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Introduction: Topical application of 17p-estradiol (E2) has been shown to improve various hallmark features of skin aging, including
enhancing skin elasticity and hydration, reducing wrinkles, and promoting collagen synthesis. However, the role of estrogen in UVB-
induced photoaging of the skin remains unclear. Furthermore, E2’s clinical application is limited by issues such as bioavailability and
potential adverse effects. Therefore, this study aims to explore the role of E2 in UVB-induced skin photoaging and to prepare a gold
(Au)@mesoporous polydopamine (mPDA)-hyaluronic acid (HA)/carboxymethyl chitosan (CMCS) nanoparticle composite hydrogel
(AWE2@mPDA-HCG) for the treatment of skin photoaging.

Methods: This study successfully fabricated mPDA with a well-defined mesoporous structure and incorporated Au NPs into the
mesopores of mPDA using an in situ growth method, thereby constructing Au@mPDA NPs loaded with E2. Subsequently, the Au/
E2@mPDA NPs were embedded into a HA/CMCS hydrogel to develop the Au/E2@mPDA-HCG nanoparticle composite hydrogel.
The composite hydrogel was characterized through in vitro and in vivo experiments, and its efficacy in improving skin photoaging was
evaluated.

Results: This study revealed that estrogen deficiency significantly exacerbates UVB-induced skin photoaging, likely through
mechanisms closely associated with increased oxidative stress and reduced collagen production. Moreover, the Au/E2@mPDA-
HCG nanoparticle composite hydrogel demonstrated favorable morphological characteristics and biocompatibility. In vitro and in vivo
experimental results indicated that this composite hydrogel effectively enhanced the therapeutic efficacy of E2 in treating skin
photoaging, as evidenced by its significant mitigation of oxidative stress and inflammatory responses, along with the promotion of
collagen synthesis.

Conclusion: In conclusion, this study suggests that the combination of E2 with Au@mPDA@HCG nanocomposite hydrogel offers
a promising therapeutic strategy for UVB-induced skin photoaging.
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Introduction

The skin is the largest organ of the human body' and serves as the primary barrier against external insults. However, it is
highly susceptible to damage and aging due to ultraviolet (UV) radiation, environmental pollutants, and extreme
temperatures.” Among these factors, UV exposure is a major contributor to skin aging, and the aging process specifically
induced by UV radiation is referred to as photoaging.®> Clinically, photoaging manifests as dryness, desquamation,
thickening, loss of elasticity, and uneven pigmentation. It is also frequently associated with skin conditions such as acne,
seborrheic keratosis, pigmentation disorders, and even skin tumors.* Studies have shown that among the different UV
wavelengths, UVB (280-320 nm), despite comprising only 4%—5% of total solar radiation, is the primary cause of skin
damage.” Prolonged exposure to UVB leads to excessive accumulation of reactive oxygen species (ROS), DNA damage,
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inflammation, and disruption of skin barrier function, ultimately contributing to skin aging and even skin cancer.® The
detrimental effects of UVB-induced photoaging not only impose psychological and social burdens on affected individuals
but also pose significant public health concerns, particularly in relation to UV-induced skin malignancies.” Although
sunscreens and skincare products provide some level of UV protection, their efficacy in reversing photoaging remains
limited. Moreover, existing therapeutic agents, including retinoic acid, 5-fluorouracil, and antioxidants, are often
associated with adverse effects and application restrictions.” Therefore, there is an urgent need to develop safe and
effective therapeutic strategies to mitigate UVB-induced photoaging.

Human epidermal keratinocytes and fibroblasts express estrogen receptors ERa and ERp, whose natural ligand,
estrogen, plays a crucial role in skin physiology.® Estrogens are a group of steroid hormones comprising four major
forms: estrone, 17p-estradiol (E2), estriol, and estetrol, with E2 mediating most of their biological effects.” Studies have
shown that estrogens can mitigate skin aging and wrinkle formation, enhance skin thickness, increase dermal collagen
content and water retention capacity, improve epidermal barrier function, and maintain skin hydration.® Additionally,
phytoestrogens exhibit anti-aging properties by preventing oxidative damage and restoring skin hydration and collagen
levels.'” These findings suggest that estrogens hold potential as therapeutic agents for skin anti-aging. However, as
pleiotropic hormones, the effects of estrogens in vivo are significantly influenced by their route of administration.''
When administered orally, the majority of E2 is metabolized in the liver into estrone (E1), which possesses only one-
tenth of the biological activity of E2. Furthermore, supraphysiological estrogen levels in the liver may increase the risk of
thrombosis and suppress growth hormone-mediated insulin-like growth factor 1 (IGF-1) production.'? On the other hand,
injectable estrogen undergoes hepatic metabolism upon entering the liver via the portal vein, leading to a substantial
reduction in the bioavailable estrogen concentration in the skin, thereby limiting its therapeutic efficacy. Consequently,
enhancing the bioavailability of estrogens while minimizing their adverse effects has become a key focus of current
research.

With the rapid advancement of materials science and nanotechnology, nanocarrier-mediated delivery systems have
opened new possibilities for cutaneous drug delivery systems, enhancing both efficacy and safety.'> Among various
nanocarriers, gold nanoparticles (AuNPs) have emerged as a research hotspot in the field of transdermal drug delivery
due to their excellent biocompatibility, tunable particle size, surface chemistry, and unique plasmonic properties.'*
Studies have shown that AuNPs exhibit anti-inflammatory and immunomodulatory effects, demonstrating potential
applications in the treatment of various skin diseases.'”> However, AuNPs tend to aggregate, leading to decreased
performance and stability.'® Therefore, surface modifications are necessary to enhance their biocompatibility and
stability.'”"'® Recently, mesoporous polydopamine (mPDA) nanoparticles with systematically tailored pore structures
have attracted significant attention in drug delivery applications. Their well-defined mesoporous architecture enables
efficient drug encapsulation, thereby substantially improving drug delivery efficiency.'® Moreover, mPDA exhibits
exceptional metal chelation capabilities, serving as an ion anchor for various metal ions, including Mn" and Au".?
Zhou et al demonstrated that coating AuNPs with mPDA significantly enhances their stability, while the mesoporous
structure facilitates drug loading, ultimately improving therapeutic efficacy.”'

The efficacy of drug delivery systems is closely related to the route of administration.'” Previous studies have shown
that estrogen exhibits significantly reduced bioavailability and may induce systemic side effects when administered orally
or via injection.'? Therefore, in addition to utilizing drug carriers to enhance estrogen bioavailability, it is crucial to
explore an administration method that effectively minimizes systemic adverse effects. In recent years, transdermal drug
delivery has gained considerable attention due to its advantages, including ease of application, avoidance of first-pass
hepatic metabolism and gastrointestinal disturbances, and controlled drug release.”> Among transdermal drug delivery
systems, hydrogels have been extensively studied for the treatment of photoaging due to their high water content,
biocompatibility, biodegradability, and drug release modulation capabilities.”*** Both natural and synthetic polymers can
be used for hydrogel fabrication. Among them, hyaluronic acid (HA) and carboxymethyl chitosan (CMCS) have been
widely applied in drug-controlled release and tissue engineering due to their excellent biocompatibility and
biodegradability.”> HA plays a crucial role in skin hydration, delaying skin aging, and promoting wound healing.*®
However, it cannot form a hydrogel structure independently, necessitating the design of HA-based hydrogel

3

formulations.”> Meanwhile, CMCS exhibits antioxidant activity and promotes fibroblast proliferation, making it
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a valuable component in skin improvement strategies.”’” CMCS is often combined with other polymers to fabricate
hydrogels with superior biocompatibility and moisturizing properties, which have been widely applied in medical and
healthcare-related fields.”® Studies have shown that HA/CMCS composite hydrogels encapsulating therapeutic agents
have been explored for skin anti-aging applications,” offering a promising strategy for the development of efficient and
low-adverse-effect estrogen delivery systems.

Based on this, the present study first investigated the effects of estrogen on UVB-induced skin photoaging in mice
through in vivo experiments. Subsequently, mPDA with a clear mesoporous structure was successfully prepared, and Au
NPs were loaded into the mesopores of mPDA through an in situ growth method, forming Au@mPDA NPs and loading
them with E2. The Au/E2@mPDA nanoparticles were then incorporated into an HA/CMCS hydrogel to prepare the Au/
E2@mPDA-HCG nanoparticle composite hydrogel. The composite hydrogel was characterized through both in vivo and
in vitro experiments, and its ability to improve skin photoaging was evaluated. The results indicated that estrogen
deficiency exacerbated the degree of UV-induced skin photoaging in mice. Furthermore, the AWE2@mPDA-HCG
nanoparticle composite hydrogel was successfully prepared, exhibiting excellent morphological structure and physico-
chemical properties, and it significantly improved skin photoaging. This study provides important experimental evidence
and new insights for developing a photoaging treatment strategy based on nanomaterials and hydrogels.

Materials and Methods

Experimental Animals

Six-week-old female C57BL/6J mice were purchased from SiPeiFu Company (Beijing, China) and housed under
appropriate temperature and humidity conditions with free access to food and water, maintaining a 12 h light/dark
cycle. All animal experimental protocols were conducted in accordance with the guidelines of the National Institutes of
Health for the care and use of laboratory animals and the ARRIVE guidelines. The research protocol was approved by
the Laboratory Animal Ethics Committee of Wenzhou Medical University(approval number: wydw2024-0556).

Grouping and Treatment of Mice

Six-week-old female C57BL/6J mice were acclimatized for one week before exposure to UVB and undergoing bilateral
ovariectomy (OVX) surgery. The mice were randomly divided into four groups (n=6 per group): Control, UVB, OVX,
and UVB+OVX. For the OVX and UVB+OVX groups, estrogen deficiency was induced by OVX surgery. The specific
procedure for the OVX surgery was as follows: The mice in the OVX and UVB+OVX groups were anesthetized using
isoflurane (induction: 3%, maintenance: 1.5%) and fixed. The fur on both sides of the lower one-third of the back midline
was shaved, and the surgery was performed. A 0.5 cm incision was made through the skin and dorsal muscle, revealing
a shiny, whitish fat pad containing the ovaries. The fat pad was gently grasped with small forceps and pulled outside the
incision. The fat pad was then separated, and the ovarian ligaments were tied with sutures and the ovaries were excised.
Afterward, the uterus was returned to the abdominal cavity, and the incision was sutured. The ovaries on the other side
were removed using the same method. For the Control and UVB groups, the same surgical procedure was performed, but
the ovaries were not removed. One week after the surgery, the mice’s back hair was shaved using an electric razor.
Subsequently, the backs of the UVB and UVB+OVX groups were exposed to a narrowband UVB light source
(wavelength 290-320 nm, peak wavelength 312 nm, TL20 W/12). During the exposure, the mice were placed in
a closed activity box and allowed to move freely, with the light source positioned 25 cm above the box. UVB irradiation
was administered five times a week for eight weeks. At the end of the experiment, all mice were euthanized, and their
back skin tissues and serum samples were collected for further analysis.

Histological Analysis

The mouse skin tissues were fixed in 10% formalin solution, embedded in paraffin, and sectioned into 5 pum thick slices.
The sections were then stained with hematoxylin and eosin (H&E, Abcam) according to the standard protocol. To
evaluate collagen deposition, skin tissue sections were stained using the Masson trichrome staining kit (Abcam)
following the manufacturer’s instructions. All images were captured using an optical microscope.
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Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of E2 in serum samples, and SOD and MDA in mouse skin tissue and HaCaT cells were detected using an
ELISA kit (Thermo Scientific, USA). Briefly, the diluted protein standards and samples were added to the wells of a 96-
well ELISA plate. Then, an antibody specific to the biochemical molecule was added. After washing with a washing
buffer, an avidin-horseradish peroxidase conjugate solution was added to each well. The reaction was terminated using
a stop solution. The optical density (OD) values were measured at 450 nm for E2 and MDA, and at 560 nm for SOD.

Dihydroethidium (DHE) Staining

To prepare paraffin-embedded skin tissue sections (5 pum), in situ ROS detection was performed using DHE staining
solution (Thermo Fisher Scientific). Specifically, after deparaffinization and rehydration, the tissue sections were
incubated in a humidified chamber at 37°C with DHE solution (10 pM) in the dark for 1 h. Upon interaction with the
superoxide anion in the samples, DHE is oxidized, producing bright red fluorescence. The fluorescence was then detected
using an Olympus Fluoview FV1000 confocal microscope.

Preparation of Au/E2@mPDA NPs
Preparation of mPDA NPs

Dissolve 0.15 g of dopamine hydrochloride and 0.10 g of Pluronic F-127 in a mixture of water and ethanol (1:1), with
a total volume of 10 mL. Then, under stirring conditions, add 0.20 mL of toluene (TMB, 98%), and sonicate for 2 min to
form a uniform emulsion. Next, dropwise add 0.375 mL of ammonia solution to the emulsion system and polymerize for
2 h. After the reaction, centrifuge the resulting nanoparticles three times using a mixture of water and ethanol (1:1), then
vacuum dry. Finally, disperse the product in anhydrous ethanol to a concentration of 1 mg/mL for further use.

Preparation of E2@mPDA NPs
Add 100 pL of an E2 ethanol solution (1 mg/mL) to the mPDA NPs suspension (1 mg/mL). Stir and react for 12 h, then
separate the E2@mPDA NPs by centrifugation. Finally, redisperse the obtained nanoparticles in water for further use.

Preparation of Au/E2@mPDA NPs

Add 200 pL of HAuCl,-3H,0 solution to the 1 mg/mL E2@mPDA NPs aqueous suspension and stir for 2 h. Then,
dropwise add 20 pL of 1% sodium citrate solution at 100°C and continue stirring for 10 min to generate AwW/E2@mPDA
NPs. Afterward, wash the obtained Au/E2@mPDA NPs with ethanol by centrifuging three times and redisperse them in
water for future use. Au@mPDA NPs can be prepared using the same method, but without adding E2.

Characterization of Au/E2@mPDA NPs

The structure and morphology of the NPs were characterized using transmission electron microscopy (TEM, FEI Talos
F200X, USA). The zeta potential and hydrodynamic size of the NPs were measured using a nanoparticle size analyzer
(Zetasizer Nano ZS, UK). The particle size of the synthesized NPs was determined by dynamic light scattering (DLS),
and Fourier-transform infrared spectroscopy (FTIR) analysis was performed. X-ray powder diffraction (XRD) spectra
were obtained using an X-ray diffractometer. Additionally, to evaluate in vitro stability, mPDA NPs and Au/E2@mPDA
NPs were incubated in water and DMEM at 4°C for 30 days, with particle size and PDI measured at designated time
intervals.

Preparation and Characterization of Au/E2@mPDA-HCG Nanoparticle Composite
Hydrogel

A 1 wt% HA solution and a 3 wt% CMCS solution were prepared in advance. An EDC/NHS solution was added
dropwise to the HA solution, and after stirring for 30 min, it was mixed with the CMCS solution in a 1:1 volume ratio.

The resulting mixture was rapidly stirred to ensure uniformity and then poured into molds. The mixture was left to
stand at 4°C for 12 h to form the HA/CMCS hydrogel (HCG). After gelation, the hydrogel was thoroughly washed
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with deionized water to obtain the final HA/CMCS hydrogel. Next, Au@mPDA NPs or AwWE2@mPDA NPs were
combined with the CMCS solution to prepare Au@mPDA@HA/HCG and AwWE2@mPDA@HA/HCG hydrogel
patches, respectively. Each hydrogel patch contained 100 pg of E2. The microstructure of the hydrogels was observed
using scanning electron microscopy (SEM, FlexSEM1000, Japan). Before testing, the samples were freeze-dried and
gold-coated.

The in vitro Drug Release of Au/E2@mPDA-HCG Nanoparticle Composite Hydrogel
The release medium used was 1.0% SDS buffer solution. The prepared hydrogel samples were placed in dialysis bags
and immersed in 10 mL of release medium within centrifuge tubes. The in vitro release behavior of E2 was assessed
under constant shaking at 37°C and 100 rpm. At predetermined time points (1, 2, 4, 8, 12, 24, 36, and 48 h), 1.0 mL
samples of the release medium were collected, and an equal volume of fresh release medium was added to maintain the
volume. The collected samples were then analyzed using high-performance liquid chromatography (HPLC) to calculate
the cumulative release of E2 from Au@mPDA@HA/HCG.

In vitro Transdermal Permeation of Au/E2@mPDA-HCG Nanoparticle Composite
Hydrogel

First, ex vivo mouse skin needs to be prepared. Briefly, after anesthetizing the female Balb/c mice, the fur on the back of
the mice was shaved using pet clippers, followed by shaving off any remaining short hair with a razor. The mice were
then euthanized by cervical dislocation, and the back skin was carefully removed after confirming that there was no
damage to the skin. Excess subcutaneous fat, blood vessels, and other tissues were removed, and the skin was placed in
a self-sealing bag, sealed, and wrapped in aluminum foil before being stored at —20°C.

After preparing the ex vivo mouse skin, a diffusion cell was used to conduct the in vitro transdermal permeation
experiment. A 1.0% SDS buffer solution was selected as the transdermal receptor fluid. The moisture from the prepared
mouse skin was absorbed using kitchen paper, and the skin was placed between the donor and receptor chambers. Au/
E2@mPDA-HCG was added to the donor chamber, and 10.0 mL of receptor fluid was added to the receptor chamber. At
1,2,4,8, 12, 24, 36, and 48 h, 1.0 mL of receptor fluid was taken from the receptor chamber, and an equal volume of
fresh receptor fluid was immediately added. The receptor fluid collected at each time point was analyzed by HPLC, and
the cumulative transdermal permeation of E2 from Aw/E2@mPDA-HCG was calculated.

In vitro Photoprotective Activity of Au/E2@mPDA-HCG Nanoparticle-Composite
Hydrogel

Cell Culture and Treatment

Human keratinocyte cells (HaCaT) were purchased from iCell Bioscience Inc. (Shanghai, China). HaCaT cells were
cultured in DMEM medium containing 10% fetal bovine serum and 1% penicillin/streptomycin, and incubated at 37°C,
5% CO,, and saturated humidity.

HaCaT cells were randomly divided into the following groups: Control group, UVB group, UVB+E2 group, UVB
+Au@mPDA-HCG group, and UVB+AWE2@mPDA-HCG group. To simulate UVB radiation exposure, HaCaT cells
were seeded in 96-well plates at a density of 5x10° cells per well. After 48 h of culture, the medium was discarded and
the cells were washed twice with PBS. Then, an appropriate amount of PBS was added to each well (enough to cover the
cells), and the cells in each group were irradiated using a UV light therapy device. The irradiation conditions were set at
an intensity of 0.61 mW-cm™2 for 5 min. Cells in the Control group were shielded from UV radiation using aluminum foil
before exposure. After irradiation, PBS was discarded, fresh medium was added, and the cells were cultured further for
subsequent analysis. In the UVB+E2 group, UVB+Au@mPDA-HCG group, and UVB+AuwE2@mPDA-HCG group, the
HaCaT cells were treated with E2, Au@mPDA-HCG, and AwWE2@mPDA-HCG, respectively, 24 h before UVB
exposure, and the cells were cultured for another 24 h after treatment. The concentration of E2 in the UVB+E2 group
and UVB+AWE2@mPDA-HCG group was 1x10~" mol/L.
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CCK-8 Assay

The treated cells (2000 cells per well) were added to 96-well plates, and 10 pL of CCK-8 solution was added to each
well. The cells were incubated at 37°C with 5% CO, for 2 h, after which the absorbance at 450 nm was measured to
calculate cell viability.

Senescence-Associated Beta-Galactosidase (SA-B-Gal) Staining

According to the manufacturer’s instructions, cells were stained using the Senescence P-Galactosidase Staining Kit
(Beyotime, China). At room temperature, the culture medium was removed from each group, and the cells were washed
once with PBS before being fixed with fixation solution for 15 min. The cells were then washed three times with PBS and
incubated with the staining solution at 37°C overnight. The stained cells were observed and photographed using an
inverted microscope.

Intracellular ROS Detection

The intracellular ROS levels were measured using the 2°, 7’-dichlorodihydrofluorescein diacetate (DCF-DA) method.
HaCaT cells were seeded in a 6-well plate and stained with 20 uM DCF-DA at 37°C for 1 h under dark conditions. After
staining, the cells were washed three times with PBS, and fluorescence staining results were observed using
a fluorescence microscope (Nikon Eclipse, Tokyo, Japan).

Western Blot Assay

Total protein samples were extracted from HaCaT cells or skin tissue using RIPA lysis buffer. After protein extraction,
the protein concentration was determined using a BCA Protein Assay Kit. Equal amounts of protein samples were
separated by 10% SDS-PAGE and transferred onto a Polyvinylidene Fluoride (PVDF) membrane. The PVDF membrane
was blocked at room temperature for 1 h with 5% skim milk in TBST. Then, primary antibodies (COL I: 1:1000; COL
III: 1:1000; NOX1: 1:1000; NOX2: 1:1000; IL-6: 1:1000; B-actin: 1:50000) were added and incubated overnight. After
washing the membrane three times with Tris-buffered saline, the PVDF membrane was incubated with the corresponding
secondary antibody at room temperature for 30 min. The results were detected using a chemiluminescence imaging and
analysis system. All antibodies were purchased from Abcam.

In vivo Photoprotective Activity of Au/E2@mPDA-HCG Nanoparticle-Composite
Hydrogel

The method for OVX surgery in mice is described in section 2.2. One week after the OVX surgery, 24 female C57BL/6]
mice were divided into four groups: OVX+UVB, OVX+UVB+E2, OVX+UVB+Au@mPDA-HCG, and OVX+UVB
+AUW/E2@mPDA-HCG, with 6 mice in each group. All mice were shaved on their backs using an electric razor, and their
backs were exposed to narrow-band UVB light (wavelength 290-320 nm, peak wavelength 312 nm, TL20 W/12). During
the exposure, the mice were allowed to move freely within a closed box. The distance between the light source and the
bottom of the box was 25 cm. UVB exposure was administered five times a week for 8 weeks. In addition, one week after
the first UVB exposure, the three groups—OVX+UVB+E2, OVX+UVB+Au@mPDA-HCG, and OVX+UVB+Au/
E2@mPDA-HCG—received daily topical applications of E2, Au@mPDA-HCG, and AWE2@mPDA-HCG on their
backs, respectively, continuing until the end of the experiment. The dose of E2 in the OVX+UVB+E2 and OVX+UVB
+AUW/E2@mPDA-HCG groups was equivalent to 5 mg/kg. No treatment was applied to the OVX+UVB group. At the end
of the experiment, all mice were euthanized, and their back skin tissue and serum samples were collected for subsequent
experimental analysis.

Statistical Analyses

All experiments were repeated at least three times. Data are presented as the mean + standard deviation. Statistical
analysis was performed using GraphPad Prism 9 (GraphPad Inc, San Diego, CA, USA). One-way analysis of variance
(ANOVA) was used for comparisons among multiple groups, followed by Tukey’s multiple comparison test. A P-value
of < 0.05 was considered statistically significant.

4576 https: International Journal of Nanomedicine 2025:20



Li et al

Results and Discussion

Estrogen Deficiency Exacerbates Skin Photoaging in Mice

Estrogen prevents skin aging by increasing skin thickness, reducing wrinkles, and enhancing skin hydration.
Studies have shown that estrogen treatment can prevent the loss of type I collagen and promote its de novo
synthesis.>® To investigate the role of estrogen in skin photoaging, we established an OVX mouse model and
applied various interventions to examine the impact of estrogen deficiency on skin photoaging. As shown in
Figure 1A, compared to the Control group, mice in the UVB, OVX, and OVX+UVB groups exhibited clear skin
abnormalities, such as skin damage, redness, and wrinkles, with the most severe skin damage observed in the
OVX+UVB group. Considering that increased epidermal thickness and collagen degradation leading to tissue
atrophy are characteristic features of skin photoaging,® we performed HE and Masson staining on the dorsal skin
of the mice. HE staining results (Figure 1B) revealed that, compared to the Control group, UVB and OVX groups
showed epidermal thickening and dermal thinning. After combined UVB and OVX intervention, epidermal
thickening and dermal thinning were more pronounced, along with noticeable epidermal shedding. Furthermore,
Masson staining results (Figure 1B) demonstrated that, compared to the Control group, the collagen content in the
dermis of UVB, OVX, and UVB+OVX groups was reduced, with the UVB+OVX group showing the lowest
collagen content in the dermis. Additionally, E2 content analysis (Figure 1C) indicated that serum E2 levels were
significantly lower in the UVB, OVX, and OVX+UVB groups compared to the Control group, with the OVX
+UVB group exhibiting the lowest E2 levels in the serum. These findings suggest that estrogen deficiency further
exacerbates UVB-induced pathological changes in the skin.

Excessive production of ROS is one of the key pathological features of UVB-induced skin photoaging.>' The accumula-
tion of ROS exacerbates oxidative stress damage, such as lipid oxidation, which accelerates the aging process of skin cells.
One of the major products of lipid oxidation, malondialdehyde (MDA), is commonly used as an indirect marker of oxidative
stress.>? Additionally, superoxide dismutase (SOD), as the first line of defense in the skin’s antioxidant defense system,
catalyzes the dismutation of superoxide anion radicals to produce oxygen and hydrogen peroxide, the latter of which can be
further broken down by catalase (CAT) and glutathione peroxidase (GPx).* Furthermore, mechanistic studies have shown
that ROS can also activate redox-sensitive transcription factor NF-kB.>**> NF-«B is a central regulator of the senescence-
associated secretory phenotype (SASP) in senescent cells. Activated NF-kB regulates various pro-inflammatory cytokines,
such as IL-6 and TNF-o. IL-6 induces the transcription of matrix metalloproteinase (MMP)-1 in dermal fibroblasts, while
TNF-o upregulates the transcriptional expression of MMPs, accelerating the degradation of the extracellular matrix, thereby
leading to skin photoaging.*® Studies have shown that OVX effectively decreases serum E2 expression and increases NF-kB
expression.>” Moreover, E2 has been shown to have an inhibitory effect on oxidative stress.” Based on these findings, we
further hypothesized that estrogen deficiency may exacerbate skin photoaging. To explore the effects of estrogen on MDA,
SOD, and ROS levels during skin photoaging, we conducted MDA and SOD content assays, as well as dihydroethidium
(DHE) staining. The results (Figure 1D-F) showed that, compared to the Control group, MDA and ROS levels were
significantly higher, while SOD levels were significantly lower in the UVB, OVX, and UVB+OVX groups, with the UVB
+OVX group showing the most pronounced changes. These results suggest that estrogen deficiency significantly aggravates
oxidative stress in the skin and reduces collagen synthesis, thereby further promoting the onset of skin photoaging.

Characterization of Au/E2@mPDA NPs

To address the issues of E2 in clinical applications, we designed and synthesized Au/E2@mPDA NPs for E2
delivery. The morphology and structure of mPDA NPs and AwWE2@mPDA NPs were observed using TEM. The
results showed (Figure 2A) that mPDA NPs exhibited a uniform spherical structure with a porous surface,
providing favorable spatial conditions for drug loading. After loading Au NPs and E2, the porous structure on
the mPDA surface disappeared, indicating successful loading of Au NPs and E2 into the pores of mPDA. Previous
studies suggest that changes in zeta potential and particle size can indirectly indicate the successful loading of
nanoparticles and drugs.*® Therefore, the particle size of mPDA NPs and Au/E2@mPDA NPs was analyzed in this
study. The results (Figure 2B) showed that the particle size of mPDA was 225.54+5.06 nm, and after loading with
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Figure | Estrogen deficiency exacerbates skin photoaging in mice. (A) Morphological changes of mouse skin after different interventions. (B) HE staining (100%, n=3, top)
and Masson staining (100X, n=3, bottom), bars = 200 pm. (C) ELISA measurement of serum E2 levels in mice (n=6). (D) ELISA measurement of MDA levels in mouse skin
tissue (n=6). (E) ELISA measurement of SOD levels in mouse skin tissue (n=6). (F) DHE staining detection of ROS levels in mouse skin (100%, n=3), bars = 200 um. Control,
mice without any intervention. UVB, mice exposed to UVB irradiation. OVX, mice subjected to OVX surgery. UVB+OVX, mice exposed to UVB irradiation and subjected to
OVX surgery. ¥P<0.05 vs Control, *¥P<0.01 vs Control, **P<0.001 vs Control.
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Figure 2 Characterization of Au/E2@mPDA NPs. (A) TEM images of mPDA NPs and Au/E2@mPDA NPs, bars = 200 nm. (B) DLS analysis of the particle size of mPDA
NPs and Au/E2@mPDA NPs. (C) Zeta potential of mPDA NPs and Au/E2@mPDA NPs. (D) FTIR spectra. (E) XRD spectra.

Au NPs and E2, the particle size increased to 237.91+6.19 nm. This is consistent with the reported particle size
range (100-300 nm) of mPDA nanomedicines,’” and the increase in particle size may be due to the filling of Au
NPs and E2 into the pores of mPDA, leading to an expansion of the particle size. Further zeta potential
measurements (Figure 2C) revealed that mPDA NPs, due to their surface rich in hydroxyl groups,*® had a zeta
potential of approximately - (26.82+0.57) mV. After loading E2 and negatively charged Au NPs,*' the negative
charge on the nanoparticle surface increased, and the zeta potential decreased to - (34.56+0.61) mV. This change
further confirms the successful loading of Au NPs and E2. In addition to particle size and zeta potential analysis,
FTIR and XRD analyses were performed to verify the successful incorporation of Au NPs and E2 into mPDA
NPs. As shown in Figure 2D, the FTIR results confirmed that Au/E2@mPDA was successfully synthesized, with
E2 effectively loaded. The XRD results (Figure 2E) showed characteristic peaks for Au at (111), (200), and (220)
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crystal planes, while the original peaks of mPDA were also retained. These findings collectively indicate the
successful preparation of Au/E2@mPDA NPs. Moreover, the stability of drug delivery carriers is crucial for their
functionality.*'*** Thus, this study further evaluated the stability of mPDA NPs and Aw/E2@mPDA NPs in water
and DMEM medium. The results (Figure 3) showed that both NPs maintained a stable size distribution without
significant aggregation or sedimentation after being stored in deionized water or DMEM for 7 or 30 days. These
findings indicate that the prepared NPs exhibit good stability, suggesting that Au/E2@mPDA NPs have potential
advantages in drug delivery.

Characterization of Au/E2@mPDA-HCG Nanoparticle-Composite Hydrogel

Compared to traditional therapies, hydrogels offer several advantages as local drug delivery systems, including
improved patient quality of life, sustained drug release, and drug absorption through the skin barrier.** In this
study, to enhance the transdermal delivery of AwWE2@mPDA NPs, we prepared HA/CMCS (HCG) hydrogel and
loaded Au/E2@mPDA NPs into it (AwE2@mPDA-HCG) for transdermal administration of E2. The macroscopic
images of HCG and AwWE2@mPDA-HCG hydrogels are shown in Figure 4A. The mPDA hydrogel is colorless,
but upon addition of the brown-black Au/E2@mPDA nanoparticles,’” the color of the hydrogel changes to brown-
black. The microstructure of the freeze-dried HCG and Au/E2@mPDA-HCG hydrogels was characterized by SEM
analysis. The results (Figure 4B and C) show that the average pore size of HCG hydrogel is 17.15 pum, and after
loading Au/E2@mPDA nanoparticles, the pore size decreases to 14.65 pm, indicating the successful loading of
Au/E2@mPDA nanoparticles into the HCG hydrogel. Additionally, in vitro drug release results for E2
(Figure 4D) show a burst release of free E2, with almost complete release within 12 h, while Au/E2@mPDA-
HCG hydrogel released 85.83+2.11% of the drug within 48 hours and continued to release, demonstrating its
sustained-release effect. Further transdermal release analysis of E2 (Figure 4D) revealed that the amount of E2
released transdermally from AuwE2@mPDA-HCG over 48 hours was 57.77+£3.78%, indicating that E2 can
effectively penetrate the skin to exert therapeutic effects.
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Figure 4 Characterization of Au/E2@mPDA-HCG nanoparticle-composite hydrogel. (A) Macroscopic images of HCG and Au/E2@mPDA-HCG nanoparticle-composite
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composite hydrogels.

In vitro Anti-Photoaging Effect of Au/E2@mPDA-HCG Nanoparticle-Composite
Hydrogel

Under UV irradiation, keratinocytes and other skin-related cells secrete a large number of pro-inflammatory
cytokines, such as IL-6, which play a critical role in UV-induced skin inflammation. This leads to edema and
erythema, compromises the integrity of the skin barrier, increases the expression of chemokines and other
inflammatory molecules, and promotes the generation of ROS.** The sharp increase in ROS levels further
exacerbates oxidative stress, leading to skin cell aging, while activating the release of matrix metalloproteinases
(MMPs) in keratinocytes and fibroblasts. These enzymes degrade collagen and other extracellular matrix (ECM)
proteins and inhibit collagen synthesis.’**> Therefore, to investigate whether the Au/E2@mPDA-HCG nanopar-
ticle-composite hydrogel provides protective effects against photoaging, this study used human keratinocytes
(HaCaT) as an in vitro cell model. Various interventions were applied, and a series of experiments were
conducted, including CCK-8 assays, SA-B-gal staining, fluorescence staining, MDA and SOD content determina-
tion, and Western blot analysis. These were systematically assessed to evaluate the effects of the hydrogel on cell
viability, photoaging, oxidative stress, inflammation, and collagen synthesis.

Firstly, the CCK-8 assay was used to evaluate the effect of different concentrations of Au/E2@mPDA-HCG
nanoparticle-composite hydrogel (5, 10, 15, 20, and 25 pg/mL) on HaCaT cell viability. The results showed
(Figure 5A) that at a concentration of 25 pg/mL, the cell viability of HaCaT cells was still above 90%, indicating
good biocompatibility. Further, the effects of different interventions on cell viability were examined. The results
(Figure 5B) demonstrated that UVB irradiation significantly decreased HaCaT cell viability (P<0.001), while E2
and Auw/E2@mPDA-HCG treatments significantly enhanced cell viability (£<0.05). Notably, the enhancement of
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Figure 5 In vitro anti-photoaging effect of Au/E2@mPDA-HCG nanoparticle-composite hydrogel. (A) CCK-8 assay to detect the cytotoxicity of Au/E2@mPDA-HCG
hydrogel. (B) CCK-8 assay to detect cell viability. (C) B-galactosidase staining (top, 200x, bars = 100 um) to observe the degree of cell senescence and fluorescence staining
(bottom, 200%, bars = 100 um) to detect ROS levels in cells. (D) MDA level detection. (E) SOD level detection. (F) Western blot assay to detect the expression levels of
COL Ill, COL I, NOX1, NOX2, and IL-6 in cells. Control: HaCaT cells with no intervention. UVB: HaCaT cells treated with UVB irradiation only. UVB+E2: HaCaT cells
treated with UVB irradiation and E2 intervention. UVB+Au@mPDA-HCG: HaCaT cells treated with UVB irradiation and UVB+Au@mPDA-HCG intervention. UVB+Au/
E2@mPDA-HCG: HaCaT cells treated with UVB irradiation and Au/E2@mPDA-HCG intervention. *P<0.001 vs Control, *P<0.05 vs UVB, #P<0.01 vs UVB, *#p<0.001
vs UVB, &P<0.05 vs UVB+E2, #5P<0.01 vs UVB+E2, #*¥P<0.001 vs UVB+E2.

cell viability by AwWE2@mPDA-HCG was more pronounced compared to E2 (P<0.001). In addition, SA-B-gal
staining, fluorescence staining, and MDA and SOD content measurement results (Figure 5C—E) showed that UVB
exposure increased the levels of SA-B-Gal, ROS, and MDA in HaCaT cells, while decreasing SOD levels. Both
E2 and Aw/E2@mPDA-HCG treatments significantly ameliorated these effects, with Au/E2@mPDA-HCG show-
ing better efficacy than E2. Western blot analysis (Figure 5F) further confirmed these findings. After UVB
irradiation, the expression levels of inflammation-related proteins (IL-6) and oxidative stress-related proteins
(NOX1, NOX2) were increased, while collagen expression (COL I, COL III) decreased. However, after treatment
with E2 and Auw/E2@mPDA-HCG, the abnormal expression of these proteins was improved, and the effect of
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AUW/E2@mPDA-HCG was significantly better than that of E2. These results suggest that both E2 and Au/
E2@mPDA-HCG have anti-photoaging effects on skin, which may involve alleviating oxidative stress, cell
senescence, and inflammation.

Furthermore, compared to free E2, the Au/E2@mPDA-HCG nanoparticle-composite hydrogel exhibited a more
pronounced anti-photoaging effect on the skin, which may be closely related to the characteristics of the
Au@mPDA-HCG nanoparticle-composite hydrogel as a delivery vehicle. Studies have shown that mPDA NPs
contain a high number of phenolic groups, which possess strong ROS-scavenging abilities.** As ROS levels
decrease, the expression of pro-inflammatory cytokines is also reduced.*> Additionally, HA has hygroscopic
properties, and its secondary structure contains hydrophobic patch domains that can facilitate the penetration of
the stratum corneum. Furthermore, the HA receptors on epidermal keratinocytes and dermal fibroblasts also
assist in the transdermal delivery of HA to deeper tissues.’® Taken together, these findings suggest that Au/
E2@mPDA-HCG nanoparticle-composite hydrogels can effectively enhance the anti-photoaging effects of E2
on the skin.

In vivo Anti-Photoaging Effect of Au/E2@mPDA-HCG Nanoparticle-Composite
Hydrogel

Based on the previous research findings, this study has demonstrated that estrogen deficiency exacerbates
photoaging, while the Auw/E2@mPDA-HCG nanoparticle-composite hydrogel exhibits significant in vitro anti-
photoaging effects. Therefore, to further investigate the protective effect of the Au/E2@mPDA-HCG nanoparticle-
composite hydrogel in vivo on photoaging aggravated by estrogen deficiency, we established an OVX mouse
model and applied different interventions. Experimental results (Figure 6A) showed that, compared to the UVB
+0OVX group, the UVB+OVX+E2 and UVB+OVX+Auw/E2@mPDA-HCG groups exhibited improved skin damage,
with the UVB+OVX+AWE2@mPDA-HCG group showing the best improvement. HE and Masson staining results
(Figure 6B) further revealed that, compared to the UVB+OVX group, the UVB+OVX+E2 and UVB+OVX+Au/
E2@mPDA-HCG groups had reduced epidermal thickness, increased dermal thickness, and enhanced collagen
content, with AwWE2@mPDA-HCG showing better effects than UVB+OVX+E2. E2 content measurement results
(Figure 7A) showed that, compared to the UVB+OVX group, the UVB+OVX+E2 and UVB+OVX+Au/
E2@mPDA-HCG groups had significantly elevated serum E2 levels (P<0.001), with the UVB+OVX+Au/
E2@mPDA-HCG group showing a more significant increase (P<0.001). Additionally, DHE staining, MDA, and
SOD level measurements (Figures 6C,7B and C) showed that, compared to the UVB+OVX group, the UVB+OVX
+E2 and UVB+OVX+AWE2@mPDA-HCG groups had significantly reduced ROS and MDA levels in the skin,
along with significantly increased SOD levels. Notably, the UVB+OVX+AWE2@mPDA-HCG group exhibited
a more significant improvement in these indicators than the E2 group. Western blot analysis further confirmed
these findings (Figure 7D), showing that, compared to the UVB+OVX group, the UVB+OVX+E2 and UVB+OVX
+Auw/E2@mPDA-HCG groups had decreased levels of inflammatory-related proteins (IL-6) and oxidative stress-
related proteins (NOX1, NOX2) in the skin tissue, and increased levels of collagen (COL I, COL III). The UVB
+OVX+AuW/E2@mPDA-HCG group exhibited more significant regulation of these protein expressions. In conclu-
sion, consistent with the in vitro results, the Au/E2@mPDA-HCG nanoparticle-composite hydrogel in vivo can
significantly elevate E2 levels, alleviate oxidative stress and inflammation, and promote collagen synthesis,
thereby enhancing the anti-photoaging effects of E2.

Conclusion

Estrogen is considered a potential therapeutic agent for skin photoaging, although its role and underlying mechanisms in
UVB-induced photoaging remain unclear. Our findings demonstrate that estrogen deficiency accelerates skin photoaging
by exacerbating oxidative stress and reducing collagen synthesis. In addition, given the clinical limitations of estrogen,
such as low bioavailability and potential adverse effects, we developed an Aw/E2@mPDA-HCG nanocomposite hydrogel
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Figure 6 In vivo anti-photoaging effect of Au/E2@mPDA-HCG nanoparticle-composite hydrogel. (A) Morphological changes in mouse skin after different interventions. (B)
HE staining (100%, n=3, top) and Masson staining (100%, n=3, bottom), bars=200 pm. (C) DHE staining to detect ROS levels in mouse skin (100, n=3), bars=200 pm. UVB
+OVX, mice subjected to UVB irradiation and OVX surgery. UVB+OVX+E2, mice subjected to UVB irradiation, OVX surgery, and E2 treatment. UVB+OVX+Au/
E2@mPDA-HCG, mice subjected to UVB irradiation, OVX surgery, and Au/E2@mPDA-HCG treatment. UVB+OVX+Au/E2@mPDA-HCG, mice subjected to UVB
irradiation, OVX surgery, and Au/E2@mPDA-HCG treatment.
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Figure 7 In vivo anti-oxidative stress and inflammation response, and enhancement of collagen generation by Au/E2@mPDA-HCG nanoparticle-composite hydrogel. (A) E2
content detection (n=6). (B) MDA content detection (n=6). (C) SOD content detection (n=6). (D) Western blot detection of COL lll, COL I, NOXI, NOX2, and IL-6 expression
levels in skin (n=3). UVB+OVX, mice subjected to UVB irradiation and OVX surgery. UVB+OVX+E2, mice subjected to UVB irradiation, OVX surgery, and E2 treatment. UVB
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for estrogen delivery. This nanocomposite hydrogel exhibited excellent stability and biocompatibility, and both in vitro
and in vivo experiments revealed that it exerts superior anti-photoaging effects compared to E2 alone. Specifically, the
hydrogel effectively mitigated oxidative stress and inflammatory responses while promoting collagen synthesis, thereby
improving the features of skin photoaging. These enhanced effects may be attributed to the abundant phenolic groups in
the mPDA structure, which possess strong reactive oxygen species scavenging abilities, as well as to the HA receptors on
keratinocytes and dermal fibroblasts that may facilitate skin penetration and further enhance the anti-photoaging effects
of estrogen. In summary, our study provides new insights into the role of estrogen in skin photoaging and demonstrates
the significant potential of the AwWE2@mPDA-HCG nanocomposite hydrogel for the treatment of UVB-induced skin
photoaging. Future studies will focus on further optimizing the nanocarrier system, increasing the sample size, and
validating its safety and efficacy in larger-scale animal experiments and clinical trials, while exploring its potential
applications in other skin disorders.

Abbreviations

E2, 17B-estradiol; Au, gold; mPDA, mesoporous polydopamine; HA, hyaluronic acid; CMCS, carboxymethyl chitosan;
UV, ultraviolet; UVB, ultraviolet B; ROS, reactive oxygen species; El, estrone; IGF-1, insulin-like growth factor 1; NPs,
nanoparticles; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; SASP,
senescence-associated secretory phenotype; MMP, metalloproteinase; DHE, dihydroethidium; ECM, extracellular matrix;
HaCaT, human keratinocytes cells; OVX, ovariectomy; ELISA, Enzyme-linked immunosorbent assay; OD, optical
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density; FTIR, Fourier-transform infrared spectroscopy; XRD, X-ray powder diffraction; DLS, dynamic light scattering;

SA-B-gal, Senescence-associated beta-Galactosidase; PVDF, Polyvinylidene Fluoride.
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