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Abstract

The clinical management of hypertrophic scars (HSs) remains challenging due to their complex etiology and heterogeneous
morphology, underscoring the need for multitarget treatment strategies. In this study, we developed a nanocomposite system
constructed through the metal-phenolic network—mediated self-assembly of molybdenum polyoxometalate ({Mojs4}) and
epigallocatechin gallate (EGCG), followed by chitosan encapsulation, to generate chitosan-encapsulated {Mojs4}/EGCG
(CME) nanoparticles. These nanoparticles were integrated into dissolvable microneedles (CME@MN) to enable transdermal
administration. Under near-infrared laser irradiation, CME exhibited a three-pronged therapeutic effect: suppression of collagen
overproduction and excessive extracellular matrix (ECM) deposition in human keloid fibroblasts, regulation of proliferation
and migration in human umbilical vein endothelial cells, and reprogramming of macrophages toward a proinflammatory M1
phenotype. In vivo, CME@MN patches preferentially accumulated within scar tissue, where they normalized ECM organiza-
tion, improved collagen fiber rearrangement, and attenuated fibroblast activity through photothermal-enhanced mechanisms
while maintaining an excellent safety profile. The CME@MN system represents a potentially transformative approach to HS
management by offering a unified platform that simultaneously targets the fibrotic, angiogenic, and inflammatory compo-
nents of scar pathogenesis.
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1 Introduction

etiologies and morphologies present significant therapeutic
challenges. Hypertrophic scars (HSs), the most common

Scars are pathological tissues that form during skin repair,
involving complex processes such as cell migration, inflam-
mation, innervation, and angiogenesis [1]. Their diverse

type of pathological scarring, are characterized by excessive
proliferation of fibrous connective tissue and abnormal col-
lagen deposition [2]. Beyond cosmetic concerns, HSs often
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cause itching, pain, ulceration, and in severe cases, may
contribute to secondary malignancies, imposing significant
physical and psychological burdens [3].

HS pathogenesis is initiated by immune-mediated inflam-
mation, in which macrophages promote vascular dilation,
cell infiltration, and the release of growth factors [4]. Persis-
tent inflammatory responses generate excessive reactive
oxygen species (ROS), exacerbating oxidative stress and
damaging surrounding cells, including fibroblasts [S]. Under
normal conditions, fibroblasts differentiate into o-smooth
muscle actin (a-SMA)-expressing myofibroblasts respon-
sible for collagen production [6]; however, sustained a-SMA
activation in HS leads to aberrant collagen deposition and fi-
brosis. This process is further aggravated by vascular endo-
thelial cell-derived factors, including transforming growth
factor-f1 (TGF-p1) and vascular endothelial growth factor
(VEGF), which stimulate fibroblast proliferation and colla-
gen synthesis [7]. Dysregulated angiogenesis in HS contrib-
utes to localized hypoxia and an imbalance in extracellular
matrix (ECM) metabolism [8]. Additionally, substantial in-
filtration of M2 macrophages releases profibrotic mediators,
such as TGF-B1 and monocyte chemoattractant protein-1
(MCP-1), further promoting fibrotic tissue deposition [9].
Therefore, effective HS management requires a comprehen-
sive therapeutic approach that simultaneously addresses the
fibrotic, angiogenic, and inflammatory components of scar
pathogenesis. To date, no integrated treatment platform has
been reported to achieve this comprehensively.

Scar management currently employs multiple strategies,
including pharmacological interventions, physical therapies,
surgical excision, and bioengineering approaches [10]. How-
ever, these conventional treatments show limited efficacy and
often require repeated applications, imposing significant bur-
dens on patients. Therefore, novel therapeutic platforms are
urgently required. Polyoxometalates (POMs) are nanoscale
anionic metal-oxide clusters that comprise transition metals
such as vanadium, niobium, tantalum, molybdenum (Mo),
and tungsten. They have attracted considerable interest due
to their notable redox activity and ROS-scavenging capabil-
ity [11]. Among these, Mo-based POMs are particularly
promising due to their exceptional aqueous solubility and
near-infrared (NIR) absorption, which enable effective pho-
tothermal therapy (PTT) for scar modulation [12]. PTT has
been shown to reduce scar thickness and collagen density by
remodeling collagen fibers, while NIR light facilitates deeper
tissue penetration [13]. Additionally, metal-phenolic net-
works (MPNs), formed by coordination of natural polyphe-
nols with metal ions, offer significant potential for wound
repair [14]. Epigallocatechin gallate (EGCG), a polyphenol
with anti-inflammatory, antioxidant, and anti-fibrotic prop-
erties [9], can coordinate with metal ions to form func-
tional MPNs [15]. Clinical studies have shown that EGCG
can reduce keloid size, suppress proliferative factors, and
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downregulate fibrotic proteins, highlighting its potential for
HS treatment [16]. However, its clinical application is lim-
ited by poor tissue adhesion and rapid degradation.

Transdermal delivery offers a promising strategy for HS
treatment. Chitosan (Cs), a natural cationic polymer with anti-
inflammatory, antibacterial, and tissue-repair properties [17],
can enhance drug permeation through interactions with cell
membranes [18], making it an effective transdermal applica-
tion. Among contemporary delivery systems, microneedle
(MN) technology—particularly hyaluronic acid (HA)-based
soluble MNs—yprovides efficient, well-tolerated drug delivery
for scar management [19]. These MNs provide deep skin
penetration, robust mechanical strength, excellent biocom-
patibility [20], and intrinsic anti-scarring effects, as HA is a
major component of the dermal ECM [21].

In this study, we developed an advanced therapeutic plat-
form by coordinating Mo-based POMs ({Mojs4}) with EGCG
to form self-assembled metal—phenolic complexes (MEmix),
which were subsequently co-assembled with Cs through elec-
trostatic interactions to generate multifunctional Cs-modified
MEnix (CME) nanoparticles. The CME complex was then
incorporated into HA-based MNs to produce CME@MN
(Schemes la and 1b). This design exploits the synergistic
effects of {Mojs4} and EGCG within MPNs to simultane-
ously target inflammation, fibrosis, and scar-related signaling
pathways while enabling efficient PTT. The co-assembly of
Cs with MPNs and the MN-based transdermal delivery
system addresses the intrinsic limitations of {Mojs4} toxic-
ity and poor EGCG adhesion, thereby enhancing overall
biocompatibility and drug bioavailability. In this study, we
aim to develop a precision delivery system capable of modu-
lating scar-related signaling pathways through the coordinated
inhibition of hyperinflammation and fibrosis, with synergis-
tic photothermal conversion to enhance therapeutic efficacy
(Scheme 1c¢).

2 Results and discussion
2.1 Preparation and characterization of CME

The {Mojs4} anion, a giant POM with a well-defined chemi-
cal structure and a diameter of 3.4 nm, exhibits excellent
water solubility and high photothermal conversion effi-
ciency (PCE), making it highly suitable for biomedical ap-
plications [22]. Its straightforward, reproducible synthesis
enables cost-effective, large-scale production. However, the
clinical translation of this promising material, {Mojs4}, is
limited by its inherent biotoxicity. To mitigate this limita-
tion while retaining its photothermal functionality, {Mojs4}
was combined with EGCG, a bioactive plant polyphenol with
potent free radical-scavenging, anti-inflammatory, and anti-
bacterial properties [23]. {Moi54}-EGCG nanocomposites
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(MEnix) were constructed using MPN chemistry [24],
which not only reduces Mojs4 toxicity but also produces
synergistic effects with EGCG. Further stabilization was
achieved by encapsulating MEpix with Cs through electro-
static interactions, forming CME nanoparticles. This encap-
sulation prevents {Mojs4} from binding to plasma proteins
and other biomolecules, enhances biosafety, and overcomes
the limited mucosal adhesion of EGCG observed in clinical
applications.

The {Mojs4} anion was successfully synthesized using a
slightly optimized solution-phase reduction procedure based
on previously reported methods [22, 25, 26]. Ultraviolet—
visible (UV-Vis) spectroscopy (UV-7000, Japan) of a
50 pg/mL aqueous solution revealed a characteristic absorp-
tion peak at 750 nm (Fig. Sla in the supplementary informa-
tion). Fourier-transform infrared spectroscopy (Nicolet™
iS50, Germany) identified prominent peaks at 550, 630,
954, and 1610 cm™! (Fig. SIb in the supplementary infor-
mation), consistent with previous reports [25]. Atomic force
microscopy (AFM, Bruker Multimode 8, USA) imaging
confirmed a uniform spherical morphology with particle
sizes of 3—4 nm (Fig. Slc in the supplementary information).
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Dynamic light scattering (DLS) measurements indicated
monodisperse nanoparticles with an average diameter of ap-
proximately 4 nm and a zeta potential of —30.2 mV (Fig. S1d
in the supplementary information). Photothermal performance
under 808 nm laser irradiation revealed that the temperature
of {Moiss4} increased with both laser power and particle
concentration. After 5 min of irradiation at 1.0 W/cmz, the
temperature reached 60 °C at 50 pg/mL (Fig. Sle in the supple-
mentary information) and exceeded 60 °C at 100 pg/mL
(Fig. SIf in the supplementary information), confirming its
excellent photothermal response. Overall, comprehensive
physicochemical and photothermal characterization con-
firmed the successful synthesis of the {Moj54} anion.
Subsequently, MEpix formulations with varying Mojs4/
EGCG mass ratios were prepared using the one-pot method
(Fig. S2a in the supplementary information). Evaluation of
particle size, polydispersity index (PDI), zeta potential, and
photothermal performance (Table S1 and Fig. S2b in the
supplementary information) supported the selection of a 1:1
mass ratio for further experiments. AFM confirmed uniform
dispersion of MEnix and a particle size of approximately
60 nm (Figs. S2c and S2d in the supplementary information),
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Scheme 1 Schematic illustration of the preparation of multifunctional self-assembling nanodrug CME and its synergistic application with micronee-
dles for scar therapy, including underlying mechanisms: (a) synthesis of CME nanoparticles; (b) fabrication of CME@MN; (c) mechanism of
CME @MN-mediated synergistic scar therapy and its effects on scar-related cells. FB: fibroblast; MFB: myofibroblast
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consistent with DLS measurements. UV—-Vis spectroscopy
revealed a maximum absorption peak at 750 nm (Fig. S2e
in the supplementary information).

Finally, MEn,ix was loaded onto Cs carriers through elec-
trostatic adsorption to generate CME nanoparticles. Screen-
ing of Cs:MEnix mass ratios exhibited effective Cs coating,
as indicated by the shift in zeta potential to positive values
(Table S2 in the supplementary information). CME prepared
at a 1:1 Cs:MEp;x mass ratio exhibited spherical morphology
with uniform dispersion (Figs. 1la and 1b). DLS measure-
ments showed a hydrodynamic diameter of (80.64+0.88) nm,
a zeta potential of (22.13+1.21) mV, and a PDI of 0.24+0.01
(Table S2 in the supplementary information). UV-Vis spec-
troscopy confirmed the retention of the characteristic 750 nm
absorption peak (Fig. 1c). X-ray photoelectron spectroscopy
further confirmed the presence of Mo in all formulations
(Fig. S3 in the supplementary information). Collectively,
these results indicate successful synthesis of CME with re-
tained {Mojs4} cluster-associated properties. However, the
precise molecular integrity of the {Mojs4} cluster within
the CME composite warrants further confirmation.
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2.2 Physicochemical properties and
biocompatibility of CME

The photothermal performance of CME was first evaluated
in vitro using an infrared thermal imaging camera. The tem-
perature of CME increased with both laser power (Fig. 1d)
and nanoparticle concentration (Fig. le). Thermal imaging
further visualized this photothermal response across varying
concentrations (Fig. 1f). To balance therapeutic efficacy
with the need to avoid excessive heat-induced injury to sur-
rounding tissues, a laser power density of 1 W/em? was se-
lected for subsequent experiments. Photothermal stability
was assessed through repeated irradiation cycles, which re-
vealed negligible temperature variation across four consecu-
tive on/off cycles (Fig. 1g), indicating strong photothermal
durability. Using a well-established formula described in
the literature [27], the PCE of CME was calculated to be
approximately 50% (Fig. 1h). These data indicate that CME
efficiently retains the photothermal characteristics associated
with the {Mojs4} anion and highlight its potential for in vivo
evaluation.
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Fig. 1 Preparation and characterization of CME. (a) AFM image of the CME. (b) Corresponding particle size distribution analysis. (c) UV-Vis
absorption spectrum of MEpx. (d) Photothermal heating curves of CME (100 pg/mL) under 808 nm laser irradiation at different power densities.
(e, f) Photothermal heating curves and corresponding infrared thermal images of CME at varying concentrations under 808 nm laser irradiation
(1.0 W/cmz). (g) Photothermal stability of CME (50 pg/mL) over four irradiation cycles (808 nm, 1.0 W/cmz). (h) Photothermal conversion effi-
ciency determined from cooling-phase kinetics. (i—1) The in vitro antioxidant performance of CME was identified through radical scavenging assays
against DPPH- (i), ABTS-" (j), -OH (k), and NO- (1). Data in (i-1) are presented as meanz+standard deviation (n=3). ***p<0.001 and ****p<0.0001
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Solvent stability is a critical parameter for assessing phar-
maceutical applicability [28]. DLS measurements over one
week showed that CME maintained relatively stable hydro-
dynamic diameters and PDI values in water, phosphate-
buffered saline (PBS, pH 7.4), Dulbecco’s modified Eagle
medium, and Roswell Park Memorial Institute 1640 medium
for 3 d; however, pronounced aggregation was observed by
Day 5 (Fig. S4 in the supplementary information).

Persistent inflammatory activity during wound healing can
contribute to excessive scar formation. Antioxidant interven-
tions can help modulate ROS-mediated inflammatory path-
ways and thereby suppress pathological scarring [29]. The
antioxidant performance of CME was evaluated across mul-
tiple radicals, exhibiting concentration-scavenging effects on
the 1,1-diphenyl-2-picrylhydrazyl radical (DPPH-) (Fig. 1i),
2,2’ -azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) radi-
cal (ABTS-1) (Fig. 1j), hydroxyl radical (-OH) (Fig. 1k), and
nitric oxide (NO-) (Fig. 11). At 100 pg/mL, CME showed
scavenging efficiency of 80% for DPPH-, 64% for ABTS-,
40% for -OH, and 42% for NO-, indicating substantial antioxi-
dant activity that may contribute to mitigating inflammation-
associated scarring.

Given the straightforward synthesis and strong biocom-
patibility of MPNs in mitigating metal ion-associated toxic-
ity [30], we assessed whether CME reduces the cytotoxicity
of {Mojs4}. Cytotoxicity of {Mojs4} was first evaluated in
normal human skin fibroblasts (HSF) and human immortal-
ized keratinocytes (HaCat) using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assays (Fig. S5a in
the supplementary information). {Mojs4} significantly in-
hibited HSF and HaCat proliferation, with further reductions
in viability following photothermal irradiation, consistent
with its strong photothermal ablation effect. Treatment with
MEnix improved cell viability (Fig. S5b in the supplemen-
tary information), supporting the role of the MPN strategy
in enhancing biosafety. CME exhibited minimal cytotoxic-
ity in HSF, maintaining approximately 75% cell viability, even
at 200 pg/mL after 24 h of incubation with laser irradiation
(Fig. S6a in the supplementary information). Live/Dead cell
staining further confirmed that MPN formation and Cs en-
capsulation substantially decreased {Mojs4}-associated tox-
icity (Fig. S6b in the supplementary information).

Hemocompatibility was further assessed using a hemolysis
assay (Fig. S7 in the supplementary information). CME exhib-
ited minimal hemolytic activity, with hemolysis rates remain-
ing below 5% at concentrations up to 200 pg/mL, indicating
excellent blood compatibility suitable for in vivo applications.

By rationally engineering the MPN structure, CME inte-
grates exceptional photothermal performance, potent anti-
oxidant activity, stable colloidal properties, and high bio-
compatibility. These multifunctional attributes position CME
as a promising platform for HS therapy through synergistic
photothermal and antioxidative mechanisms.

2.3 Fabrication and characterization of
CME@MN

HSs result from aberrant tissue repair following dermal or
deep tissue injury [31]. Despite advances in HS manage-
ment, current therapies have not consistently achieved opti-
mal clinical outcomes, primarily due to excessively thick,
rigid scar tissue that exacerbates skin barrier dysfunction
and hinders effective drug penetration and release. MN tech-
nology has emerged as a promising transdermal delivery
platform for HS therapy, enabling direct skin implantation,
stimulating ECM remodeling, and reducing tissue stress [32].
To enhance anti-scarring efficacy through synergistic mecha-
nisms, CME was incorporated into dissolvable HA MNs,
hereafter designated as CME@MN.

CME@MN was fabricated using a polydimethylsiloxane
mold and characterized through stereomicroscopy (Fig. S8
in the supplementary information), featuring a 15x15 array
of conical MNs with uniform morphology and distribution
(Fig. 2a). Scanning electron microscopy (SEM; Hitachi
SU-70, Japan) revealed well-defined MN structures with
consistent dimensions (approximately 800 pm in height and
300 um in base width; Fig. 2b). Mechanical testing using a
universal tensile testing machine showed a maximum frac-
ture force of 0.39 N (Fig. 2¢), exceeding the 0.045 N threshold
required for skin penetration, indicating sufficient mechani-
cal strength for transdermal delivery. Ex vivo experiments
on porcine skin showed complete dissolution of CME@MN
after application (Fig. 2d), leaving uniform micropores
(Fig. S9 in the supplementary information), indicative of ef-
ficient penetration and drug release.

The drug-loading capacity of CME@MN was quantified
using absorbance measurements against a CME standard
curve (Fig. S10 in the supplementary information), yielding
(73.63+0.82) pg per patch. Laser therapy, a standard adju-
vant for scar treatment, enables deep tissue penetration and
facilitates photothermal decomposition and remodeling of
collagen through collagen regeneration [33]. To confirm
that CME retained its photothermal activity after MN incor-
poration, the photothermal performance of CME@MN was
systematically assessed using an infrared thermal imager
(Fig. 2e). Compared with blank MNs (Blank MN), {Mojs4}-
loaded MNs (Mo154 @MN), MEix-loaded MNs (MEix @
MN), and CME@MN exhibited remarkable photothermal
responsiveness. Under 808 nm laser irradiation (1.0 W/cmz,
5 min), CME@MN reached 61.2 °C, which is intermediate
between Moj54@MN (67.1 °C) and MEnix@MN (58.6 °C),
with all exceeding the 45 °C threshold required for effective
PTT. These results confirm that CME@MN maintains supe-
rior photothermal characteristics suitable for therapeutic
applications. Drug release kinetics, assessed using Franz dif-
fusion cells (Fig. 2f), showed approximately 80% cumulative
release over 24 h (Fig. 2g), indicating sustained delivery,
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Fig. 2 Fabrication and characterization of CME@MN. (a) Macroscopic morphology of CME@MN arrays. (b) SEM images showing the de-
tailed morphology of CME@MN. (c) Schematic illustration of the mechanical testing setup and corresponding mechanical strength analysis of
CME@MN. (d) Evaluation of the skin penetration capability of CME@MN using an ex vivo porcine skin model. (e) Photothermal conversion
performance of various MN patches under 808 nm laser irradiation (1.0 W/em?, 5 min). (f) Schematic illustration of the modified Franz diffu-
sion cell system for transdermal drug release studies. (g) Drug release profile of CME@MN. (h) Hygroscopicity of CME@MN under storage

conditions. Data in (g, h) are presented as meanz+standard deviation (n=3)

which is essential for prolonged therapeutic action. Stability
assessments showed negligible changes in the hygroscopic-
ity of CME@MN over 15 d of storage at ambient tempera-
ture, whereas the Blank MN group exhibited significant hy-
groscopic variation (Fig. 2h), confirming the enhanced sta-
bility of CME@MN under routine storage conditions.

2.4 Cellular uptake and deep penetrationin
keloid fibroblasts

HSs develop through aberrant tissue repair, characterized his-
topathologically by hyperproliferation of fibroblasts, exces-
sive deposition of ECM components—particularly collagen—
and pathological neovascularization [34]. Effective fibroblast
targeting and suppression are therefore critical strategies for
scar intervention. Since the efficacy of nanomedicine largely
depends on cellular internalization efficiency, we first as-
sessed CME uptake in human keloid fibroblasts (HKF).
Flow cytometry revealed time-dependent CME internaliza-
tion in HKF cells (Fig. 3a), with detectable signals at 30 min
and saturation at 4 h. These findings were corroborated by
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confocal laser scanning microscopy (CLSM, Leica TCS SPS,
Germany) (Fig. 3b). The rapid uptake likely stems from the
favorable physicochemical properties of CME, including its
small particle size and optimal surface characteristics that
enhance cellular penetration.

Subcellular localization studies showed preferential accu-
mulation of CME in the mitochondria (Fig. 3c). Quantita-
tive analysis of fluorescence co-localization using ImagelJ
revealed substantial overlap between CME (red) and Mito-
Tracker green signals, with higher Pearson correlation coef-
ficients than those observed with lysosomal markers. Given
the central metabolic role of mitochondria and the estab-
lished association between mitochondrial stress and keloid
fibroblast apoptosis [35], these results suggest that CME may
induce apoptosis through mitochondrial-mediated pathways
in these key scar-forming fibroblasts.

Compared with normal skin, HSs exhibit epidermal thick-
ening, collagen fiber densification, and disorganized ECM
architecture, which substantially impede drug penetration
and diffusion [36]. To assess the transdermal penetration ef-
ficiency of CME, four formulations—{Mois54}, MEmix,
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CME, and CME@MN—were tested using three-dimensional
(3D) HKF spheroids, which model the HS-like tissue bar-
rier. Depth-resolved confocal imaging and 3D surface plot
analysis at 50 pm depth revealed markedly enhanced pen-
etration of CME formulations (Fig. 3d), with strong fluores-
cence signals in the spheroid cores. This improved penetra-
tion profile is likely mediated by the Cs component of
CME, which facilitates tissue permeation through its known
penetration-enhancing properties. These findings highlight
the potential of CME, particularly when delivered through
MN systems, for efficient transdermal targeting of deep scar
tissue.

2.5 Therapeutic suppression of keloid
fibrosis by CME

To evaluate the regulatory effects of CME on HKEF cells, its
anti-proliferative activity was assessed using MTT assays.
As shown in Fig. 4a, CME inhibited HKF cell proliferation
in a dose-dependent manner. Photothermal stimulation with
808 nm laser irradiation further decreased cellular viability,
with near-complete cell death observed at higher CME con-
centrations combined with laser treatment. Comparative analy-
sis with MEp;x (Fig. S11 in the supplementary information)
revealed that CME exerts more potent inhibitory effects, un-
derscoring its enhanced anti-fibrotic potential. Notably, ex-
tending the incubation period to 48 h (Fig. S12a in the supple-
mentary information) produced cytotoxicity comparable to

the 24 h treatment, suggesting rapid pharmacological ac-
tion. Furthermore, CME exhibited selective toxicity toward
HKF compared with normal HSF (Fig. S6a in the supple-
mentary information), which correlated with substantially
higher cellular uptake in HKF (Fig. S12b in the supplemen-
tary information). This selective activity toward keloid fi-
broblasts underscores the potential of CME as a targeted
therapeutic agent for the management of hypertrophic and
keloid scars.

Excessive oxidative stress often triggers sustained inflam-
matory responses, driving fibroblast hyperactivation and
pathological ECM overproduction during early-stage scar
formation, thereby promoting fibrotic progression [37]. Tar-
geting oxidative stress is therefore a strategic approach for
early scar intervention. To evaluate the regulatory effects of
CME on oxidative stress, intracellular ROS levels in HKF
cells were quantified post-treatment using flow cytometry
(Figs. 4b and 4c) and CLSM (Fig. 4d). All tested formula-
tions ({Mo154}, MEnix, and CME) significantly reduced green
fluorescence intensity, indicating endogenous ROS scaveng-
ing. Notably, photothermal irradiation further enhanced the
ROS-scavenging capacity of all treatment groups, with CME
exhibiting the most potent effect. These findings show that
CME can effectively restore redox homeostasis in the scar
microenvironment, representing a promising approach to
preventing pathological fibrosis.

Excessive collagen fiber deposition and ECM accumula-
tion are hallmark pathological features of HSs. Masson’s
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trichrome staining, which differentiates collagen fibers (blue,
aniline blue), muscle fibers (red, acid fuchsin), and nuclei
(black, hematoxylin), was used to evaluate ECM modulation
(Fig. 4e). The control samples exhibited intense blue stain-
ing, indicating abundant collagen deposition. All treatment
groups showed reduced blue intensity, reflecting decreased
ECM production. Notably, CME showed superior collagen
suppression compared with {Mojs4} and MEp;x, and photo-
thermal irradiation further enhanced the ECM-inhibitory
effect across all groups. Collectively, these results indicate that
CME effectively reduces pathological collagen fiber accu-
mulation, attenuates excessive ECM deposition, and remodels
the fibrotic scar microenvironment.

To evaluate the apoptotic effects of CME on HKF cells,
Annexin V-fluorescein isothiocyanate (FITC) conjugate
and propidium iodide staining were performed, followed by
flow cytometric analysis (Fig. 4f). All tested formulations
({Mois4}, MEnix, and CME) induced apoptosis, with photo-
thermal treatment further enhancing this response. CME com-
bined with laser irradiation produced the highest apoptosis
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rate. These results indicate that CME effectively penetrates
fibrotic scar tissue, potently scavenges intracellular ROS,
synergizes with PTT to inhibit pathological ECM accumula-
tion, facilitates collagen remodeling, and ultimately induces
apoptosis in HS fibroblasts.

2.6 Regulation of endothelial migration and
secretory function by CME

During the proliferative phase of HS, vascular endothelial
cells undergo active proliferation and migration to support
fibroblast expansion by supplying nutrients to the developing
scar tissue [38]. These endothelial cells also directly secrete
profibrotic cytokines, including VEGF and TGF- 1, which
contribute to fibroblast activation. To evaluate whether CME
modulates these endothelial behaviors, we examined its
effects on human umbilical vein endothelial cell (HUVEC)
uptake, proliferation, migration, and cytokine secretion.
Flow cytometry (Fig. 5a; Fig. S13 in the supplementary in-
formation) and CLSM imaging (Fig. 5b) confirmed efficient
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CME internalization by HUVECs. Subsequent MTT assays
revealed that CME reduced HUVEC proliferation in a dose-
dependent manner (Fig. 5c), and this effect was inhibited
under 808 nm laser irradiation. Extending the treatment to
48 h strengthened this suppression (Fig. S14 in the supple-
mentary information). When compared with MEn,x (Fig. S15
in the supplementary information), CME exhibited superior
inhibitory activity, highlighting its potent anti-angiogenic
properties, which are critical for targeting the pathological
blood vessels and fibrotic overgrowth in HSs.

Given that vascular endothelial cells secrete multiple cy-
tokines that contribute to HS formation and that endothelial
dysfunction is known to suppress fibroblast proliferation [39],
we further examined the regulatory role of CME by assess-
ing its effects on HUVEC migration and cytokine secretion.
Treatment with {Mojs4}, MEnix, and CME substantially
reduced HUVEC migration, and this reduction was enhanced
by photothermal treatment (Figs. 5d and Se). CME com-
bined with laser irradiation produced the greatest inhibition

of migration. Enzyme-linked immunosorbent assay (ELISA)
of conditioned media revealed significant downregulation
in profibrotic cytokines MCP-1, TGF-f1, and VEGF across
all treatment groups (Fig. 5f), indicating that CME sup-
presses HUVEC secretory activity. Notably, the photother-
mal effect specifically enhanced VEGF inhibition without
altering MCP-1 or TGF-B1 suppression.

Fibroblasts and vascular endothelial cells play interdepen-
dent roles in scar formation. In co-culture experiments, con-
ditioned media from treated HUVECS revealed that superna-
tants from {Moi54} -, MEpix-, and CME-treated cells inhib-
ited HKF proliferation (Fig. 5g). Collectively, these findings
indicate that CME regulates scar fibroblast activity by inhibit-
ing HUVEC migration and cytokine secretion, thereby reduc-
ing inflammatory signaling through MCP-1 downregulation
and disrupting nutrient supply to fibroblasts through VEGF/
TGF-B1 suppression. This combined targeting of endothelial
and fibrotic pathways suggests that CME has therapeutic
potential for the management of HS.
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2.7 Modulation of THP-1 macrophage
polarization by CME

Macrophages contribute significantly to HS pathogenesis
by secreting cytokines that promote fibrosis and cell prolif-
eration. M2 macrophage infiltration is a hallmark of scar
tissues, where these cells drive fibroblast-to-myofibroblast
differentiation and fibrotic progression through TGF-f1 se-
cretion. To assess the immunomodulatory effects of CME,

we examined its influence on macrophage polarization in
human monocytic leukemia THP-1 cells. Notably, THP-1 cells
were first differentiated into MO macrophages (THP-1-MO)
using phorbol 12-myristate 13-acetate (100 ng/mL).

Flow cytometry (Fig. 6a; Fig. S16 in the supplementary
information) and CLSM imaging (Fig. 6b) confirmed the rapid
and efficient cellular uptake of CME nanoparticles by THP-
1-MO macrophages. Cytotoxicity was assessed using MTT
assays (Fig. 6c; Fig. S17 in the supplementary information),
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which showed favorable biocompatibility, with cell viability
exceeding 80% at concentrations below 100 pg/mL after 24 h.
CME also exhibited significantly lower cytotoxicity than
MEnix under equivalent dosing conditions (Fig. S18 in the
supplementary information). Moreover, CME exerted mini-
mal effects on THP-1-M0O macrophages compared with its
more potent inhibitory activity in HUVECs and HKF cells,
highlighting its selective anti-fibrotic and anti-angiogenic prop-
erties, as well as its therapeutic potential for HS treatment.

Given the pivotal role of M2 macrophages in promoting
fibroblast activation [40], we evaluated the regulatory effects
of CME on THP-1 macrophage polarization. Surface marker
expression was first assessed using flow cytometry (Fig. 6d).
Lipopolysaccharide (LPS) stimulation significantly upregu-
lated M1 marker CD80 expression while maintaining stable
CD206 levels in THP-1-MO cells, confirming successful M1
polarization. Conversely, interleukin-4/interleukin-13 (IL-4/
IL-13) treatment markedly elevated the expression of the
M2 marker CD206 without affecting CD80 expression, indi-
cating effective M2 differentiation. Flow cytometric analy-
sis of polarized M2 macrophages (24 h post-treatment) iden-
tified distinct CD80"CD206" (Q1, M2 phenotype) and
CD80*CD206™ (Q3, M1 phenotype) subpopulations (Fig. 6e).
CME treatment significantly reduced the Q1 population while
increasing Q3 proportions compared to {Mojs4} and MEn;ix
controls, indicating that CME effectively reprograms macro-
phage polarization from a profibrotic M2 phenotype toward
a proinflammatory M1 phenotype. This reprogramming
effect was further enhanced by NIR irradiation.

We next quantified M1-associated secreted factors (tumor
necrosis factor-ae (TNF-o) and MCP-1) and M2-associated
secreted factors (IL-4 and TGF-f1) in culture supernatants
from each treatment group using ELISA (Fig. 6f). The results
were consistent with the flow cytometry findings. LPS stimu-
lation increased M 1-associated cytokine secretion, while IL-4/
IL-13 stimulation enhanced the secretion of M2-associated
markers. Treatment with {Mois54}, MEnix, and CME in-
creased M1-associated cytokine secretion while simultane-
ously reducing M2-associated cytokine secretion, indicating
that CME influences a shift in macrophage polarization
from an M2 phenotype toward an M1 phenotype. However,
an exception was observed in the CME+Light group, in
which M2-associated cytokine secretion was suppressed, as
expected, but M1-associated cytokine secretion was also re-
duced. This outcome may reflect laser-induced modulation
of macrophage function or altered metabolism under photo-
thermal stimulation [41].

To further confirm that CME promotes the repolarization
of M2 macrophages toward the M1 phenotype and inhibits
fibroblast activation, HKF cells were co-cultured with super-
natants derived from THP-1-M2 cells treated with {Mojs4},
MEnix, or CME for 24 h. The degree of activation of HKF
cells was evaluated using the fibroblast marker a-SMA.

Immunofluorescence imaging (Fig. 6g) showed a progres-
sive decrease in a-SMA fluorescence in HKF cells exposed
to conditioned media from {Mojs4}-, MEnix-, or CME-
treated THP-1-M2 macrophages. These results indicate that
{Mois4}, MEnix, and CME promote M2-to-M1 macrophage
repolarization, which in turn significantly inhibits fibroblast
activation and attenuates fibrotic activity, ultimately sup-
porting the therapeutic potential of CME for pathological
scar formation.

2.8 Invivo biodistribution and photothermal
effect of CME@MN

In the established murine HS model (Fig. 7a), MN penetra-
tion was first evaluated. Following the CME@MN applica-
tion, microscopic pores were observed in the HS tissue.
Subsequent crystal violet staining revealed extensive dye
diffusion, confirming effective tissue permeation (Fig. S19a
in the supplementary information). Furthermore, strong fluo-
rescence signals were observed throughout the frozen skin
sections (Fig. S19b in the supplementary information), indi-
cating efficient MN penetration and successful drug release.

Biodistribution of CME@MN was further assessed using
NIR fluorescence imaging (dem=750 nm). Following the
MN application, the dissolvable matrix facilitated the rapid
release of CME into the scar tissue, resulting in a time-
dependent increase in fluorescence intensity at the lesion
site, with maximal drug accumulation evident within 24 h
(Fig. 7b), confirming the capacity of CME@MN for precise
delivery and sustained release. Notably, residual fluores-
cence persisted in the CME@MN group 72 h after patch re-
moval (Fig. S20 in the supplementary information), indicat-
ing prolonged drug retention at the target site.

Systemic metabolic kinetics were assessed through in vivo
fluorescence imaging. Within 0.5—1.0 h post-administration,
fluorescence signals were predominantly localized in meta-
bolic organs (liver>kidney>spleen>bladder). By 4 h, the re-
sidual signal persisted only in the liver, with complete elimi-
nation observed within 24 h (Fig. 7c). This favorable biodis-
tribution profile, characterized by transient hepatic accumu-
lation followed by efficient urinary excretion, indicates the
biosafety of CME.

Infrared thermographic analysis revealed distinct photo-
thermal responses among the treatment groups under NIR irra-
diation (808 nm, 1.0 W/cm?) (Fig. 7d). All metal-containing
MN formulations (Mo154 @MN, MEpix @MN, and CME @
MN) exhibited significant temperature elevation at scar
sites, with temperature differentials following the hierarchy
Mo;54@MN>CME@MN>MEp,;x@MN (Fig. 7e). Con-
versely, no significant temperature change was detected in the
PBS and EGCG@MN control groups, which fully confirmed
the excellent PCE of the metal-containing formulations.
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2.9 Invivo anti-scar efficacy and biosafety of
CME@MN

The therapeutic efficacy of CME@MN was evaluated in a
murine HS model, with EGCG@MN serving as a positive
control. MN patches (EGCG@MN, Moj54@MN, MEix @
MN, and CME@MN) were locally administered every 3 d
for 21 d, combined with 808 nm NIR laser-triggered PTT
(Fig. 7f). The 3-d dosing interval was determined based on
in vivo biodistribution data (Fig. 7b; Fig. S20 in the supple-
mentary information), which revealed persistent CME accu-
mulation at the scar site for over 24 h. This prolonged reten-
tion suggests a potential reservoir effect, supporting sustained
local drug availability. The 3-d regimen was therefore selected
to maintain therapeutic efficacy while minimizing application
frequency and enhancing practical usability. The untreated
model group exhibited typical HS characteristics, including
epidermal thickening, hyperpigmentation, and tissue harden-
ing (Fig. 7g). Conversely, all treatment groups showed
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progressive scar lightening and softening, with the most
pronounced improvement observed in the CME@MN group
combined with laser irradiation. Among the other treat-
ments, MEnix@MN exhibited greater scar regression than
Moj54@MN and EGCG@MN, whereas Mois4@MN and
EGCG@MN showed no significant difference in efficacy
(Fig. 7g).

Physiological parameters and scar thickness were moni-
tored throughout the treatment period. Scar thickness de-
creased significantly in all MN-treated groups (EGCG@MN,
Moi54@MN, MEix@MN, and CME@MN), with the most
significant decrease observed in groups receiving adjunctive
PTT (Fig. 7h). No behavioral abnormalities or body weight
fluctuations were detected in any group (Fig. 7i). These find-
ings underscore the substantial therapeutic potential of CME@
MN combined with PTT for HS management, particularly
given its shorter treatment duration (21 d) compared to con-
ventional approaches such as silicone patch (3—6 months)
or subcutaneous steroid injections (4—6 months) [29, 42].
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To further assess the anti-scar efficacy of CME@MN,
histological analyses of scar tissues were performed for each
treatment group (Fig. 8a). The control samples exhibited
marked epidermal hyperplasia, loss of basal spinous pro-
cesses, inflammatory cell infiltration, and disorganized col-
lagen fibers. Phototherapy alone (Light group) produced
negligible improvement, while all MN-treated groups exhib-
ited reduced inflammation and improved tissue architecture,
with photothermal treatment further decreasing inflamma-
tory cell infiltration. The therapeutic effect followed the hi-
erarchy: Mojs4s@MN<MEpix@MN<CME@MN. Notably,
the CME@MN+Light group achieved near-normal epider-
mal thickness, restoration of dermal appendages (e.g., sweat
glands and hair follicles), orderly collagen alignment, and
complete inhibition of inflammation.

Sirius Red staining confirmed excessive collagen deposi-
tion in untreated scars (Fig. 8b). Phototherapy alone did not
significantly alter collagen density, whereas MN treatments

(EGCG@MN, Moji54@MN, MEnix@MN, and CME@MN)
markedly reduced fibrosis. Adjunctive PTT further enhanced
collagen decomposition. Quantitative analysis revealed that
the CME@MN+Light group exhibited the most significant
reduction in fibrosis (Fig. 8c), indicating that CME@MN
effectively alleviates HS progression by regulating collagen
metabolism.

Chronic inflammation drives pathological scar formation
by dynamically regulating immune cells and inflammatory
mediators. TGF-P1, a key effector secreted by M2 macro-
phages, promotes abnormal collagen synthesis and deposi-
tion [43]. VEGF supplies nutrients to fibroblasts, and its
high expression exerts profibrotic effects [44]. Analysis of
cytokine expression profiles via ELISA (Fig. 8d) revealed
that CME@MN significantly modulates the inflammatory
and fibrotic microenvironment. CME@MN exerted potent
anti-fibrotic activity by downregulating VEGF and TGF-f1
expression. Prior to laser irradiation, TNF-a and MCP-1 levels
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were elevated, while IL-4 expression was slightly reduced,
reflecting M2-to-M 1 macrophage polarization that favors anti-
fibrotic activity. However, following PTT, TNF-a expression
and MCP-1 expression were markedly suppressed, consis-
tent with in vitro observations, potentially due to laser-
mediated macrophage functional reprogramming or meta-
bolic adaptation [41]. Overall, Mo1s4@MN, MEpix @MN,
and CME@MN promote M2-to-M1 macrophage polarization,
thereby enhancing anti-fibrotic efficacy, while PTT effects
provide complementary anti-inflammatory benefits through
inflammatory cytokine suppression. Collectively, these dual
mechanisms act synergistically to produce the observed ro-
bust anti-scarring efficacy of these materials.

These results suggest that CME@MN exerts an anti-scar
effect through two complementary mechanisms: immuno-
modulation of macrophage polarization and direct inhibi-
tion of fibrotic pathways. The PTT effect substantially en-
hances these therapeutic outcomes by reshaping the inflam-
matory microenvironment and facilitating ECM degradation.
Compared with EGCG@MN, CME@MN showed superior
efficacy in improving scar morphology and restoring tissue
architecture. The combined anti-fibrotic and anti-angiogenic
activity of EGCG and the potent PTT properties of {Mo154}—
which simultaneously reduce inflammation and promote
collagen degradation—position CME@MN as a promising
multitarget therapeutic platform for the management of HS.

Although this temperature range is adequate for achieving
an anti-scarring effect, it raises concerns regarding potential
injury to adjacent normal skin tissue. To evaluate this possi-
bility, we performed histological examinations of normal skin
following a combined MN application and laser irradiation
(Fig. S21 in the supplementary information). The analyses
showed no evidence of thermal injury—such as necrosis,
blistering, or abnormal inflammatory infiltration—within
normal skin structures, confirming that the thermal effect re-
mained selective for scar tissue. Furthermore, serum bio-
chemical profiling was conducted to assess the systemic
safety of CME@MN. Quantitative analyses of liver function
markers—aspartate aminotransferase (AST), alanine amino-
transferase (ALT), alkaline phosphatase (ALP), and y-gluta-
myl transferase (y-GT)—as well as kidney function mark-
ers creatinine (Cr) and blood urea nitrogen (BUN), showed
no statistically significant differences between the treated
and control groups (Fig. S22 in the supplementary informa-
tion). These results confirm the excellent in vivo biocompat-
ibility of the CME@MN system.

3 Conclusions
In this study, we developed a multifunctional, self-assembled

nanomedicine CME based on the {Mojs4} cluster. We in-
corporated it into a composite MN patch (CME@MN) for
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transdermal delivery, thereby enabling a multimechanistic
therapeutic approach for HSs. The synthesized CME nanopar-
ticles exhibited a uniform spherical morphology with an
average diameter of approximately 80 nm, excellent PCE,
potent antioxidant capacity, and stability under physiological
conditions. The MN array provided consistent mechanical
strength, enabling effective penetration of the stratum cor-
neum and facilitating deep delivery of CME with sustained-
release characteristics. Cellular studies revealed efficient
internalization of CME into scar-related cells, including
HUVECs and HKFs, leading to selective inhibition of their
viability, while no significant cytotoxicity was observed in
THP-1-MO macrophages. Mechanistic analyses revealed that
CME inhibits scar formation through multiple pathways: it
scavenges intracellular ROS, acts synergistically with PTT
to limit ECM accumulation, promotes collagen remodeling,
and induces cell death in HS fibroblasts. In endothelial
cells, CME suppressed HUVEC migration and cytokine se-
cretion, reduced inflammatory signaling by downregulating
MCP-1, and disrupted the nutrient supply to fibroblasts by
inhibiting VEGF and TGF-f1 signaling. Additionally, CME
shifted macrophage polarization from the profibrotic M2
phenotype toward the proinflammatory M1 phenotype, con-
sequently inhibiting a-SMA expression in HKFs. In vivo
studies revealed targeted accumulation of CME@MN within
scar tissue, accompanied by decreased excessive ECM de-
position, enhanced collagen organization, and potent inhibi-
tion of scar fibroblasts when combined with PTT. The
CME@MN system also showed an excellent safety profile,
with no significant alterations in body weight or serum bio-
chemical parameters. Although this study elucidates several
anti-fibrotic mechanisms, further molecular-level character-
ization of the underlying signaling pathways remains an
important direction for future research. Overall, this study
presents an innovative integration of nano-self-assembly
technology and MN-based transdermal delivery to achieve
a safe, efficient, and multimechanistic therapeutic strategy
for HSs, offering significant potential for clinical translation
in scar management.

4 Experimental section

Detailed experimental procedures are provided in the
supplementary information.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1631/bdm.2500389.
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