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ABSTRACT

Photodamage is one of the most common causes of skin injury. High molecular weight hyaluronic
acid (HHA) has shown immense potential in the treatment of skin photodamage by virtue of its anti-
inflammatory, reparative, and antioxidative properties. However, due to its large molecular structure of
HHA, HHA solution could only form a protective film on the skin surface in conventional application,
failing to effectively penetrate the skin, which necessitates the development of new delivery strategies.
Liposomes, with a structure similar to biological membranes, have garnered extensive attention as trans-
dermal drug delivery carriers because of their advantages in permeability, dermal compatibility, and
biosafety. Herein, we have developed a HHA-liposome transdermal system (HHL) by embedding HHA into
the liposome structure using reverse evaporation, high-speed homogenization, and micro-jet techniques.
The effective penetration and long-term residence of HHA in skin tissue were multidimensionally veri-
fied, and the kinetics of HHA in the skin were extensively studied. Moreover, it was demonstrated that
HHL significantly strengthened the activity of human keratinocytes and effectively inhibits photo-induced
cellular aging in vitro. Furthermore, a murine model of acute skin injury induced by laser ablation was
established, where the transdermal system showed significant anti-inflammatory and immunosuppres-
sive properties, promoting skin proliferation and scar repair, thereby demonstrating immense potential
in accelerating skin wound healing. Meanwhile, HHL significantly ameliorated skin barrier dysfunction
caused by simulated sunlight exposure, inhibited skin erythema, inflammatory responses, and oxidative
stress, and promoted collagen expression in a chronic photodamage skin model. Therefore, this trans-
dermal delivery system with biocompatibility represents a promising new strategy for the non-invasive
application of HHA in skin photodamage, revealing the significant potential for clinical translation and
broad application prospects.

Statement of significance

The transdermal system utilizing hyaluronic acid-based liposomes enhances skin permeability and retains
high molecular weight hyaluronic acid (HHL). In vitro experiments with human keratinocytes demonstrate
significant skin repair effects of HHL and its effective inhibition of cellular aging. In an acute photodam-
age model, HHL exhibits stronger anti-inflammatory and immunosuppressive properties, promoting skin

E-mail addresses: huyunfeng@jnu.edu.cn (Y. Hu), liguowei@jnu.edu.cn (G. Li), tmadong@jnu.edu.cn (D. Ma).

T H.X. and X.P. contributed equally to this work.

https://doi.org/10.1016/j.actbio.2024.05.026

1742-7061/© 2024 Acta Materialia Inc. Published by Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://doi.org/10.1016/j.actbio.2024.05.026
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2024.05.026&domain=pdf
mailto:huyunfeng@jnu.edu.cn
mailto:liguowei@jnu.edu.cn
mailto:tmadong@jnu.edu.cn
https://doi.org/10.1016/j.actbio.2024.05.026

H. Xing, X. Pan, Y. Hu et al.

Acta Biomaterialia 182 (2024) 171-187

proliferation and scar repair. In a chronic photodamage model, HHL significantly improves skin barrier
dysfunction, reduces oxidative stress induced by simulated sunlight, and enhances collagen expression.
© 2024 Acta Materialia Inc. Published by Elsevier Ltd. All rights are reserved, including those for text

and data mining, Al training, and similar technologies.

1. Introduction

The skin, serving as the body’s first line of defense, is frequently
subjected to physical, chemical, and biological assaults. With hu-
man activities contributing to the depletion of the ozone layer,
acute and chronic photodamage has become one of the most com-
mon causes of skin injury [1]. Photodamage induces the release of
a large number of free radicals within the skin, leading to oxida-
tive stress, immune responses, and the loss of collagen [2]. Cur-
rently, most treatments for damaged skin, such as local injections,
microneedle therapy, and photodynamic therapy, are invasive and
can easily lead to secondary skin damage [3]. The transdermal drug
delivery system (TDDS), known for avoiding first-pass metabolism,
non-invasive administration, and high efficiency, is hailed as one of
the most promising non-invasive drug delivery methods [4]. How-
ever, the stratum corneum, as the most crucial protective struc-
ture of the skin, acts like a semipermeable membrane, posing
a formidable barrier to most drugs due to its selective perme-
ability [5]. In recent years, with continuous advancements in re-
search, various techniques have been employed to improve trans-
dermal or topical drug delivery, including the use of chemical en-
hancers, iontophoresis, electroporation, and others [6]. Therefore,
in the research and application of TDDS for damaged skin, selecting
an appropriate transdermal enhancement strategy that balances
safety and efficacy remains a key focus and challenge in current
studies [7].

Hyaluronic acid (HA) is a unique natural linear polysaccharide
characterized by its specific high molecular structure and a vari-
ety of biological functions, including high biocompatibility, good
biodegradability, and significant bioactivity [8]. In TDDS, HA serves
a dual purpose: on one hand, it increases the water content of
the stratum corneum to enhance permeation; on the other hand,
due to its hydrophobic plate-like domains containing CH groups, it
exhibits amphiphilicity, enabling it to form complexes with phos-
pholipids to further facilitate permeation [9]. In the treatment of
skin injuries, high molecular weight hyaluronic acid (HHA) demon-
strates superior anti-inflammatory, antioxidant, and repair proper-
ties compared to low molecular weight HA (LHA). However, LHA,
which more readily penetrates the skin, is quickly degraded due
to oxidants and hyaluronidases in the skin, failing to provide long-
lasting effects. In contrast, HHA, with its multiple repeating units,
is often administered via injection due to its structural character-
istics. Conventional topical application merely forms a protective
film on the outer layer of the skin and struggles to penetrate the
skin layers to repair damage or provide transdermal filling effects
[10-13]. Therefore, developing a new type of transdermal system
that enables efficient penetration and prolonged residency of HHA
in the skin, thereby enhancing the utilization of HHA, has become
an urgent priority.

Liposomes, with their high biocompatibility, low toxicity, and
high encapsulating properties, have become a widely researched
and utilized drug delivery system. This artificial membrane system
serves as a favorable carrier for promoting the transdermal deliv-
ery of amphiphilic, insoluble, and large-molecule drugs, finding ex-
tensive applications in immune therapy, skin, pulmonary, and oral
drug delivery [14,15]. The preparation methods of lipid carriers are
relatively mature, including traditional thin-film hydration, ethanol
injection, reverse evaporation, as well as freeze-drying, supercrit-
ical fluid, microfluidics, and other new technologies [16-18]. As a
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delivery vehicle for transdermal administration, it also possesses
numerous advantages. For example, Wu et al. developed a ther-
mosensitive hydrogel liposome for sustained transdermal delivery,
which reduced melanin deposition and lipid peroxidation, signif-
icantly enhancing the skin’s anti-photoaging properties [19]. Our
team previously developed an ethosome containing HA (HA-ES),
exploring the advantages of hyaluronic acid in enhancing trans-
dermal delivery. This provided a rapid, efficient, safe, and self-
administrable transdermal drug delivery system [5]. Additionally,
we have recently developed a nitric oxide-based liposome, which,
by incorporating nitric oxide, enhances permeation and synergis-
tic therapeutic functions on top of the inherent advantages of the
liposome itself [20]. Therefore, leveraging the benefits of both li-
posomes and HA to construct a HHA transdermal delivery carrier
offers a promising direction for the treatment of acute and chronic
photodamaged skin.

Based on the discussions above, this study successfully em-
bedded hyaluronic acid into the structure of liposomes using
reverse-phase evaporation, high-speed homogenization, and micro-
jet high-pressure methods, transforming it into a component of the
liposome, thus forming a hyaluronic acid liposome (HL). Initially,
we conducted a detailed analysis of the structural characteristics
and stability of HL using various methods and tracked the dynamic
distribution and penetration behavior of hyaluronic acid in skin
tissue through fluorescence labeling and in vivo imaging. It was
demonstrated that different molecular weights, especially HHA,
possess an enhanced permeation and retention effect (EPR), po-
tentially significantly improving the utilization of HHA. In vitro ex-
periments on human keratinocytes showed that, compared to LHA,
HHA exhibited stronger proliferation-promoting and anti-aging ef-
fects. Building on these findings, we established an acute photo-
damage model generated by a laser ablation technique. During the
treatment process, high molecular weight hyaluronic acid liposome
(HHL) effectively inhibited the expression of inflammatory factors
and promoted the production of proliferation factors, creating a
favorable microenvironment for damaged skin. This demonstrated
significant potential in accelerating skin regeneration and scar re-
pair. A chronic photodamage animal model was also constructed,
during the skin barrier dysfunction induced by simulated sunlight,
HHL significantly inhibited skin erythema, inflammatory responses,
and alleviated lipid peroxidation in the skin, promoting collagen
expression, aiming to achieve integrated protective and therapeu-
tic effects. Finally, a detailed evaluation of the material’s biosafety
confirmed its biocompatibility. Therefore, this transdermal delivery
system offers a viable approach for the non-invasive application of
HHA in acute and chronic damaged skin, holding significant po-
tential for clinical translation and broad application prospects. The
abbreviation used in this study was presented in Table 1.

2. Materials and methods
2.1. Materials preparation

Soybean lecithin (CAS:8002-43-5) was purchased from Al-
addin Biochemical Technology Co., Ltd. (Shanghai, China). Choles-
terol (Cho, CAS: 57-88-5) was obtained from Qiyun Biotechnol-
ogy Co., Ltd. (Guangzhou, China). Sodium hyaluronate (CAS: 9067-
32-7) and 5-amino fluorescein (CAS: 27,599-63-9) were acquired
from Jinsui Bio-Technology Co., Ltd. (Shanghai, China). Anhydrous
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Table 1
Sample list of the abbreviation used in this study.

Sample description Abbreviation

High molecular weight hyaluronic acid HHA
HHA-liposome transdermal system HHL
LHA-liposome transdermal system LHL
Transdermal drug delivery system TDDS
Hyaluronic acid HA
Low molecular weight HA LHA
Ethosome containing HA HA-ES
Hyaluronic acid liposome HL
Enhanced permeation and retention effect EPR
5-amino fluorescein 5AF
Polydispersity index PDI
Sodium alginate SA
Enzyme-linked immunosorbent assay ELISA
3,3,5,5-Tetramethylbenzidine TMB
4',6-diamidino-2-phenylindole DAPI
Minimum erythemal dose MED
Transmission electron microscopy TEM
Human immortalized keratinocytes HaCat
Elastic van gieson EVG
Extracellular matrix ECM

ethanol (AR) was sourced from Guangzhou Chemical Reagent
Factory (Guangzhou, China). DMEM, trypsin, fetal bovine serum,
penicillin-streptomycin double antibiotic solution were procured
from Gibco (USA). CCK-8 assay kit, B-galactosidase assay kit, CAT
assay kit, SOD assay kit, MDA assay kit were purchased from Be-
yotime Institute of Biotechnology (Shanghai, China). Mouse anti-
Ki67, VEGF, IL-6, IL-18, TNF-o, MMP3 antibodies were bought from
Servicebio Technology Co., Ltd. (Wuhan, China). Human immortal-
ized keratinocytes (HaCat) were obtained from Meisen Cell Tech-
nology Co., Ltd. (Zhejiang, China).

2.2. Research on the preparation process of hyaluronic acid liposome

2.2.1. Labeling of hyaluronic acid

Fluorescence labeling was used to label HA of four different
molecular weights (3 k, 150-250 k, 400-1000 k, 1-1.5 m) [5]. Dif-
ferent molecular weights of HA, EDC-HCI, and NHS were added to
pure water in a molar ratio of 1:1.2:1.2. The solution was stirred
to activate the carboxyl groups of HA for 4 h. 5-amino fluorescein
(5AF) was then added to the above solution and stirred for 24 h
before dialysis in pure water. The mass ratio of HA to 5AF was set
at 10:1. The dialysis process involved multiple water changes until
no fluorescein was detected in the effluent. The labeled hyaluronic
acid was freeze-dried to obtain HA-5AF powder of four differ-
ent molecular weights. The entire experiment was conducted in a
light-avoiding environment.

2.2.2. Preparation of HA-5AF liposomes

The HA-5AF liposomes were innovatively prepared using
reverse-phase evaporation technology combined with high-speed
homogenization and micro-jet high-pressure techniques. Briefly,
four types of HA-5AF powders (0.1 %, w/v) were precisely weighed
and added to phosphate buffer solution (PBS, pH 7.4). The
mixture was stirred for 4 h to ensure complete dissolution of
HA-5AF into the solution. A certain amount of soybean lecithin
(1 %, w/v) and cholesterol (0.06 %, w/v) were then weighed and
added to anhydrous ethanol. This mixture was heated in a wa-
ter bath until fully dissolved, followed by stirring to ensure uni-
form mixing. Subsequently, the HA-5AF solution was added and
emulsified using a high-shear dispersing emulsifier until a sta-
ble water-in-oil (W/O) emulsion was formed. The ethanol in the
emulsion was then removed under a rotary evaporator, and the
temperature was reduced to room temperature. A certain amount
of PBS (pH = 7.4) was added, and the mixture was homoge-
nously stirred. The resultant HA-5AF liposome assemblies were
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then passed through a 450 nm polycarbonate membrane, form-
ing primary HA-5AF liposome assemblies. These primary assem-
blies were slowly added to a certain volume of PBS (pH = 7.4) and
emulsified again using a high-shear dispersing emulsifier until sta-
ble. The resulting hyaluronic acid liposome assemblies were then
processed through a micro-jet high-pressure homogenizer, repeat-
ing the process twice to obtain stable final HA-5AF liposomes. The
same operational steps were followed to obtain hyaluronic acid li-
posomes without 5AF.

2.2.3. Characterization

The particle size, ¢-potential and polydispersity index (PDI)
variation of the hyaluronic acid liposomes were measured using
a laser nanoparticle size analyzer (Malvern, Malvern Panalytical
Ltd, Worcester). The distribution of 5AF-labeled hyaluronic acid
within the liposome structure was characterized using a laser scan-
ning confocal microscope (LSM 880). The morphological changes of
hyaluronic acid liposomes with different molecular weights were
observed using a high-resolution transmission electron microscope
(JEOL TEM-1210) operating at a working voltage of 120 kV.

2.3. Skin kinetics analysis of hyaluronic acid liposomes

2.3.1. Establishment of HA-5AF standard curve

The procedure is briefly described as follows: First, different
concentrations of HA-5AF liposomes (ranging from O to 20 pg/mL)
were prepared. The standard curves for HA-5AF liposomes of the
four molecular weights were plotted using a multifunctional en-
zyme reader (Synergy H1) and the characteristic absorbance of 5AF
at 486 nm [21]. The absorbance at different concentrations was
recorded to establish the corrected standard curves. These curves
were then subjected to linear regression analysis using Origin 2021
software.

2.3.2. Quantitative analysis of in vitro simulated skin permeation

For this study, a Franz diffusion cell with a permeation area
of 1.767 cm? was used to perform in vitro simulated skin perme-
ation experiments with HA-5AF liposomes [22]. The receiver cham-
ber was filled with phosphate buffer solution (pH = 7.4) and con-
tinuously stirred at a speed of 200 rpm/min. A circulating wa-
ter bath maintained a constant temperature of 37 °C in the dif-
fusion cell. Appropriate-sized mouse skin was clamped between
the donor and receiver chambers, with the stratum corneum facing
the donor chamber. 2 mL of freshly prepared HA-5AF liposomes of
four different molecular weights and HA-5AF solution of 1-1.5 m
molecular weight (with a hyaluronic acid concentration of 0.1 %)
were applied to the skin in the donor chamber. At designated time
intervals of 1 hour and 3 h, 1 mL of receptor solution was sampled
through the sampling port and replaced with an equal volume of
fresh buffer (pH = 7.4). This experiment was repeated three times,
and the average value was taken. The content of hyaluronic acid in
the receptor solution was analyzed by measuring the absorbance at
486 nm using a multifunctional enzyme reader (Synergy H1) [23].

2.3.3. Analysis of skin permeation depth and distribution

After conducting the in vitro permeation experiment using the
Franz diffusion cell for 3 h, the excess sample solution was re-
moved. The skin was then taken out from the Franz diffusion cell
and washed three times with distilled water to ensure that no
sample residues remained on the skin surface. The skin tissue was
dried with gauze and cut into small pieces approximately 1 cm?
in size, then embedded with cryoembedding medium (OCT com-
pound) and stored at —80 °C for solidification. Subsequently, the
frozen skin tissues were sectioned vertically into slices approxi-
mately 10 pm thick at —20 °C using a cryostat. These skin tissue
slices were then placed on microscope slides and observed using
an AxioCamMRc inverted fluorescence microscope.
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2.3.4. In vivo permeation experiment

After anesthetizing the mice, the hair in a uniform area on each
mouse’s back was removed using a shaver and depilatory cream to
eliminate interference with fluorescence imaging. Then, 100 pL of
HA-5AF liposome suspension of molecular weights 3 k and 1-1.5 m
were gently applied to the mice’s backs. The distribution of fluo-
rescence was observed using a small animal in vivo imaging sys-
tem (FX Pro). After allowing complete absorption for 2 h, the dor-
sal skin tissues were removed. Fluorescence measurements were
then performed on the subcutaneous muscle tissue of the mice
using the in vivo imaging system to determine whether hyaluronic
acid had penetrated the skin. The proportion of penetrated HA was
quantitatively analyzed through fluorescence. The excised skin tis-
sues were then embedded, frozen, sectioned, and observed for the
distribution of liposomes using an AxioCamMRc inverted fluores-
cence microscope.

2.3.5. Transdermal study of large molecular substances as
alternatives to hyaluronic acid

Sodium alginate (SA) with viscosities of 15 and 200 mPa-s was
labeled using the previous method [24]. The procedure is briefly
described as follows: First, sodium alginate (1 %, w/v) was dis-
solved in distilled water, and a few drops of concentrated sulfuric
acid were added to precipitate the alginate. The mixture was cen-
trifuged (8000 rpm/min) to collect the alginate precipitate, which
was then washed with water and acetone. The washed particles
were dried overnight in a vacuum in the presence of phospho-
rus pentoxide. The dried alginate was then stirred with 50 mg
of 5-amino fluorescein, 1 g EDC, 30 mL 1,4-dioxane, and 80 mL
distilled water until it turned orange, followed by washing with
acetone to remove unreacted alginate. The washed particles were
dried in a vacuum and then used for the preparation of SA-5AF
liposomes and in vivo permeation experiments to verify that this
liposome preparation technique can effectively enable the perme-
ation of large molecular substances. The experimental operations
were the same as those described above.

2.4. Effect of high molecular weight hyaluronic acid on human
keratinocytes

2.4.1. HaCat proliferation experiment

HaCat cells were cultured in DMEM supplemented with 10 % fe-
tal bovine serum (v/v) and 1 % antibiotics (v/v) [25]. The cells were
seeded in a 96-well plate at a density of 5 x 103 cells per well and
incubated at 37 °C in a 5 % CO, environment for 24 h. After this
incubation period, the medium was removed and replaced with
liposomes without hyaluronic acid and with the same concentra-
tion of hyaluronic acid in LHA, HHA, LHL, and HHL (each sample
containing 0.01 % hyaluronic acid). The control group was cultured
only in the medium. Each group had three parallel wells. After an
additional 24 h of culture, the material was removed and CCK-8
reagent was added. The absorbance at 450 nm was recorded using
a multifunctional enzyme reader to calculate the cell proliferation
rate after treatment with different materials [26].

2.4.2. Migration experiment

The effect of materials on cell migration was assessed using the
scratch assay [27]. The procedure is summarized as follows: HaCat
cells were seeded in a 6-well plate at a concentration of 2 x 10°
cells per well. When cells reached 80 %—90 % confluence, a straight
scratch was made in the center of the well. Then, liposomes with-
out hyaluronic acid and with the same concentration of hyaluronic
acid in LHA, HHA, LHL, and HHL (each sample containing 0.01 %
hyaluronic acid) were added, with the medium serving as the con-
trol group. Images of cell migration were captured using an in-
verted microscope 12 and 24 h after treatment. Image ] software
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was used to quantify the width of the scratch and calculate the
healing rate.

2.4.3. SA-B-gal histochemical staining

Based on previous research, a photodamage cell model was
established using ULTRA-VITALUX lamps with an energy of 100
m]J/cm?, positioned 10 cm away from the cells [28]. During irra-
diation, PBS was used in place of the complete culture medium,
and then cells were cultured in serum-free H-DMEM for 24 h. To
study the antioxidative effects of the materials, photodamaged cells
were treated in serum-free H-DMEM with the same concentration
of hyaluronic acid in LHA, HHA, LHL, and HHL (each sample con-
taining 0.01 % hyaluronic acid). Cells were then washed with PBS
and fixed in 4 % paraformaldehyde for 5 min. SA-B-gal staining
was performed using a B-galactosidase staining kit. Use an optical
microscope to observe blue-stained senescent cells in three ran-
dom fields.

2.5. Therapeutic application in acute photodamage animal model

2.5.1. Establishment of acute skin damage model with laser ablation

35 female BALB/C mice (6 to 8 weeks old, averaging 20 g in
weight) were purchased from the Beijing Vital River Laboratory An-
imal Technology Co., Ltd. (Beijing, China). The animals were main-
tained under controlled conditions of 22 °C-24 °C room tempera-
ture, 60 % relative humidity, and a 12-hour light/dark cycle, with
sufficient food and water provided throughout the experimental
period. The mice were acclimatized to the experimental environ-
ment for one week prior to the experiments. Animal experiments
were conducted in accordance with the ethical guidelines of the
Animal Ethics Committee of Jinan University (Animal Ethics Num-
ber: IACUC-20,220,518-03). The model was established to simulate
human skin laser ablation. After depilation with depilatory cream
for 24 h, an acute mouse skin photodamage model was induced
using a CO, laser ablation device (KeYing Laser). The laser ablation
energy was set at 2.5 mj/g, with an ablation area of 10x15 mm,
and the procedure was repeated once.

2.5.2. Kinetic analysis of hyaluronic acid in photodamaged skin

In this experiment, the penetration of hyaluronic acid into pho-
todamaged skin was traced transdermally using LHA, HHA, LHL,
and HHL labeled with 5-amino fluorescein. During the treatment
process, the mice were kept in a dark environment to prevent flu-
orescence quenching. The method of inducing photodamage was
consistent with the previously described procedure. 12 h after ad-
ministering the treatment, the mice were euthanized, and the dor-
sal skin was harvested. The penetration of hyaluronic acid was ob-
served at 0 and 12 h using an in vivo imaging system, and the
proportion of penetrated hyaluronic acid was quantitatively ana-
lyzed through fluorescence. The skin tissues were fixed in 4 %
paraformaldehyde, sectioned by cryostat, and the penetration of
fluorescently labeled hyaluronic acid in the tissues was observed
using an AxioCamMRc inverted fluorescence microscope.

2.5.3. Skin repair and histological evaluation in mice

The experimental steps are summarized as follows: The experi-
mental mice were divided into six groups: healthy group (Healthy),
model group (Control), 3 k molecular weight hyaluronic acid (LHA)
group, 1-1.5 m molecular weight hyaluronic acid (HHA) group,
3 k molecular weight hyaluronic acid liposome (LHL) group, and
1-1.5 m molecular weight hyaluronic acid liposome (HHL) group,
with five mice in each group. The healthy group received no treat-
ment, while the model group was treated with phosphate buffer
solution starting from the first day after model establishment. The
LHA, HHA, LHL, and HHL groups began receiving treatment and
continued for 7 days. The back wounds of the mice were pho-
tographed on days 1, 3, 5, and 7 to track the healing process.



H. Xing, X. Pan, Y. Hu et al.

Dermoscopy was used for localized observation and recording, and
the mice’s weight and changes in back skin injuries were meticu-
lously recorded. After the experiment, the healed skin tissues from
the backs of the mice in each group were harvested and fixed
in 4 % paraformaldehyde solution. The tissues were then embed-
ded in paraffin, solidified, and sectioned into 5 um thickness. H&E,
Masson, and immunohistochemical staining (anti-Collagen-3, anti-
CK-5) were used to observe histological changes in the skin tis-
sues. Image ] software was utilized to measure the thickness of the
skin and the volume fraction of related proteins in each group. The
epidermal thickness, collagen volume fraction, or protein expres-
sion intensity for each sample was calculated as the average of
three random points within the sample.

2.5.4. Enzyme-linked immunosorbent assay (ELISA) of mouse skin
tissues

The experimental steps are briefly described as follows: A sand-
wich enzyme-linked immunosorbent assay (ELISA) technique was
used according to the instructions of the kit [29]. Specific anti-
bodies against mouse IL-6, IL-18, and TNF-« were pre-coated onto
high-affinity ELISA plates. Standards, test samples, and biotiny-
lated detection antibodies were added to the wells of the ELISA
plate and incubated. IL-6, IL-18, and TNF-« present in the sam-
ples bound to both the solid-phase antibodies and the detection
antibodies. After incubation, unbound substances were removed
by washing, and horseradish peroxidase-labeled streptavidin was
added. Following another washing step, the chromogenic substrate
TMB (3,3',5,5'-Tetramethylbenzidine) was added for color develop-
ment in a light-protected environment. The intensity of the color
reaction is directly proportional to the concentration of IL-6, IL-15,
and TNF-« in the samples. The reaction was stopped by adding a
stop solution, and the absorbance was measured at a wavelength
of 450 nm.

2.5.5. Immunofluorescence staining of mouse skin tissues

The experimental steps are summarized as follows: The skin
tissues from each group, post-treatment, were embedded in paraf-
fin and sectioned. These sections then underwent antigen retrieval
and were blocked in mouse serum for 30 min. The sections were
subsequently treated with primary and secondary antibodies and
incubated overnight at 4 °C. 4’,6-diamidino-2-phenylindole (DAPI)
was used to counterstain the cell nuclei. Fluorescent characteristics
were observed using the fluorescent mode of a Leica M165 FC mi-
croscope, and the fluorescence intensity was measured using Im-
age | software.

2.5.6. Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining

The TUNEL staining method involves labeling the 3’-ends of
DNA with fluorescein-conjugated dUTP. This allows for the ob-
servation of apoptotic cells under a fluorescence microscope. The
paraffin-embedded skin sections prepared as mentioned above
were stained using a TUNEL staining kit [30]. This process enables
the visualization of apoptotic cells in the epidermis using an Axio-
CamMRc inverted fluorescence microscope.

2.6. Therapeutic application in chronic photodamage animal model

2.6.1. Establishment of chronic skin damage model simulating
sunlight exposure

35 female BALB/C nude mice (6 to 8 weeks old, averaging
20 g in weight) were purchased from Beijing Vital River Labora-
tory Animal Technology Co., Ltd. (Beijing, China). The animals were
maintained under controlled conditions of 22 °C-24 °C room tem-
perature, 60 % relative humidity, and a 12-hour light/dark cycle,
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with sufficient food and water provided throughout the experi-
mental period. The mice were acclimatized to the experimental
environment for one week prior to the experiments. Animal ex-
periments were conducted in accordance with the ethical guide-
lines of the Animal Ethics Committee of Jinan University (Ani-
mal Ethics Number: IACUC-20230913-01).After acclimatization, the
mice were divided into seven groups: healthy group (Healthy),
model group (Control), positive control with Vitamin A cream
(AC) group, 3 k molecular weight hyaluronic acid (LHA) group, 1-
1.5 m molecular weight hyaluronic acid (HHA) group, 3 k molec-
ular weight hyaluronic acid liposome (LHL) group, and 1-1.5 m
molecular weight hyaluronic acid liposome (HHL) group, with five
mice in each group. The experimental procedure followed previ-
ous steps with some modifications [31]. All mice, except those in
the healthy group, were irradiated with an ULTRA-VITALUX lamp
(Osram, Germany). The lamp was turned on for 2 min before ir-
radiation to stabilize the light source. The irradiation position was
set 30 cm below the lamp, and the irradiation intensity was con-
firmed by the radiometer. The mice were placed in the irradia-
tion position, back facing up, and fixed with a mouse restrainer
to fully expose the skin to be irradiated. The minimum erythe-
mal dose (MED) was determined through a preliminary experi-
ment, with reference to previous literature [32]. After establishing
the MED, the naked mice were irradiated for 8 weeks, four times
per week. The first week’s irradiation was at 0.5 MED, increasing
by 0.5 MED each week until reaching 2 MEDs by the fourth week,
and then maintaining 2 MEDs until the end of the 8th week, total-
ing 52 MEDs, treatment began on the first day of the experiment.
The Healthy group received no treatment, while the Control group
was treated with phosphate buffer solution (pH = 7.4), continu-
ing for 8 weeks. The back of the mice was photographed every
15 days to track changes, with further localized observation us-
ing a dermoscopy. Mouse weight and changes in back skin were
meticulously recorded. After the experiment, the skin tissues from
the backs of the mice in each group were harvested and fixed
in 4 % paraformaldehyde solution. The tissues were then embed-
ded in paraffin, solidified, and sectioned into 5 pm thickness. H&E,
Masson, Verhoeff, and immunohistochemical staining (anti-MMP3)
were used to observe histological changes in the skin tissues. Im-
age ] software was utilized to measure related indicators.

2.6.2. Enzyme-linked immunosorbent assay (ELISA) of mouse skin
tissues

The experimental steps are briefly described as follows: A sand-
wich enzyme-linked immunosorbent assay (ELISA) technique was
used according to the instructions provided with the kit. Specific
antibodies against mouse IL-6, TNF-«, IL-18, SOD (Superoxide Dis-
mutase), CAT (Catalase), and MDA (Malondialdehyde) were pre-
coated onto high-affinity ELISA plates [29]. Standards, test samples,
and biotinylated detection antibodies were added to the wells of
the ELISA plate and incubated. IL-6, TNF-¢, IL-18, SOD, CAT, and
MDA present in the samples bound to both the solid-phase an-
tibodies and the detection antibodies. After incubation, unbound
substances were removed by washing, and horseradish peroxidase-
labeled streptavidin was added. Following another washing step,
the chromogenic substrate TMB (3,3’,5,5'-Tetramethylbenzidine)
was added for color development. The intensity of the color reac-
tion is directly proportional to the concentration of IL-6 (450 nm),
TNF-o¢ (450 nm), IL-18 (450 nm), SOD (550 nm), CAT (405 nm),
and MDA (532 nm) in the samples. The reaction was stopped by
adding a stop solution, and the absorbance was measured at dif-
ferent wavelengths.

2.6.3. Western blotting analysis
The total protein from the skin was extracted using a Total Pro-
tein Extraction Kit, followed by ultracentrifugation and ultrasonica-
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tion. The protein suspension was mixed with protein loading buffer
in a 4:1 vol ratio and boiled for 10 min. The protein expression was
detected according to the method previously reported [33]. A di-
lution ratio of 1:1000 was used for anti-NF-xB antibody and anti-
GAPDH antibody as an internal control for protein expression. After
incubation, the samples were analyzed using a chemiluminescence
imaging system (ChemiDoc MP, Bio-Rad, USA).

2.7. Biocompatibility analysis

2.7.1. Skin sensitization test

To assess the irritation and sensitization of the materials on
mouse skin, the behavioral activities and general health of the
mice were observed after three consecutive days of topical applica-
tion on the dorsal skin. Additionally, dermatoscopy was employed
to record the treated skin areas of mice in each group, observing
for symptoms like skin peeling, scab formation, and edema.

2.7.2. In vivo toxicity

After the treatment of the aforementioned animal models was
completed, the mice in each group were euthanized. The heart,
liver, spleen, lungs, and kidneys were harvested, rinsed multiple
times with PBS (pH = 7.4) to remove blood stains, and then im-
mersed in tissue fixative. Subsequently, the tissues were embed-
ded in paraffin, sectioned, and stained with Hematoxylin and Eosin
(H&E). These sections were observed and photographed using an
upright microscope (Motic). In addition, blood samples were col-
lected from the mice, and serum was obtained through centrifuga-
tion for further biochemical analysis.

2.8. Statistical analysis
All data were presented as mean + standard deviation (SD).

Differences between experimental groups were analyzed using the
One-way ANOVA method in GraphPad Software (Inc., La Jolla, CA,

{
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USA). The significance of differences was determined based on P-
values, where *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
indicate levels of statistical significance.

3. Results and discussions

3.1. Preparation and characterization of hyaluronic acid liposomes
(HL)

In this study, hyaluronic acid liposomes (HL) of different molec-
ular weights were successfully prepared using high-shear dis-
persion and micro-jet high-pressure techniques, combined with
reverse-phase evaporation, and were characterized in detail (the
preparation process is shown in Fig. 1a).

First, the size and zeta potential changes of HL with different
molecular weights were shown in Fig. 1b. The hydrated particle
sizes of HL were all below 500 nm, which were 324.1 + 36.94,
352.23 £ 9.09, 362 + 18.09, and 339.97 + 6.45 nm respectively, in-
dicating that these liposomes have a sufficiently small size to pen-
etrate the skin [34]. Simultaneously, with the increase in molecular
weight, the electrical potential of HL exhibits a downward trend.
Zeta potential, as a parameter measuring the velocity of charged
particle movement in solution, is associated with the charge and
size of particles in the solution. For hyaluronic acid (HA), higher
molecular weight HA molecules, composed of more units, carry
more negative charges, resulting in a higher charge density in
the solution, thereby increasing the Zeta potential. A larger ab-
solute value of Zeta potential indicates that charged particles in
the dispersion system are more uniformly dispersed in the solvent,
making aggregation or precipitation less likely to occur. This con-
tributes to maintaining the uniformity and stability of the disper-
sion system [35-38].

Further, Transmission electron microscopy (TEM) was used to
observe the morphology of HL. As shown in Fig. 1c, the hyaluronic
acid liposomes of different molecular weights appeared as round,
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Fig. 1. Synthesis and Characterization of HL. (a) Schematic representation of HL synthesis. (b) Particle size and zeta potential of HL with molecular weights of 3 k, 150-250
k, 400-1000 k, and 1-1.5 m. (c¢) TEM images of HL with molecular weights of 3 k, 150-250 k, 400-1000 k, and 1-1.5 m; scale bar = 200 nm. (d) Localization of HA in
liposomes; scale bar = 1 pm. (e) Stability of particle size over seven days for HL with molecular weights of 3 k, 150-250 k, 400-1000 k, and 1-1.5 m. (f) The PDI over seven
days for HL with molecular weights of 3 k, 150-250 k, 400-1000 k, and 1-1.5 m.
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enclosed vesicular structures with no significant morphological
changes, and the dried size stabilized at around 100 nm with uni-
form particle size distribution. To represent the composition and
morphological structure of HL more intuitively, 5-amino fluores-
cein (5AF) was used to fluorescently label the hyaluronic acid in
the liposomes. Tracking and recording of the position of hyaluronic
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acid in the liposomes, the Fig. 1d showed that HL appeared as
hollow ring structures, with HA participating in the assembly of
the liposomes, evenly embedded within, and forming a stable ring
structure, the structure is similar to our previous study [20].
Additionally, the long-term stability of liposomes is an impor-
tant indicator for their clinical application in transdermal drug
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Fig. 2. Kinetic Studies of HA in the Skin. (a) Using Franz diffusion cells to validate the mechanism of hyaluronic acid permeation enhancement by HL. (b) Concentrations of
HA in the donor chamber, receiving chamber, and skin for four molecular weights of HL and HA solution with a molecular weight of 1-1.5 m. (c) Penetration and distribution
of HL with molecular weights of 3 k, 150-250 k, 400-1000 k, and 1-1.5 m in the skin, scale bar = 100 pm. (d) In vivo imaging of small animals with 5AF-labeled high
and low molecular weight sodium alginate and hyaluronic acid. (e) Statistical analysis of the fluorescence penetration ratio in the dorsal area of mice 2 h later from (d). (f)
Distribution of liposomes containing high molecular weight HA and SA in the dorsal skin of mice, scale bar = 100 pm. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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delivery. The formation of stable liposome composite structures is
crucial for efficient transdermal penetration and treatment [39].
Therefore, this study continuously measured the particle size
changes of liposomes with different molecular weights under stor-
age conditions at 4°C over seven days to assess the stability of HL.
The Fig. 1e, f showed that there is a certain increase in the parti-
cle size of liposomes with different molecular weights. After con-
tinuous measurement for 7 days, the particle sizes remain below
500 nm. Simultaneous polydispersity index (PDI) measurements
revealed that the PDI of the liposomes remained below 0.3, in-
dicating the absence of aggregation. Therefore, the results above
demonstrate that liposomes constructed using HA have a homo-
geneous particle size distribution and possess persistent stability,
meeting the basic requirements for transdermal clinical applica-
tions [40].

3.2. Kinetic analysis of hyaluronic acid in skin tissue

To visually observe the kinetics of hyaluronic acid in the skin,
this study utilized the absorbance at 486 nm of 5AF to analyze
the content of fluorescently modified HA. Initially, a series of HA-
5AF liposome solutions of different molecular weights were pre-
pared. Using a multi-functional enzyme reader, the absorbance
of hyaluronic acid at different concentrations was measured and
recorded. As shown in Supplementary Fig. 1, linear regression was
performed with absorbance as the y-axis and solution concentra-
tion as the x-axis, yielding regression equations for the concen-
trations of HA-5AF liposome suspensions. The residence time and
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quantity of HA in the skin are crucial factors in evaluating the
transdermal system. Hence, using Franz diffusion cells and excised
mouse back skin tissues, an in vitro permeation experiment was
conducted to track HA penetration efficiency through the skin. As
shown in Fig. 2b, after 1 hour and 3 h, the content of hyaluronic
acid was measured. Due to the large molecular structure of HHA,
its pure solution was not easily absorbed transdermally, whereas
HHL was able to carry more hyaluronic acid molecules into the
skin, demonstrating better performance in both skin residence and
transdermal penetration. Further, after washing, embedding, and
preparing the skin into cryosections, the fluorescence microscopy
observations showed (Fig. 2c) that all four molecular weights of
hyaluronic acid liposomes had penetrated the skin. The HHL group,
due to its larger molecular structure being less susceptible to
degradation, exhibited higher fluorescence intensity. This confirms
that embedded liposomes can effectively promote the transder-
mal delivery of hyaluronic acid. To validate from multiple an-
gles that this liposome embedding technique can efficiently fa-
cilitate the transdermal delivery of large molecules, live imaging
analysis was conducted for fluorescently labeled high molecular
weight sodium alginate and hyaluronic acid. The Fig. 2d showed
that both high molecular weight SA and HA effectively penetrated
the skin. Quantitative analysis of the penetrated fluorescence us-
ing living image software revealed that the transdermal penetra-
tion ratio of large molecules exceeded 10 % (Fig. 2e). Furthermore,
as shown in Fig. 2f, cryosections clearly demonstrated the distri-
bution of large molecular fluorescent liposomes in the epidermis,
dermis, and subcutaneous layers of the skin. Therefore, this study
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innovatively combined fluorescence labeling, live imaging tech-
niques, and other methods to multidimensionally verify that this
liposome preparation technique can promote the penetration and
long-term residence of large molecular active substances in the
skin.

3.3. HHA enhances cell viability and inhibits aging

Human immortalized keratinocytes (HaCat) are widely used for
their rapid growth and high survival rate, making them suitable for
assessing the moisturizing, antioxidative, and anti-inflammatory
effects of materials on skin cells [41]. Therefore, this study ex-
plored the effects of HHL on the proliferation and migration of
HaCat cells. The cell viability results, as shown in Fig. 3b, indi-
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cate that the liposome group without HA did not exhibit cyto-
toxicity and had proliferation and migration effects comparable
to the normal group (normal cell group without added materi-
als), confirming the safety and non-toxicity of the HL preparation
process. The proliferation-promoting effects of LHA and HHA on
human immortalized keratinocytes after 48 h of treatment were
107.00 % + 2.98 % and 119.04 % + 4.19 %, respectively. These re-
sults were similar to those of LHL and HHL, further demonstrat-
ing that HHL, compared to LHL, exhibited superior cell safety and
proliferation-enhancing effects. This provides a cellular-level theo-
retical basis for the treatment of skin with HHA [42]. Moreover, the
cell migration results showed that the reduction in scratch area
after 24 h of treatment with LHL (72.8 % + 10.54 %) and HHL
(76.74 % + 8.71 %) was significantly higher than the control group
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(52.9 % + 8.67 %) (Fig. 3c, d). This conclusion once again proves the
advantage of HHA in enhancing skin cell vitality, offering poten-
tial for subsequent skin injury treatment [11].SA-8-gal histochem-
ical staining is often used to detect the activity of aging markers
in HaCat cells exposed to simulated sunlight [43]. As shown in
Fig. 3e, compared to the non-irradiated cells, strong light expo-
sure led to weakened cell adhesion, cell deformation and shrink-
age, and increased cytoplasmic content, consistent with previous
results [44]. The percentage of senescent cells in non-irradiated
cells was low. After irradiation, the percentage of SA-B-gal positive
cells increased, and HHL reduced the SA-B-gal activity in irradiated
HaCat cells compared to LHL (Fig. 3f). This evidence supports the
potential of HHL in enhancing cell viability and mitigating aging
effects, especially under conditions of photodamage.

3.4. Overall evaluation of acute skin injury treatment efficacy

In the aforementioned cell experiments, the superiority of high
molecular weight hyaluronic acid (HHA) in promoting the prolifer-
ation of human keratinocytes was successfully validated. The vi-
tality of keratinocytes plays a crucial role in the repair process
of injured skin [45]. To further explore the therapeutic efficacy of
HHA in the transdermal system HHL for skin injury, and to validate
its clinical application in skin repair, a mouse skin acute injury
model induced by laser ablation was established. This study con-
ducted a 7-day treatment, tracking the physiological state of the
mice, skin tissue regeneration, and the distribution of hyaluronic
acid. At the end of the experiment, pathological sections were col-
lected to evaluate the reparative effects of HHL on acutely injured
skin. As shown in Fig. 4d, the weight of mice in all groups in-
creased during the experiment, indicating that the laser ablation
acute skin injury model did not affect the normal physiological ac-
tivities of the mice. The healing process of the mice was observed
using a camera and dermatoscope. As shown in Fig. 4b, c, on the
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day of model establishment, clear lattice wounds were visible on
the skin of mice in all groups except the Healthy group. On the
third day, a local inflammatory response with skin redness, exuda-
tion, and rupture was observed in all groups except the Healthy
group. By the fifth day, the redness and rupture of the skin in
the Control groups had reduced, with the HHL group showing al-
most complete disappearance of the wound under dermatoscopy.
On the seventh day of treatment, the wounds in the LHL and HHL
groups had almost healed, while the Control group, LHA, and HHA
groups still had some wounds, as validated by quantitative statis-
tics of skin injury shown in Fig. 4e, f. To explore the utilization of
hyaluronic acid during the treatment, the penetration of hyaluronic
acid was kinetically analyzed using fluorescent labeling and live
imaging. The dorsal skin of the injured mice was removed after
12 h of treatment. As shown in Fig. 5a, b, it was observed that
all four materials could effectively penetrate the skin, but quan-
titative analysis showed that the proportion of fluorescence pen-
etrated by HHL was significantly higher than that of HHA. Skin
sections revealed that most of the hyaluronic acid in the LHA and
HHA had been degraded, while in the HHL group, the degradation
of HHA was slower due to the protective and sustained-release ef-
fect of the liposomes (Fig. 5c). This ensured the long-term efficacy
of hyaluronic acid, which is more beneficial for the repair of dam-
aged skin.

3.5. HHL promotes inflammation regulation and repair regeneration

Studies have shown that altering inflammation levels can ben-
efit scar reduction and enhance wound healing speed. TNF-«, IL-
6, and IL-18, as three key indicators related to wound inflam-
mation, have garnered extensive attention and research [46]. In
this experiment, the content of TNF-¢, IL-18, and IL-6 in mouse
skin tissues was measured post-treatment with different materi-
als through an enzyme-linked immunosorbent assay (ELISA). As
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Fig. 5. Penetration of HHL in acutely injured skin. (a) In vivo imaging of acute skin injury treated with LHA, HHA, LHL, HHL. (b) Fluorescence quantification in the dorsal
skin and muscle tissues of mice. (c) Penetration and distribution of LHA, HHA, LHL, HHL in the skin of live mice, scale bar = 100 pum. *P < 0.05; **P < 0.01; ***P < 0.001;
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shown in Fig. 7d, e, f, the Control group showed the highest levels
of TNF-«, IL-18, and IL-6, indicating an accumulation of inflam-
matory factors at the site of skin injury in mice. In contrast, the
HHL-treated group showed inflammatory factor levels closest to
those in Healthy group, indicating a significant reduction in skin
inflammation after 7 days of treatment with HHL, achieving levels
comparable to the Healthy group and demonstrating outstanding
anti-inflammatory effects. Reconstruction of skin-related proteins
serves as scaffolding at the injury site to initiate the wound heal-
ing processs [47]. H&E staining, Masson staining, and immunohis-
tochemical staining for type III collagen and keratin were used to
observe deep tissue repair in mouse skin (Fig. 6a). Compared to
the Healthy group, the Control group’s epidermal thickness signifi-
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cantly increased, reaching more than four times that of the Healthy
group’s skin (Fig. 6b). There was a significant decrease in colla-
gen fiber density and the content of type III collagen and keratin
(Fig. 6¢, d, e). In the treatment groups, the epidermal thickness of
the mice gradually decreased, and the density of collagen fibers,
type III collagen, and keratin content gradually increased, with the
HHL group’s indicators being closer to those of the Healthy group.
Hence, topical application of HHL significantly reduces the early in-
flammatory response of wounds and promotes the repair and heal-
ing of laser-induced injuries, similar to previous studies on skin
injury repair [28]. Ki67 and VEGF, as markers associated with pro-
liferation, play important roles in skin repair. To further verify the
proliferative effects of HHL, immunofluorescent staining was used
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Fig. 6. Histological analysis of scar repair facilitated by HHL. (a) Sequentially from top to bottom: H&E staining, Masson’s trichrome staining, immunohistochemical staining
for Collagen-3, and immunohistochemical staining for Ck-5, with respective scale bars of 100 pm, 100 pm, 50 pm, 50 pm. (b) Epidermal thickness in each group of mice. (c)
Statistical analysis of the collagen volume fraction in the skin of each group of mice. (d) Statistical analysis of the type-3 collagen volume fraction in the skin of each group
of mice. (e) Statistical analysis of the CK-5 vol fraction in the skin of each group of mice. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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to explore the expression of Ki67 and VEGF [48]. As shown in
Fig. 7a, ¢, the Healthy group showed obvious expression of Ki67
and VEGF around skin tissues, indicating robust cell proliferation.
The Control group showed lighter staining around hair follicles,
with few actively proliferating cells. After treatment with HHL,
the expression of Ki67 and VEGF increased, approaching levels in
the Healthy group and significantly higher than the Control group.
Finally, TUNEL fluorescence staining showed significantly more
apoptotic cells in the skin of the Control group, while the HHL
group had fewer apoptotic cells, closer to the Healthy group
(Fig. 7b). Therefore, this study successfully established an acute
photodamage animal model and verified through various evalua-
tion methods that HHL can improve the skin microenvironment,
effectively inhibit skin inflammation, and promote the repair and
regeneration of injured skin, demonstrating great potential in ac-
celerating skin wound healing.
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3.6. Overall evaluation of chronic skin injury treatment efficacy

Excessive ultraviolet radiation can damage the stratum
corneum, disrupt the skin barrier, and accelerate skin aging
and injury. Previous and current cell experiments have confirmed
the potential of HHA in inhibiting skin cell aging. Therefore, to
further explore whether the transdermal system HHL can protect
the skin and mitigate chronic skin damage caused by simulated
sunlight, and to validate its clinical application in daily skin
protection, a chronic photodamage model simulating sunlight
exposure was established and treated over a period of 60 days.
Initially, a preliminary experiment was conducted to determine
the minimum erythemal dose (MED) of 500 mj/cm? for the mice
batch, which served as the standard for changing irradiation
energy gradients (as shown in Supplementary Fig. 2). The skin
condition of the mice was monitored throughout the treatment
process (Supplementary Fig. 3b), along with real-time monitoring
of their weight changes (Supplementary Fig. 3a). At the end of
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Fig. 7. Evaluation of HHL in Promoting Inflammation Regulation and Regenerative Repair in Mice. (a) Fluorescent expression of Ki67 in the skin of mice from each group,
scale bar = 100 pm. (b) Fluorescent expression of Tunel in the skin of mice from each group, scale bar = 100 um. (c) Fluorescent expression of VEGF in the skin of mice
from each group, scale bar = 50 pm. (d) TNF-« levels in the skin of mice from each group. (e) IL-18 levels in the skin of mice from each group. (f) IL-6 levels in the skin of

mice from each group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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the experiment, pathological sections were collected to evaluate
the therapeutic effect of HHL on chronic photodamage. As shown
in Supplementary Fig. 3a, the weight of mice in all groups in-
creased during the experiment, indicating that the chronic skin
damage model did not affect the normal physiological activities
of the mice. With increasing amounts of radiation exposure, the
skin condition of the mice was observed using a camera and
dermatoscope. As shown in Fig. 8b, ¢, except for the Healthy group
and AC group, the skin of the nude mice showed varying degrees
of redness, rupture, and wrinkling after thirty days, confirming
the successful establishment of the chronic photodamage model.
Excitingly, observations and quantitative analysis of the wound
area revealed that the HHL group had relatively smaller injury
areas, indicating that HHL possesses certain protective functions.
Additionally, throughout the experiment, although the injury area
in the AC group remained relatively small over time, increasing
allergic reactions were observed on their backs, which is a mani-
festation of drug side effects. In contrast, no allergic reactions were
observed in the other groups, highlighting the safety advantages
of the transdermal system.

3.7. Histological evaluation of chronic skin injury

Histology of skin tissues elucidates the impact of HHL on
changes in back skin structure and collagen deposition. To fur-
ther understand the therapeutic effects of the transdermal system,
H&E staining was first used to determine epidermal thickness. As
a quantitative parameter to evaluate the degree of photodamage
to the skin, epidermal thickness increases due to skin edema and
accumulation of inflammation [28]. As shown in Fig. 9a, b, com-
pared to the Healthy group, the epidermal thickness of the Con-
trol group’s skin significantly increased, reaching more than five
times that of the Healthy group’s skin. The HHL group was clos-
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est to the Healthy group in this regard. It was also observed that
the epidermis of the AC group thickened to a certain extent, pos-
sibly related to allergic reactions causing skin peeling and pro-
liferation. Elastic van gieson (EVG) staining was used to investi-
gate the effect of light exposure on collagen fibers. The Fig. 9a,
¢ clearly shows that in the Control group, mouse skin fibers were
fractured and disordered, while in the treatment group, colla-
gen fibers were intact. Quantitative analysis revealed that HHL
improved the damage to collagen fibers, making them more or-
derly and providing good protective effects. Matrix metallopro-
teinases 3 (MMP3), as important indicators of skin damage, me-
diate the degradation of different components of the extracellu-
lar matrix (ECM) and participate in the breakdown of collagen.
Therefore, the analysis of MMP3 immunohistochemistry in skin tis-
sues (as shown in Fig. 9a, d) indicated that HHL effectively inhibits
the expression of MMP3 during chronic photodamage, thereby re-
ducing the breakdown of collagen and mitigating the harm of
photodamage.

3.8. HHL effectively inhibits lipid peroxidation and inflammatory
response

Excessive ultraviolet radiation can cause skin oxidative stress,
decreased antioxidative capacity, and the onset of inflammatory
reactions [49]. In the previously mentioned studies on acute in-
jury, it was found that HHL effectively inhibits the occurrence of
inflammatory reactions. This conclusion was re-validated in the
treatment of chronic injuries. As shown in Fig. 10d-f, the levels of
three important inflammatory indicators, TNF-«, IL-6, and IL-18, in
the HHL-treated mouse tissue were close to those in the Healthy
group. The AC group showed increased levels of inflammation due
to allergic reactions. Oxidative stress has been proven to play an
important role in the development of aging-related diseases. Ultra-
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Fig. 9. Histological Analysis of HHL on Chronic Skin Injury. (a) Sequentially from top to bottom: H&E staining, EVG staining, MMP3 immunohistochemical staining, with
respective scale bars of 100 pm, 50 pm, 100 pm, 50 pm. (b) Epidermal thickness in each group of mice. (c) Statistical analysis of the collagen volume fraction in the skin of
each group of mice. (d) Statistical analysis of the MMP3 vol fraction in the skin of each group of mice. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

violet radiation can cause cellular aging, leading to oxidative stress.
Therefore, the levels of CAT (Catalase), SOD (Superoxide Dismu-
tase), and MDA (Malondialdehyde), which are important parame-
ters reflecting the body’s potential antioxidant capacity, were mea-
sured using enzyme-linked immunosorbent assays [44]. As shown
in Fig. 10a, b, ¢, the levels of these three indicators in the HHL
group were close to those in the Healthy group, significantly in-
hibiting the accumulation of MDA. It was also observed that the
SOD levels in the AC group were relatively low, possibly due to
a disruption of some antioxidative functions caused by skin aller-
gic reactions.NF-«B, as an important signaling pathway in oxidative
stress and inflammatory responses, influences many downstream
proteins upon activation, particularly promoting the expression of
inflammation and oxidation-related proteins [28]. Western Blotting
results (as shown in Fig. 10g, h) revealed that the Control group
had abundant NF-«B expression in the skin, which decreased after
treatment, with the HHL group being closest to the Healthy group.
This demonstrates the positive regulation of HHL on the NF-«B sig-
naling pathway and its ability to inhibit the intensification of in-
flammation and oxidation. Therefore, in this experiment, through
various evaluations and combining multiple indicators, the advan-
tage of HHL in inhibiting skin oxidative stress and inflammatory
responses was proven.

184

3.9. Analysis of material biocompatibility

Biocompatibility is a critical prerequisite for the biomedical ap-
plication and subsequent clinical translation of biomaterials. In this
study, a commercially available Vitamin A cream was used as a
control to evaluate the side effects of the HHL transdermal system
on skin conditions and major organs. As shown in Fig. 11a, der-
matoscopic observation of the skin condition of mice after three
days revealed that the commercially available Vitamin A cream
caused dryness and peeling of the mouse skin, while the skin of
mice treated with HHL remained smooth and well-moisturized.
Further, H&E staining of the heart, liver, spleen, lungs, and kidneys
from mice in all experimental groups was performed. As shown in
Fig. 11b, no damage or toxicity was observed in the tissues of any
group. Additionally, biochemical analysis of serum markers, includ-
ing liver function (ALT, AST), kidney function (UA, CR), and blood
lipids (GLU), was conducted (as shown in Fig. 11c, the number
means how many times the indicator content of each group is that
of the healthy group). Compared to the Healthy group, all indica-
tors in the treatment groups met standard requirements. Therefore,
these results indicate that the transdermal delivery system, con-
structed by combining liposomes with transdermal properties and
hyaluronic acid with multiple functions, exhibits good biocompat-
ibility. This system has potential value for application in clinical
practice.
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4. Conclusion

In this study, a transdermal system of high molecular weight
hyaluronic acid liposomes (HHL) was successfully constructed. By
embedding high molecular weight hyaluronic acid (HHA) into the
liposome structure, the transdermal utilization rate of HHA was
significantly enhanced for the treatment of acute and chronic skin
injuries. The system was multidimensionally validated for high
penetration and extended retention (EPR) of HHA in the skin us-
ing fluorescence labeling and in vivo imaging. The experiments
on human keratinocytes showed that HHL enhanced cell viability
and inhibited cell aging more effectively than other treatments. A
laser ablation-induced acute skin injury model was successfully es-
tablished, where HHL demonstrated significant anti-inflammatory
and immunosuppressive properties, promoting skin proliferation
and scar repair, thus showing great potential in accelerating skin
wound healing. Additionally, a chronic photodamage skin model
was developed. HHL markedly improved the skin barrier dysfunc-
tion caused by simulated sunlight, inhibited skin redness, inflam-
matory reactions, and oxidative stress, and promoted collagen ex-
pression. A thorough evaluation of the biocompatibility of the ma-
terial was also conducted, suggesting the potential for integrated
therapeutic protection of the skin. Therefore, this transdermal de-
livery system provides a feasible approach for the non-invasive ap-
plication of HHA in skin photodamage, holding significant potential
for clinical translation and broad application prospects.
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