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Abstract

Background: Endometriosis (EMs) is a prevalent gynecological inflammatory disorder characterized by ectopic endometrial tissue
growth and a high-ROS microenvironment. In this study, mesoporous silica (mSiO2) was employed to load the COX2 inhibitor cele-
coxib (CXB), followed by Fe3+-epigallocatechin gallate (EGCG) self-assembly to form a metal-polyphenol coating. The efficacy and
biosafety of the resulting nanoparticles (SC@FEG) combined with photothermal therapy (PTT) were systematically investigated, aiming
to achieve precise treatment for EMs. Methods: SC@FEG was characterized by dynamic light scattering (DLS), transmission electron
microscopy (TEM), and UV-visible spectroscopy, and its ROS-responsive release and photothermal performance were examined. In ec-
topic endometrial stromal cells (eESCs), the effects of SC@FEG combined with near-infrared (NIR) irradiation were assessed via CCK-8,
Calcein-AM/PI staining, Transwell assays, and Western blotting. Moreover, an EMs mouse model was established, and lesion-targeted
accumulation and heating effects were monitored by infrared thermography. Apoptosis and fibrosis of ectopic lesions were examined
by TUNEL and Masson staining, while anti-inflammatory efficacy was evaluated by Western blotting and ELISA. Biosafety was further
assessed by hemolysis testing, histology, and serum biochemistry. Results: SC@FEG displayed stable physicochemical properties, ef-
ficient ROS-responsive release, and excellent photothermal conversion. In vitro, SC@FEG with NIR irradiation markedly suppressed
eESCs’ proliferation, migration, and invasion, while reducing COX2 expression. In vivo, SC@FEG accumulated in lesions, induced lo-
cal hyperthermia under laser irradiation, inhibited lesion growth, promoted apoptosis, alleviated fibrosis, and markedly reduced systemic
inflammation, without systemic toxicity. Conclusions: SC@FEG represents a multifunctional nanoplatform that combines photothermal
ablation and anti-inflammatory drug delivery, providing safe and precise therapy for EMs.
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Introduction

Endometriosis (EMs) is a prevalent gynecological dis-
order characterized by estrogen-dependent inflammatory
responses, affecting approximately 10%-15% of women of
reproductive age worldwide [1]. Its clinical manifestations
include progressively aggravated dysmenorrhea, chronic
pelvic pain, and infertility, which severely compromise pa-
tients’ quality of life and reproductive health [2,3]. The
principal pathological feature of EMs is the abnormal colo-
nization of endometrium-like tissue outside the uterine cav-
ity, accompanied by elevated local oxidative stress, per-

sistent inflammatory activation, and excessive neovascu-
larization at the lesion sites. These factors not only pro-
mote the growth and invasion of ectopic endometrial tis-
sue but also further exacerbate pain and disease progres-
sion [4]. Currently, clinical management strategies for EMs
primarily encompass pharmacological therapy and surgi-
cal intervention. However, existing pharmacological treat-
ments depend on hormone suppression, often accompanied
by substantial side effects, and fail to eradicate the disease,
while surgery entails significant invasiveness and a high re-
currence rate [5]. Consequently, there is an urgent need
for novel therapeutic strategies capable of precisely target-
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ing the complex pathological microenvironment of EMs
and achieving combinatorial therapy with multiple mech-
anisms, thereby improving the prognosis of EMs patients.

Sustained activation of inflammatory responses con-
stitutes one of the central mechanisms driving the pro-
gression of EMs, in which cyclooxygenase-2 (COX2),
a critical rate-limiting enzyme in the inflammatory cas-
cade, is markedly overexpressed in ectopic lesion tissues
of EMs [6]. By catalyzing the conversion of arachidonic
acid into inflammatory mediators such as prostaglandin
E2 (PGE2), COX2 not only intensifies local inflammatory
infiltration and pain but also accelerates neovasculariza-
tion in ectopic lesions by promoting the release of vas-
cular endothelial growth factor (VEGF), thereby facilitat-
ing the abnormal colonization and invasion of endome-
trial tissue [7]. Presently, nonsteroidal anti-inflammatory
drugs (NSAIDs), as classic COX inhibitors, are the first-
line agents for managing EMs-associated pain [8]. Among
them, celecoxib (CXB) has been demonstrated to specifi-
cally block COX2-mediated inflammatory pathways, effec-
tively reducing PGE2 production in EMs lesions, alleviat-
ing chronic pelvic pain, and suppressing the proliferation
of ectopic endometrial cells and angiogenesis [8]. Never-
theless, conventional administration of CXB is hindered by
poor solubility, low bioavailability, lack of lesion-specific
targeting, and potential gastrointestinal and cardiovascular
adverse events upon long-term systemic administration [9],
thereby limiting its widespread application in EMs treat-
ment. Hence, the development of a novel delivery system
capable of achieving specific drug release against the highly
reactive oxygen species (ROS) microenvironment of EMs
lesions, which can improve the enrichment and release ef-
ficiency of CXB at the lesion site as well as reduce its sys-
temic toxicity, is of great significance in improving the ef-
ficacy and safety of CXB in EMs therapy.

In recent years, rapid advances in materials science
and intelligent drug delivery technologies have driven the
rise of nano‑delivery systems as promising solutions to
overcome the limitations of conventional drug administra-
tion and achieve precise targeted therapy [10]. Among var-
ious nanocarriers, mesoporous silica (mSiO2) stands out
due to its high specific surface area, tunable pore struc-
ture, and excellent biocompatibility, making it an ideal plat-
form for efficient drug loading and controlled release [11].
To further endow nanocarriers with microenvironment-
responsive properties and additional therapeutic functions,
surface engineering strategies have been extensively ex-
plored. Metal-phenolic networks (MPNs) represent a class
of emerging multifunctional nano-coating materials that
harness the coordination interactions between polyphenols
and metal ions to generate robustly adherent and stimuli-
responsive layers [12]. Of particular relevance, epigallo-
catechin gallate (EGCG), a natural polyphenol with anti-
inflammatory, antibacterial, and anti-infective properties,
can self-assemble with Fe3+ to form a stable Fe3+-EGCG

coating (FEG) [13]. Importantly, this coating enables the
nanosystem to achieve ROS-responsive drug release in
the microenvironment of EMs lesions, while simultane-
ously conferring efficient photothermal conversion capabil-
ity [14]. Given the superficial distribution, accessibility,
and invasive growth characteristics of ectopic lesions, lo-
calized hyperthermia enables precise lesion ablation while
minimizing damage to surrounding normal tissue [15], sug-
gesting that leveraging the photothermal properties for pho-
tothermal therapy (PTT) represents a rational and promis-
ing strategy for EMs treatment. As a minimally invasive
modality, PTT relies on photothermal conversion materi-
als to generate local hyperthermia under NIR irradiation for
selective lesion ablation [16]. Although EMs is a benign
disease, the invasive growth, ectopic dissemination, and re-
current relapse of endometrial lesions render conventional
surgical or pharmacological interventions often insufficient
for durable efficacy [17]. Therefore, combining PTT with
anti-inflammatory drug delivery is expected to achieve both
inflammation suppression and thermal ablation of lesions,
avoiding surgical trauma and high recurrence risks, and pro-
viding an efficient and precise combinatorial therapeutic
strategy for EMs.

Based on this rationale, the present study constructed
a nanosystem in which mSiO2 served as the drug carrier
for CXB, while coordination-driven self-assembly of Fe3+
with EGCG generated an MPN that sealed CXB within
the mesopores of mSiO2, ultimately yielding mSiO2-
CXB@Fe3+-EGCG nanoparticles (SC@FEG) with both
ROS-responsive and photothermal conversion capabilities.
By systematically evaluating the therapeutic efficacy and
biosafety of SC@FEG in combination with PTT for EMs,
this study aims to provide experimental evidence for the
clinical development of an innovative precision-targeted
therapeutic strategy.

Materials and Methods
Preparation of S@FEG and SC@FEG

First, 0.5 g of cetyltrimethylammonium chloride
(CTAC) and 0.06 g of triethanolamine (TEA) were dis-
solved in 20 mL of deionized water and stirred at 80 °C
for 20 minutes to obtain solution A. Subsequently, 1 mL
of tetraethyl orthosilicate (TEOS) and 0.2 mL of bis-(γ-
triethoxysilylpropyl)-tetrasulfide (BTES) were mixed and
sonicated for 30 minutes to yield solution B. Solution Bwas
then slowly added dropwise into solution A and the mix-
ture was stirred continuously at 80 °C for 4 h. The result-
ing product was collected by centrifugation (12,000 rpm,
20 min) and washed with anhydrous ethanol to remove un-
reacted impurities. To eliminate the CTAC template, the
obtained white precipitate was dispersed in 20 mL of NaCl-
methanol solution and stirred for 12 h. The precipitate was
recollected by centrifugation (10,000 rpm, 10 min), washed
three times with anhydrous ethanol, and vacuum-dried at 60
°C, yielding mSiO2.
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To prepare mSiO2-CXB (SC) nanoparticles, 6 mg of
CXB was loaded into the mesopores of mSiO2. Specifi-
cally, 5 mL of mSiO2 solution (10 mg/mL) was mixed with
2 mL of CXB ethanol solution (3 mg/mL) and stirred for
24 hours to ensure sufficient loading of the drug into the
pores of mSiO2. The precipitate was harvested by centrifu-
gation (12,000 rpm, 20 min) and washed three times with
deionized water, resulting in SC nanoparticles.

The supernatants were collected immediately fol-
lowing centrifugation, and the amount of free CXB was
quantified using high-performance liquid chromatography
(HPLC). HPLC was performed using an Eclipse XBD-C18
column (4.6 × 250 mm, 5 µm) at 25 °C. The mobile phase
was a mixture of 0.02 M potassium dihydrogen phosphate
buffer (pH 5.8) and acetonitrile (45: 55, v/v) at a flow rate
of 1.0 mL/min. The detection wavelength was set at 252
nm, and the injection volume was 10 µL. The encapsulation
efficiency (EE%) and drug loading capacity (LC%) were
calculated according to the following equations:

EE(%) =
Wtotal −Wfree

Wtotal
× 100% (1)

LC(%) =
Wtotal −Wfree

M
× 100% (2)

Where Wtotal represents the total amount of CXB ini-
tially added, Wfree denotes the amount of unencapsulated
CXB in the supernatant, and M refers to the total mass of
SC nanoparticles.

Furthermore, the FEG coating was applied to SC to
prepare SC@FEG nanoparticles with both photothermal
conversion properties and ROS responsiveness. EGCG so-
lution (500 µL, 10 mM) and FeCl3ꞏ6H2O solution (100 µL,
50 mM) were sequentially added to SC solution (5 mL,
1 mg/mL) under stirring. After ultrasonic vortexing for
30 s, the pH was adjusted to 8.0 with 0.1 M NaOH solu-
tion, and stirring was continued for 20 min. The result-
ing product was collected by centrifugation (12,000 rpm,
20 min) and washed three times with deionized water to
obtain SC@FEG nanoparticles. In parallel, the drug-free
mSiO2 solution was subjected to the same coating proce-
dure to generate mSiO2@Fe3+-EGCG (S@FEG) nanopar-
ticles, which preserved the core physicochemical and func-
tional properties and were used for subsequent control stud-
ies.

Characterization of Physicochemical Properties of
SC@FEG

Dynamic light scattering (DLS) was employed to de-
termine the hydrodynamic size distribution, polydispersity
index (PDI), and ζ-potential of mSiO2, SC, and SC@FEG,
with each sample analyzed in triplicate. Transmission

electron microscopy (TEM) was used to observe the mi-
crostructure and morphological characteristics of mSiO2

and SC@FEG, with mSiO2 and SC@FEG deposited onto
carbon-coated copper grids and vacuum-dried before imag-
ing. Ultraviolet-visible (UV-Vis) spectroscopy was con-
ducted to detect the characteristic absorption peaks of
mSiO2, CXB, FeCl3, EGCG, and SC@FEG, to verify
the successful incorporation of each component. Fourier-
transform infrared (FTIR) spectroscopy was employed to
characterize the chemical bonds and functional groups of
mSiO2, CXB, EGCG, and SC@FEG, so as to confirm the
coordination interaction between Fe3+ and EGCG and the
successful encapsulation of CXB. To further evaluate the
stability, SC@FEG was dispersed in DMEM medium and
deionized water, and changes in particle size were moni-
tored by DLS daily for 14 days.

In Vitro Drug Release Studies

The SC@FEG solution was placed in a dialysis bag
(molecular weight cutoff: 3500 Da), which was then im-
mersed in 20 mL of release medium, either PBS (pH 7.4,
containing 1% v/v Tween-80) or PBS simulating oxidative
stress conditions (containing 1% v/v Tween-80 with 0.05,
0.1, 0.5, and 1 mM H2O2), as reported in previous EMs
studies [18]. The release experiment was conducted in a
shaker at 37 °C with a rotation speed of 100 rpm. At each
preset time point (1, 2, 4, 8, 12, 24, 36, 48 h), 1 mL of
release medium was withdrawn and immediately replaced
with an equal volume of fresh medium at the same tem-
perature. The concentration of CXB in the release solution
was detected by high-performance liquid chromatography
(HPLC), and the cumulative drug release amount was cal-
culated according to the following formula:

S(%) =

∑n−1
i=1 VaCi + V0Cn

M
× 100% (3)

Where V0 represents the initial total volume of the
release medium (20 mL), Va denotes the volume of each
sample taken (1 mL), Cn is the concentration of CXB in
the release medium at the nth sampling, and M is the total
amount of CXB encapsulated in SC@FEG. By comparing
the drug release curves in different release media, the con-
trolled drug release behavior of SC@FEG under physiolog-
ical conditions and oxidative stress microenvironment was
evaluated.

Detection of the Photothermal Performance of SC@FEG

To systematically evaluate the photothermal perfor-
mance of SC@FEG, temperature changes under different
conditions were monitored by adjusting its concentration
(0, 50, 100, 150, 200 µg/mL) and laser irradiation power
(0.5, 1, 1.5, 2, 2.5 W/cm2). To further investigate its pho-
tothermal stability, the sample was irradiated with a laser
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for 500 s, after which the irradiation was stopped, and the
sample was allowed to cool naturally to the initial temper-
ature. This heating and cooling process was cycled five
times, and temperature changes were recorded in real time.
A temperature-time curve was plotted to reflect its pho-
tothermal stability. In addition, the photothermal conver-
sion efficiency (η) of SC@FEG was calculated using the
following formula:

η =
hs(Tmax− Ts)−QDis

I(1− 10−A)
(4)

Where h represents the heat transfer coefficient, s is
the surface area of the container, Tmax is the maximum
temperature, Ts is the room temperature, I is the laser
power, A is the absorbance of the dispersion at 808 nm,
and QDis is the heat absorbed and dissipated by the solvent
and the container.

To visualize the time-dependent photothermal behav-
ior of SC@FEG, infrared thermal images were captured
under NIR irradiation (808 nm, 1.5 W/cm2) at 0, 1, 2, 3,
4, 5, and 6 minutes, and the temperature variations were
recorded in real time.

Establishment of the Mouse Model of EMs

Female C57BL/6J mice (6–8 weeks old, 16–24 g)
were purchased from Sipeifu Biotechnology Co., Ltd. (Bei-
jing, China) for the construction of the EMs mice model.
All mice were housed under specific pathogen-free (SPF)
conditions with controlled relative humidity of 60–65%,
temperature of 23 ± 2 °C, and a 12-hour light/dark cycle,
with free access to standard chow and water. All experi-
mental procedures were approved by the Laboratory Ani-
mal Management and Ethics Committee of Wenzhou Med-
ical University (approval No.: wydw-2025-0463) and were
strictly performed in accordance with the Guidelines for
Ethical Review of Laboratory Animal Welfare and relevant
regulations.

The EMs mouse model was established by autolo-
gous endometrial transplantation [19]. Specifically, mice
were anesthetized by isoflurane inhalation (3% for induc-
tion, 1.3% for maintenance). Under sterile conditions, the
middle segment of the right uterine horn was excised and
immediately placed in DMEM/F12 medium. The uterine
horn tissue was longitudinally incised and trimmed into 5
× 5 mm fragments, which were then placed with the en-
dometrial surface facing the inner abdominal wall and fixed
onto the right abdominal wall of the mice using sterile su-
tures. Thereafter, the abdominal muscles and skin were su-
tured layer by layer to complete the operation. Postoper-
atively, penicillin (20,000 U/mouse) was intraperitoneally
administered once daily for three consecutive days to pre-
vent infection. To mimic the in vivo estrogenic microen-
vironment and promote the growth of ectopic endometrial

tissue, 1 mg/mL estradiol solution (20 µL/mouse) was sub-
cutaneously injected every 5 days postoperatively, with a
total of 4 injections. At 21 days post-surgery, 3 mice were
randomly selected for reopening of the abdomen to observe
the morphology of ectopic lesions and to excise the lesion
tissues. Histological examination was performed to con-
firm the formation of ectopic endometrial glands and stro-
mal structures, ensuring the successful establishment of the
model. The remaining mice were used for subsequent ex-
periments.

Isolation of Ectopic Endometrial Stromal Cells (eESCs)

The eESCs were isolated from the EMs mouse model
according to the method reported in previous literature [18].
Specifically, the model mice were sacrificed, and the ec-
topic endometrial tissues were aseptically obtained from the
lesions. The tissues were cut into 1–2mm fragments and in-
cubated in DMEM/F12 medium containing 1 mg/mL col-
lagenase type IV at 37 °C with agitation for 20 min. After
digestion, the dispersed cells were separated using a 400-
mesh cell strainer, while the large tissue pieces that did not
pass through the strainer were subjected to repeated diges-
tion for another 20 minutes and secondary filtration to max-
imize cell yield. The digested cells were collected and cen-
trifuged at 1500 rpm for 10 min, and the supernatant was
discarded. The cells were resuspended and washed with
DMEM/F12 medium supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin. Then, the
cell suspension was seeded into culture dishes and incu-
bated overnight in a 37 °C, 5% CO2 incubator. On the
following day, non-adherent cells were removed by rinsing
with PBS 2–3 times. Prior to subsequent experiments, my-
coplasma contamination was excluded using a commercial
detection kit according to the manufacturer’s instructions.
In addition, to verify cell purity and identity, immunoflu-
orescence staining for vimentin (stromal cell marker) and
cytokeratin (epithelial cell marker), as well as flow cytome-
try analysis for CD45, CD90, and CD105, were carried out.
Cells with positive expression of vimentin and negative ex-
pression of cytokeratin, as well as the CD45−CD90+ and
CD45−CD105+ populations, were identified as eESCs.
After purity validation, cells that reached 90% confluence
were digested with trypsin and passaged for subsequent ex-
periments.

Cell Counting Kit-8 (CCK-8)

eESCs in the logarithmic growth phase were seeded
into 96-well plates and cultured routinely until they adhered
to the plate, after which different treatments were admin-
istered. To evaluate concentration-dependent cytotoxicity,
the eESCs were exposed to free CXB at varying concentra-
tions (0, 10, 20, 40, 80, and 160 µM) for 24 h. For group
comparisons, the cells were divided into four groups: con-
trol, free CXB, S@FEG, and SC@FEG, with each group
further subdivided into NIR (−) and NIR (+) subgroups. In
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the NIR (+) subgroups, following 24 hours of co-incubation
of drugs with cells, the cells were irradiated with an 808 nm
NIR laser (1.5 W/cm2) for 5 min. At the end of the treat-
ment, 10 µL of CCK-8 solution was added to each well, and
the plates were incubated at 37 °C for 2 h. Absorbance at
450 nm was measured using a microplate reader (BioTek,
USA), and relative cell viability was calculated to assess the
effects of different treatments on eESCs proliferation.

Live/Dead Cell Staining
eESCs in the logarithmic growth phase were seeded

into 6-well plates. After the cells adhered and the corre-
sponding treatments were completed, the culture medium
was discarded, and the cells were gently washed twice
with PBS buffer. A pre-prepared Calcein-AM/PI double-
staining reagent was then added, followed by incubation in
the dark for 30 min. After incubation, the cells were rinsed
three times with PBS to remove unbound dyes and then im-
mediately observed and imaged under a fluorescence mi-
croscope. Live cells labeled with Calcein-AM exhibited
green fluorescence, while dead cells labeled with PI showed
red fluorescence. The effects of each treatment on cell sur-
vival status were visually evaluated by comparing the rela-
tive proportions and distributions of green and red fluores-
cent areas among different treatment groups.

Transwell Assay
Transwell chambers were used to assess the effects

of different treatments on the migration and invasion abil-
ities of eESCs. For the migration assay, 200 µL of eESCs
suspended in serum-free medium (approximately 5×104
cells) was first added to the upper chamber, and 600 µL of
medium containing 10% FBSwas added to the lower cham-
ber as a chemoattractant. For the invasion assay, Matrigel
(BD Biosciences, USA) was evenly spread on the surface
of the upper chamber membrane in advance and incubated
at 37 °C for 2 h, after which approximately 5×104 cells
were seeded into the upper chamber. All chambers were
incubated in a 37 °C, 5% CO2 incubator for 24 hours (48
hours for the invasion assay). At the end of incubation, non-
migrated or non-invaded cells in the upper chamber were
gently wiped off with cotton swabs. The chambers were
then washed with PBS, fixed with 4% paraformaldehyde
for 20 min, and stained with 0.1% crystal violet for 30 min.
Finally, three random fields of view were photographed and
counted under a microscope to calculate the proportion of
migrated or invaded cells.

Western Blot
eESCs or ectopic lesion tissues from EMs model mice

were lysed in RIPA lysis buffer containing PMSF. After
incubation on ice for 30 min, the lysate was centrifuged
at 12,000 rpm for 15 min, and the supernatant was col-
lected to obtain total protein. The protein concentration
was determined by the BCA method, and an aliquot of the

protein sample was separated by electrophoresis on 10%
SDS-PAGE gels, followed by transferring the protein to
the PVDF membrane. The membranes were blocked in
TBST buffer containing 5% non-fat milk powder at room
temperature for 1 h, and then incubated with primary an-
tibodies (anti-COX2, 1:1000, CST; β-actin, 1:5000, Pro-
teintech) at 4 °C overnight. After washing the membranes,
they were incubated with HRP-labeled secondary antibod-
ies for 1 hour and then washed three times with TBST. Fi-
nally, an ECL luminescence kit was utilized for develop-
ment, and band signals were acquired using a chemilumi-
nescence imaging system. The grayscale values of the pro-
tein bands were analyzed with ImageJ software, and the ex-
pression level of COX2was normalized using β-actin as the
internal reference.

Enzyme-Linked Immunosorbent Assay (ELISA)
Commercially available ELISA kits were used to de-

termine the levels of PGE2, TNF-α, IL-6, and IL-1β in
the culture supernatants of eESCs and mouse serum sam-
ples according to the manufacturer’s instructions. The ab-
sorbance was measured at a wavelength of 450 nm using a
microplate reader, and the concentration of each cytokine
was calculated via the standard curve.

In Vivo Fluorescence Imaging
To determine the optimal time window for NIR irra-

diation, IR780-loaded nanoparticles (SI@FEG) were pre-
pared, with IR780 being the fluorescent tracer. Female EMs
model mice were intravenously injected with SI@FEG or
free IR780. At predetermined time points post-injection (1,
3, 6, 12, 24 h), the fluorescence distribution was monitored
using an in vivo imaging system (IVIS).

Grouping and Treatment of EMs Model Mice
Twenty-one days after modeling and successful model

verification, the mice were randomly divided into 6 groups
(n = 5): PBS group (control), CXB group, S@FEG group,
S@FEG+NIR group, SC@FEGgroup, and SC@FEG+NIR
group. An equal volume of drug was injected through the
tail vein, and the drug dose was calculated based on the
CXB equivalent concentration of 5mg/kg, whereas the dose
administered in the S@FEG group was set according to the
mass equivalence of the carrier (mSiO2@Fe3+-EGCG) in
the SC@FEG group to exclude interference from the carrier
itself.

Based on the results of in vivo fluorescence imag-
ing, the ectopic lesions of the S@FEG+NIR group and
SC@FEG+NIR group were accurately irradiated with an
808 nm NIR laser (power density 1.5 W/cm2, irradiation
time 3 min) at 6 hours after drug administration. All ex-
perimental groups received tail vein injections once every
48 hours for a total of eight administrations, during which
body weight changes of the mice were continuously moni-
tored and recorded.
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In Vivo Real-Time Photothermal Imaging
An infrared thermal imager was employed to moni-

tor and record the temperature changes of the lesion area in
mice at different time points (0, 0.5, 1, 2, 3, 5 min) during
the irradiation process. Thermal images and corresponding
temperature values at each time point were acquired to eval-
uate the in vivo photothermal heating effect of SC@FEG.

Immunofluorescence and Histological Staining
Ectopic lesion tissues from EMs mice, as well as

major organ tissues (including ovary, uterus, heart, liver,
spleen, lung, and kidney) from the mice in the PBS and
SC@FEG+NIR groups, were collected. After fixation with
4% paraformaldehyde, tissues underwent routine paraffin
embedding and sectioning (approximately 4µm thick). The
sections were baked at 60 °C, dewaxed with xylene, and hy-
drated with gradient ethanol for subsequent use.

TUNEL staining was performed to detect cell apopto-
sis in ectopic lesions, and apoptotic cells showed green fluo-
rescent signals under a fluorescence microscope. Masson’s
trichrome staining was used to evaluate the degree of fi-
brosis in ectopic lesion tissues, with collagen fibers stained
blue. Hematoxylin and eosin (H&E) stainingwas applied to
observe the overall pathological changes of major organs,
and the tissue structure and morphological characteristics
were examined under a light microscope.

Hemolysis Assay
Fresh mouse blood was treated with an anticoagulant

and mixed with 10 mL of PBS, followed by centrifuga-
tion at 2000 rpm for 10 minutes. The supernatant was dis-
carded, and the red blood cell (RBC) precipitate was col-
lected. RBCs were gently resuspended and washed with
physiological saline, centrifuged at 2000 rpm for 10 min-
utes, and this washing process was repeated three times un-
til the supernatant became clear and transparent. The col-
lected RBCs were added to 10 mL of PBS to form a cell
suspension.

Subsequently, 200 µL of the RBC suspension was
added to Eppendorf tubes containing 800 µL of SC@FEG
at different concentrations (50, 100, 200, and 400 µg/mL),
800 µL of PBS (negative control), and 800 µL of Triton
X-100 (positive control), respectively. After mixing with
gentle shaking, each Eppendorf tube was irradiated with an
NIR laser (808 nm, 1.5 W/cm2) for 3 minutes, and then
incubated at 37 °C for 1 hour, followed by centrifugation
at 3000 rpm for 5 minutes. The supernatant was taken at
540 nm to determine the absorbance value and calculate the
hemolysis rate, and the hemolysis rate<5%was used to de-
termine that the nanoparticles had good hemocompatibility
[20].

Biochemical Detection
Mouse serum was left at room temperature for ap-

proximately 2 hours until stratification, then centrifuged at

2000 × g for 20 minutes. The supernatant was then care-
fully collected and aliquoted into a 1.5 mL centrifuge tube,
with the aliquot of serum mixed thoroughly with sterile
1×PBS solution in a 1:3 ratio. Biochemical indices, in-
cluding red blood cells (RBC), white blood cells (WBC),
platelets (PLT), hemoglobin (HGB), alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), creatine
kinase (CK), and lactate dehydrogenase (LDH), were mea-
sured using a Hitachi 3100 automatic biochemical analyzer.

Statistical Analysis
All statistical analyses were performed using Graph-

Pad Prism 9.0 (San Diego, California, USA). Data were
expressed as mean ± standard deviation (Mean ± SD).
Comparisons among multiple groups were performed us-
ing one-way analysis of variance (ANOVA). When signif-
icant differences were identified, post-hoc tests were used
for pairwise comparisons. For comparisons between two
groups, the unpaired Student’s t-test was used for normally
distributed data, and the Mann-Whitney U test was used for
non-normally distributed data. A p-value less than 0.05 was
considered statistically significant.

Results
Characterization of the Physicochemical Properties of
SC@FEG

To address the issues of insufficient targeting and
restricted efficacy of CXB in EMs treatment, this study
designed and synthesized SC@FEG, a ROS-responsive
nanoplatform with dual photothermal conversion and anti-
inflammatory functions, and systematically characterized
its physicochemical properties. DLS results revealed that
the average particle size of mSiO2 was 127.8 ± 5.41 nm
(Fig. 1A), which increased to 138.21 ± 1.49 nm fol-
lowing CXB loading (Fig. 1B), and further expanded to
144.3 ± 6.44 nm after coating with the Fe-EGCG layer
(Fig. 1C). In addition, the surface potentials of mSiO2,
SC, and SC@FEG were –25.37 ± 0.66 mV, –26.85 ± 1.13
mV, and –32.38 ± 0.55 mV, respectively (Fig. 1D). TEM
clearly demonstrated the typical porous structure of mSiO2,
whereas this porous structure disappeared in SC@FEG
upon CXB loading and FEG coating (Fig. 1E), which was
attributed to the pore filling by the drug and surface cover-
age via the coating, thereby indirectly confirming the suc-
cessful fabrication of SC@FEG. Moreover, UV-Vis spec-
troscopy showed that SC@FEG exhibited the characteristic
peak of CXB, alongside a red shift of the characteristic peak
caused by the coordination interaction between EGCG and
Fe3+ (Fig. 1F), offering spectroscopic evidence for the suc-
cessful loading of CXB and formation of the FEG coating.
Furthermore, FTIR spectra provided additional evidence
supporting the successful synthesis of SC@FEG (Fig. 1G).
In SC@FEG, the -OH stretching band of EGCG red-shifted
from 3340 cm−1 to 3466 cm−1 due to Fe3+-EGCG coor-
dination, and the markedly weakened characteristic peaks
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of CXB indicated its effective encapsulation within the
mesoporous mSiO2 mesopores, collectively corroborating
the successful fabrication of the SC@FEG nanoplatform.
Meanwhile, the EE% and LC% of CXB were determined
to be (96.79± 0.71) % and (10.37± 0.08) %, respectively.
Stability experiments demonstrated that the particle size of
SC@FEG exhibited no significant fluctuation over 14 days
in ultrapure water and DMEM medium (Fig. 1H), under-
scoring its satisfactory preliminary stability under both stor-
age and physiological conditions.

Additionally, in vitro drug release studies investigated
the cumulative release of CXB from SC@FEG under gradi-
ent H2O2 concentrations (0, 0.05, 0.1, 0.5, and 1 mM) (Fig.
1I). In the absence of H2O2, the cumulative release rates of
SC@FEG were only 35.63 ± 5.76% at 12 hours and 46.67
± 2.66% at 24 hours. Notably, even at a low H2O2 con-
centration of 0.05 mM, the cumulative release was signifi-
cantly enhanced. This trend became more pronounced with
increasing H2O2 concentration, with the release profile ex-
hibiting a distinct H2O2 concentration-dependent accelera-
tion. The cumulative release rates of SC@FEG markedly
increased to 64.69± 5.19% at 12 hours and 86.93± 3.21%
at 24 hours under 1 mM H2O2 (Fig. 1I). Thus, the synthe-
sized SC@FEG nanoparticles possess an appropriate par-
ticle size, good stability, and robust ROS-responsive re-
lease properties, demonstrating their application potential
as a promising drug delivery system for EMs treatment.

Evaluation of the Photothermal Performance of SC@FEG

Favorable photothermal conversion performance is a
critical prerequisite for evaluating whether a material can
be applied in PTT. Under the condition of a fixed laser
power of 1.5 W/cm2, the photothermal effect of SC@FEG
showed a distinct concentration dependence (Fig. 2A). As
the concentration of SC@FEG increased from 0 µg/mL to
200 µg/mL, the magnitude of temperature rise of the solu-
tion over time increased significantly. Specifically, when
the concentration of SC@FEG was 0 µg/mL, the system
temperature remained basically at the initial level, indicat-
ing that laser energy was not effectively absorbed and con-
verted. In contrast, when the concentration of SC@FEG
reached 200µg/mL, the solution temperature rose rapidly to
approximately 60 °C, demonstrating a positive correlation
between concentration and photothermal conversion effi-
ciency. Notably, the system temperature could rise from
approximately 30 °C to above 50 °C within 10 minutes un-
der 150 µg/mL SC@FEG, which had reached the effective
temperature required for PTT [21], suggesting that the 150
µg/mL concentration of SC@FEG has potential applicabil-
ity in PTT. Considering that high concentrations might in-
crease the risk of in vivo toxic side effects, this concentra-
tion was selected for subsequent studies. Moreover, the re-
lationship between laser power and photothermal effect was
further explored. As shown in Fig. 2B, higher laser power
led to a significant increase in both the temperature rise rate

and the final temperature achieved by the solution, con-
firming an obvious positive correlation between laser in-
tensity and SC@FEG-mediated photothermal conversion.
Under a laser power of 1.5 W/cm2, the solution tempera-
ture reached approximately 50 °C within 10 minutes, which
was sufficient to meet the temperature requirement for PTT
while avoiding potential tissue damage induced by exces-
sive power. Therefore, the parameter combination of 150
µg/mL SC@FEG and 1.5 W/cm2 laser power was adopted
for the subsequent systematic evaluation of photothermal
stability and photothermal imaging.

Photothermal cycle stability constitutes another vital
indicator for measuring the application potential of pho-
tothermal materials. SC@FEGwas subjected to five cycles
of laser on/off irradiation, during which the solution tem-
perature rapidly rose to approximately 55 °C upon irradia-
tion and quickly returned to the initial temperature after the
laser was turned off. Importantly, both heating and cool-
ing curves remained nearly overlapping across all cycles,
with almost no attenuation (Fig. 2C). In addition, the η of
SC@FEG was calculated to be 30.14% (Fig. 2D). This rel-
atively high η means that SC@FEG can convert more light
energy into thermal energy under the same laser power and
material concentration. Furthermore, temperature distribu-
tion images of SC@FEG and PBS were then captured at
0, 1, 2, 3, 4, 5, and 6 minutes under NIR irradiation (808
nm, 1.5W/cm2) to intuitively demonstrate the temporal dy-
namics of the photothermal effect (Fig. 2E). As shown in
the images, the temperature of SC@FEG increased contin-
uously throughout the irradiation period, thereby directly
confirming the excellent photothermal conversion capac-
ity of SC@FEG. Collectively, these properties underscore
SC@FEG as a promising and reliable photothermal agent,
providing strong support for its application in EMs therapy
through PTT-based combination strategies.

In Vitro Assessment of the Therapeutic Efficacy of
SC@FEG Combined With PTT Against EMs

Immunofluorescence staining and flow cytometry
analyses were performed to verify the purity and identity
of primary isolated eESCs. The immunofluorescence re-
sults showed that the isolated cells were positive for vi-
mentin and negative for cytokeratin (Fig. 3A), which is
consistent with the typical phenotype of endometrial stro-
mal cells. Flow cytometry further quantified that the pro-
portions of CD45−CD90+ and CD45−CD105+ cells were
96.68± 0.25% and 96.89± 0.94%, respectively (Fig. 3B),
indicating that the purity of stromal cells exceeded 96%.
These findings collectively confirm that the obtained eESCs
exhibited high purity and homogeneity, thus meeting the re-
quirements for subsequent functional experiments. To de-
termine an appropriate concentration, the effect of CXB
on eESCs viability was first examined using the CCK-8
assay across different concentration gradients (Fig. 3C).
The results showed that the viability of eESCs decreased
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Fig. 1. Characterization of the physicochemical properties and ROS-responsive release behavior of SC@FEG. (A–C) Particle size
distributions of mSiO2, SC, and SC@FEG; (D) Zeta potentials of mSiO2, SC, and SC@FEG; (E) TEM images of mSiO2 and SC@FEG
(scale bar: 100 nm); (F) UV-Vis absorption spectra; (G) FTIR spectra; (H) Stability curves of SC@FEG in DMEMmedium and ultrapure
water over 14 days; (I) Drug release profiles of CXB under different H2O2 concentrations (0, 0.05, 0.1, 0.5, and 1 mM). The images
were plotted using GraphPad Prism 9.0 and WPS Office software.

in a concentration-dependent manner with increasing CXB
concentration. When the concentration reached 40 µM,
the cell viability was reduced to (64.56 ± 7.77) %. At
this concentration, CXB could exert anti-inflammatory ef-
fects while avoiding the risk of non-specific toxicity, and
also provide an observable space for the combined effect
of SC@FEG and PTT. Accordingly, 40 µM was selected
as the CXB administration concentration for subsequent in
vitro experiments. Next, the viability of eESCs under dif-
ferent treatments with or without laser irradiation was com-
pared (Fig. 3D). The results showed that the inhibitory ef-
fects of the Control and CXB groups on eESCs were unaf-
fected by laser irradiation. In contrast, both S@FEG and
SC@FEG exhibited significantly reduced cell survival fol-
lowing NIR irradiation (808 nm, 1.5 W/cm2, 5 min) com-
pared with non-irradiated conditions (p< 0.01, p< 0.001),
whichwasmainly attributed to the photothermal conversion
effect of the FEG coating. Tomore intuitively verify this re-

sult, Calcein-AM/PI double staining was further performed
to observe the cell survival status (Fig. 3E–F). The results
showed that the proportion of live cells in both S@FEG and
SC@FEG groups was significantly reduced after NIR irra-
diation (p < 0.01, p < 0.001), which was consistent with
the CCK-8 results, confirming that SC@FEG exerted cyto-
toxicity through a combined photothermal and drug killing
effect.

Beyond direct cytotoxicity, the aberrant migration and
invasion of eESCs also constitute pivotal processes in EMs
progression and adhesion formation [22]. As depicted in
Fig. 4A–C, the results of Transwell assays showed that cells
in the Control group displayed vigorousmigration and inva-
sion, characterized by high cell counts and dense distribu-
tion. Both free CXB and S@FEG could significantly inhibit
these processes (p< 0.05, p< 0.01, p< 0.001), which was
mainly due to the inherent ability of CXB [23] and EGCG
[24] to inhibit cell migration and invasion. SC@FEG treat-
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Fig. 2. The photothermal performance of SC@FEG. (A) Concentration-dependent temperature rise curves of SC@FEG under NIR;
(B) Power density-dependent temperature rise curves of SC@FEG under NIR; (C) Photothermal conversion cycle stability and (D) η of
SC@FEG; (E) Photothermal images of PBS and SC@FEG under NIR. The images were plotted using GraphPad Prism 9.0 and WPS
Office software.

ment further amplified the inhibitory effects, which became
most pronounced when combined with NIR irradiation (p<
0.05). These findings suggested that PTT contributed to di-
rect structural damage of eESCs, thereby augmenting the
suppression of migration and invasion, while the release of
CXB concurrently suppressed malignant phenotypes via its
anti-inflammatory effect.

As a key mediator of the inflammatory response
in EMs, the high expression of COX2 can promote
prostaglandin synthesis, exacerbate local inflammation,
and drive cell proliferation, migration, and invasion [25].
Therefore, its protein expression level was detected by

Western blot (Fig. 4D). As expected, CXB, a COX2 in-
hibitor, obviously downregulated the expression of COX2
(p< 0.05), while SC@FEGunder NIR irradiation produced
a substantially greater inhibitory effect (p < 0.001). This
enhancement may be attributed to the increased cell mem-
brane permeability induced by the photothermal effect,
which in turn improved CXB bioavailability and strength-
ened COX2 inhibition. Consistent with the Western blot
results, ELISA further revealed that SC@FEG combined
with NIR irradiation significantly reduced the secretion of
PGE2 and pro-inflammatory cytokines (TNF-α, IL-1β, and
IL-6) compared with all other groups (p < 0.001; Fig. 4E–
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Fig. 3. Identification of primary eESCs and in vitro cytotoxicity of SC@FEG combined with PTT on eESCs. (A) Immunoflu-
orescence staining of vimentin (red) and cytokeratin (green) in isolated eESCs (scale bar: 100 µm); (B) Flow cytometric analysis of
CD45−CD90+ and CD45−CD105+ expression for eESC purity validation; (C) CXB concentration-dependent reduction in cell viability
detected by CCK-8 assay; (D) Cell survival status of different treatment groups detected by CCK-8 assay, and (E–F) Calcein-AM/PI
live/dead staining (scale bar: 100 µm). **p < 0.01, ***p < 0.001, vs. 0 µM CXB or NIR (-) group. The images were plotted using
GraphPad Prism 9.0 and WPS Office software.

F), directly confirming its potent anti-inflammatory activ-
ity at the cellular level. Together, these findings indicate
that SC@FEG accentuates the overall anti-inflammatory
response.

Combined with the above results, SC@FEG com-
bined with NIR irradiation demonstrated superior efficacy
over SC@FEG alone in suppressing eESCs viability, mi-
gration, invasion, and inflammatory signaling (p < 0.05, p
< 0.001), which verified the comprehensive advantages of
SC@FEG combined with PTT in the in vitro treatment of
EMs from multiple perspectives.

The Curative Potential of SC@FEG Combined With PTT
in the EMs Mouse Model

To further delineate the therapeutic potential of
SC@FEG in vivo, a murine EMs model was established.
Laparotomy performed 21 days after modeling revealed ob-
vious ectopic lesions formed on the abdominal wall (Fig.
5A), and H&E staining showed typical endometrial glandu-
lar and stromal structures in the ectopic lesions (Fig. 5B),

indicating the successful establishment of the in vivo EMs
model. To further evaluate the in vivo biodistribution and
determine the optimal timing for photothermal treatment,
in vivo fluorescence imaging was performed using IR780-
labeled nanoparticles (SI@FEG). As shown in Fig. 5C,
SI@FEG exhibited progressive accumulation at the ectopic
lesions, reaching the maximum signal intensity at 6 h post-
injection. In contrast, free IR780 was predominantly dis-
tributed in the liver with no obvious enrichment in the le-
sions. These results indicate that the nanoplatform achieves
effective lesion-targeted delivery, and 6 h post-injection
was therefore selected as the optimal time point for NIR ir-
radiation in subsequent photothermal therapy experiments.
Accordingly, laser irradiation (808 nm, 1.5 W/cm2) was
applied to the lesion sites 6 hours after tail vein injection
of SC@FEG. As demonstrated by thermal imaging (Fig.
5D), no obvious temperature elevation was observed in
the PBS+NIR group, whereas the lesion temperature in the
SC@FEG+NIR group exhibited a steady increase, reaching
48.7 °C at 3 minutes and 50.3 °C at 5 min. These findings
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Fig. 4. Effects of SC@FEG combined with PTT onmigration, invasion, and inflammation regulation of eESCs. (A) Representative
images of migration (left) and invasion (right) assays (scale bar: 100 µm); (B) Quantified migration and (C) invasion cell number; (D)
Western blot analysis of COX2 protein expression in eESCs with corresponding quantification. (E–F) ELISA results of PGE2 and pro-
inflammatory cytokines (TNF-α, IL-1β, IL-6). I: Control, II: CXB, III: S@FEG, IV: S@FEG+NIR, V: SC@FEG, VI: SC@FEG+NIR.
*p < 0.05, **p < 0.01, ***p < 0.001, vs. Control group; #p < 0.05, ##p < 0.01, ###p < 0.001, vs. NIR (-) group; &p < 0.05, &&p <

0.01, &&&p < 0.001 vs. CXB group. The images were plotted using GraphPad Prism 9.0 and WPS Office software.

indicated that SC@FEG effectively accumulated at the ec-
topic lesion site and achieved efficient photothermal con-
version under NIR irradiation, thereby providing crucial

energy for subsequent thermal ablation of ectopic lesions,
in agreement with its photothermal properties observed in
vitro.
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In addition, the gross morphology and volume of ec-
topic lesions across different treatment groups intuitively
reflected the therapeutic divergence among various inter-
vention strategies (Fig. 5E–F). Lesions in the PBS group
appeared dark red to blackish red with pronounced hemor-
rhage, suggestive of severe congestion and active inflam-
mation at a progressive stage. CXB intervention resulted
in reduced lesion volume (p < 0.001), lighter coloration,
and alleviated hemorrhage, implying that CXB inhibited le-
sion progression to a certain extent by suppressing the in-
flammatory response. Likewise, treatment with S@FEG
led to a certain degree of lesion volume reduction (p <

0.001) and inflammation attenuation, which might be re-
lated to the inherent anti-inflammatory and anti-invasion
properties of EGCG [26]. Due to the ablative effect of
PTT, S@FEG+NIR treatment could further reduce the le-
sion volume (p < 0.001) and lighten the appearance color.
Notably, the SC@FEG+NIR group exhibited the most pro-
nounced therapeutic outcome, as lesions were minimized
in size and presented a pale pink to nearly translucent ap-
pearance with almost no obvious blood supply or bleed-
ing. This suggested that ROS-responsive CXB release com-
bined with photothermal ablation could more efficiently
suppress the inflammatory response and eliminate ectopic
lesions. To ensure systemic tolerance, body weight was
monitored during treatment (Fig. 5G). Mice in all groups
displayed steady weight gain with no significant intergroup
differences, thereby preliminarily excluding the adverse ef-
fects of PTT and SC@FEG at the applied dosage.

TUNEL and Masson staining were further performed
to observe the apoptosis and fibrosis degree of ectopic le-
sions (Fig. 5H–J). The results showed that almost no apop-
totic cells were observed in the lesions of the PBS group,
while a large number of TUNEL-positive cells were ob-
served after SC@FEG+NIR treatment (p < 0.001). In par-
allel, Masson staining revealed extensive blue-stained ar-
eas in the PBS group, reflecting obvious collagen deposi-
tion and fibrosis. Strikingly, lesions in the SC@FEG+NIR
group exhibited a substantial reduction in collagen accumu-
lation (p < 0.001).

Modulatory Effect of SC@FEG Combined with PTT on
Inflammation in EMs in Vivo

EMs is characterized by estrogen-dependent inflam-
matory responses, targeted inhibition of COX2 expression
and related inflammatory factors represents a critical strat-
egy for alleviating EMs inflammation and curbing lesion
progression (Fig. 6A). Based on this, the anti-inflammatory
potential of SC@FEG combined with PTT was further ex-
amined in vivo at the molecular level. Western blot anal-
ysis revealed that SC@FEG+NIR treatment exerted the
most pronounced suppression of COX2 protein expression
in ectopic lesions (Fig. 6B). This robust inhibitory effect
was likely attributable to the targeted delivery capability of
SC@FEG, which enabled the accumulation of CXB at le-

sion sites, while the NIR-induced photothermal effect en-
hanced cell membrane permeability. These features en-
hanced the bioavailability of CXB in local lesions, allow-
ing for potent inhibition of COX2 and thereby mitigat-
ing lesion-associated inflammation. To further substan-
tiate the anti-inflammatory mechanism of CXB-mediated
COX2 inhibition, the PGE2 levels in ectopic lesion tis-
sues were measured via ELISA. The results showed that
SC@FEG+NIR treatment led to the most significant reduc-
tion in lesion PGE2 levels (p < 0.001), which was more
pronounced than SC@FEG alone (p < 0.001), confirming
that the nanoplatform effectively blocks COX2-mediated
PGE2 synthesis in EMs lesions (Fig. 6C). In addition, the
systemic cytokine levels corroborated these findings (Fig.
6D). Treatment with CXB, SC@FEG, and SC@FEG+NIR
all remarkably reduced the TNF-α, IL-6, and IL-1β lev-
els (p < 0.05, p < 0.01, p < 0.001). Notably, SC@FEG
achieved superior anti-inflammatory effects compared with
free CXB (p < 0.01), while the addition of NIR irradiation
did not produce a further significant improvement relative
to SC@FEG alone.

Biosafety Evaluation of SC@FEG Combined With PTT

Biosafety constitutes a core prerequisite for the clin-
ical translation of nanomedicines, so the hemocompatibil-
ity, histocompatibility, and systemic toxicity of SC@FEG
combined with PTTwere systematically evaluated. Hemol-
ysis assays demonstrated that under NIR irradiation, the
hemolysis rate of SC@FEG across all tested concentrations
remained below 3% (Fig. 7A–B), which was lower than
the safety threshold of 5% [20]. This indicated that the
nanosystem had good hemocompatibility in the blood circu-
lation without inducing hemolytic adverse effects, thereby
providing a safe basis for intravenous delivery. Moreover,
after treatment, major organs, including the ovary, uterus,
heart, liver, spleen, lung, and kidney, were harvested for
H&E staining to examine the potential histological toxicity
(Fig. 7C). The results showed that no obvious tissue dam-
age or pathological abnormalities were observed, such as
inflammatory infiltration, necrosis, or tissue structure dis-
order. These findings demonstrated that SC@FEG com-
bined with PTT had good histocompatibility, and SC@FEG
could selectively exert its therapeutic effect on endometri-
otic lesions without causing significant damage to normal
tissues. Furthermore, hematological and biochemical as-
sessments provided additional validation. All parameters,
encompassing RBC, WBC, PLT, HGB, ALT, AST, CK,
and LDH, remained in normal physiological ranges, with
no significant differences between the SC@FEG+NIR and
PBS groups (Fig. 7D). Collectively, these findings con-
firmed that SC@FEG combined with PTT exhibited an ex-
cellent biosafety profile, neither perturbing hematological
indices nor impairing hepatic or cardiac function, thereby
eliminating concerns of systemic toxicity.
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Fig. 5. In vivo therapeutic evaluation of SC@FEG combined with PTT against EMs. (A) Gross observation of ectopic lesions
on the abdominal wall of mice 21 days after modeling; (B) H&E staining results of ectopic tissues (scale bar: 100 µm); (C) In vivo
fluorescence imaging of SI@FEG and free IR780 at indicated time points post-injection; (D) Photothermal images of PBS and SC@FEG
under NIR irradiation (808 nm, 1.5 W/cm2); (E) Gross morphology and (F) volume of ectopic lesions from mice subjected to different
treatments; (G) Body weight change curves of mice in each group during treatment; (H–J) TUNEL and Masson’s trichrome staining
of ectopic lesions with quantitative results (scale bar: 100 µm). I: Control, II: CXB, III: S@FEG, IV: S@FEG+NIR, V: SC@FEG, VI:
SC@FEG+NIR. ***p < 0.001 vs. PBS group; ##p < 0.01, ###p < 0.001 vs. NIR (-) group; &p < 0.05, &&&p < 0.001 vs. CXB group.
The images were plotted using GraphPad Prism 9.0 and WPS Office software.

Discussion

Endometriosis is a chronic estrogen-dependent in-
flammatory disease characterized by ectopic implantation
of endometrial tissue, persistent inflammation, oxidative
stress, fibrosis, and high recurrence rates [27]. In this

study, we successfully constructed SC@FEG, which inte-
grates both photothermal effects and ROS-responsive drug
delivery capabilities, and systematically verified its mul-
tiple advantages in treating EMs when combined with
PTT. SC@FEG exhibited efficient NIR-induced photother-
mal conversion, which induced eESCs’ death and sup-
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Fig. 6. Assessment of the anti-inflammatory modulation of SC@FEG combined with PTT in vivo. (A) Dynamic changes of the
inflammatory cascade in EMs; (B) Detection and quantitative analysis of COX2 protein expression in ectopic lesion tissues by West-
ern blot; (C–D) Levels of PGE2, TNF-α, IL-6, and IL-1β in mouse serum detected by ELISA. I: Control, II: CXB, III: S@FEG, IV:
S@FEG+NIR, V: SC@FEG, VI: SC@FEG+NIR. *p < 0.05, **p < 0.01, ***p < 0.001, vs. PBS group; ##p < 0.01, ###p < 0.001, vs.
NIR (-) group; &p < 0.05, &&p < 0.01, vs. CXB group. The images were plotted using GraphPad Prism 9.0 and WPS Office software.

pressed their migration and invasion, while ROS-triggered
CXB release further enhanced the anti-inflammatory effi-
cacy in vitro. Moreover, in vivo experiments demonstrated
that SC@FEG selectively accumulated in ectopic lesions,
where combined photothermal ablation and targeted CXB
delivery synergistically inhibited lesion growth, promoted
apoptosis, alleviated fibrosis, reduced systemic inflamma-
tion, and ultimately achieved efficient suppression of EMs
progression. More importantly, this nanosystem possesses
excellent hemocompatibility and histocompatibility, with
no detectable damage to major organs or hematological ab-
normalities, ensuring its translational potential.

The rational design of SC@FEG addresses several
key limitations of conventional EMs therapy. The suc-
cessful construction of SC@FEG was supported by mul-
tiple physicochemical characterization results. The grad-
ual increase in particle size following CXB loading and
Fe-EGCG coating is consistent with the typical enlarge-
ment behavior of nanocarriers after drug encapsulation and
surface functionalization. The Fe3+-EGCG coordination
structure was further supported by the spectroscopic evi-
dence, which is highly consistent with previously reported
metal-polyphenol coordination systems [28]. Moreover,
the relatively negative surface potential of SC@FEG may
contribute to facilitating the maintenance of good disper-

sive stability in aqueous solutions. In addition, the excellent
stability of SC@FEG under both storage and physiological
conditions may be beneficial for ensuring reproducibility
and controllability of nanomedicines in prospective clini-
cal applications. Notably, one of the most significant ad-
vantages of SC@FEG is its ROS-responsive drug release
behavior. Given that ectopic lesion tissues generally exhibit
the pathological feature of elevated ROS levels [29], such
a concentration-dependent ROS-responsiveness is of great
value for EMs treatment. It enables SC@FEG to remain
stable during systemic circulation and avoids systemic side
effects caused by premature drug release, while facilitat-
ing rapid CXB release triggered by the high-ROS microen-
vironment at pathological sites, thereby ensuring precise
and efficient CXB delivery to lesions. Compared with con-
ventional non-responsive nanoplatforms, this environment-
triggered drug release mode offered superior therapeutic se-
lectivity and safety [30].

Another important finding of this study is that
SC@FEG combined with PTT significantly enhanced the
therapeutic efficacy against eESCs. The core mechanism
of the PTT lies in the absorption of NIR light by nanomate-
rials, which is subsequently converted into thermal energy
capable of inducing cell death through cell membrane struc-
ture disruption, protein denaturation, and other pathways
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Fig. 7. Biosafety evaluation of SC@FEG combined with PTT. (A–B) Observation and quantitative comparison of hemolysis induced
by SC@FEG at different concentrations under NIR irradiation; (C) H&E staining of ovarian, uterine, cardiac, hepatic, splenic, pulmonary,
and renal tissues to assess histopathological alterations (scale bar: 100 µm); (D) Hematological and serum biochemical analyses. The
images were plotted using GraphPad Prism 9.0 and WPS Office software.

[31]. Although PTT has been extensively explored in on-
cology, its application in EMs remains relatively limited.
Owing to the superficial distribution and invasive growth
characteristics of ectopic lesions, localized hyperthermia
represents a rational strategy for selective lesion ablation
while minimizing injury to surrounding tissues [15]. More-
over, SC@FEG possessed excellent photothermal stability,
which could maintain stable photothermal conversion abil-
ity under multiple photothermal stimulations and thereby
reduce the risk of performance degradation during treat-
ment. From the perspective of clinical practical applica-
tion, for PTT that requires multiple irradiations or continu-

ous treatment, this material can function repeatedly without
reducing the therapeutic effect, avoiding the cumbersome-
ness and potential risks of frequent material replacement.
Our in vitro findings demonstrated that SC@FEG exhibited
efficient and stable photothermal conversion under NIR ir-
radiation, and the addition of PTT substantially enhanced
the suppression of eESC viability, migration, and invasion
compared with anti-inflammatory treatment alone. These
results suggest that photothermal ablation may compensate
for the limitations of conventional pharmacological ther-
apy, which often suppresses inflammation but fails to di-
rectly eliminate ectopic lesions.
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Chronic inflammation driven by the COX2/PGE2 axis
is recognized as a central mechanism underlying EMs pro-
gression, pain sensitization, and lesion persistence [32].
Meanwhile, the excessive secretion of pro-inflammatory
cytokines such as TNF-α, IL-1β, and IL-6 further ex-
acerbates the inflammatory level of EMs lesions, closely
correlating with disease severity and clinical symptoms
[33]. In the present study, SC@FEG effectively reduced
COX2 expression and decreased the levels of PGE2 and
pro-inflammatory cytokines both in vitro and in vivo, indi-
cating enhanced anti-inflammatory efficacy after nanofor-
mulation. Interestingly, while NIR irradiation further im-
proved lesion ablation and apoptosis induction, its con-
tribution to systemic cytokine suppression appeared rela-
tively limited. This suggested that the anti-inflammatory
efficacy was primarily derived from the lesion-targeting
enrichment of SC@FEG, whereas the photothermal ef-
fect primarily functioned by promoting local cell apopto-
sis and lesion ablation, rather than direct cytokine suppres-
sion. The observed reductions in TNF-α, IL-6, and IL-
1β hold important clinical implications for EMs manage-
ment, as these pro-inflammatory cytokines are key medi-
ators of EMs-associated pain and disease progression, all
of which contribute to the chronic pelvic pain and dys-
menorrhea that severely impact quality of life in EMs pa-
tients [34]. By lowering systemic levels of these cytokines,
SC@FEG not only suppresses the inflammatory cascade
at the lesion site but also alleviates the neuroinflammatory
and nociceptive processes underlying EMs-related pain.
This link between cytokine downregulation and pain re-
lief underscores the translational relevance of SC@FEG
as a dual-functional nanoplatform, as it addresses both
the pathological growth of ectopic lesions and the debil-
itating clinical symptoms of EMs, a critical unmet need
in current EMs therapy. It is noteworthy that although
PTT may trigger cell necrosis and DAMP release to elicit
mild local inflammation, targeted CXB delivery efficiently
inhibits the COX‑2/PGE2 cascade and suppresses down-
stream pro‑inflammatory cytokines. Meanwhile, EGCG
scavenges excess ROS and relieves oxidative stress caused
by Feion metabolism and Fenton reactions. Such syner-
gistic anti‑inflammatory and antioxidant effects effectively
counteract the potential pro‑inflammatory side effects of
photothermal treatment, ensuring the overall therapeutic
advantage of SC@FEG+NIR against endometriotic lesions.

In addition to inflammation suppression, apoptosis
activation and fibrosis attenuation represent the clinically
meaningful findings of this study. The occurrence and de-
velopment of EMs are frequently accompanied by apoptosis
resistance and abnormal fibrosis [35]. As a defining patho-
logical feature of EMs, apoptosis resistance enables ectopic
endometrial cells to survive and proliferate continuously in
an adverse microenvironment, thereby fueling lesion devel-
opment [36]. Meanwhile, fibrosis manifests as excessive
deposition of collagen fibers within the lesion, not only dis-

rupting local tissue architecture but also being closely asso-
ciated with chronic pelvic pain and infertility [18]. Conse-
quently, the capacity to effectively induce apoptosis while
simultaneously mitigating fibrosis constitutes an impor-
tant indicator in evaluating the efficacy of novel treatment
strategies. Our results demonstrated that SC@FEG com-
bined with PTT markedly induced cell apoptosis and alle-
viated collagen deposition within ectopic lesions. TUNEL
staining suggests active proliferation and pronounced resis-
tance to cell death, consistent with the pathological feature
of apoptosis resistance in EMs, while SC@FEG combined
with PTT effectively activated the programmed cell death
pathway and significantly induced apoptosis of abnormally
proliferative eESCs. It is worth noting that the alleviation
of fibrosis of the combination therapy likely arises from the
combined action of multiple components in this therapeutic
system. On the one hand, the localized hyperthermia gener-
ated by PTT may directly ablate fibrotic tissues and facili-
tate collagen degradation [37]. On the other hand, CXB has
been reported to suppress fibrosis by inhibiting both canon-
ical and non-canonical TGF-β signaling pathways [38]. In
addition, EGCG is known to exert anti‑fibrotic effects by
modulating key fibrotic pathways [39]. Together, these
complementary mechanisms contribute to the observed re-
duction in lesion fibrosis. Therefore, the SC@FEG+NIR
strategy not only eliminates ectopic lesions but also con-
tributes to improving the pathological microenvironment of
EMs lesions, which is clinically important for relieving pa-
tient pain and improving fertility.

Importantly, the current nanosystem demonstrated fa-
vorable biosafety without evident hematological abnormal-
ities or major organ toxicity, supporting its translational
potential. Nevertheless, several limitations should be ac-
knowledged. First, the in vivo photothermal parameters
(808 nm, 1.5W/cm2) were optimized based on a superficial
abdominal wall EMs model, and a systematic evaluation of
NIR light penetration and energy attenuation across varying
tissue depths was not performed. Therefore, the applicabil-
ity of the current irradiation settings to deeper or anatomi-
cally variable lesions requires further investigation. More-
over, long-term pharmacokinetics, biodegradation, and re-
productive safety warrant additional investigation before
clinical application.

Conclusions
In summary, this study proposes and validates the effi-

cacy and safety of ROS-responsive nanoplatforms deliver-
ing COX2 inhibitors combined with PTT for the treatment
of EMs. Our findings demonstrated that SC@FEG pos-
sesses stable physicochemical properties, efficient ROS-
triggered drug release, and excellent photothermal conver-
sion capability. Both in vitro and in vivo experiments con-
firmed that SC@FEG combined with NIR irradiation effec-
tively suppressed eESC proliferation, migration, invasion,
and inflammatory responses, while also promoting lesion

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v057a09


www.ecmjournal.org 197

European Cells and Materials Vol.57 2026 (pages 181–198) DOI: 10.22203/eCM.v057a09

apoptosis, alleviating fibrosis, and reducing systemic in-
flammation, without evident toxicity. By uniting photother-
mal ablation with targeted anti-inflammatory intervention,
SC@FEG offers a novel and precise therapeutic strategy,
providing new insights for the clinical management of EMs.
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