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Background: Atopic dermatitis (AD) severely impairs the lives of patients and existing therapies are limited by side effects or
insufficient efficacy. In this study, we developed a multifunctional nanocomposite hydrogel that integrates immunoregulation,
antioxidant, antibacterial, and skin repair for the integrative treatment of AD.

Methods: Fe;04-Aug,.; (FA) nanoparticles (NPs) were synthesized, melittin (MLT) was anchored onto FA NPs, and MLT-Fe;04-
Aug,en (MFA) was loaded into Pluronic F-127 (PF127), to prepare the MFA@PF127 hydrogel. After a comprehensive evaluation of
the physicochemical properties, MFA@PF127 was incubated with HaCaT cells and administered to AD lesions to demonstrate its
therapeutic efficiency for AD in vitro and in vivo.

Results: The Fe;04-Aug,e (FA) NPs with a heterodimer morphology and uniform size were successfully prepared, and the MLT was
then loaded onto FA NPs with a high loading efficiency of 64.5%. By loading MLT-FA (MFA) NPs into PF127, the MFA@PF127
nanocomposite hydrogel with thermosensitivity, a porous structure, and good biocompatibility was successfully constructed. After
incubation with MFA@PF127 and irradiated with near-infrared (NIR) laser, HaCaT cells showed significantly lower thymic stromal
lymphopoietin (TSLP) expression and reactive oxygen species (ROS) levels than the control. The growth of S. aureus and biofilm
formation were suppressed by MFA@PF127 under NIR irradiation. When administered to AD lesions, MFA@PF127+NIR signifi-
cantly alleviated the dermatitis severity score; downregulated TSLP, IL-4, and IL-13 expression, suppressed S. aureus colonization;
reduced ROS levels; and alleviated epidermal thickening and mast cell infiltration.

Conclusion: MFA@PF127 exhibited multifunctionality of immunoregulation, and antioxidant and antibacterial activities, which sig-
nificantly alleviated AD symptoms in a mouse model and provided a potential strategy for AD treatment after further preclinical validation.
Keywords: nanoparticles, immunoregulation, antibacterial, photothermal therapy, ROS, pluronic F127

Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin disorder that affects 15-20% of children and up to 10% of adults." AD
is characterized by xerosis, recurrent eczematous eruptions, and intense pruritus, all of which significantly impair patients’
quality of life."* Many patients also develop psychological comorbidities and even suicidal ideation, resulting in substantial
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health and economic burdens on individuals, families, and society.* AD pathogenesis involves the interaction of Th2-cell
hyperactivation, microbial dysbiosis, oxidative stress, and epidermal barrier dysfunction, which makes the clinical therapy
challenged.™® Topical corticosteroids are currently recommended as the first-line therapy because of their potent anti-
inflammatory effects; however, long-term use of corticosteroids is associated with local adverse reactions, including
hypertrichosis, striae, pigmentary changes, and telangiectasia.” Although novel biological agents can mitigate some of
these side effects, their high cost, relatively narrow immunosuppressive targets, and relapse after discontinuation have
collectively limited their clinical applicability.® In addition, most therapies target only a single pathological pathway, hardly
breaking the pathological self-perpetuating vicious cycle of AD, and often result in suboptimal outcomes. Thus, innovative
therapeutic strategies that can comprehensively regulate the complex pathological network of AD are urgently required.

Melittin (MLT), the principal active component of honeybee venom, has been investigated for the treatment of
various inflammatory diseases because of its significant immunomodulatory activity.” ' MLT also exhibits potent
antibacterial activity against a range of pathogens, making it a highly effective natural antimicrobial peptide.'>'*
Additionally, MLT has been proven to effectively regulate organismic redox homeostasis by scavenging reactive oxygen
species (ROS) and upregulating the expression and activity of key antioxidant enzymes.'>'® However, dose-dependent
and non-specific cytotoxicity severely limits the clinical application of MLT.!” Combining MLT with other treatments
based on the combination therapy strategy may reduce the dosage while maintaining therapeutic outcomes and mitigating
adverse effects, thereby offering a new, feasible pathway for its clinical translation.’

Gold (Au) nanoparticles (NPs) exhibit high surface plasmon resonance (SPR), efficiently absorbing and converting
light energy into heat, which enables precise photothermal therapy (PTT) at infection sites to effectively inhibit pathogen
proliferation.'® Notably, by modulating the morphology and size of Au NPs, their absorption peak and photothermal
conversion efficiency can be controlled, thereby significantly enhance PTT efficacy.'® Hollow-structured Au NPs, which
exhibit stronger absorption in the near-infrared (NIR) region, are considered ideal materials for PTT.?>*' Furthermore,
Au NPs exert anti-inflammatory effects by regulating immune cell polarization, inhibiting the release of inflammatory
cytokines, and blocking the NF-xB pathway.”*>* As one of the earliest and most extensively studied iron-based
nanozyme, iron oxide (Fe;O4) NPs can regulate oxidative stress by switchable enzyme-like activities in different
microenvironments.”* Thus, the Fe;04-Augnen heterodimer NPs integrating Fe;O4 with Aug,e were considered to be
multifunctional of efficient immunoregulation, antioxidant, and antibacterial. More importantly, the metal-oxygen and
metal-metal interactions between the Fe;O4 and Aug, can enhance electron transfer, thereby potentially improving
overall efficiency.”” Therefore, we hypothesized that combining the Fe;04-Augney with MLT could produce combined
effects that target the complex pathological network of AD at a lower dosage.

Restoring skin barrier function is crucial for AD treatment. Hydrogels are widely used in skin wound repair because
of their good tissue adhesion, moisturizing capacity, breathability, and excellent biocompatibility.>*® Pluronic F127
(PF127) hydrogel is a thermosensitive material that forms a stable gel at body temperature.?®*° This hydrogel has a three-
dimensional (3D) porous structure that enables sustained drug release, reduces adverse effects caused by local drug
accumulation, and lowers the dosing frequency. Furthermore, PF127 possesses a high water content and skin-similar
mechanical properties, providing a relatively enclosed, moist, and clean microenvironment for healing.

Herein, we proposed a novel multifunctional nanocomposite hydrogel MLT-Fe;O04-Aug,.n@PF127 (MFA@PF127)
which was composed of heterodimer Fe;O4-Aug,e;, MLT and thermosensitive PF127, and was expected to be of excellent
biocompatibility, immunomodulatory, antioxidant, and antibacterial activities (Scheme 1). After physicochemical character-
ization and In vitro evaluation, the nanocomposite hydrogel was further administrated to AD mice, to evaluate the multi-
functionality and high efficiency and explore the feasibility of MFA@PF127 as a potential clinical strategy for AD treatment.

Materials and Methods

Materials

1-Octadecene (ODE) was purchased from Acros (Shanghai, China). Chloroauric acid (HAuCly,), oleic acid (OA), Pluronic®
F-127, and 1-chloro-2,4-dinitrobenzene (DNCB) were purchased from Sigma-Aldrich (Shanghai China). Iron pentacarbonyl
(Fe(CO)s) was purchased from New Dingpengfei Technology Development Co. Ltd. (Beijing, China). Trisodium citrate
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Scheme | Synthesis of the MFA@PF127 nanocomposite hydrogel and its combined therapeutic mechanism for AD.
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(TSC) was purchased from Wokai Biotechnology Co. Ltd. (Beijing, China). Tetramethylammonium hydroxide (TMAH),
silver nitrate (AgNO;) and hydroxylamine hydrochloride (NH,OH-HCIl) were purchased from Adamas-beta (Shanghai,
China). Acetone was purchased from Aladdin (Shanghai, China). Dulbecco’s modified Eagle’s medium (DMEM), 0.25%
trypsin-EDTA, fetal bovine serum (FBS), tumor necrosis factor-alpha (TNF-a), and interferon-gamma (IFN-y) were pur-
chased from Gibco (Shanghai, China). Melittin (MLT) was purchased from AbMole (Shanghai, China). Cell counting kit-8
(CCK-8) and bertani (LB) agar plates were purchased from BNCC (Beijing, China). The ROS, cell viability/cytotoxicity, and
live/dead bacterial viability assay kits were purchased from Beyotime (Shanghai, China). Crystal violet was purchased from
SolarBio (Beijing, China). Interleukin-4 (IL-4) and IL-13 enzyme-linked immunosorbent assay (ELISA) kits were obtained
from ElabScience (Wuhan, China). TSLP antibody was purchased from Servicebio (Wuhan, China).

Synthesis of Fe304 NPs

20 mL ODE and 1.6 mL OA were mixed and stirred at 100 °C for 30 min under nitrogen atmosphere. Subsequently,
0.4 mL of Fe(CO)s was injected and the mixture was further heated to 295 °C. One hour later, the dispersion was cooled
to room temperature, washed with acetone, and centrifuged (8500 rpm for 10 min). The precipitate was further purified
via ethanol washing and centrifugation (8500 rpm for 10 min) and ultrasonically dispersed in a 10% TMAH solution to
endow the prepared Fe;O4 NPs with hydrophilicity. After another centrifugation (10000 rpm for 10 min), the precipitate
was finally dispersed in 20 mL ultrapure water and stored at 4 °C.

Synthesis of Fe304-Agsceqd NPs

40 mL ultrapure water, 1 mL Fe;O,4 dispersion, and 1 mL TSC (1%, w/v) were mixed and heated to 60 °C with stirring.
Subsequently, 500 pL of AgNO; solution (0.17%, w/v) was slowly added, followed by a 2 h reaction. The mixture was
then cooled to room temperature and irradiated with 254 nm ultraviolet (UV) light for 0.5 h to mature the Ag seeds. After
the addition of 4 mL TSC, 3.75 mL AgNOj; solution was added dropwise over 1 h at 60 °C, followed by further heating
for 0.5 h to prepare Fe;04-Aggecq NPs.

Synthesis of Fe30O4-Ag NPs
5 mL of the Fe;04-Aggeeq dispersion, 6.4 mL TSC and 80 mL of deionized water were mixed, and the mixture was heated

to 60 °C under magnetic stirring. Then, 2.8 mL AgNO; solution was added dropwise over 3 h. After the reaction was
complete, the mixture was centrifuged to obtain Fe;O4-Ag NPs.

Synthesis of Fe3O4-Aughe NPs

Fe;04-Auspe; NPs were synthesized based on galvanic replacement chemistry.’! Briefly, 5 mL of the Fe;04-Ag
dispersion was mixed with 6.25 mM hydroxylamine hydrochloride solution under magnetic stirring. Subsequently,
5 mL of a 0.465 mM HAuCl, solution was added within 12.5 min. After the color of the solution stabilized, 150
pL H>,O, (30%, w/v) was added and the mixture was stirred for 2 h. Finally, the Fe;04-Augney NPs were stored at 4 °C.

Preparation of MLT-Fe3O4-Augpg

Owing to its abundant surface charge, MLT was loaded onto the FA NPs through electrostatic adsorption in the
present study. Briefly, 5 mL of the FA dispersion was mixed with 50, 100, and 200 pL of MLT (1 pg/uL) solutions
and shaken at 150 rpm for 30 min at room temperature. After ultrafiltration and centrifugation for 30 min, the
precipitate was re-suspended in ultrapure water. The residual MLT content in the supernatant was measured using
a bicinchoninic acid (BCA) protein assay kit, and the MLT loading efficiency of the FA-NPs was calculated. The
MLT-Fe304-Augpe dispersion was then frozen at —80 °C for 24 h and lyophilized (Coolsafe 110, Labogene,
Denmark) for storage at 4 °C.

Preparation of MFA@PF 127

The phase transition temperature and gelation time of PF127 are usually influenced greatly by the concentration, and the
concentration was set at 25% to make the PF127 be body temperature sensitive in this study.*>** Briefly, 2.5 g of PF127
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was first dissolved in 7.5 mL precooled PBS in ice bath with stirring, followed by the addition of MFA to prepare the
MFA@PF127 nanocomposite hydrogel with Au concentration of 500 pg/mL and MLT concentration of 100 pg/mL, and
finally the hydrogel was stored at 4 °C. FA@PF127 and MLT@PF127 hydrogels were prepared following the same
procedure, with an Au concentration of 500 pg/mL or MLT concentration of 100 pg/mL.

Characterization

The morphology and size distribution of the NPs and hydrogel were observed by transmission electron microscopy
(TEM; HT7700, Hitachi, Japan) and scanning electron microscopy (SEM; CLARA, TESCAN, Czechia). The elemental
distribution of the NPs was characterized by energy-dispersive X-ray spectroscopy (EDS, Tecnai G2 F30, FEI, USA).
The elemental content of the NPs was determined by inductively coupled plasma optical emission spectrometry (ICP-
OES; Thermo Fisher Scientific, USA). The absorption spectra were measured using a UV-visible (UV-vis) spectro-
photometer (L6S, Shanghai, China). The zeta potential was determined using a zeta potential analyzer (Z3000,
NICOMP, USA).

MFA Release Evaluation

2 mL MFA@PF127 hydrogel solution was placed in a 37 °C water bath for 5 min, followed by the addition of 3.0 mL
PBS. The mixture was then shaken (150 rpm) at 37 °C. At predetermined time intervals (0.5, 1, 2, 4, 6, 8, 10, 12, 24, and
48 h), 1 mL of the supernatant was withdrawn and an equal volume of PBS was added to maintain a constant total
volume. Because MLT was stably conjugated to the FA NP surface, they were considered to be of similar release kinetics,
and the released MFA was determined by quantifying the released Augpe with ICP-OES. The released MLT calculated
based on its loading efficiency and the quantified Aug,e concentration.

Cell Culture

HaCaT (human immortalized keratinocytes) cells were purchased from CELLCOOK (Shanghai, China). The cells were
cultured in complete DMEM (CDMEM) containing 10% FBS and 1% penicillin-streptomycin in a humidified incubator at 37
°C with 5% CO,. When the cells reached approximately 80% confluence, they were detached using 0.25% trypsin-EDTA and
subcultured at a 1:3 ratio. All subsequent experiments were conducted with cells in the logarithmic growth phase.

Cytocompatibility and Cell Uptake

Cytocompatibility was assessed using the CCK-8 assay. First, certain volumes of sterilized MLT@PF127 hydrogel were
soaked in CDMEM (the final concentrations of MLT: 1.25, 2.5, 5, 10, and 20 pg/mL) for 24 h to prepare extracts which
were labeled as MLT 55, @PF127, MLT, 5,,@PF127, MLTs,,@PF127, MLT 0., @PF127, MLT50,,,@PF127. HaCaT
cells were seeded in 96-well plates at a density of 3 x 10° cells/well. After attachment, the medium was replaced with
100 pL of the corresponding extract, whereas that of the control group was replaced with fresh CDMEM, and the cells
were cultured for an additional 48 h. Subsequently, the extracts were discarded, the cells were washed thrice with PBS,
and 100 pL of fresh medium containing 10 pL. CCK-8 solution was added to each well. After 2 h of incubation,
absorbance was measured at 450 nm using a microplate reader (BK-EL10A, BIOBASE, China). To determine the safe
concentration of MLT, the cytotoxicity of PF127, MLT@PF127, FA@PF127, and MFA@PF127 were further evaluated
using the same method (the concentrations of MLT and Au were maintained at 10 ug/mL and 50 pg/mL, respectively,
and these conditions were used for all subsequent experiments unless otherwise stated). The cytocompatibility of PF127,
MLT@PF127, FA@PF127, and MFA@PF127 was visually assessed using calcein-AM/PI staining. Following a 48 h co-
culture of HaCaT cells with the respective extracts in 24-well plates, the cells were stained and observed under an
inverted fluorescence microscope (IX73, Olympus, Japan). To evaluate NP uptake, HaCaT cells were incubated with the
MFA@PF127 extract for 2 h and then observed using TEM.

In vitro Immunoregulation and Antioxidant Activity
For the immunoregulation determination, HaCaT cells were stimulated with recombinant human TNF-o/IFN-y (20 ng/mL)
to establish an inflammatory cell model.>* In brief, the HaCaT cells were seeded in 6-well plates at a density of 2x10° cells/

International Journal of Nanomedicine 2026:21 https: 5



Xu et al

well. When the confluence reached 80%, the medium was replaced with 2 mL of fresh CDMEM, CDMEM containing TNF-
o/IFN-y, MLT@PF127 extract containing TNF-o/IFN-y, FA@PF127 extract containing TNF-o/IFN-y, or MFA@PF127
extract containing TNF-a/IFN-y. 6 h later, the cells in a 6-well plate were used for RT-qPCR to determine the TSLP mRNA
levels. After 6 h, the supernatants of the cells cultured in another 6-well plate were collected for TSLP protein measurement
using ELISA (The detailed RT-qPCR and ELISA methods were provided in the Supplementary Methods 1).

The antioxidant efficacy of the hydrogel was assessed using a H,O,-induced oxidative stress model.*® The media of

HaCaT cells in 6-well plates were discarded after 80% confluence and replaced with 2 mL fresh CDMEM containing
H,0, (500 uM), MLT@PF127 extract containing H,O, (500 uM), FA@PF127 extract containing H,O, (500 uM), and
MFA@PF127 extract containing H,O, (500 pM). After 6 h, cells were collected and resuspended in serum-free medium
containing 10 uM CM-H,DCFDA. After light-protected incubation at 37 °C for 20 min, the fluorescence intensity was
quantified by flow cytometry (Gallios, Beckman Coulter, USA).

Photothermal Performance

To evaluate the photothermal performance, 500 pL. of the MFA@PF127 hydrogel was placed in a 1.5 mL centrifuge tube
and irradiated with an 808-nm NIR laser at different power densities (0.5, 0.75, 1.0, and 1.25 W/cm?), and the real-time
temperature was monitored using a thermal imaging camera. Additionally, the photothermal stability was assessed by
performing four consecutive laser on-off cycles (heating and cooling).

In vitro Antibacterial and Antibiofilm Activity

S. aureus (ATCC6538) was used to evaluate the antibacterial activity of MFA@PF127. Sterilized hydrogels (200 pL of
PF127, MLT@PF127, FA@PF127, or MFA@PF127) were placed in 24-well plates. After hydrogel gelation, 200 pL of
bacterial suspension (1x10° CFU/mL) and 1 mL of LB broth were added to each well, and the plates were incubated at
37 °C for 6 h, the Bacterial suspensions without any addition served as the control. The FA@PF127 and MFA@PF127
groups were irradiated with an 808-nm NIR laser (1.25 W/cm?) for 10 min before incubation. Afterwards, the bacterial
suspension was collected, and its optical density at 600 nm (ODgop) was measured using a microplate reader. The
bacterial suspension was then diluted and 100 pL of the suspension was spread on LB agar plates. After 24 h of culture,
colonies were photographed and quantified. To visualize bacterial viability, the bacterial suspensions were stained with
DMAO and PI and observed using a multifunctional microplate imaging system (Apx100, Olympus, Japan). Treated
bacteria were fixed and observed using SEM.

To further evaluate the antibiofilm properties, bacterial suspensions (10 CFU/mL) were co-cultured with PF127,
MLT@PF127, FA@PF127, and MFA@PF127 extracts (MLT: 20 pg/mL, Au:100 pg/mL), and the bacterial suspension
co-cultured with an equal volume of PBS served as the control. After 48 h, biofilms were fixed and stained with crystal
violet for 30 min. The bound crystal violet was dissolved in absolute ethanol, and the ODsqy was quantified using
a microplate reader.

Animal Experiments

The AD mouse model was established following a previous study.>® All animals used in this study were female BALB/c
mice aged 6 weeks, purchased from Vital River (Beijing, China). After acclimatization for 1 week, 25 mice were
randomly selected for model establishment, and five mice were used as controls. One day prior to model establishment,
a dorsal region (approximately 2.5%3.5 cm) was depilated. Two hundred microliters of 1% (w/v) DNCB solution
(dissolved in acetone: olive oil at 3:1 v/v) was applied to the dorsum three times weekly, followed by 1 week incubation.
From day 14 onward, 200 uL of 0.5% DNCB solution was applied every day for a week followed by the application of
1% DNCB solution every day for a week, and 200 puL of 0.5% DNCB solution was applied daily for 3 days. After
successful establishment of the AD model, the mice were randomly treated with PF127, MLT@PF127, FA@PF127+NIR,
or MFA@PF127+NIR (n=5) from day 31 onward, and 5 mice untreated mice served as controls. The treated mice
received 1 mL of the corresponding hydrogel on their lesions daily for 1 week. For the FA@PF127+NIR and
MFA@PF127+NIR groups, an additional 10 min of 808 nm laser irradiation was applied following hydrogel adminis-
tration. DNCB (0.5%) was applied every other day throughout the treatment period. Body weight and dermatitis severity
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scores of the mice were monitored throughout the study. The dermatitis severity score was calculated as the sum of the
scores (0, none; 1, mild; 2, moderate; 3, severe) for the four key symptoms of AD: erythema/hemorrhage, scarring/
dryness, edema, and excoriation/erosion. Dermatitis scoring was recorded by two trained investigators independently
once weekly at the same day until the mice were sacrificed. If any discrepancy was observed, the investigators would re-
evaluate the symptoms together and reached a final score. The total dermatitis severity score for each mouse was then
calculated by summing the four individual symptom scores.

After euthanized on day 38 major organs and dorsal skin tissues of all the mice were collected for histopathological
examination including H&E, toluidine blue, and immunofluorescence, and blood samples were harvested for the alanine
transaminase (ALT), aspartate transaminase (AST), blood urea nitrogen (BUN), and creatinine (CREA) determination.
All the stained sections were reviewed and analyzed by two pathologists independently in a blinded manner and an
agreement was reached by re-evaluating together if there was any disagreement. After homogenization of skin tissues,
the levels of IL-4 and IL-13 were measured by ELISA (Supplementary Methods 2). The skin tissues were digested to
prepare single-cell suspensions, and then stained with the CM-H,DCFDA probe to evaluate the in vivo antioxidant effect

of the hydrogel.

The S.aureus colonization model in mouse skin was established according to a previously reported method.® In brief,
after being immersed in the S. aureus suspension with a concentration of 1 x 10° CFU/mL for 5 minutes, the gauzes were
applied to the skin lesions of AD mice on day 28 and removed after 24 h. On day 31, the colonized S.aureus were
collected using a sterile swab by wiping the lesion surface 10 times before treatment. Then, the bacteria on the swab were
then suspended in sterile PBS and finally spread on LB agar plates. On day 38, the S.aureus colonization was assessed
again following the same method.

Statistical Analysis

All experiments were independently repeated 3—5 times. Data are presented as mean + standard deviation (SD).
Comparisons among multiple groups were performed using one-way analysis of variance (ANOVA), followed by
Tukey’s post hoc test for all pairwise comparisons. All statistical analyses were conducted using GraphPad Prism
software (version 10.5.0). P < 0.05 was considered statistically significant.

Results and Discussion
Synthesis and Characterization of MFA@PF127

FA NPs were prepared according to our previously reported protocol,’” as illustrated in Scheme 1. First, Fe;04 NPs were
synthesized via thermal decomposition of Fe(CO)s. TEM characterization (Figure 1A) revealed that the synthesized NPs
were nearly spherical, uniform in size, and monodisperse, with an average diameter of 10.9 + 0.6 nm (Figure S1).
Subsequently, Ag" ions were reduced and deposited onto the Fe;0, surface through the synergistic reduction of Fe*" and
TSC. After the seeded growth, an Fe;O04-Ag heterodimer with a typical “dumbbell” morphology was successfully
synthesized (Figure 1B). According to the galvanic replacement principle, Au*" is reduced to Au’ on the Fe;04-Ag
template in the presence of NH,OH-HCI, forming a Ag@Au core-shell nanostructure. After etching the Ag core with H,O,,
the desired Fe;O4-Augpy heterodimer NPs were produced (Figure 1C). Analysis of 100 particles revealed that the Augpey
NPs possessed an outer diameter of 14.3 + 1.9 nm and an inner diameter of 9.3 + 1.5 nm (Figure 1D and Figure S2), with
a relatively narrow size distribution.

Because of the SPR phenomenon, the absorption spectra of Au NPs are highly dependent on their morphology and
size.'” Solid Au nanospheres typically exhibit an absorption peak at 520 nm.?® In contrast, Aug,e; nanostructures absorb
light at longer wavelengths, and their absorption peak shows a distinct red-shift with increasing inner-to-outer diameter
ratio.?*! Therefore, the synthesis of Aug,e;; NPs was further confirmed by monitoring changes in the spectrum. As shown
in Figure 1E, with the addition of the Au precursor, the characteristic absorption peak of the spherical Ag NPs at 396 nm
gradually decreases and exhibits a red shift. Following the addition of 2 mL chloroauric acid, a broad absorption band with
a peak at 736 nm emerged, confirming the formation of the Aug,) structure. Given the broad NIR absorption profile and
high absorption efficiency, an 808 nm laser was selected for subsequent photothermal experiments. EDS elemental mapping
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(Figure 1G) confirmed that the Fe signals were localized on one side of the NPs in a solid spherical pattern, whereas the Au
signals were distributed on the opposite side in a hollow shell pattern. The elemental percentages of Fe and Au were 33.9%
and 66.1%, respectively (Figure 1H). ICP showed that the Au and Fe concentrations were 203.8 pg/mL and 62.5 pg/mL of
the NPs dispersion, respectively. The zeta potential of —43.0 £ 1.2 mV of the synthesized NPs confirmed their excellent
colloidal stability (Figure 1F). These results demonstrate that dumbbell-shaped NPs, consisting of solid iron oxide and
hollow Au NPs, were successfully synthesized and exhibited excellent stability in aqueous systems.

Owing to the abundant surface charges, MLT was loaded onto the surface of Fe;O04-Aug,e;; NPs via strong electro-
static interactions. After MLT conjugation, the zeta potential changed from —43.0 £ 1.2 mV to 14.9 £ 1.1 mV, confirming
the successful loading of MLT onto the surface of Fe;04-Aug,ep NPs (Figure 1F). The successful loading of MLT was
further confirmed by the BCA assay, and its loading efficiency (LE) was calculated to be 63—64.5% when the MLT
concentration was varied.

To fabricate a thermosensitive hydrogel in response to body temperature and to ensure that the loaded functional
components could be efficiently released, MFA NPs were dispersed into the PF127 hydrogel to prepare the MFA@PF127
nanocomposite hydrogel. As shown in Figure 11, MFA@PF127 exhibited thermosensitivity comparable to that of pure
PF127, which remained liquid at 4 °C and formed a stable gel at 37 °C. SEM (Figure 1J) further revealed that
MFA@PF127 had a similar 3D structure to of PF127, which was porous and beneficial for absorbing wound exudate,
enabling sustained drug release and facilitating gas and tissue fluid exchange during the healing process. The release of
MFA from the hydrogel was further evaluated by ICP-OES. As shown in Figure S3, MFA@PF127 exhibited a relatively
steady release profile, with MFA being continuously released from the hydrogel over 48 h, achieving a cumulative
release of 96.4%, demonstrating its sustained-release property. These results confirmed the successful construction of the
MFA@PF127 nanocomposite hydrogel, which integrated favorable thermosensitive responsiveness and efficient MLT
loading with a sustained-release capability.

In vitro Cytocompatibility and Cellular Uptake
To determine the optimal concentration of the MLT@PF127 hydrogel, its cytocompatibility was evaluated using a CCK-
8 assay. As shown in Figure 2D, when cells were incubated with MLT@PF127 hydrogel extracts at concentrations
<10 pg/mL for 48 h, the cell viability was not significantly different from that of the control group. As the concentration
increased, the cell viability began to decline, which may be attributed to the dose-dependent cytotoxicity of MLT.
Therefore, MLT o,4@PF127 was selected for the subsequent experiments. CCK-8 assay further verified the cytocompat-
ibility of PF127, MLT@PF127, FA@PF127, and MFA@PF127. As shown in Figure 2E, after 48 h of treatment with the
various hydrogel extracts, all cells maintained good viability, and their relative cell viability remained above 87%,
suggesting that the prepared hydrogels exhibited no obvious cytotoxicity. The biocompatibility of these hydrogels was
visually confirmed by live/dead cell staining (Figure 2G). After 48 h of incubation, most cells exhibited regular and
spread morphology, showing green fluorescence with minimal red fluorescence, indicating that the majority of the cells
were viable. These results demonstrated the cytocompatibility of the designed MFA@PF127 nanocomposite hydrogel.
The efficient internalization of NPs by HaCaT cells is a prerequisite for their synergistic therapeutic effects.
Therefore, we evaluated the cellular uptake of MFA by HaCaT cells. After 2 h of incubation with the MFA@PF127
extract, a small number of NPs adhered to the cell membrane surface, and numerous dumbbell-shaped NPs with solid and
hollow structures were observed inside the cells (Figure 2A and B). The morphology and size of all intracellular NPs
were similar to those shown in Figure 1C, indicating that the internalized NPs were Fe;04-Aug,e;; NPs. Previous studies
have presented similar results and concluded that NPs without any targeting ligand are usually internalized into cells via
caveolin-mediated endocytosis or macropinocytosis and subsequently enclosed within phagocytic vesicles in the
cytoplasm.®® Notably, no NPs were observed within the cell nucleus, suggesting that Fe;04-Aug,e; NPs have negligible
genotoxicity (Figure 2C).

In vitro Immunoregulation and Antioxidant Activity
Excessive activation of Th2 cells is crucial for the onset and progression of AD, therefore, inhibiting Th2 activation is
considered an effective strategy to significantly alleviate AD progression.*’ Typically, Th2 cells are activated by cytokines,
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Figure 2 Evaluation of the cellular uptake, cytocompatibility, immunomodulatory function, and antioxidant activity of the MFA@PF127 nanocomposite hydrogel. (A-C)
TEM images of HaCaT cells (Red arrows indicate the NPs). (D) Cell viability of HaCaT cells after 48 h of incubation with MLT@PF127 hydrogel extracts at different MLT
concentrations. (E) Cell viability of HaCaT cells treated with different hydrogel extracts at 48 h. (F) Relative TSLP mRNA expression and TSLP protein secretion in HaCaT
cells after different treatments. (G) live/dead fluorescence images of HaCaT cells after 48 h of incubation with different hydrogel extracts. Green: live cells; red: dead cells.
(H) Protein secretion levels of TSLP in HaCaT cells under different treatment conditions. (I and J) Representative flow cytometry analysis of ROS levels and statistical graph.
Data are presented as the mean + SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns indicates no significant difference.

such as TSLP, IL-1p, IL-25, and IL-33, among which TSLP often acts as a dominant driver.*'** Upon activation of the NF-
kB signaling pathway in keratinocytes, TSLP gene transcription is upregulated,*® which in turn induces the differentiation
of naive CD4'T cells into Th2 cells. Therefore, it can be hypothesized that type 2 immune responses are alleviated by
downregulation of TSLP expression in keratinocytes. MLT and Au NPs have been demonstrated to possess significant
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immunomodulatory activity and can suppress the release of inflammatory cytokines by inhibiting the NF-«B
pathway.”!%??%% Reasonably, the hypothesis that loading MLT onto Au NPs can significantly downregulate TSLP
expression combinedly can be further drawn. Our results supported this hypothesis. Compared with control cells, HaCaT
cells stimulated with TNF-o/IFN-y showed significantly upregulated TSLP mRNA expression (Figure 2F) (p < 0.0001),
indicating the successful establishment of the cellular inflammation model. When co-incubated with FA@PF127, inflamed
HaCaT cells showed a slight downward trend in TSLP mRNA expression, suggesting a mild immunomodulatory effect of
FA. After co-incubation with MLT@PF127 and MFA@PF127, the elevated TSLP mRNA levels in inflamed HaCaT cells
were remarkably reversed, with the MFA@PF127 group exhibiting the most significant downregulation of TSLP mRNA
expression (p < 0.01). These results demonstrate the potent immunoregulatory activity of MLT and suggest the FA NPs may
enhance the suppression of TSLP expression. The immunomodulatory effects of the prepared hydrogels were confirmed
using ELISA. As shown in Figure 2H, TSLP levels were significantly upregulated by TNF-o/IFN-y stimulation and then
progressively reduced by FA@PF127, MLT@PF127, and MFA@PF127 treatments, which was consistent with the PCR
results and further demonstrated the favorable immunomodulatory effect of MFA@PF127.

ROS not only directly damages keratinocytes and the skin barrier but also exacerbates inflammation by activating
pathways such as NF-kB, promoting the expression of pro-inflammatory factors.***> Therefore, reducing intracellular
ROS levels is critical for relieving AD development and progression. Owing to the high ROS-regulating efficiency of
MLT, Fe;0,4 and Au NPs, the MFA NPs were integrated into the composite hydrogel to scavenge the ROS within the AD
lesion.'®**4® After stimulation with H,0,, the cells showed significantly higher fluorescence intensity than the control
group (Figure 2I and J) (p < 0.0001). When treated with MLT@PF127 or FA@PF127 extracts, intracellular ROS levels
decreased to similar levels, but were significantly lower in the positive control cells (p < 0.05). Notably, the cells treated
with MFA@PF127 exhibited the lowest ROS levels (p < 0.01). The great ROS scavenging of the composite hydrogel
may originate from MLT, Aug,e; and FesO4 NPs. MLT has been demonstrated to restore redox homeostasis in the body
by activating the Nrf2/HO-1 pathway and enhancing the expression of key antioxidant enzymes.'>'¢ In the neutral or
weakly alkaline microenvironment of AD lesions, Fe;04 and Au NPs usually exhibit catalase-like activity, which can

efficiently catalyze the decomposition of hydrogen peroxide into water and oxygen under neutral conditions.*****’

Photothermal Properties

Because PTT was proposed as a combined antibacterial strategy in this study, the photothermal performance of the
MFA@PF127 hydrogel was evaluated. Under 808 nm laser irradiation, the temperature of the hydrogel exhibited a power
density- and time-dependent increase (Figure 3A and B). As the power density increased from 0.5 to 0.75, 1.0, and 1.25
W/em?, the corresponding peak temperatures were 38.0 °C, 46.8 °C, 50.5 °C, and 52.9 °C, respectively. The time
required to reach these peak temperatures decreased progressively from 9.5 to 8.5, 6.5, and 6.0 min, indicating adequate
photothermal performance of MFA@PF127. Because efficient bacterial eradication requires temperatures exceeding 50
°C for enough time, so a power density of 1.25 W/cm? was used in subsequent experiments, which can reach the desired
temperature in the shortest time to ensure sufficient bactericidal duration.*® The photothermal stability of the hydrogel
was further evaluated through four on-off cycles. No significant temperature attenuation was observed, confirming the
excellent photothermal stability of MFA@PF127 (Figure 3C). This stability suggests that MFA@PF127 maintains its
effective antibacterial efficacy over repeated irradiation cycles.

In vitro Antibacterial and Antibiofilm Activity

S. aureus colonization is regarded as a key pathogenic factor in AD development and progression. After colonizing AD
lesion, S. aureus secretes abundant superantigens that induce excessive Th2 cell activation and subsequent overproduc-
tion of inflammatory factors, ultimately exacerbating the inflammatory cascade and perpetuating the chronicity of AD."?
Studies have indicated that approximately 70% of AD patients have S. aureus colonization in their lesion sites.*
Therefore, antibacterial intervention represents an effective strategy to alleviate AD. MLT has demonstrated significant
antibacterial activity.'>'* Benefiting from the excellent photothermal properties of Augen NPs, FA enables rapid local
temperature elevation under NIR irradiation, achieving efficient bacterial eradication through PTT.'®'? Capitalizing on
these complementary advantages, the synthesized MFA@PF127 hydrogel is expected to exhibit synergistic antibacterial
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Figure 3 Photothermal performance of the MFA@PFI27 nanocomposite hydrogel. (A and B) Real-time thermal images and temperature-time curves of
MFA@PF 127 hydrogel irradiated with an 808 nm NIR laser for 10 min at different power densities. (C) Temperature-time curve of MFA@PF127 hydrogel during four on-
off cycles of 808 nm laser irradiation (1.25 W/cmz).

effects through multiple mechanisms, enabling the highly efficient elimination of bacteria colonized in AD lesions. After
6 h of co-culture with the hydrogels, the bacterial suspensions in the control and PF127 groups were markedly more
turbid than those in the other groups (Figure S4). Quantitative analysis via ODgoo measurements further confirmed that
the MFA@PF127+NIR group displayed the lowest ODgoo values, whereas the ODgoo of the FA@PF127+NIR,
MLT@PF127, PF127, and control groups increased gradually (Figure S5). A plate colony counting experiment on the
treated bacteria showed similar results. After spreading on LB agar plates and incubating for 24 h, the control and PF127
groups showed the densest colonies, whereas the colony counts in the MLT@PF127, FA@PF127+NIR, and
MFA@PF127+NIR groups gradually decreased (Figure 4A). To further assess bacterial viability, live/dead fluorescence
staining was performed (Figure 4B and E). Among all the groups, the most viable bacteria were found in the control and
PF127, whereas the live bacteria decreased gradually in the MLT@PF127, FA@PF127+NIR and MFA@PF127+ NIR
groups. SEM further revealed the morphological changes in the treated bacteria (Figure 4C). Control and PF127 treated
bacteria exhibited intact and smooth surfaces without any obvious structural damage. The other three groups showed
varying degrees of bacterial dissolution, with MFA@PF127+NIR-treated bacteria displaying disorganized surface
structures and severe morphological changes.

Biofilms typically serve as protective barriers for colonizing bacteria, compromising their antibacterial and therapeu-
tic efficacy against AD.>*>! Therefore, antibiofilm can enhance the antibacterial effect and contribute to AD treatment.
As shown in Figure 4D, the biofilms in the control and PF127 groups were intact and stained deep purple. The
MLT@PF127 and FA@PF127+NIR groups showed reduced purple staining and partial structural damage in the biofilm,
whereas the biofilm in the MFA@PF127+NIR group showed the least staining. These results were further confirmed
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Figure 4 Antibacterial and antibiofilm activity of the MFA@PF 127 nanocomposite hydrogel against S. aureus. (A) Representative images of bacterial colony growth on LB
agar plates. (B) Representative live/dead bacterial staining images. (DMAO, a green-fluorescence dye, labels live bacteria, while Pl, a red-fluorescence dye, labels dead
bacteria). (C) SEM images of S. aureus morphology. (The red arrows indicate shrunk, deformed, or lysed S. aureus). (D) Representative images of crystal violet-stained
S. aureus biofilms. (E) Quantitative analysis of the live/dead bacterial ratio based on DMAO/PI fluorescence staining. (F) Absorbance at 590 nm of ethanol-dissolved residual
crystal violet from biofilm staining. (G) Inhibition rates of S. aureus biofilm formation. Data are presented as the mean * SD (n = 3). *p < 0.01, ***p < 0.0001; ns indicates
no significant difference.
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quantitatively after dissolving the crystal violet-bound dye in absolute ethanol, which showed a gradual decrease in
absorbance (4.0, 4.1, 2.1, 1.0, and 0.3) and increased biofilm inhibition rates (0, —2.2, 46.6, 75.6%, and 92%) in the
control, PF127, MLT@PF127, FA@PF127+NIR, and MFA@PF127+NIR groups (Figure 4F and G), indicating
a significant combined inhibitory effect between MLT and FA-induced PTT on S. aureus biofilm formation. The optimal
antibacterial properties of the MFA@PF127 hydrogel are expected to be reasonable. Studies have demonstrated that MLT
possesses significant antibacterial efficacy, and PTT has emerged as a novel antibacterial strategy.’>>> When combining
MLT and PTT, improved antibacterial activity was observed. The phenomenon may result from the following mechan-
ism. It is known that bacteria possess robust cell envelope structures, which not only hinder the penetration of foreign
substances into bacteria but also confer them considerable tolerance to PTT. After treatment with MLT, numerous pores
were created in the bacterial envelope.”* The channels not only induce massive leakage of intracellular contents, leading
to bacterial death, but also establishes “highways” for NP internalization. Consequently, when accumulating around the
bacteria with numerous channels, the FA NPs may efficiently penetrate the bacterial interior, enabling effective ablation
of the sensitized bacteria with lower temperature and shorter duration under NIR irradiation, and eradicating S. aureus
efficiently with a Trojan horse-like strategy.

In vivo Therapeutic Efficacy

The experimental timeline is shown in Figure 5A. On day 31, mice in the model group exhibited obvious AD-like
symptoms, including erythema, hemorrhage, scaling, and frequent scratching, indicating successful establishment of the
DNCB-induced AD model. After seven days of treatment, all treated groups exhibited improvement in AD-like
symptoms compared to the AD model group, and the MFA@PF127+NIR group mice showed the most prominent skin
lesion recovery among all groups (Figure 5B). Visual observations were further validated using the dermatitis severity
scores. Epidermal damage in the PF127 group (5.0 £ 1.0) showed no significant improvement compared with that in
the AD group (6.4 + 1.1). In contrast, both MLT@PF127 (2.0 = 0.7) and FA@PF127+NIR (2.6 £ 0.9) treatments
ameliorated skin damage, and the MFA@PF127+NIR-treated mice exhibited the lowest dermatitis score (0.8 + 0.8),
indicating the enhanced improvement of MLT and FA for epidermal damage (Figure 5C).

Epidermal thickening is one of the major pathological features of AD, and the quantification of epidermal thickness in
treated mice was usually used for the therapeutic effect evaluation of the corresponding strategy. After histopathological
analysis, we found that treatments with PF127, MLT@PF127, FA@PF127+NIR, and MFA@PF127+NIR all alleviated
epidermal thickness, showing a decreasing trend in thickness (87.8 + 11.2, 79.64 + 9.0, 53.9 £ 8.5, and 17.1 £ 3.6 um,
respectively). The MFA@PF127+NIR group exhibited the thinnest epidermis, indicating a superior therapeutic efficacy
against AD (Figure 5D and F).

Aberrant activation of the type 2 immune response is regarded as the core pathogenic mechanism in AD, characterized
by Th2 cell activation and the subsequent release of IL-4 and IL-13 and the activation of mast cells.*' Consequently, we
further analyzed mast cell infiltration and IL-4 and IL-13 expression in the treated mice. As shown in Figure 5E and G, all
treatment groups exhibited significant improvement in mast cell infiltration. PF127 treatment resulted in mild reduction.
Both MLT@PF127 and FA@PF127+NIR treatments showed a greater reduction in mast cell infiltration, with superior
efficacy compared with PF127. Most notably, MFA@PF127+NIR exhibited the lowest infiltration level (50.3 + 3.1 cells/
mm?). Similar trends were observed for IL-4 and IL-13 levels (Figure 6C and D). Although cytokine concentrations
following MFA@PF127+NIR treatment remained higher than those of the controls, they were significantly reduced
compared with those in the AD model. The results of mast cell infiltration and IL-4/IL-13 secretion collectively demonstrate
the immunoregulatory effects of MFA@PF127 on Th2 cells. Given the regulatory role of TSLP in Th2 cell function and the
modulatory activity of MLT and Au NPs on TSLP, we determined the TSLP levels in all mice. Fluorescence staining
(Figure 6A) revealed that the TSLP fluorescence intensity in the skin tissue of AD mice was significantly enhanced
compared with that in the normal group, which was markedly reversed after MFA@PF127+NIR treatment (Figure 6B).
These results indicated that the MFA@PF127+NIR regulated Th2 overactivation by blocking TSLP expression, thereby
alleviating AD symptoms. As an important immune organ, spleen size is regarded as an objective indicator for assessing the
immune status of the body. We found that the spleens of the model group mice were noticeably enlarged compared to those
of the control group mice, suggesting immune hyperactivation in AD mice, possibly associated with Th2 cell-mediated
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Figure 5 In vivo therapeutic effects of the MFA@PF127. (A) Schematic timeline for establishing the AD mouse model and the treatment protocol. (B) Representative
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inflammation. Spleen index analysis further indicated various degrees of recovery in the treatment groups (9.1 £ 0.5, 6.7 £
0.7,5.4+0.6,5.2 £ 0.4, and 4.6 + 0.3, respectively) compared to the model group, demonstrating the immunomodulatory
efficacy of the MFA@PF127 hydrogel (Figure S6).

The antibacterial efficacy and ROS-scavenging activity of MFA@PF 127 were validated in vivo. As shown in Figure 6F,
after MFA@PF127+NIR treatment for seven days, S. aureus in the lesions was almost completely eradicated, whereas
abundant S. aureus colonies were found within the lesions of untreated mice. Figure 6E shows the in vivo antioxidant effect
of the composite nanogel, showing that the CM-H,DCFDA fluorescence intensity in the MFA@PF127+NIR group was
significantly lower than that in the model group. Together, these results indicate that MFA@PF127 not only eliminated
S. aureus but also mitigated oxidative stress damage by scavenging excess ROS, thereby exerting a combined effect in the
treatment of AD.

H&E staining of major organs and serum liver and kidney function analyses were performed to evaluate the in vivo
biosafety of MFA@PF127. The tissue structures of the heart, liver, spleen, lungs, and kidneys in the treated groups
remained intact and clear, with no pathological changes such as fibrosis, cellular degeneration, necrosis, or abnormal
inflammatory cell infiltration (Figure 6K). The biochemical indicators of liver and kidney function in MFA@PF127-
treated mice, including ALT, AST, BUN, and CREA, were not significantly different from those in the control group and
remained within normal reference ranges (Figure 6G-J). These results indicate that the MFA@PF127 hydrogel exhibited
good biocompatibility and safety in vivo.

Conclusions

In this study, we successfully synthesized a multifunctional composite nanohydrogel, MFA@PF127, by synthesizing
dumbbell-shaped FA NP, anchoring MLT onto the FA surface based on electrostatic adsorption, and loading MFA into
PF127. The hydrogel exhibited good biocompatibility both in vitro and in vivo, along with favorable immunomodulatory,
antibacterial, and antioxidant activities. However, the present study has limitations. A 7-days treatment period and
limited sample size were insufficient for the systematic assessment of the therapeutic effect and biosafety of
MFA@PF127. Therefore, future studies with larger sample size and extended observation period have been proposed
to further validate the therapeutic effect, long-term safety, and clinical-translation potential of MFA@PF127. In summary,
the present study demonstrated the multifunctionality of MFA@PF127 nanocomposite hydrogel for AD treatment and
provided a promising potential strategy for clinical therapy of AD.
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inhalation of high-concentration isoflurane until respiratory and cardiac arrest occurred. To ensure irreversible death, cervical

dislocation was performed immediately after the cessation of vital signs.
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