related
irritation under the present experimental conditions.
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2.3.2. Rheological property test

Subsequently, rheological experiments were carried out to assess the
physical properties of the CS-HA hydrogels using a hybrid rheometer
equipped with parallel plates (direct diameter 37 mm). The CS-HA
hydrogels was thoroughly mixed and loaded onto a preheated carrier
table. For dynamic frequency scanning, the frequency was set to
0.1-100 rad/s and the strain was maintained at 1%. The frequency was
set from 0.01 Hz to 100 Hz for viscosity scanning and shear viscosity
scanning [30].

2.3.3. Fourier infrared spectrum of the CS-HA hydrogels

The infrared spectra of CS, HA, and the CS-HA hydrogels were tested
by a Fourier transform infrared spectrometer (Tensor 27, Bruker, Bill-
erical, USA) with a wave number scanning range of 4000 cm ™ '-400
cm .

— w
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/—‘ Wound Healing
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Fig. 1. (A) Schematic illustration of the preparation of human umbilical cord mesenchymal stem cell-derived exosome-loaded chitosan/hyaluronic acid hydrogel
(UCMSCs-exo@CS-HA). (B) Preparation diagram of the chitosan/hyaluronic acid hydrogel (CS-HA hydrogel). Chitosan powder was dispersed in dilute acetic acid/
saline to protonate amino groups, followed by addition of hyaluronic acid powder; the hydrogel network was formed mainly through electrostatic interactions
between protonated chitosan amino groups and hyaluronic acid carboxylate groups, together with hydrogen bonding and physical chain entanglement.
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2.3.4. The CS-HA hydrogels adhesion test

The experimental animals and protocol have been approved by the
Animal Protection and Ethics Committee of Shenyang Medical College
(SYYXY2023030501). We tested the hydrogel's ability to adhere to
biological tissues by examining mouse visceral tissues as well as pig skin.

2.3.5. Haemolysis test and assessment of swelling properties

The blood compatibility of the hydrogels was evaluated using an in
vitro hemolysis assay [31]. Fresh anticoagulated whole blood was
washed by centrifugation with an appropriate amount of PBS, and the
resulting precipitate was mixed with PBS in a certain proportion to
obtain the erythrocyte suspension. 20 mg of hydrogels samples were
added with 200 pL of RBC suspension and 800 pL of PBS, and incubated
at 37 °C for 1 h. Experimental samples and control samples were incu-
bated under the same conditions. All samples were centrifuged at 5000
r/min for 5 min, and the absorbance value of the supernatant at 540 nm
was determined by using the enzyme marker, and the hemolysis rate of
the samples was calculated based on the absorbance value. Then the
hydrogel was immersed in PBS solution at 37 °C (pH = 7.4) and weighed
at a fixed time [32]. The swelling property of the hydrogel was deter-
mined by the specific gravity method. The calculation formula is as
follows: where Qt is the quality of the hydrogel after swelling, QO is the
mass of the hydrogel before swelling.

ODsample — ODPBS

—————— x 100%
ODydh,0 — ODpgs

Hemolysis rate (%) =

Swelling rate (%) = % x 100%
0

2.4. In vivo biocompatibility and preliminary degradation-related
evaluation of hydrogels

The experimental animals and protocol have been approved by the
Animal Protection and Ethics Committee of Shenyang Medical College
(SYYXY2023030501). The rats were anesthetized with 1.5% isoflurane,
and the hydrogel was implanted under the skin of the back of the rats.
This subcutaneous implantation assay was used primarily to evaluate
local tissue compatibility and to provide preliminary histological evi-
dence related to hydrogel degradation in vivo. HE staining was used to
detect tissue inflammation on the 7th and 14th day after implantation.
Because direct residual hydrogel morphology, volume, or mass loss was
not quantitatively tracked over time, these data were not interpreted as a
complete in vivo degradation assay.

2.5. Preparation of the UCMSCs-exo@CS-HA hydrogels

Before exosome loading, the prepared CS-HA hydrogels were steril-
ized by brief ultraviolet irradiation (6.9 mW/cmz, 360-480 nm) for 10 s.
The sterile CS-HA hydrogels were then mixed proportionally with
UCMSCs-exo in a centrifuge tube and gently centrifuged for 3 min to
ensure that UCMSCs-exo was evenly distributed in the gel. No photo-
initiator was added, and no UV-triggered covalent crosslinking reaction
was designed in this system. Thus, ultraviolet exposure functioned as a
brief sterilization step rather than a hydrogel-forming or exosome-
crosslinking reaction. The UCMSCs-exo@CS-HA hydrogels were main-
tained by the preformed physically crosslinked CS-HA network and by
non-covalent interactions between the polymer network and UCMSCs-
exo. This non-covalent loading strategy is consistent with previously
reported exosome-loaded hydrogel systems designed for local
extracellular-vesicle retention [33].

2.6. In vitro release of UCMSCs-exo

In vitro release of UCMSCs-exo was investigated using a transwell
chamber rather than a dialysis bag [24]. The transwell system was
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selected because it keeps the hydrogel in a defined upper compartment
without compression or deformation, reduces possible adsorption or
retention of nanoscale extracellular vesicles by dialysis membranes, and
more closely mimics diffusion from a wound dressing into wound
exudate. The labeled UCMSCs-exo@CS-HA was placed in the upper
chamber of the transwell on a 24-well plate, and 1.2 mL of release
medium (PBS solution containing 10% fetal bovine serum) was added to
the lower chamber. The transwell plate was placed in an orbital shaker
at 37 °C and shaken at 60 rpm. At the predetermined time point, 400 pL
of the chamber solution was removed and promptly replenished with
fresh release medium. The fluorescence intensity of the samples was
measured at 488 nm as the excitation wavelength and 525 nm as the
emission wavelength, and the cumulative release rate was calculated.

2.7. Small animal live imaging

The exosomal fluorescent dye (DiR) was diluted with PBS buffer
solution to prepare a dye-working solution with a concentration of 100
uM. The centrifuge tube containing the mixture was removed and
centrifuged at 9500 rpm for 60 min at 4 °C and the supernatant was
discarded. Then, PBS was added for resuspension and the labeled
UCMSCs-exo was obtained by centrifugation at 12,400 rpm at 4 °C for 2
min [34]. The experiments were approved by the Ethics Committee of
the Laboratory Animal Research Centre of Shenyang Medical College
(protocol no. SYYXY2023030501). The C57BL/6 mice weighing 18-22 g
were anesthetized with isoflurane to establish a model of total skin de-
fects. Dir-labeled UCMSCs-exo and the UCMSCs-exo@CS-HA hydrogels
were applied to the traumas on the back of the mice. Fluorescence
changes on the back of mice were detected by a small animal live im-
aging instrument (Aniview 600, GuangZhou, China).

2.8. Biocompatibility of the UCMSCs-exo@CS-HA hydrogels

The 1929 cells were inoculated into 24-well plates and cultured for
24 h at 37 °C in a cell culture incubator. Afterward, they were co-
cultured with the UCMSCs-exo, the CS-HA hydrogels, and the
UCMSCs-exo@CS-HA hydrogels. The operation was carried out using a
live/dead staining kit, and the green fluorescence intensity inside the
cells was observed using a fluorescence microscope [35,36].

2.9. Cellular experiments

2.9.1. Cell proliferation assay

The fibroblasts were inoculated into 96-well plates (biologix, Bei-
jing), with approximately 1 x 103 cells per well [37]. After cell adhe-
sion, the UCMSCs-exo at concentrations of 2, 5, and 10 pg/mL were
added to the medium and incubated at 37 °C. At 24 h, 48 h, and 72 h of
incubation, after removing the medium, 100 pL of medium containing
10% CCK-8 reagent (Solepol, China) was added to each well, and
incubated at 37 °C for 4 h. The absorbance value of each well at 450 nm
was measured by the multifunctional enzyme-labeled substance [38].
The calculation formula was as follows.

ODtreatment - ODcontrol

x 100%
ODcontml

Cell proliferation rate (%) =

2.9.2. Cytotoxicity assay

The fibroblasts were incubated in a 5% CO2 incubator at 37 °C for 24
h. After incubation, the UCMSCs-exo was diluted equally to 10, 20, and
40 pg/mlL, and four replicate wells of 100 pL/well were set up for each
concentration gradient [39,40]. Absorbance values at 450 nm were read
by enzyme markers. The formula for the cytotoxicity assay was as
follows.

ODtreatment — ODblank

x 100%
ODconLrol - ODblank

Cell cytotoxicity rate (%) =
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2.9.3. Cell scratch test

The L929 cells were inoculated into a 6-well plate at a density of 5 x
10° per well and cultured for 24 h. Then, a straight line was drawn
vertically in the middle area of each well with a 200 pL gun tip. Then the
UCMSCs-exo, the CS-HA hydrogels, and the UCMSCs-exo@CS-HA
hydrogel were scribed in each well separately, and the wells without
drug intervention were set as control. The changes in the scratched area
of each group were observed by microscope and photographed at 0 h
and 24 h, respectively. The scratch area of each group at O h and 24 h
was measured using Image-J software. The calculation formula was as
follows, where WO represented the initial scratch width, and Wt repre-
sented the scratch width after the experiment.
Wy — W,

:TOX 100%

Cell scratch healing rate (%)

2.10. Antibacterial experiment

The in vitro antibacterial ability of UCMSCs-exo@CS-HA hydrogels
was evaluated using Escherichia coli (E. coli, ATCC 25922) and Staphy-
lococcus aureus (S. aureus, ATCC 25923). In short, the bacteria were
taken out from —80 °C and thawed for passage. The passage was per-
formed at least three times to prepare a bacterial suspension. The con-
centration of the bacterial suspension was measured using a
turbidimeter, and the bacterial concentration was 0.5 McFarland. LB
agar plates were used to culture bacteria at pH 7.0 + 0.2 (Qingdao Haibo
Biotechnology Co.). For each bacterial strain, the experiment included
four treatment groups: control, UCMSCs-exo, CS-HA hydrogels, and
UCMSCs-exo@CS-HA hydrogels. Thus, a total of eight bacteria-
treatment combinations were evaluated. The concentration of
UCMSCs-exo was 10 pg/mL, and the amount of hydrogel was 100 pL per
well. After incubation for 2 h, the samples were resuspended with 1 mL
sterile PBS buffer solution and added to the bacterial culture medium for
24 h. Subsequently, bacterial colonies were counted using ImagelJ.
Finally, the antibacterial rate was calculated using the following for-
mula: antibacterial rate = (number of colonies in the control group —
number of colonies in the experimental group) / number of colonies in
the control group x 100%.

2.11. Animal experimentation

2.11.1. Establishment of animal models

In vivo procedures were approved by the Ethics Committee of
Experimental Animal Research Centre, Shenyang Medical College
(protocol No. SYYXY2023030501) and conducted by the European
regulation on the care and use of animals in experimental procedures
and the ARRIVE guidelines. The male C57BL/6 mice with body weights
of 18-22 g were adaptive feeding for 7 days. The ability of UCMSCs-
exo@CS-HA to promote wound healing was evaluated by establishing
a full-thickness skin injury model in mice. Forty mice were randomly
divided into four groups, namely the control group, the CS-HA hydrogels
group, the UCMSCs-exo group and the UCMSCs-exo@CS-HA hydrogels
group, with 10 mice in each group. On the 0, 3, 5, 7, 9 and 10 days, each
mouse was photographed with a camera at the same height and angle.
Image-J software was used to measure and analyze the wound area and
calculate the wound healing rate.

2.11.2. Histological analysis and immunohistochemistry

The cut wound skin of mice was fixed with 4% paraformaldehyde,
dehydrated and embedded, and cut into 3-5 pm thick pathological
sections for HE staining. Masson staining was used to determine the
amount and maturity of collagen in the wound bed. The proportion of
collagen was calculated using Image-Pro Plus 6.0 software [34].
Immunohistochemical staining (IHC) was then performed, and the
collected sections were deparaffinized and rehydrated [41]. To assess
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the vascularisation of the wound tissue, tissue sections were first reacted
with primary antibodies against CD31 (1:100, Abcam, China), VEGF
(1:1000, Abcam, China), and HIF1-a (1:250, Abcam, China). Next, the
color was developed with a chromogenic diaminobenzidine (DAB)
substrate. Images of the stained sections were obtained by light
microscopy.

2.12. Western blot analysis

The tissues were ground into a homogenate by placing them in a
buffer containing protease and protease inhibitors. The total protein
concentration was determined using a BCA kit (Beyotime, Beijing) [42].
The proteins were loaded on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Transfer of isolated proteins to polyvinylidene fluoride
membranes, PVDF membranes were closed with skimmed milk powder
at 37 °C for 1 h and then incubated with primary antibody overnight at
4 °C. PVDF membranes were then incubated with secondary antibodies
for 1 h, followed by the application of an enhanced chemiluminescence
(ECL) kit (Thermo Fisher, Zhejiang).

2.13. Statistical analysis

All the experiments were repeated three times in parallel. The data
were reported as mean + standard deviation (SD). The data were
analyzed for significant differences using one-way analysis of variance
(ANOVA) and t-tests, and differences between groups were considered
significant when p < 0.05.

3. Results and discussion

3.1. Preparation and characterization of the UCMSCs-exo and the CS-HA
hydrogels

The UCMSCs-exo were obtained from a commercial source and
subsequently characterized. They were characterized by TEM and
western blot analysis. The electron microscopy indicated that the
UCMSCs-exo were circular or elliptical in shape (Fig. 2A). The western
blot results indicated positive expression of TSG101, CD9, and CD63
exosomes markers (Fig. 2B). This was consistent with previously re-
ported results [24]. We determined the size of the UCMSCs-exo using a
nanoparticle analyzer, they were predominantly between 50 and 100
nm (Fig. 2C). In addition, PKH staining for UCMSCs-exo was further
characterized (Fig. 2D). Compared with the results of 24 h and 48 h
staining, the fluorescence of UCMSCs-exo at 72 h was diminished, which
was considered to be caused by a rapid in vitro clearance rate and short
half-life of the UCMSCs-exo [24].

The SEM indicated that the CS-HA hydrogels had an interconnected
three-dimensional microporous structure (Fig. 2E). Studies have
demonstrated that the three-dimensional and porous structures of the
CS-HA hydrogels facilitate cell migration and growth during wound
healing [43]. Meanwhile, the CS-HA hydrogels have a three-dimensional
porous network structure similar to that of a natural extracellular ma-
trix, which can provide a framework for drug delivery [43]. The results
in Fig. 2F-I indicated the elastic behavior and morphological charac-
teristics of the CS-HA hydrogels as well as the adhesion properties to pig
skin and visceral tissues. Ideal hydrogel dressings should have excellent
adhesion properties, which can effectively fill irregular wounds,
improve wound closure, as well as prevent secondary wound infections
[44]. As indicated in Fig. 2H-I, the CS-HA hydrogels had obvious tissue
adhesion to pig skin and different internal organs of mice. The above
results may be due to the hydrogen bond interaction between CS and
HA, which makes it have good adhesion ability. Simultaneously, the
amino and hydroxyl groups on the CS molecular chain form hydrogen
bonds with the carboxyl group on the HA molecular chain. This inter-
molecular interaction enhances the network structure of the hydrogel
and thus improves its tensile properties [14]. Hematocompatibility is



Z. Luo et al. International Journal of Biological Macromolecules 370 (2026) 152828

(A) ©

UCMSCs-exos

@ @ K0
&8 &= 88| 2KD
-e-e )

Concentration mi)

(J) = . (K) 100
"ol HEE g
= 395 iy Y S 80
£ 10} : S > o e
2 - - b
= 8- = 60
= =
2 -
14 6 oL
_g E 40
4 o
5 :
x % 20-
24 /
0~ 04 T T T T T
ddH,0 PBS CS-HA hydrogel 0 10 20 30 40 50 60
Time (Min)

Fig. 2. Characterization of human umbilical cord mesenchymal stem cell-derived exosomes (UCMSCs-exo) and physicochemical properties of the chitosan/hyal-
uronic acid hydrogel (CS-HA hydrogel). (A) Transmission electron microscopy (TEM) image of UCMSCs-exo, scale bar = 100 nm. (B) Western blot analysis of
exosomal markers CD9, CD63 and tumor susceptibility gene 101 protein (TSG101) (n = 3). (C) Particle-size distribution of UCMSCs-exo. (D) PKH26-labeled UCMSCs-
exo observed by fluorescence microscopy (original magnification, 200x). (E) Scanning electron microscopy (SEM) image showing the porous microstructure of the
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CS-HA hydrogel. (F-I) Digital images showing elasticity, tissue adhesion and macroscopic morphology of the CS-HA hydrogel. (J) Hemolysis evaluation of the CS-HA

hydrogel. (K) Swelling behavior of the CS-HA hydrogel. Data are presented as mean +/— standard deviation where applicable.

one of the important indicators for evaluating biomedical materials. As
displayed in the result Fig. 2J, compared with the positive control, the
supernatant of the hydrogel samples was close to the PBS negative
control, and both illuminated a clearer and lighter yellow color, indi-
cating good blood compatibility. The hemolysis rate of the CS-HA
hydrogels were 0.1%, which was below the critical safe range for he-
molysis (5%). The great blood compatibility of the CS-HA hydrogels can
be attributed to the fact that the negative charge carried by HA is
repulsive to the negative charge of platelets thereby reducing platelet
adhesion and aggregation [45]. In addition, we performed swelling ex-
periments to evaluate the swelling behavior of the CS-HA hydrogels. As
shown in Fig. 2K, the swelling of the hydrogel was a relatively slow
process. In the beginning, the CS-HA hydrogels swelled faster. Water
molecules penetrated the polymer network rapidly, and with the in-
crease of time, the swelling rate curve of the hydrogel tended to slow
down and reach the swelling equilibrium. The hydrogel in the swelling
equilibrium state has excellent biocompatibility and biodegradability,
which makes it important for applications in tissue engineering, drug
transport, and cell culture [46]. Good biocompatibility specifically

(A)

refers to the high level of safety and functionality that CS-HA hydrogels
exhibit when interacting with biological systems.

The FTIR spectra of the CS-HA hydrogels samples were illustrated in
Fig. 3A. The peaks at 1610 cm™! and 1406 cm™! corresponded to the
carboxyl groups of the HA. The spectral bands at 1540 cm ™! and 1646
cm ™! respectively corresponded to the vibration modes of the CS amide
II and amide III. It is worth noting that the amide I (C=O stretching)
peak, which is usually located in the range of 1640-1660 cm ™!, only
displays an extremely weak acromion at 1646 cm !, indicating that the
degree of deacetylation (DD) of the CS is extremely high and the residual
acetyl groups are quite few. Concurrently, in the infrared spectrum of
the CS-HA hydrogels, the amino peak of the CS and the carboxylate peak
of the HA remain discernible, with no new characteristic amide bond
peak emerging. This indicated that the two formed a physical cross-
linking network via electrostatic interactions and hydrogen bonds,
without the generation of new covalent bonds (such as amide or ester
bonds). Furthermore, the broadening of the O—H stretching vibration
peak (~3400 cm™!) further supported the mechanism of physically
cross-linked networks enhanced by hydrogen bonding. The research of
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Fig. 3. Rheological and chemical characterization of the chitosan/hyaluronic acid hydrogel (CS-HA hydrogel). (A) Fourier-transform infrared spectroscopy (FTIR)
spectra of chitosan, hyaluronic acid and the CS-HA hydrogel. (B) Frequency sweep showing storage modulus (G') and loss modulus (G") of the CS-HA hydrogel. (C)
Time-dependent viscosity profile of the CS-HA hydrogel. (D) Shear-rate-dependent viscosity profile of the CS-HA hydrogel.
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Chu et al. also indicated that HA and CS bound mainly through physical
interactions without forming amide bonds [47].

Subsequently, we tested the rheological properties of the CS-HA
hydrogels under different conditions to assess their mechanical
behavior (Fig. 3B-D). The higher the vibration frequency of the
rheometer, the closer the rheological property of a material is to a solid.
The lower the frequency, the closer the material is to a liquid. When the
vibration frequency is low, the energy storage modulus G’ and the loss
modulus G” are quite low, indicating liquid-like behavior. If the vibra-
tion frequency gradually increases, the energy storage modulus rises and
approaches the loss modulus, and the CS-HA hydrogels further forms a
reticular structure. When the vibration frequency was higher than 10
Hz, G’ was larger than G’, and the CS-HA hydrogels were a gel state
(Fig. 3B). As shown in Fig. 3C, the viscosity scan demonstrated that the
viscosity basically remained unchanged with the increase of time. This
may be due to the stable crosslinked structure of the hydrogel, and the
intermolecular interactions has not change significantly over a short
period. The results of the shear viscosity experiment were demonstrated
in Fig. 3D. the viscosity of the CS-HA hydrogels were significantly
decreased with the increase of shear rate, exhibiting reversible flow
behavior within the experimental pressure range. Research indicates
that drug delivery systems require carriers capable of maintaining low
viscosity to facilitate diffusion while rapidly restoring high viscosity
following implantation, thereby prolonging drug retention time [48].
The shear viscosity properties of the CS-HA hydrogels satisfy these drug

Control
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release requirements, thereby preventing impeded drug release due to
excessively high viscosity.

After that, we performed subcutaneous implantation experiments to
evaluate the in vivo biocompatibility and preliminary degradation-
related histological changes of the CS-HA hydrogels. As shown in
Fig. 4, the CS-HA hydrogels did not induce an obvious toxic response in
the surrounding skin tissue. On day 7, the implanted CS-HA hydrogels
could still be observed under the rat skin, with inflammatory cell infil-
tration visible around the gel. On day 14, the hydrogel-associated space
was markedly reduced, and the skin tissue remained structurally intact
with only a few inflammatory cells visible. These findings suggest
acceptable local tissue compatibility and preliminary degradation-
associated changes. However, because the residual morphology or
mass of the hydrogel was not directly quantified at serial time points,
Fig. 4 should be interpreted as a histological compatibility observation
rather than a full quantitative in vivo degradation evaluation [49].

3.2. In vivo retention and in vitro release of UCMSCs-exo and
biocompatibility analysis of the UCMSCs-exo@CS-HA hydrogels

Studies have shown that rapid clearance of exosomes in vivo may
affect their function, and the retention rate of exosomes after local
administration is low. Therefore, the application of exosomes in wound
repair remains a major clinical challenge [24]. We used the CS-HA
hydrogels as a carrier for UCMSCs-exo. The small-animal imaging

CS-HA hydrogel

Fig. 4. In vivo biocompatibility and preliminary degradation-associated histological evaluation of the chitosan/hyaluronic acid hydrogel (CS-HA hydrogel) after
subcutaneous implantation in rats. Hematoxylin and eosin (H&E)-stained sections show the local tissue response around the implanted hydrogel on days 7 and 14.
These images were used to evaluate local tissue compatibility and histological changes associated with hydrogel residue/degradation over time, rather than to
provide quantitative degradation kinetics. Scale bars are shown in the corresponding panels.
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results shown in Fig. 5A-C demonstrate the in vivo retention of DiR-
labeled UCMSCs-exo at the wound site. The UCMSCs-exo@CS-HA
hydrogels group exhibited slower fluorescence decay than the free
UCMSCs-exo group, and the 3D fluorescence images further indicated
improved local retention of UCMSCs-exo. The CS-HA hydrogels may
improve UCMSCs-exo retention at the wound site by two mechanisms:
(i) UCMSCs-exo can interact with the CS-HA hydrogel network through
van der Waals forces, electrostatic attraction, and hydrogen bonding,
which improves local utilization; and (ii) the CS-HA hydrogels provide a
hydrated extracellular matrix-like microenvironment and a stable car-
rier for extracellular vesicles [50,51]. As indicated in Fig. 5D, the
UCMSCs-exo@CS-HA hydrogels effectively encapsulated UCMSCs-exo
and exhibited representative sustained-release behavior in vitro.
UCMSCs-exo release reached a peak on the third day and then gradually
decreased. This behavior may be attributed to the drug-carrying struc-
ture and abundant functional groups of the CS-HA hydrogels, which
make them effective carriers for wound dressings [52]. The release ki-
netics of UCMSCs-exo from the CS-HA hydrogels is a complex process
regulated by multiple factors. First, physical encapsulation and diffusion
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are the dominant mechanisms of initial release. Exosomes are captured
in the three-dimensional porous network of hydrogels, and their early
release is mainly controlled by Fickian diffusion driven by concentration
gradients, with the rate depending on network pore size and connec-
tivity. Second, matrix swelling and degradation dominate subsequent
continuous release. Hydrogel swelling in the physiological environment
expands the pore size, and endogenous hyaluronidase and lysozyme
gradually degrade HA and CS molecular chains over time, causing slow
network disintegration and sustained release over several days. Finally,
the multi-molecular interactions between the polymer network and the
exosome membrane contribute to long-lasting sustained release. Elec-
trostatic adsorption between positively charged chitosan amino groups
and the negatively charged exosome membrane, supplemented by hy-
drophilic and hydrophobic interactions, forms a dynamic capture-
release equilibrium, effectively delaying exosome escape. In summary,
the sustained-release behavior of UCMSCs-exo@CS-HA is the result of
the synergistic effects of physical restriction, matrix degradation, and
biomolecular interactions [53].

The biocompatibility of the hydrogel delivery system is also an

Day 2 Day 3

UCMSCs-exo CS-HA Hydrogel UCMSCs-exo@CS-HA

Fig. 5. In vivo retention, in vitro release and biocompatibility evaluation of human umbilical cord mesenchymal stem cell-derived exosome-loaded chitosan/hy-
aluronic acid hydrogel (UCMSCs-exo@CS-HA). (A-C) Small-animal live fluorescence imaging of DiR-labeled UCMSCs-exo after topical administration of free
UCMSCs-exo or UCMSCs-exo@CS-HA hydrogel, showing local exosome retention at the wound site. (D) In vitro cumulative release profile of UCMSCs-exo from the
CS-HA hydrogel using a Transwell-based release system. (E) Live/dead staining images of 1929 fibroblasts co-cultured with different samples; live cells are shown in
green and dead cells in red (original magnification, 200x). (F) Quantitative analysis of live/dead staining. Data are presented as mean +/— standard deviation (n =

3) where applicable.
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important requirement for wound healing [52]. Most biomaterials used
for tissue repair are currently not optimal, mainly because hydrolytic
biodegradation processes release acids, which can have toxic effects on
cells [54]. Therefore, in the present study, we used live cell staining and
CCK8 staining to investigate the cellular biocompatibility of the
UCMSCs-exo@CS-HA hydrogels and determine its effects on the prolif-
eration of L929 fibroblasts. The live and dead staining results revealed
bright green fluorescence in the fluorescence images of all the experi-
mental groups, but there was little red fluorescence, and there was no
significant difference between the groups (Fig. 5E, F).

The CCKS staining displayed that the effect of the UCMSCs-exo on
the proliferation rate of L929 fibroblasts was not significantly different
at 24 h. At 48 h, compared with the control group, 2 pg/mL, 5 pg/mL,
and 10 pg/mL of the UCMSCs-exo all promoted cell proliferation, with
10 pg/mL of the UCMSCs-exo having the most significant effect (p <
0.01). After 72 h, the cell proliferation rate in the 5 pg/mL and 10 pg/mL
exosome concentration groups was significantly higher than that in the
control group (p < 0.01), whereas there was no significant difference in
the cell proliferation rate in the 2 pg/mL concentration group (Fig. 6A-
C). The reason for promoting fibroblast proliferation may be that the
UCMSCs-exo activate intracellular signaling pathways by delivering
specific miRNAs or proteins, thus promoting cell proliferation [55,56].
The cytotoxicity results displayed that compared with the control group,
the proliferation of L929 fibroblasts was inhibited when the concen-
tration of UCMSCs-exo exceeded 10 pg/mL (Fig. 6D). According to
literature reports, when exosomes exceed a certain concentration, their
physical and chemical properties may be changed, which will affect
their distribution and clearance in organisms, thereby causing toxic
reactions [57]. These results indicated that the UCMSCs-exo@CS-HA
hydrogels had good biocompatibility and proliferation ability of L929
fibroblasts. After that, we further investigated the ability of the UCMSCs-
exo@CS-HA hydrogels to promote the proliferation and migration of
1929 fibroblasts through scratch experiments. As illuminated in Fig. 6E-
F, compared with the control group, the UCMSCs-exo@CS-HA hydrogels
significantly promoted the proliferation and migration of 1929 fibro-
blasts after 24 h. This can be attributed to the fact that the CS-HA
hydrogels contain several motifs that can interact with cellular
instructor receptors, which provide an excellent growth scaffold for cell
growth [13]. In addition, UCMSCs-exo may deliver bioactive RNA/
protein cargo and activate intracellular signaling pathways that support
cell proliferation and migration [32,55].

3.3. Antibacterial activity of the UCMSCs-exo@CS-HA hydrogels

Bacterial contamination is an important risk factor that may delay
wound repair and aggravate inflammation [52,58,59]. Escherichia coli
can be associated with local tissue infection under certain conditions
[26], whereas Staphylococcus aureus is one of the most common patho-
gens related to skin and soft-tissue infections [60-62]. In recent years,
mesenchymal stem cell-derived exosomes and porous hydrogel dress-
ings have been reported to exhibit antibacterial or bacteria-limiting ef-
fects [63]. In this study, the inhibitory effects of UCMSCs-exo@CS-HA
hydrogels against S. aureus and E. coli were evaluated by in vitro anti-
bacterial experiments. As shown in Fig. 7A, treatment with UCMSCs-
exo@CS-HA hydrogels reduced the number of visible colonies of both
E. coli and S. aureus after 24 h. As displayed in Fig. 7B, the inhibitory
ability against E. coli increased in the order of CS-HA hydrogels,
UCMSCs-exo, and UCMSCs-exo@CS-HA hydrogels, and the antibacterial
rate of the UCMSCs-exo@CS-HA hydrogels group reached 93% + 3% (p
< 0.01). As shown in Fig. 7C, antibacterial activity against S. aureus was
also enhanced in the UCMSCs-exo@CS-HA hydrogels group compared
with the control group (p < 0.01). This effect may be related to the
positively charged amino groups of CS under weakly acidic conditions,
which can interact with negatively charged bacterial surfaces, increase
membrane permeability, and disrupt bacterial growth [64,65]. In
addition, UCMSCs-exo may contribute antibacterial components or
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immunomodulatory bioactive cargo, thereby cooperating with the CS-
HA matrix [66]. Importantly, the present animal study used an aseptic
acute full-thickness wound model and did not include standardized
bacterial inoculation. Therefore, wound-site colony-forming unit quan-
tification would not provide a valid assessment of antibacterial efficacy
in this model. Accordingly, the antibacterial conclusion of this study is
restricted to the in vitro bacterial assays, and in vivo antibacterial per-
formance should be further examined in an infected wound model.

3.4. The UCMSCs-exo@CS-HA hydrogels promoted wound healing in
mice

Wound healing is an important and complex process, and its effec-
tiveness is mainly reflected in the regeneration of abundant hair folli-
cles, the formation of new capillaries, the orderly deposition of collagen,
the disappearance of inflammatory exudates, and re-epithelialization
[67]. To investigate the effect of UCMSCs-exo@CS-HA hydrogels on
wound healing, we established a complete model of wound defects in
mice. The results of wound healing in mice were shown in Fig. 8A -B. All
the experimental groups exhibited a reduction in wound area by Day 10,
and the UCMSCs-exo@CS-HA group had the best healing rate of 98%.
This was followed by the CS-HA hydrogels group, the UCMSCs-exo
group, and the control group. The pathological manifestations of
wound healing were then assessed by HE staining. The results in Fig. 8C
displayed that on Day 10 of wound repair, the inflammatory response
was reduced in the UCMSCs-exo group compared with the control
group. Neoplastic hair follicle tissue and re-epithelialization of the
wound tissue were present in the CS-HA hydrogels group compared with
the UCMSCs-exo group. Compared with the wound tissues in the CS-HA
hydrogels group, the wound tissues in the UCMSCs-exo@CS-HA
hydrogels group were less inflamed, contained a large amount of
neoplastic hair follicles and neovascular tissues, and were structurally
similar to normal tissues. The UCMSCs-exo@CS-HA hydrogel's promo-
tion of wound healing in mice can be attributed to the UCMSCs-exo can
induce the production of growth factors that promote fibroblast growth
[68]. Meanwhile, CS absorbs and retains water, providing a moist
healing environment for the wound [44]. HA is a major component of
the skin's extracellular matrix and is involved in angiogenesis, and
promoting tissue regeneration [69]. Due to the synergistic effect of CS
and HA, the CS-HA hydrogels has anti-inflammatory, and antibacterial
properties, thus promoting wound healing.

3.5. The UCMSCs-exo@CS-HA promoted wound collagen deposition and
angiogenesis

Proper collagen deposition improves wound healing. Collagen is a
core component of the extracellular matrix and is an important signaling
molecule in the wound-healing process [70]. In the study, we investi-
gated collagen deposition in each experimental group on the tenth day
of wound healing by Masson staining. The ability to promote collagen
fiber proliferation compared to the control group was in the order of the
UCMSCs-exo@CS-HA group, the CS-HA hydrogels group, and the
UCMSCs-exo group (p < 0.01). The visible amount of collagen fibers
increased successively, the arrangement of collagen fibers was gradually
orderly, and Masson staining changed from light blue to dark blue
(Fig. 9A, C). We believe that UCMSCs-exo@CS-HA promotes collagen
deposition not through a single pathway, but rather as a result of the
synergistic effect of its unique “sustained-release delivery” and “multi-
functional exosome” properties. Firstly, the sustained-release property
of hydrogels ensures a continuous supply of exosomes, enabling them to
act on fibroblasts, the key cells for wound repair, for a long time and
providing a continuous signal for their proliferation and activation.
UCMSCs-exo is rich in various active factors, such as miR-21-5p and
growth factors TGF-p and FGF [32], which can be continuously and
controllably released into wound microenvironment by CS-HA hydro-
gels. After being taken up by the surrounding fibroblasts, these factors
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Fig. 6. Cell proliferation, cytotoxicity and scratch-wound migration assays. (A-C) Cell Counting Kit-8 (CCK-8) assay evaluating the effect of different concentrations
of human umbilical cord mesenchymal stem cell-derived exosomes (UCMSCs-exo) on L929 fibroblast proliferation at 24, 48 and 72 h (n = 3). (D) Quantitative
cytotoxicity analysis of UCMSCs-exo at different concentrations (n = 3). (E, F) Representative images and quantitative analysis of L929 fibroblast migration in the
scratch-wound assay (original magnification, 400x). Data are presented as mean +/— standard deviation. Differences between groups were analyzed using one-way
analysis of variance (ANOVA) followed by multiple-comparison testing; *p < 0.05 and **p < 0.01 indicate statistically significant differences.
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Fig. 7. Invitro antibacterial activity of human umbilical cord mesenchymal stem cell-derived exosome-loaded chitosan/hyaluronic acid hydrogel (UCMSCs-exo@CS-
HA). (A) Representative bacterial colony images showing antibacterial effects against Escherichia coli (E. coli) ATCC 25922 and Staphylococcus aureus (S. aureus) ATCC
25923 after 24 h incubation. (B) Quantitative antibacterial rate against E. coli (n = 3). (C) Quantitative antibacterial rate against S. aureus (n = 3). Data are presented
as mean +/— standard deviation. Differences between groups were analyzed using one-way analysis of variance (ANOVA) followed by multiple-comparison testing;

*p < 0.05 and **p < 0.01 indicate statistically significant differences.

can promote the proliferation and activation of fibroblasts and upre-
gulate their key ability to synthesize collagen. Furthermore, CS-HA
hydrogels promote collagen synthesis by indirectly regulating the
wound microenvironment.

According to the literature, in the stage of wound healing and pro-
liferation, the density of new capillaries is 2-3 or even 10 times higher
than that of normal tissue. In contrast, in the later stages of wound
healing, the new capillaries gradually close and resemble the structure
of normal skin tissue [2,71]. Blood vessels are crucial for tissue regen-
eration and wound repair because they provide nutrients and oxygen to
the cells around the wound. In our experiments, angiogenesis in wound
tissue was analyzed using immunohistochemical methods. As proved in
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the resultant graphs (Fig. 9B, D-F), compared with the control group, the
positive expression of CD31 in the UCMSCs-exo and CS-HA hydrogels
groups was increased, and the number of neovascularization was
increased. In contrast, the UCMSCs-exo@CS-HA hydrogels group
exhibited vascular closure, almost complete wound healing compared
with the control, the UCMSCs-exo and the CS-HA hydrogels group (p <
0.05). Furthermore, compared with the control group, UCMSCs-exo and
CS-HA hydrogels groups, the expression of VEGF in the UCMSCs-
exo@CS-HA hydrogels group was significantly increased (p < 0.01).
The decrease of VEGF secretion is considered to lead to the damage of
tissue repair, which is the key molecular target of angiogenesis in the
treatment of regenerative skin [72]. Compared with the control group,
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of wound tissues on day 10, scale bar = 500 pm. Data are presented as mean +/— standard deviation where applicable.

UCMSCs-exo and CS-HA hydrogels groups, the expression of HIF-1a in
the UCMSCs-exo@CS-HA hydrogels group was also increased. HIF-1a is
one of the most important indicators of wound angiogenesis and is a key
regulator of wound re-epithelialization and angiogenesis [73]. The pro-
angiogenic capability of the UCMSCs-exo@CS-HA hydrogels may be
attributed to the ability of CS and HA to increase the expression levels of
peri-wound repair factors and apoptotic factors to promote angiogen-
esis, epidermal regeneration, and cell proliferation [13]. It is also due to
the ability of the UCMSCs-exo to enhance the angiogenic activity of
endothelial cells [22,74].

3.6. The UCMSCs-exo@CS-HA hydrogels reduced the expression of
inflammatory factors and promoted wound healing

In the present study, the anti-inflammatory capability of the
UCMSCs-exo@CS-HA hydrogels and its ability to promote collagen fiber
proliferation was further confirmed by western blot analysis (Fig. 10A-
E). Studies have revealed that collagen I predominates during the later
stages of wound healing, and its significant deposition may lead to
scarring. In contrast to collagen I, the increase in collagen III helps
reduce the development of wound scars [75]. The quantitative data of
western blotting images showed that compared with the control group,
the CS-HA hydrogels group and the UCMSCs-exo group, the expression
of collagen I in the UCMSCs-exo@CS-HA hydrogels group was signifi-
cantly decreased (p < 0.05) (Fig. 10B). The results were shown in
Fig. 10C, compared with the control group, the expression of collagen III
was evidently increased in the UCMSCs-exo@CS-HA hydrogels group (p
< 0.05). Compared with the CS-HA hydrogels and UCMSCs-exo hydro-
gels groups, the expression of collagen III was also increased in the
UCMSCs-exo@CS-HA hydrogels group. Studies have exhibited that
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COX2 and iNOS are common inflammatory factors in wound healing.
The research of Li et al. also obtained the same result [19].
Additionally, excessive inflammation can lead to impaired wound
healing [76]. As shown in Fig. 10D, compared with the control group,
the CS-HA hydrogels group and the UCMSCs-exo group, COX2 expres-
sion was significantly inhibited in the UCMSCs-exo@CS-HA group (p <
0.01). Furthermore, as shown in Fig. 10E, the expression of iNOS was
reduced in the UCMSCs-exo@CS-HA hydrogels group compared with
the control group (p < 0.05), and it was also lower than that in the CS-
HA hydrogels and UCMSCs-exo groups. These results support that
UCMSCs-exo@CS-HA  hydrogels attenuated inflammatory-factor
expression in wound tissue. This effect may be attributed to the capac-
ity of UCMSCs-exo to deliver RNAs, proteins, and cytokine-related cargo
with anti-inflammatory activity [77], as well as to the local retention
provided by the CS-HA hydrogel network [22]. Nevertheless, because
the western blot assay was performed using whole wound tissue, iNOS
expression in this study should be interpreted as a tissue-level inflam-
matory indicator rather than a macrophage-specific M1 marker. We did
not directly detect macrophage polarization markers, such as CD86/
iNOS for the M1 phenotype or CD206/Arg-1 for the M2 phenotype, by
immunofluorescence, flow cytometry, or double immunostaining.
Therefore, we have avoided claiming direct regulation of macrophage
polarization and have limited the conclusion to inflammatory-factor
modulation. The potential effect of UCMSCs-exo@CS-HA hydrogels on
macrophage phenotype switching will be investigated in future work.
These evidence boundaries were considered when interpreting the bio-
logical effects of the hydrogel, and the proposed anti-inflammatory role
should therefore be understood as wound-tissue inflammatory-factor
attenuation rather than direct proof of macrophage reprogramming.
Several limitations should be acknowledged. First, the antibacterial
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Fig. 9. Masson staining and immunohistochemical analysis of collagen deposition and angiogenesis in wound tissues on day 10. (A, C) Representative Masson
staining images and quantitative analysis of collagen deposition, scale bar = 300 pm. (B) Representative immunohistochemical staining images; red arrows indicate
blood vessels, blue arrows indicate fibroblasts and black arrows indicate macrophage-like inflammatory cells, scale bar = 50 pm. (D-F) Quantitative analysis of
vascular-related markers, including cluster of differentiation 31 (CD31), vascular endothelial growth factor (VEGF) and hypoxia-inducible factor 1 alpha (HIF-
lalpha). Data are presented as mean +/— standard deviation. Differences between groups were analyzed using one-way analysis of variance (ANOVA) followed by
multiple-comparison testing; *p < 0.05 and **p < 0.01 indicate statistically significant differences.

effect was verified by in vitro colony assays, whereas the in vivo wound
model was an aseptic acute full-thickness defect model rather than an
infected wound model; therefore, in vivo antibacterial efficacy requires
further validation using standardized bacterial inoculation and wound-
site colony-forming unit quantification. Second, inflammatory regula-
tion was evaluated by whole-tissue COX2 and iNOS expression, and
macrophage polarization was not directly examined using macrophage-
specific double staining, flow cytometry, or phenotype markers. Third,
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the histological implantation assay provides preliminary degradation-
related and compatibility evidence, but direct residual hydrogel
morphology or mass-loss tracking over time was not performed. These
limitations have been considered when drawing the conclusions of this
study.
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Fig. 10. Western blot analysis of collagen remodeling- and inflammation-related proteins in wound tissues. (A) Representative western blot bands for collagen I,
collagen III, cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS). (B-E) Quantitative analysis of protein expression levels normalized to the cor-
responding loading control (n = 3). Data are presented as mean +/— standard deviation. Differences between groups were analyzed using one-way analysis of
variance (ANOVA) followed by multiple-comparison testing; *p < 0.05 and **p < 0.01 indicate statistically significant differences.

4. Conclusions

In this study, the CS-HA hydrogels were prepared by a physical
crosslinking method, and their physicochemical and biological proper-
ties were analyzed. The results suggested that the CS-HA hydrogels had
excellent rheological and biological properties and could provide a
suitable environment for the storage and sustained release of extracel-
lular vesicles. Then, 10 pg/mL UCMSCs-exo was added to the CS-HA
hydrogels to obtain the UCMSCs-exo@CS-HA hydrogels delivery sys-
tem. The in vitro antibacterial experiment and cell experiment demon-
strated that the gel could inhibit the proliferation of E. coli and S. aureus
and promote the proliferation and migration of L929 fibroblasts. In
addition, in vivo imaging and in vitro release experiments suggested that
the CS-HA hydrogels could enhance the local retention and sustained
release of UCMSCs-exo. Animal experiments suggested that UCMSCs-
exo@CS-HA hydrogels could promote acute skin wound healing, regu-
late collagen expression, and accelerate wound re-epithelialization and
neovascularization. Moreover, the UCMSCs-exo@CS-HA hydrogels
inhibited the expression of inflammatory factors COX2 and iNOS and
regulated the expression of wound collagen I and collagen III. It should
be emphasized that the current in vivo model was an aseptic acute
wound model; therefore, in vivo antibacterial efficacy was not assessed
by wound-site CFU counting. In addition, macrophage polarization was
not directly verified using macrophage-specific markers. These points
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represent important directions for future infected wound and immuno-
phenotyping studies. In summary, the prepared UCMSCs-exo@CS-HA
hydrogels provide a promising method for the treatment of acute skin
injury. Within the limits of the current experimental design, these
findings support UCMSCs-exo@CS-HA hydrogels as a promising
polysaccharide-based exosome delivery dressing for acute skin repair,
while infected-wound antibacterial efficacy and macrophage phenotype
regulation require further dedicated studies.
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