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Long-term exposure to ultraviolet (UV) radiation can damage human skin, resulting in photodamage. Repairing
photodamaged skin has been a major focus of research in recent years. Extensive research has shown that human
umbilical cord mesenchymal stem cell-derived exosomes (Exo) possess anti-inflammatory, pro-angiogenic, and
wound healing properties, holding great potential for treating skin damage. However, due to the limitations of
exosomes alone, such as poor transdermal penetration, instability, and low utilization, there is an urgent need for
new delivery strategies. We designed a hybrid nanovesicle (HL@Exo) by combining ultrasonic incubation with
membrane extrusion to fuse Exo with HL. HL@Exo capitalizes on the advantages of liposomal carriers and the
permeation-enhancing properties of hyaluronic acid to effectively facilitate transdermal delivery of Exo. The
successful fusion of HL@Exo and its skin penetration were verified by methods such as fluorescent labeling,
western blotting, Transwell assays, and in vivo imaging. In vitro studies on photodamaged keratinocytes and
endothelial cells demonstrated HL@Exo ability to promote cell proliferation, repair, angiogenesis, and reduce
inflammation. In a laser-induced skin photodamage model, HL@Exo enhanced collagen regeneration, acceler-
ated wound healing, and demonstrated significant anti-inflammatory effects, indicating its potential as a non-
invasive treatment and offering a novel strategy for the clinical application of Exo.

1. Introduction and regulate ROS-related genes (e.g., SOD, CAT) to alleviate oxidative

stress; protein components can activate the Wnt/p-catenin pathway,

Ultraviolet radiation has various harmful effects on human skin,
manifesting as pathological changes such as sunburn, erythema and
edema, which further lead to photodamage. Photodamage caused by
ultraviolet radiation is currently one of the most common causes of skin
damage and severely affecting people’s quality of life [1-4]. Human
umbilical cord mesenchymal stem cell-derived exosomes are rich in
various bioactive components, including specific DNA, microRNA,
proteins, and other active molecules. Among them, miRNAs can target

promoting cell migration, proliferation, angiogenesis, collagen synthe-
sis, and skin tissue repair. Additionally, TGF-p1 and HSP70 in exosomes
can modulate the immune microenvironment, facilitating the repair of
the damaged tissue microenvironment. These components collectively
endow exosomes with properties such as immune modulation, wound
healing promotion, and anti-inflammatory effects, making them widely
used in drug delivery, tissue repair, and regeneration [5]. For example,
Yin et al. demonstrated that exosomes derived from human umbilical
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cord mesenchymal stem cells (UCB-Exo) promote wound healing and
reduce scar formation by utilizing Spryl and PTEN [6,7]. Zhang et al.
developed an exosome hydrogel that alleviated early inflammatory re-
sponses and promoted healing in damaged skin [8]. The stratum cor-
neum of human skin serves as a natural barrier, effectively preventing
the penetration of molecules and particles. Additionally, when exosomes
are directly applied to the skin surface, they are prone to degradation by
enzymes in the skin microenvironment, which can lead to their loss of
activity. Exosomes are also highly sensitive to environmental factors
such as heat and ultraviolet (UV) radiation, further compromising their
stability and bioavailability. Relying solely on diffusion mechanisms
makes it difficult to achieve effective utilization. As a result, invasive
treatments are often employed. However, invasive treatments are prone
to causing secondary damage to the damaged skin and are rapidly
cleared, limiting their therapeutic functions. On the other hand, chronic
skin damage, such as UV-induced skin aging and burn wounds, requires
a relatively long recovery time. Single exosomes face inherent limita-
tions in terms of permeability, stability, and functional specificity.
Therefore, the design of exosome-based materials that combine multi-
functionality with high efficiency is a key focus of current research.

Transdermal drug delivery systems are lauded as one of the most
promising non-invasive drug delivery methods due to their avoidance of
first-pass effects, non-invasiveness, and high efficiency [9]. Liposomes,
as carriers, offer high biocompatibility, low toxicity, and high encap-
sulation efficiency, making them widely applicable in transdermal de-
livery [10]. For instance, Malakar et al. developed liposomal gels
containing insulin for treating insulin-dependent diabetes, achieving
favorable outcomes, Kurakula et al. loaded lipid nanoparticles and
avanafil into hydrogel films for transdermal treatment of erectile
dysfunction, significantly improving drug solubility and bioavailability
[11,12]. Hyaluronic acid (HA), as a penetration enhancer, can increase
the water content of the stratum corneum and form complexes with skin
phospholipids to open channels for enhanced penetration. For example,
Manca et al. formulated HA vesicles using hydrophilic curcumin and
hyaluronic acid sodium, demonstrating that HA can promote rapid drug
deposition in the skin, beneficial for inflammation prevention and
wound healing [13]. Wang et al. grafted cyclodextrin onto HA to form
polymeric micelles for treating atopic dermatitis, showing enhanced
drug penetration and prolonged retention in the skin [14]. Therefore,
leveraging the carrier advantages of liposomes and the penetration-
enhancing properties of hyaluronic acid offers a new approach for the
non-invasive delivery of exosomes in the skin.

Building on the above discussions, this study utilized ultrasonic in-
cubation combined with membrane extrusion to hybridize HL with Exo,
designing a hybrid nanovesicle (HL@Exo) with efficient delivery and
therapeutic functions. We developed HL@Exo, a hybrid nanovesicle that
incorporates hyaluronic acid (HA), a permeation-enhancing molecule,
into conventional liposomes. This design reduces the resistance of the
stratum corneum barrier, enhances the rapid deposition of exosomes in
the skin, and increases their mobility, thereby significantly improving
their efficiency in penetrating the stratum corneum. Additionally, the
bilayer membrane structure of HA liposomes provides protection and
controlled-release functionality for exosomes, thereby improving their
stability and utilization efficiency. Mechanistically, HL@Exo exhibits
remarkable synergistic effects. On one hand, HL@Exo increases super-
oxide dismutase (SOD) activity and decreases the production of
malondialdehyde (MDA), thereby mitigating oxidative stress-induced
damage to DNA and proteins and suppressing the excessive production
of inflammatory mediators. On the other hand, HL@Exo directly
downregulates pro-inflammatory factors, modulating immune balance
in the damaged area and restoring the normal immune microenviron-
ment of skin tissues. Furthermore, HL@Exo promotes the repair of the
epidermal barrier, facilitates the orderly arrangement of collagen fibers,
and regulates cell proliferation and apoptosis, collectively accelerating
the regeneration and structural restoration of skin tissues. This dual anti-
inflammatory and antioxidant mechanism not only enables HL@Exo to
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achieve non-invasive treatment of acute photodamaged skin but also
provides a novel strategy for advancing the clinical application of
exosome-based therapies (Scheme 1).

2. Materials and methods
2.1. Materials preparation

Soy lecithin was purchased from Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). Cholesterol (Cho) was purchased from
Qiyun Biotechnology Co., Ltd. (Guangzhou, China). Sodium hyaluronate
was purchased from JinSui Biotechnology Co., Ltd. (Shanghai, China).
PKH26 and PKH67 fluorescent kits were purchased from Sigma-Aldrich.
Absolute ethanol (AR) was purchased from Guangzhou Chemical Re-
agent Factory. DMEM, trypsin, fetal bovine serum, and penicillin-
streptomycin double antibody were purchased from Gibco (USA).
CCK-8 kit, CAT kit, SOD kit, and MDA kit were purchased from Beyotime
Biotechnology Co., Ltd. (Shanghai, China). Mouse anti-KI67, IL-6, IL-1f,
and TNF-a antibodies were purchased from Servicebio Technology Co.,
Ltd. (Wuhan, China). Exo were from Hengqin Perfect-Medical Labora-
tory Co. Ltd. Human umbilical vein endothelial cells (HUVECs) and
immortalized human keratinocytes (HaCat) were purchased from
Meisen Cell Technology Co., Ltd. (Zhejiang, China).

2.2. Research on the preparation process of hyaluronic acid liposome
exosomes (HL@Exo)

2.2.1. Preparation of hyaluronic acid liposomes (HL)

HL was prepared using a combination of reverse-phase evaporation,
high-speed homogenization, and microfluidization, based on detailed
methods previously described [10]. Briefly, soy lecithin and cholesterol
in a 30:1 (w/w) ratio were added to 30 mL absolute ethanol, completely
dissolved by water bath heating, and stirred for 2 h for thorough mixing.
Concurrently, HA powder (0.1 %, w/v) with a molecular weight of 1-1.5
M was accurately weighed and dissolved in phosphate-buffered saline
(PBS, pH = 7.4) by stirring for 4 h to obtain the HA solution. Under
magnetic stirring, the two solutions were slowly mixed, and the mixture
was dispersed and emulsified using a high-shear dispersing emulsifier to
form a stable W/O emulsion. Finally, rotary evaporation, PBS hydration,
and microfluidization were used to obtain HL [15].

2.2.2. Preparation of hybrid hyaluronic acid liposome exosomes
(HL@Exo)

Considering previous studies and coupling efficiency, this study
employed ultrasonic incubation combined with membrane extrusion to
prepare HL@Exo. Briefly, 1 mg Exo (0.540 mg protein content) was
dissolved in 1 mL HL, mixed thoroughly by vortexing and ultrasonic
treatment (30 % maximum amplitude, 5-s pulse on/off, 3 min), and then
incubated in a 37 °C shaker for 1 h. The mixture was then passed through
400 nm and 200 nm polycarbonate membranes, manually pushed back
and forth 30 times, resulting in stable HL@Exo [16-18].

2.2.3. Fluorescent labeling of hybrid hyaluronic acid liposome exosomes
(HL@Exo)

Fluorescent labeling was used to separately label the liposomes and
exosomes in HL@Exo [19]. According to the dye kit instructions, 50 pL
PKH-26 dye working solution was added to 200 pg exosome solution,
and 5 pL PKH-67 dye working solution was added to 100 pL hyaluronic
acid liposome solution. Both were vortexed and incubated at room
temperature for 10 min. The solutions were centrifuged at 4 °C to
remove excess dye, and the precipitate was resuspended in PBS (pH =
7.4) to obtain fluorescently labeled exosomes dye complexes and hyal-
uronic acid liposome dye complexes. The fluorescently labeled HL@Exo
was prepared using the same method, avoiding light throughout the
process. Three parallel controls were set for each group.
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Scheme 1. Design and treatment illustration of HL@Exo transdermal delivery system for acute skin photodamage.

2.2.4. Characterization

The particle size, zeta potential, and PDI of HL, Exo, and HL@Exo
were measured using a nanoparticle size analyzer (Malvern). The hy-
drodynamic diameter distribution of HL, Exo, and HL@Exo was
analyzed using a nanoparticle tracking analyzer (NTA) [20]. Structural
characterization of PKH-26 labeled Exo and PKH-67 labeled HL was
performed using a laser scanning confocal microscope (LSM 880). The
morphology of HL, Exo, and HL@Exo was observed using a field emis-
sion cryo-transmission electron microscope (Cryo-FE-TEM) with a
working voltage of 200 kV (one set of samples was negatively stained
with 1 % phosphotungstic acid, while another set was unstained for
elemental composition and distribution analysis) [21]. Western blotting
was used to verify the expression of CD63, TSG101, CD81, and CD9 in
Exo and HL@Exo, and detection was performed using a chem-
iluminescence imaging system after incubation.

2.3. Skin pharmacokinetic analysis of HL@Exo

2.3.1. Quantitative analysis of in vitro simulated skin penetration

A Franz diffusion cell with a diffusion area of 1.767 cm? was used to
conduct in vitro simulated skin penetration experiments on Exo and
HL@Exo labeled with the specific dye PKH-26 [22]. PBS (pH = 7.4) was
filled in the receiving chamber and continuously stirred at 200 rpm/min,
maintaining the diffusion cell temperature at 37 °C using a circulating
water bath. Suitable-sized mouse skin was clamped between the donor
and receiver chambers, exposing the dermis to PBS (pH = 7.4). Freshly
prepared PKH-26 labeled Exo and HL@Exo sample solutions (both at
0.1 % Exo concentration) were applied to the stratum corneum in the
donor chamber. At different time points (1 h, 3h, 5h, 7 h), 1 mL samples
were taken from the receiver chamber through the sampling port and
replaced with equal volumes of PBS (pH = 7.4). The exosome content in
the samples was analyzed by measuring the fluorescence intensity at
551 nm using a multifunctional microplate reader (Synergy H1) [23].
Three parallel controls were set up in each group.

2.3.2. Analysis of skin penetration depth and distribution

After the above in vitro penetration experiment using the Franz
diffusion cell for 7 h, excess sample solution was removed from the skin
surface. The skin was extracted from the diffusion cell, washed with
physiological saline to ensure no residual sample, dried with filter paper,
and cut into approximately 1 cm? sections. The skin sections were
embedded in OTC compound, fixed with liquid nitrogen, and vertically
sliced into 10 pm thick sections using a cryostat at —20 °C. The skin
sections were mounted on slides and the fluorescent distribution in the
skin was observed using an advanced inverted fluorescence microscope
(AxioCamMRc), selecting a filter with an emission wavelength of 567
nm and an excitation wavelength of 551 nm.

2.3.3. In vivo penetration experiment

To determine the effect of HL on the transdermal penetration and
retention of Exo, in vivo imaging was used on mice. Briefly, after anes-
thetizing the mice, the hair on both legs was removed using a shaver and
depilatory cream to eliminate interference with fluorescence imaging.
Then, 20 pL of PKH-26-labeled Exo and HL@Exo suspension (both at 0.1
% Exo concentration) was evenly applied to the left and right legs of
each mouse, respectively (left leg for Exo, right leg for HL@Exo0) to
simulate the transdermal effects of the two materials on living animals.
After 2 h, the mice were euthanized, and the thigh skin tissues were
removed. The distribution of fluorescence in the underlying muscle
tissue was observed using a small animal in vivo imaging system (FX Pro)
to determine whether the exosomes penetrated the skin. Additionally,
the proportion of fluorescence that passed through was quantified by
fluorescence analysis. The excised skin tissue was frozen and vertically
sectioned to produce skin slices that were mounted on slides and
observed for exosome distribution using an advanced inverted fluores-
cence microscope (DMi8) [24]. Three parallel controls were set up for
each group. The results were expressed as mean value and standard
deviation.
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2.3.4. In vitro cell penetration experiment

A Transwell system with human keratinocytes (HaCat) was estab-
lished as an in vitro tissue model. Briefly, 1 x 10° HaCat cells were
seeded in the upper chamber of the Transwell system and cultured at
37°C, 5% CO: until the cells adhered completely. Another 1 x 10° cells
were seeded in the lower chamber to allow cell adhesion. In the upper
chamber, 200 pL of fluorescently labeled Exo and HL@Exo were added
and incubated. After 12 h, the cells in the lower chamber were washed
several times with cold PBS and stained with Hoechst. After incubation,
the lower chamber cells were washed and observed using confocal laser
scanning microscopy (CLSM) [25]. Three parallel controls were set up in
each group. Fluorescence intensity was measured using ImageJ 5.0
software and quantitatively analyzed.

2.4. Effects of HL@Exo on HaCat and HUVECs

2.4.1. Establishment of a photodamaged HaCat cell model

Human keratinocytes (HaCaT) were cultured in DMEM medium
supplemented with 10 % fetal bovine serum and 1 % antibiotics at 37 °C,
5 % COz2 for 24 h. The medium was removed, and the cells were covered
with a thin layer of PBS. The cells were then irradiated with an ULTRA-
VITALUX lamp placed 10 cm from the cells at an energy level of 100 mJ/
em? [26]. Three parallel controls were set up in each group.

2.4.2. Effect of HL@Exo on the viability of photodamaged HaCat cells

HaCaT cells were seeded in 96-well plates at a density of 5 x 10° cells
per well. After irradiation, the cells were treated with equal concen-
trations of HL, Exo, and HL@Exo (0.1 % Exo concentration). The control
group was cultured in medium only. After 24 h, cell viability was
measured using the CCK8 assay. The materials were removed, and CCK-
8 reagent was added to each well. After 2 h of incubation, the absor-
bance at 450 nm was recorded using a multifunctional microplate reader
to calculate the cell proliferation rate for each treatment. Three parallel
controls were set up for each group. The results were expressed as mean
value and standard deviation.

2.4.3. Simulated wound healing experiment

First, HaCaT cells were seeded in 6-well plates at a density of 2 x 10°
cells per well. After the cells adhered completely, a photodamaged
model was established, and a scratch was made in the center of each well
using a 200 pL sterile pipette tip. The cells were washed twice with PBS
(pH = 7.4) and cultured in serum-free DMEM containing HL, Exo, and
HL@Exo (0.1 % Exo concentration). The control group was cultured in
medium only. The cell migration was observed and recorded under a
microscope at 0 h, 12 h, and 24 h. The scratch width in the images was
quantified using ImageJ software to calculate the healing rate. Three
parallel controls were set up for each group. The results were expressed
as mean value and standard deviation.

2.4.4. Protective effect of HL@Exo on photodamaged HaCat cells

HaCat cells were seeded in 24-well plates at a density of 5 x 10* cells
per well and cultured overnight to allow cell adhesion. The old medium
was removed, and the cells were treated with complete medium con-
taining different materials (HL, Exo, and HL@Exo, 0.1 % Exo concen-
tration). After 24 h of incubation, live-dead cell staining was performed
using a kit, and the cells were observed and photographed using an
inverted fluorescence microscope. Three parallel controls were set up in
each group.

2.4.5. Real-time quantitative PCR (qRT-PCR) analysis of HaCat apoptosis

The potential mechanism of HL@Exo in inhibiting HaCat apoptosis
was investigated using qRT-PCR. Briefly, HaCat cells were seeded in 24-
well plates at a density of 5 x 10* cells per well. After irradiation, the
cells were treated with equal concentrations of HL, Exo, and HL@Exo
(0.1 % Exo concentration). The control group was cultured in medium
only. After 24 h of incubation, the sample solutions were removed, total
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RNA was extracted from the cells, and reverse transcription was per-
formed according to the kit instructions. Finally, the expression of
Caspase-3, Bcl-2, and Bax in the cells was measured using a real-time
fluorescence quantitative PCR instrument [27]. The primer sequences
used in this study are listed in Table S1. Three parallel controls were set
up for each group. The results were expressed as mean value and stan-
dard deviation.

2.4.6. Study on antioxidant properties of photodamaged HaCat cells
HaCat cells were seeded in 24-well plates at a density of 5 x 10* cells
per well. After irradiation, the cells were treated with equal concen-
trations of HL, Exo, and HL@Exo (0.1 % Exo concentration). The control
group was cultured in medium only. After 24 h of treatment, cell sus-
pensions were collected. To assess the oxidative damage in UV-damaged
HaCaT cells, we measured the levels of intracellular SOD, CAT, and
MDA. According to the manufacturer’s instructions, the enzyme activ-
ities of SOD, MDA, and CAT were measured using assay kits [28]. To
explore the protective mechanism of HL@Exo against UV-induced
damage in HaCaT cells, we employed immunofluorescence to assess
the expression level of the DNA double-strand break marker yH2AX. The
expression of IGF-1 and yH2Ax in the cells was measured using immu-
nofluorescence staining. Three parallel controls were set up for each
group. The results were expressed as mean value and standard deviation.

2.4.7. HUVEC:s proliferation experiment

HUVECs were seeded in 96-well plates at a density of 5 x 10° cells
per well and incubated at 37 °C, 5 % CO: for 24 h. The medium was
removed, and the cells were treated with culture medium containing HL,
Exo, and HL@Exo (0.1 % Exo concentration). The control group was
cultured in medium only. After 24 h, CCK-8 reagent was added to the
experimental and blank wells. After 2 h of incubation in the dark, the
optical density at 450 nm was measured using a microplate reader to
calculate the cell proliferation rate for each treatment. Three parallel
controls were set up for each group. The results were expressed as mean
value and standard deviation.

2.4.8. HUVECs migration experiment

HUVECs were seeded in 6-well plates at a density of 2 x 10° cells per
well. Once the cells adhered, a scratch was made in the center of each
well using a 200 pL sterile pipette tip. The cells were washed twice with
PBS (pH = 7.4) and cultured in serum-free DMEM containing HL, Exo,
and HL@Exo (0.1 % Exo concentration). The control group was cultured
in medium only. Cell migration was observed and recorded under a
microscope at 0 h, 12 h, and 24 h. The scratch width in the images was
quantified using ImageJ software to calculate the healing rate. Three
parallel controls were set up for each group. The results were expressed
as mean value and standard deviation.

2.4.9. Endothelial tube formation assay

HUVECs were cultured with Exo, HL, and HL@Exo (all at 0.1 % Exo
concentration) for 48 h. The control group was cultured in medium only.
Matrigel (200 pL) was plated in 12-well plates and incubated at 37 °C for
15 min to solidify. Treated cells were then seeded onto the solidified
Matrigel at 5 x 10° cells per well. After 8 h of incubation, tube formation
was observed under a microscope, and the number of tubes formed was
quantified using ImageJ software [29]. Three parallel controls were set
up in each group.

2.5. Application in treatment of acute photodamage animal model

2.5.1. Establishment of fractional laser-induced acute skin injury
Twenty-five female BALB/C mice (6-8 weeks old, average weight 18
g) were purchased from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China). All mice were housed in an SPF-grade
laboratory, with daily changes of bedding, water, and feed. The housing
conditions were maintained at a temperature of 22-24 °C, relative
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humidity of 60 %, with a 12-h light/dark cycle. Mice were acclimatized
to the experimental environment for one week before the experiment.
All animal experiments complied with the regulations of the Animal Use
and Management Committee of Jinan University and were approved by
the Ethics Committee (Ethics No. IACUC-20231023-07). The modeling
method simulated human skin fractional laser. Mice were anesthetized
and depilated using a depilatory cream. Twenty-four hours after depi-
lation, the depilated area was evenly scanned with a CO- fractional laser
instrument (Koyolaser) to induce an acute skin photodamage model in
mice. The laser energy was 2.5 mJ/g, with a 10 x 15 mm lattice range,
repeated once. Successful modeling was indicated by the appearance of
red spots or slight exudate on the back skin of the mice.

2.5.2. Kinetics of exosome penetration in photodamaged skin

To explore the effective utilization of Exo during the treatment
process, dynamic analysis of Exo penetration was conducted through
fluorescence labeling and live imaging. PKH-26-labeled Exo and
HL@Exo were used to trace the penetration of exosomes through pho-
todamaged skin. The modeling method was as described above. After 12
h of treatment, mice were euthanized, and the back skin was collected.
At 0 h and 12 h, the penetration of exosomes was observed using an in
vivo imaging system and quantified by fluorescence analysis. To avoid
fluorescence quenching, the entire process was conducted in the dark.
Skin tissues were fixed with 4 % (w/v) paraformaldehyde and sectioned
for observation of fluorescently labeled exosomes in the tissue using a
fluorescence microscope [30]. Three parallel controls were set up in
each group.

2.5.3. Skin repair and histological evaluation in mice

After successful modeling of acute laser-induced skin injury in mice,
the mice were randomly divided into five groups, each consisting of 5
mice: the healthy group, model group (PBS), Exosome (Exo) group,
Hyaluronic Liposomes (HL) group, and hybrid Hyaluronic Acid Lipo-
some Exosomes (HL@Exo) group. The healthy group received no
treatment (blank control), while on the first day post-modeling, the
model group received phosphate-buffered saline (PBS), and the Exo
group, HL group, and HL@Exo group started treatment, which
continued for 7 days. The healing of the dorsal wounds of the mice was
tracked and photographed on days 1, 3, 5, and 7 post-injury. Local ob-
servations were conducted using a dermatoscope, and detailed records
of mouse body weight and dorsal skin injury changes were maintained.
At the end of the experiment, dorsal skin tissue samples from each group
of mice were collected and fixed in 4 % paraformaldehyde solution. The
tissue samples were then dehydrated, embedded in paraffin, and
sectioned into 4 pm thickness. Histological changes in the skin were
observed using H&E, Masson’s trichrome, and immunohistochemical
staining. Additionally, Image J software was used to measure the
epidermal thickness, collagen volume fraction, and expression levels of
relevant proteins in the skin of each group. The epidermal thickness,
collagen volume fraction, or protein expression intensity of each sample
was calculated as the average of three random sites within the sample
[30].

2.5.4. Engyme-linked immunosorbent assay (ELISA) of mouse skin tissue
The sandwich enzyme-linked immunosorbent assay (ELISA) tech-
nique was employed following the protocol provided by the manufac-
turer of the assay kit. Specific antibodies against mouse IL-6, IL-1p, TNF-
a, SOD, and MDA were precoated onto high-affinity enzyme immuno-
assay plates. Standard samples, test samples, and biotinylated detection
antibodies were added to the wells of the enzyme immunoassay plate.
After incubation, IL-6, IL-1p, TNF-a, SOD, and MDA present in the
samples bound to the solid-phase antibodies and detection antibodies.
Unbound substances were removed by washing, and horseradish
peroxidase-labeled streptavidin was added. After washing, TMB chro-
mogenic substrate was added, and the plate was shielded from light
during color development. The intensity of the color reaction was
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directly proportional to the concentration of the analytes in the sample.
The reaction was terminated by adding a stop solution, and absorbance
values were determined at specific wavelengths.

2.5.5. Immunofluorescence staining of mouse skin tissue

To explore the specific role of HL@Exo in cell proliferation and
apoptosis regulation, we examined the expression levels of Ki67, VEGF,
and PCNA. After treatment, the skin tissues from each group were
embedded in paraffin and sectioned. Antigen retrieval was performed,
followed by blocking in mouse serum for 30 min. Subsequently, the
sections were treated with primary and secondary antibodies and then
incubated overnight at 4 °C. Cell nuclei were counterstained with 4,6-
diamidino-2-phenylindole (DAPI). Fluorescence characteristics were
observed using an M165 FC fluorescence microscope (Leica), and fluo-
rescence intensity was measured and quantitatively analyzed using
Image J 5.0 software.

2.5.6. Terminal Deoxynucleotidyl transferase dUTP Nick-end labeling
(TUNEL) staining

To evaluate cell apoptosis in skin tissues following acute photo-
damage, we assessed the expression levels of TUNEL in the skin tissues.
Fluorescein-labeled dUTP was incorporated into the 3-ends of DNA,
allowing the observation of apoptotic cells under a fluorescence mi-
croscope. TUNEL staining kits were used to detect apoptosis in paraffin-
embedded skin sections, and apoptotic cells in the epidermis were
observed using a fluorescence microscope.

2.6. Biocompatibility analysis

2.6.1. Skin sensitization test

To assess the irritation and sensitization of the materials on mouse
skin, a continuous three-day application was performed on the back skin
of the mice. Observations of peeling, scabbing, and edema at the
application sites were recorded using a dermatoscope.

2.6.2. In vivo toxicity

After completion of the therapeutic interventions, euthanasia was
performed on the mice from each experimental group. The heart, liver,
spleen, lungs, and kidneys were excised and washed repeatedly with
phosphate-buffered saline (pH = 7.4) to remove blood stains. Subse-
quently, the tissues were immersed in a 4 % (w/v) paraformaldehyde
solution, followed by paraffin embedding, sectioning, and H&E staining.
Observation and photography were conducted using an upright micro-
scope (Motic). Simultaneously, blood was collected via eyeball extrac-
tion, and serum was obtained by centrifugation. The serum was
promptly frozen in liquid nitrogen and stored at —80 °C for subsequent
biochemical analysis.

2.7. Statistical analysis

All data were presented as mean + standard deviation (SD). Differ-
ences between different experimental groups were analyzed using the
One-way ANOVA method in GraphPad software (Inc., LA Jolla, CA,
USA). Significance was determined based on the P value, where *P <
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

3. Results and discussions

3.1. Preparation and characterization of hybrid hyaluronic acid liposome
exosomes (HL@Exo)

In this study, hyaluronic acid liposome-exosome hybrid vesicles
(HL@Ex0) were successfully fabricated using an ultrasound-assisted
incubation method combined with membrane extrusion technology.
The resulting hybrid vesicles were subjected to comprehensive charac-
terization from multiple perspectives. Initially, the morphology of Exo,
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HL, and HL@Exo was observed using Cryo-Field Emission Transmission
Electron Microscope, as depicted in Fig. 1b. Exo exhibited typical
spherical vesicular structures, while HL. showed uniform distribution
and increased particle size. During the membrane extrusion process, the
lipid membrane of Exo deformed and successfully hybridized with HL
[19]. For visual confirmation of their fusion, Exo labeled with PKH-26
(red) and HL labeled with PKH-67 (green) were characterized using
laser scanning confocal microscopy (LSM 880), as shown in Fig. lc.
HL@Exo exhibited a yellow color post-hybridization, validating the
successful fusion. The particle size and zeta potential of liposomes are
critical factors influencing their transdermal penetration through the
skin. Studies have shown that liposomes with a particle size smaller than
500 nm can more effectively penetrate the skin [32]. Nanometer-sized
particles enhance both their permeability and the enhanced perme-
ability and retention (EPR) effect. Zeta potential is a parameter that
measures the mobility of charged particles in a solution, which is
influenced by the charge and size of the particles. As shown in Fig. 1d,
compared to Exo, HL@Exo has a larger absolute zeta potential. A higher
absolute zeta potential indicates that the charged particles in the
dispersion system are more uniformly dispersed in the solvent, making
them less prone to aggregation or precipitation [33]. The stable zeta
potential provides HL@Exo with improved physical stability, reducing
the risk of degradation of Exo. Additionally, the well-dispersed particles
can prolong their residence time on the skin surface, increasing the
effective concentration of HL@Exo in the skin tissue. Moreover, the
negative surface charge can form a stable hydration layer with water
molecules, improving the wettability and diffusivity of the dispersion
system, which aids in transdermal drug delivery. Furthermore, particle
size and zeta potential analysis using a Malvern particle size analyzer
revealed that Exo, HL, and HL@Exo had particle sizes and zeta poten-
tials 0f 126.4 + 2.33 nm (—11 + 0.17 mV), 169.98 &+ 3.46 nm (—22.5 +
0.33 mV), and 234.22 + 3.07 nm (—17.21 + 0.25 mV), respectively, as

i Ultrasouic
Exo extrusion

International Journal of Biological Macromolecules 306 (2025) 141606

shown in Fig. 1(d, e). Compared to Exo, HL@Exo exhibited a decreased
zeta potential post-membrane extrusion due to the insertion of mem-
brane lipids, indicating successful hybridization between hyaluronic
acid liposomes and exosomes [34]. Protein imprinting analysis
confirmed the presence of exosome marker proteins CD9, CD63, CD81,
and TSG101 in HL@Exo, as shown in Fig. 1f, demonstrating that this
preparation technique adequately preserves exosome activity without
affecting their efficacy [35]. NTA analysis of Exo, HL, and HL@Exo
revealed that their particle sizes followed a Gaussian distribution, as
shown in Fig. S1. The hydrodynamic diameters were approximately 166
4+ 9.1 nm for Exo, 223.0 4+ 5.1 nm for HL, and 277.6 + 12.7 nm for
HL@Exo (Fig. Sla). These results indicate that the hybrid vesicles
HL@Exo, successfully fabricated through ultrasonic incubation and
membrane extrusion techniques, possess relatively small hydrodynamic
diameters, which suggests their potential for effective skin penetration
and controlled release of active substances. These findings are consistent
with the results obtained using the Malvern Zetasizer. Additionally,
cryo-transmission electron microscopy (cryo-TEM) was employed to
characterize the morphology of non-stained Exo, HL, and HL@Exo. The
analysis confirmed that Exo, HL, and HL@Exo retained intact, near-
spherical structures, consistent with the phosphotungstic acid-stained
TEM images shown in Fig. 1b. No significant morphological changes
were observed. The non-stained HL (Fig. S1c) and HL@Exo (Fig. 1g)
exhibited distinct phospholipid bilayers. Compared with the classical
spherical morphology of exosomes, some hybrid vesicles showed irreg-
ular vesicular structures. Furthermore, Elemental composition and dis-
tribution analysis (EDS) confirmed the vesicular nature of the particles
by detecting the presence of elements C, N, O, and P in Exo, HL, and
HL@Exo (Figs. 1g and S1c) [36]. To evaluate the stability of Exo, HL,
and HL@Exo, their particle size and polydispersity index (PDI) were
continuously monitored over seven days under storage conditions at
4 °C, as shown in Fig. S1. Although all three exhibited varying degrees of
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Fig. 1. Synthesis and characterization of HL@Exo. (a) Schematic of HL@Exo synthesis. (b) Cryo-TEM images of Exo, HL, and HL@Exo (phosphotungstic acid
negative staining). scale bars = 500 nm, 1 pm, and 1 pm, respectively. (c) Confocal fluorescence microscopy images of Exo, HL, and HL@Exo. Scale bar = 5 pm. (d)
Zeta potential of Exo, HL, and HL@Exo. (e) Particle size distribution of Exo, HL, and HL@Exo. (f) Western blot analysis of exosome marker proteins (CD9, CD63 ,

CD81 and TSG101) in Exo and HL@EXo. (g) Cryo-TEM image of HL@Exo (phosphotungstic acid unstained), Scale bar = 2 pm.
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increase in particle size over seven days, HL@Exo showed the smallest
change, increasing from 239.12 nm to only 243.47 nm, with its PDI
remaining essentially unchanged (0.178-0.176). This once again un-
derscores the enhanced structural stability of HL@Exo compared to Exo
(127.37-152.32 nm) and HL (164.33-195.68 nm) post-hybridization.
This laid the foundation for enhancing the transdermal penetration
and retention effect (EPR) of Exo in HL@Exo.

3.2. Kinetics of exosome penetration in skin tissues

The applicability of transdermal systems is typically demonstrated
through permeability studies. The penetration efficiency, retention
content, and duration of Exo in the skin are important criteria for
evaluating the efficacy of HL@Exo. The Franz diffusion cell is widely
used to determine the permeability of drugs through the skin. Therefore,
a detailed analysis of the distribution of HL@Exo in skin tissues was
conducted. Initially, a Franz diffusion cell was used to simulate in vitro
penetration to determine the penetration efficiency of Exo and HL@Exo
in the skin, as shown in Fig. 2b. The fluorescence intensity of Exo and
HL@Exo was measured at 1 h, 3 h, 5 h, and 7 h. Compared to Exo,
HL@Exo exhibited good penetration at 1 h, and the cumulative pene-
tration of HL@Exo into the skin was significantly higher than that of Exo
within 7 h. Skin sections were embedded and prepared as frozen slices
for observation under a fluorescence microscope, revealing stronger
fluorescence intensity in the HL@Exo group compared to the Exo group
after 7 h, indicating higher penetration rates and retention contents in
the HL@Exo group. Subsequently, in vivo imaging was employed to
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observe the penetration depth and distribution of Exo and HL@Exo in
the skin of live mice. PKH-26 labeled Exo and HL@Exo were evenly
applied to the surfaces of the mice’s left and right legs, and muscle tis-
sues from the administration sites were collected after 2 h. As shown in
Figs. 2¢ and S2a, the fluorescence intensity in the thigh muscle tissue of
mice treated with HL@Exo on the right side was significantly higher
than that of mice treated with Exo on the left side. Additionally, longi-
tudinal sections of the thigh skin tissue were observed to confirm the
distribution of fluorescence in the skin tissue, consistent with the results
from the Franz diffusion cell, indicating that HL hybridization signifi-
cantly enhanced the penetration depth and retention content of Exo in
the skin. Although mouse skin can be freshly excised before transdermal
permeability studies, preserving enzymatic activity and exhibiting
minimal variability, it is necessary to fully evaluate the transdermal
efficacy of HL@Exo. Furthermore, an in vitro cell penetration model was
utilized using HaCat cells to simulate the skin stratum corneum. HaCat
cells were seeded in both the upper and lower chambers of Transwell,
and multi-layered HaCat cells in the upper chamber were exposed to
PKH26-labeled Exo and HL@Exo. The results are shown in Figs. 2d and
S2b, pure Exo showed minimal penetration through the multi-layered
HaCat cells, demonstrating poor penetration, while most HL@Exo
penetrated the multi-layered HaCat cells. Therefore, this study, through
the utilization of Franz diffusion cells, in vivo imaging, and in vitro cell
penetration experiments, multidimensionally validated that HL hy-
bridization significantly enhances the transdermal efficiency of Exo,
potentially improving their utilization and laying the groundwork for
future transdermal applications.
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Fig. 2. Kinetics of exosome penetration in skin tissues. (a) Mechanism of HL enhancement of Exo penetration. (b) Quantitative fluorescence intensity and penetration
distribution of Exo and HL@Exo at 1 h, 3 h, 5 h, and 7 h. (c) In vivo imaging of PKH-26-labeled Exo and HL@Exo in mouse skin. Scale bar = 100 pm. (d) Confocal
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3.3. HL@EXxo effectively enhances cell viability and inhibits apoptosis

To preliminarily validate the reparative function of HL@Exo on
photodamaged skin, the proliferation of HaCat cells treated with
HL@Exo for 24 h post-photodamage was assessed using the CCK-8 assay,
as shown in Fig. 3b. Compared to the photodamaged control group
(75.35 % + 1.01), both Exo and HL@Exo exhibited certain cell prolif-
eration effects, with percentages of (87.60 + 1.32) % and (94.86 & 1.60)
%, respectively. Furthermore, compared to Exo and HL alone, HL@Exo
demonstrated superior proliferation-promoting effects, providing a
theoretical basis at the cellular level for the treatment of damaged skin
[37]. Scratch assays depicted in Fig. 3(c, d) showed that compared to the
photodamaged control group (52.42 % + 2.42), both Exo and HL@Exo
groups exhibited certain cell migration-promoting effects at 12 h and 24
h. Moreover, the reduction in scratch area after treatment with HL@Exo
(77.9 % + 2.34) at 24 h was significantly higher than that of the Exo
group (61.98 % + 0.798) and the HL group (54.83 % =+ 2.92), further
demonstrating the advantages of HL@Exo in enhancing skin cell vitality.
To verify the efficacy of HL@Exo in inhibiting cell apoptosis, apoptosis
was detected using live-dead staining after treatment with Exo, HL, and
HL@Exo for UV-induced HaCaT apoptosis. Under irradiation, cell death
significantly increased, while intervention with Exo, HL, and HL@Exo
reduced HaCaT cell death (Fig. 3e). Under UV stimulation, excessive
production of apoptotic factors in HaCaT cells can trigger oxidative
stress, leading to apoptosis and tissue damage [38]. Damaged kerati-
nocytes disrupt skin homeostasis, causing skin inflammation and

UVA
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worsening tissue injury. Therefore, inhibiting keratinocyte apoptosis is
considered an effective strategy for preventing photodamage. RT-qPCR
analysis revealed that UV exposure upregulated the expression of
Caspase-3 and Bax. Compared to the control group, HL@Exo treatment
significantly reduced the expression of these apoptosis-related factors.
Furthermore, HL@Exo was more effective than Exo or HL alone in
inhibiting UVB-induced HaCaT cell apoptosis (Fig. 3e). Studies suggest
that exosomes derived from human umbilical mesenchymal stem cells
can prevent acute kidney injury and other conditions by reducing
apoptosis. This suggests that HL@Exo may improve UV-induced acute
photodamage by inhibiting apoptosis and promoting cell proliferation.
The pro-apoptotic Bcl-2 family member Bax plays a key role in the
intrinsic mitochondrial apoptosis pathway by increasing mitochondrial
membrane permeability, releasing apoptotic factors, and activating
Caspase-3, the executor of apoptosis. The extrinsic apoptosis pathway,
triggered by inflammatory cytokines such as IL-6, involves receptor in-
teractions (TNFR, TLR4) that activate cell death pathways [39].
Although the exact mechanism by which HL@Exo repairs UV-induced
apoptosis remains unclear, our study concludes that HL@Exo effec-
tively suppresses the expression of multiple apoptosis factors involved in
the intrinsic apoptosis cascade, thereby reversing apoptosis and
improving UV-induced photodamage. This provides potential insights
into the role of HL@Exo in improving UV-induced skin photodamage
[40].
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Fig. 3. HL@Exo’s effect on photodamaged HaCat cells. (a) Mechanism of HL@Exo enhancing cell viability and inhibiting apoptosis. (b) Proliferation rates of
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3.4. Effects of HL@Exo on oxidative damage in photodamaged cells

HacCat cells undergo oxidative stress under UV radiation, leading to
changes in oxidative factors. The dynamic changes in SOD, CAT, and
MDA play an important role in maintaining cellular homeostasis and
function, regulating oxidative stress, and preventing or inhibiting skin
inflammation, whose changes reflect the body’s antioxidant potential
[41]. As shown in Fig. 4b, compared to the healthy group, the activities
of SOD and CAT significantly decreased in the control group, with the
HL@Exo group showing levels closest to the healthy group. Addition-
ally, we found that HL@Exo significantly reduced the intracellular MDA
content compared to the control group. This indicates that HL@Exo
effectively alleviates UV-induced oxidative stress in HaCaT cells,
enhancing the levels of major antioxidant enzymes to approach normal
levels. In addition, ultraviolet (UV) radiation not only induces oxidative
stress but also triggers severe genotoxicity and a series of irreversible
cellular damages. UV activation leads to excessive ROS generation
within cells, which damages chromatin and induces DNA double-strand
breaks. This damage severely affects cell viability and simultaneously
triggers phosphorylation of the histone variant H2AX, rapidly gener-
ating yYH2AX. The formation of yH2AX is an early marker of DNA
damage response and reflects the extent of DNA damage in cells [42]. As
shown in Fig. S3, compared to the healthy group, the control group cells
subjected to only UV irradiation exhibited a significant and statistically
significant increase in YH2AX expression. HaCaT cells treated with Exo
and HL@Exo showed relatively weaker fluorescence intensity of YH2AX
compared to the control group. Meanwhile, the yH2AX fluorescence
intensity in photodamaged HaCaT cells treated with HL@Exos
approached that of the healthy group, indicating that HL@Exo has a
superior ability to alleviate UV radiation-induced DNA damage and
genetic toxicity compared to HL [43]. IGF-1 is an important regulator of
cell growth and proliferation, and increasing evidence suggests its sig-
nificant role in wound healing [44,45]. As shown in Fig. 4¢, compared to
the control group, although the HL, Exo, and HL@Exo treatment groups
showed higher levels of IGF-1 expression than the control group, only
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the HL@Exo treatment group exhibited IGF-1 expression closest to the
healthy group. This indicates that HL@Exo effectively mitigates the loss
of cell vitality induced by UV radiation, demonstrating superior pro-
tective effects. Based on the above research, HL@Exo demonstrates
significant antioxidant activity, alleviates genotoxicity, and promotes
cell repair. These findings provide potential new insights into the
application of HL@Exo in the protective mechanisms against UV-
induced cellular damage.

3.5. Effects of HL@Exo on angiogenesis

Numerous studies have demonstrated that angiogenesis is beneficial
for forming stable matrix scaffolds that provide essential support for new
tissue, thereby promoting wound healing [29]. In this study, we evalu-
ated the effects of HL, Exo, and HL@Exo on HUVECs. First, the CCK-8
assay was used to detect cell proliferation after 24 h of treatment with
Exo, HL, and HL@Exo. As shown in Fig. 5b, compared to the healthy
group, the Exo, HL, and HL@Exo groups all exhibited certain cell pro-
liferation effects, with HL@Exo showing significant effects, achieving a
cell proliferation rate of 141.99 + 1.95 %. Additionally, the scratch
migration assay, as shown in Fig. 5(c, ), indicated that compared to the
healthy group, the Exo, HL, and HL@Exo groups all promoted cell
migration at 12 h and 24 h, with HL@Exo significantly reducing the
scratch area (78.33 % +3.05) after 24 h, outperforming both the Exo
and HL groups. This indicates that HL@Exo has superior proliferation
and migration capabilities. Furthermore, these conclusions were vali-
dated in the tube formation assay. As shown in Fig. 5(d, f, g), the
HL@Exo group promoted the formation of more nodes and complete
tubular structures compared to the other treatment groups. These results
demonstrate that HL@Exo, with its sustained release properties, effec-
tively promotes angiogenesis, highlighting its potential role in wound
healing.

a C  Healthy Control  Exo HL  HL@Exo
o
‘ <
(=]
-
1
T8
Q
o
o
|
[}
=
160 160 —24
—_— — (=]
S 140 ax © 140 = 820
a * a g’
o
£ 120 l £120; — 1 | 316
S 2 1 E
> 1001 i > 1001 i £1.2
= = >
£ 804 £ 804 . 0.8
> J > _—;-
< 60 S 60 < 0.4
(&) w (=]
v v . y " " " " v — =00l — ’ v v v
wealthy CO““O\ £X0 L “\_@gw weat™y co“\w\ 2C) nu \_“_@Ey.o weat™y con“°\ EX0 nu “\_@ew

Fig. 4. Effects of HL@Exo on oxidative damage in photodamaged cells. (a) Mechanism of HL@Exo improving oxidative stress in photodamaged cells. (b) Levels of
CAT, SOD, and MDA in each group. (c) Fluorescent expression of IGF-1 in various groups of cells, scale bar = 50 pm. *P < 0.05; **P < 0.01.
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3.6. Overadll evaluation of HL@Exo in treating acute skin photodamage

In the aforementioned cellular experiments, we successfully vali-
dated the advantages of HL@Exo in combating cellular oxidation and
enhancing cell vitality. To investigate the potential of HL@Exo in
repairing damaged skin and modulating skin inflammation, we chose to
construct a laser point array-induced acute skin injury model and con-
ducted a 7-day treatment period. During this period, observations and
records were made on the physiological status of mice, skin repair
conditions, and distribution of exosomes. Following the experiment’s
conclusion, histopathological sections were collected to evaluate the
reparative effect of HL@Exo on acutely laser-injured skin. As depicted in
Figs. 6b and S4, on the first day of modeling, the skin of mice in the
healthy group showed no redness or scarring, while mice in other laser-
injured groups exhibited significant exudation and scabbing. By the
third day post-modeling, the model group exhibited the most severe
redness and congestion, whereas compared to the Exo and HL groups,
the HL@Exo group showed milder redness and rupture. Under skin
microscopy, the improvement in the HL@Exo group was most notable.
From the fifth to the seventh day post-modeling, mice in the HL and
HL@Exo groups exhibited nearly complete wound healing, while the
model group and Exo group still had partial wounds. At the same time,
we used the clinically proven drug Snow Lotus Cream Ointment
(SHYNDEC) as a positive control group and compared it with the
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HL@Exo group. SHYNDEC indeed showed some reparative effects, but
its therapeutic effect was significantly inferior compared to the HL@Exo
group, as shown in Fig. S4. Additionally, validation of skin injury
quantification was obtained through Image J analysis, as depicted in
Fig. S5(b, c). Furthermore, Following the construction of the mouse
acute laser point array injury model, locally applied treatment with
PKH26-labeled Exo and HL@Exo was administered to the damaged skin.
After 12 h of treatment, skin from the back was collected, as shown in
Fig. S6(a, b). It was evident that under damaged skin conditions,
HL@Exo achieved prolonged residency in the skin. Quantitative analysis
revealed that the fluorescence ratio of HL@Exo in the skin was signifi-
cantly higher than that of Exo, ensuring the sustained efficacy of exo-
somes and further facilitating the repair of acutely photo-damaged skin
(Fig. S6c¢). This ensures the prolonged efficacy of the active substances
within HL@Exo, further confirming its potential as an excellent wound
healing material.

3.7. Histological analysis of HL@Exo promoting photodamage skin repair

To determine the regulatory effects of HL@Exo on skin inflammation
and the deep tissue repair of mouse skin, we conducted detailed histo-
logical analysis of post-treatment skin samples. [46]. As shown in Figs. 7
and S7a, epidermal thickness was quantitatively assessed as a measure
of skin photodamage severity [47]. Compared to the healthy group,
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mice in the model group exhibited significantly increased epidermal
thickness, exceeding that of the healthy group by >6 times. This change
is a direct manifestation of the inflammatory response in keratinocytes
induced by ultraviolet (UV) radiation. In the model group, the connec-
tion between the epidermis and dermis was severely disrupted, with a
significant infiltration of inflammatory cells in the dermis. However, in
the HL@Exo group, the epidermal thickness was significantly reduced,
approaching the level seen in the healthy group. This result indicates
that HL@Exo can effectively suppress the inflammatory response and
restore the structural integrity of the skin barrier. Additionally, the
connection between the epidermis and dermis in the HL@Exo group was
tighter, and the dermal structure was more uniform, further validating
its advantages in tissue repair. Masson staining was used to evaluate the
arrangement and density of collagen fibers. The results showed that in
the model group, the collagen fibers were disorganized and the density
was significantly decreased, which is a typical feature of UV-induced
skin damage. In contrast, the HL@Exo treatment group showed well-
organized collagen fibers with density restored, similar to the healthy
group. This indicates that HL@Exo significantly improves the structural
integrity of the dermis by modulating collagen fiber composition.
Combined with the analysis of Collagen-1 expression, the HL@Exo
group showed a significant upregulation of collagen expression, further
confirming its ability to promote ECM recovery. Furthermore, we
investigated the expression changes of keratin K1 in UV-damaged skin.
Keratin K1 is a major component of epidermal structural proteins, and
its reduction often reflects skin barrier damage and impaired healing
capacity [48]. In the model group, both keratin K1 and collagen
expression were significantly reduced, whereas in the HL@Exo group,
the levels of both were significantly restored, close to those seen in the
healthy group. This result was further validated by quantitative analysis
using Image J 5.0 (Additional Fig. 7). This indicates that the active
substances in HL@Exo play a key role in the reconstruction of the
epidermal barrier and structural repair. Ki67 and PCNA are
proliferation-related markers, with PCNA playing a critical role in cell
proliferation and DNA repair. VEGF is a specific factor and key mediator
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of angiogenesis in cells, with high expression reflecting active cell pro-
liferation and pro-angiogenic capacity. As shown in Figs. 8(a, b) and S8,
compared to the model group, the expression of Ki67, VEGF, and PCNA
was significantly increased in the skin tissue surrounding the HL@Exo-
treated mice, indicating enhanced cell proliferation and blood vessel
formation [49,50]. This suggests that HL@Exo effectively promotes cell
proliferation and angiogenesis, accelerating skin regeneration and
repair. Moreover, through TUNEL fluorescence staining to assess cell
apoptosis (Fig. 8c), the model group exhibited the highest number of
apoptotic cells, whereas the HL@Exo group showed a significant
reduction in apoptotic cells, approaching the level seen in the healthy
group. This suggests that HL@Exo provides a more stable cellular
environment in the skin injury area by inhibiting apoptosis, thereby
further promoting wound repair. In conclusion, this study successfully
constructed an acute UV-induced skin damage animal model and sys-
tematically evaluated the multi-dimensional mechanisms of HL@Exo in
skin repair. The results indicate that HL@Exo can promote skin tissue
regeneration and structural repair by inhibiting the inflammatory
response, collagen fiber organization, and skin microenvironment,
repairing the epidermal barrier, and regulating cell proliferation and
apoptosis. These findings provide strong support for its application as an
effective skin treatment strategy.

3.8. HL@EXxo effectively regulates lipid peroxidation and inflammatory
responses

UV-induced photodamage not only leads to a significant increase in
oxidative stress levels in the skin but also induces the excessive secretion
of pro-inflammatory cytokines, triggering a skin inflammatory response.
In this study, by measuring the levels of TNF-q, IL-6, and IL-1p in mouse
skin tissue [51], we found that the levels of inflammatory cytokines were
significantly elevated in the model group, indicating that UV radiation
induced acute inflammatory responses and immune imbalance. In
contrast, the levels of inflammatory cytokines in the HL@Exo group
were close to those in the healthy group, suggesting that HL@Exo can
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***%p < 0.0001.

12



Y. Yang et al.

significantly inhibit the release of pro-inflammatory cytokines and
restore the balance of the inflammatory microenvironment. This anti-
inflammatory effect is attributed to the synergistic action of the active
molecules in HL@Exo, which effectively suppress inflammation.
Furthermore, oxidative stress is one of the key mechanisms underlying
UV-induced photodamage. The elevated levels of lipid peroxidation
product MDA and the decreased activity of antioxidant enzyme SOD are
typical indicators of oxidative stress [52]. In the previous cell experi-
ments, HL@Exo demonstrated significant antioxidant capacity, and in
this study, its antioxidant effect in vivo was further validated through
enzyme-linked immunosorbent assays (ELISA) of skin tissue. As shown
in Figs. 9(d, e), compared to the model group, the MDA content in the
HL@Exo-treated group was significantly reduced, while the SOD level
was significantly increased, approaching that of the healthy group. This
suggests that HL@Exo can effectively alleviate oxidative stress damage
induced by acute photodamage, and its mechanism may involve inhib-
iting lipid peroxidation and enhancing the activity of the cellular anti-
oxidant enzyme system. In summary, the anti-inflammatory and
antioxidant effects of HL@Exo are synergistic in nature. On one hand, by
increasing the SOD levels and reducing the generation of MDA, HL@Exo
mitigates the oxidative stress-induced damage to skin cell membranes,
DNA, and proteins, thus inhibiting the excessive production of inflam-
matory cytokines [53,54]. On the other hand, by directly down-
regulating the levels of inflammatory cytokines, HL@Exo modulates the
immune balance in the damaged area, restoring the normal immune
microenvironment of the skin tissue. This potential dual mechanism
provides an important therapeutic strategy for alleviating skin damage
caused by photodamage.

3.9. Analysis of material biocompatibility

Biosafety is a crucial prerequisite for the biomedical application and
subsequent clinical translation of biomaterials. To assess the biosafety of
HL@Exo, the skin condition of mice after local application of the ma-
terial was observed initially. As shown in Fig. 10a, after three days of
treatment with Exo, HL, and HL@Exo, no dryness, desquamation,
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erythema, or edema were observed on the skin of mice. Furthermore,
following the conclusion of the acute photodamage experiment, the
hearts, livers, spleens, lungs, and kidneys of mice from all groups were
subjected to H&E staining. As depicted in Fig. 10b, no damage or
toxicity was observed in the tissues of mice from all groups. Finally,
biochemical markers (AST, ALT, LDH, UA, CR, GLU) were measured in
the blood of mice from different groups to assess organ damage. The
results in Fig. 10c demonstrate that all parameters in the treatment
groups were within the normal range compared to the healthy group.
Therefore, these results indicate that HL@Exo exhibits excellent
biosafety and holds potential value for clinical application.

4. Conclusion

In this study, a novel hyaluronic acid-liposome-exosome transdermal
system (HL@Exo0) was successfully constructed using ultrasonic incu-
bation combined with membrane extrusion technology, significantly
enhancing the therapeutic potential of exosomes (Exo) in acute skin
injury. The successful hybridization of HL@Exo was verified through
fluorescence labeling and immunoblotting, and further confirmed by in
vivo imaging and Transwell assays, demonstrating its efficient penetra-
tion and prolonged retention of Exo in the skin. Additionally, in vitro
experiments on UV-induced human keratinocytes (HaCaT) showed that
HL@Exo promotes cell viability and inhibits the activation of pro-
apoptotic factors. In human wumbilical vein endothelial cells
(HUVECs), HL@Exo was shown to promote angiogenesis and regulate
the damaged microenvironment. In a laser-induced acute skin injury
model, HL@Exo significantly improved oxidative stress, inhibited
apoptosis, and modulated the inflammatory response, demonstrating its
great potential in promoting skin barrier repair and wound healing.
Biosafety assessments confirmed that HL@Exo has good biocompati-
bility. Compared with other types of nanocarriers, such as polymer
nanoparticles, dendrimers, or micelles, HL@Exo enhances its perme-
ability in the stratum corneum through hyaluronic acid liposomes and
improves the sustained release of exosomes by utilizing its sustained-
release properties. HL@Exo’s ability to synergistically regulate
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Fig. 9. Evaluation of HL@Exo inhibiting lipid peroxidation and inflammatory response. (a) TNF-« content in mouse skin in each group. (b) IL-1p content in mouse
skin in each group. (c) IL-6 content in mouse skin in each group. (d) SOD activity in mouse skin in each group. (e¢) MDA content in mouse skin in each group. *P <

0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 10. Evaluation of material biocompatibility. (a) Skin condition under a dermatoscope after three consecutive days of treatment. Scale bar = 500 mm. (b)
Histopathological examination of major organs (heart, liver, spleen, lung, and kidney) from five groups of mice receiving different treatments. Scale bar = 100 pm.
(c) Analysis of liver function (ALT, AST, LDH), kidney function (UA, CR), blood glucose (GLU), and blood biochemical indicators in different groups of mice.

oxidative stress and inflammation while promoting tissue regeneration
highlights its multifunctionality. Although safety has been evaluated,
further research is needed to assess its long-term safety and scalability
for large-scale production. In conclusion, HL@Exo provides a novel
strategy for the non-invasive application of Exo in the treatment of acute
skin damage, offering significant clinical translation potential and broad
application prospects.
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