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Purpose: Esophageal cancer (EC) ranks among the most prevalent and lethal malignancies worldwide, and conventional therapeutic
modalities, including surgery, radiotherapy, and chemotherapy, are constrained by inherent limitations. Recent advances in nanome-
dicine have opened new avenues for EC treatment. To achieve efficient and precise tumor eradication, this study developed a pH-
responsive composite nanoplatform featuring a hollow architecture to enable high-efficiency loading of photosensitizers and realize
multimodal synergistic therapy against EC through the integration of photothermal therapy (PTT), photodynamic therapy (PDT), and
chemodynamic therapy (CDT).

Methods: A pH-responsive Cu,_,Se/PDA/IR820 composite nanoplatform was constructed by coating hollow Cu,_,Se nanoparticles with
polydopamine PDA and loading the near-infrared photosensitizer IR820. Morphology, crystalline phase, elemental composition, and surface
chemistry were characterized by TEM, XRD, XPS, and FT-IR. Photothermal conversion efficiency was quantified under 808 nm laser
irradiation. IR820 release kinetics were monitored under different pH conditions of 5.0, 6.0, and 7.0 to assess pH-responsive behavior. In
vitro studies on KYSE-150 EC cells included viability by CCK-8 assay, apoptosis by flow cytometry, ROS generation by DCFH-DA probe,
mitochondrial membrane potential by JC-1 staining, and cellular uptake analysis. In vivo antitumor efficacy and biosafety were evaluated in
an AKR tumor-bearing C57BL/6J mouse model via intratumoral injection and 808 nm laser irradiation, followed by tumor volume
measurement, histopathological analysis with H&E, Ki-67, and TUNEL staining, and systemic toxicity assessment.

Results: The hollow Cu,_,Se/PDA/IR820 nanoparticles exhibited a uniform size of approximately 164 nm, excellent colloidal stability, and
a high photothermal conversion efficiency of 44.56% under 808 nm laser irradiation. IR820 release displayed pronounced pH sensitivity,
with a cumulative release 0f 23.07% at pH 5.0 within 30 minutes. In vitro, the nanoplatform combined with laser irradiation reduced KYSE-
150 cell viability to 1.2% at 100 pg/mL, with an IC50 value of 18.74 ug/mL, induced 28.57% apoptosis, elevated intracellular ROS levels,
decreased mitochondrial membrane potential, and depleted glutathione to 335 umol/gprot. In vivo fluorescence imaging confirmed effective
tumor accumulation via the EPR effect, with peak signal at 24 hours post-injection. Combined PTT/PDT/CDT treatment significantly
suppressed tumor growth, reducing final tumor volume to 17.8% of the control group, and induced extensive apoptosis and necrosis in tumor
tissues. Systemic biosafety evaluations revealed no significant hematological or histopathological abnormalities.

Conclusion: Hollow Cu,_,Se/PDA/IR820 composite nanoparticles loaded with IR820 were successfully fabricated and demonstrated
remarkable advantages in multimodal combination therapy against EC.
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Introduction

Esophageal cancer (EC), which originates from the mucosal epithelium of the esophagus, is characterized by aggressive
progression and extensive local invasion.' Globally, EC ranks among the top ten most common malignancies and represents
a leading cause of cancer-related mortality, with a 5-year survival rate persistently below 20% due to late-stage diagnosis and
high recurrence rates.” While conventional therapeutic strategies, including surgery, radiotherapy, and chemotherapy, remain
the mainstay of clinical management, their efficacy is severely hampered by significant systemic toxicity, acquired drug
resistance, and the inherent difficulty of achieving complete tumor eradication without damaging adjacent vital structures.
This stark clinical landscape underscores an urgent and unmet need for the development of innovative, targeted, and
multimodal therapeutic approaches capable of improving patient outcomes. In recent years, nanomedicine has emerged as
a promising avenue for EC treatment by enabling the construction of multifunctional nanoplatforms that integrate diverse
therapeutic modalities. Such systems permit the co-delivery of photothermal agents, photosensitizers, and chemotherapeutic
components, thereby enhancing tumor targeting and achieving synergistic therapeutic effects.®*

Among these systems, metal-based nanomaterials have attracted considerable attention due to their unique physicochem-
ical properties, which enable the integration of phototherapy and catalytic therapy. For example, two-dimensional metallic
nanomaterials can modulate the tumour microenvironment (TME) through redox reactions, inducing tumour cell apoptosis.*
Additionally, metal-organic frameworks (MOFs) are widely used for efficient drug loading and responsive release, further
facilitating multimodal therapy.” These nanomaterials can effectively accumulate in tumour tissues via passive targeting
mechanisms, providing a foundation for enhanced therapeutic efficacy.®

Photothermal therapy (PTT) is a minimally invasive therapeutic modality that utilizes photothermal agents to absorb near-
infrared (NIR) light and convert it into localized hyperthermia, leading to thermal ablation of tumor cells. PTT offers several
distinct advantages, including high spatiotemporal selectivity, minimal damage to surrounding healthy tissues, and the ability

2 https: International Journal of Nanomedicine 2026:21



Ma et al

to overcome drug resistance mechanisms associated with conventional chemotherapy.”* Moreover, the localized hyperther-
mia generated by PTT can enhance blood perfusion and improve tumor oxygenation, thereby sensitizing cancer cells to
subsequent therapeutic interventions. Photodynamic therapy (PDT), based on photosensitizer-mediated generation of reactive
oxygen species (ROS), offers advantages such as minimal invasiveness and high spatiotemporal selectivity.' Recent advances
in photosensitizer design have improved ROS generation efficiency and targeting capability.” "' Nevertheless, the oxygen-
dependent nature of PDT restricts its effectiveness in hypoxic tumour environments.'? In contrast, chemodynamic therapy
(CDT) employs transition metal ions to catalyse Fenton or Fenton-like reactions, generating cytotoxic hydroxyl radicals from
endogenous hydrogen peroxide in the mildly acidic TME."* Although both PDT and CDT rely on ROS-mediated tumor cell
killing, they operate through distinct mechanisms and exhibit different toxicity profiles. PDT primarily generates singlet
oxygen ('0,) via Type-II photochemical reactions upon light activation of photosensitizers, a process that is oxygen-
dependent and therefore less effective in hypoxic tumor regions.'* In contrast, CDT produces hydroxyl radicals (‘OH)
through metal ion-catalyzed Fenton/Fenton-like reactions using endogenous H,0,, functioning independently of oxygen
availability.'” By combining these two modalities, the nanoplatform can achieve complementary ROS generation: PDT
provides rapid and potent oxidative damage in well-oxygenated tumor areas, while CDT sustains ROS production even under
hypoxic conditions, thereby overcoming the inherent limitations of each individual therapy.

To surmount the constraints of single-modality treatments, combination therapies that integrate PTT, PDT, and CDT
have been extensively explored. PTT can enhance blood flow and improve oxygen supply, thereby alleviating hypoxia
and boosting PDT efficiency, while simultaneously increasing cellular permeability to facilitate drug uptake. Conversely,
oxidative stress induced by PDT can sensitize tumor cells to thermal damage.'®'” Furthermore, CDT can amplify
oxidative stress through catalytic ROS generation, enabling synergistic tumor suppression.'®

Inspired by previous investigations, Ji et al developed a hollow nanostructured system (CuoSg@PCM@Cur) that
integrates photothermal responsiveness with drug delivery, significantly enhancing therapeutic outcome.'® The hollow
architecture augments drug loading capacity, while external stimuli trigger controlled release and therapeutic activation.
Building upon this concept, the construction of hollow nanostructures with uniform dimensions and high loading
capacity remains highly desirable. In this method, a sacrificial template, such as Cu,O, is selectively etched by an
appropriate reagent (eg., a selenium source) to generate well-defined hollow cavities. This approach offers several
notable advantages over conventional synthesis routes. It enables precise tuning of wall thickness and internal cavity
dimensions, ensures high uniformity in particle size and morphology, and can be executed under mild reaction conditions
without the need for elevated temperatures or hazardous reagents.>’

To achieve stable drug loading and controlled release, polydopamine (PDA) has been widely employed owing to its
strong adhesive properties and pH-responsive behavior. Under alkaline conditions, dopamine undergoes polymerization
and deposits onto nanomaterial surfaces, forming a functional coating that facilitates efficient drug loading and protects
the cargo from premature release.”'

Herein, we report the development of a multifunctional nanoplatform based on near-infrared (NIR)-responsive and
pH-sensitive Cu,_Se/PDA/IR820 nanoparticles, which integrates PTT, PDT, and copper ion-mediated CDT for
synergistic cancer therapy. The Cu,_,Se core exhibits strong NIR absorption attributable to LSPR and can generate
hydroxyl radicals via Cu*/Cu®*-mediated Fenton-like reactions.”” IR820 serves as an NIR-responsive photosensitizer
capable of producing ROS under 808 nm laser irradiation.”> The PDA coating not only enhances photothermal
performance but also enables high drug loading capacity and pH-responsive release, ensuring selective activation
within the acidic TME.”'

Upon laser irradiation, the nanoplatform efficiently converts light into heat, inducing tumor ablation via PTT.
Simultaneously, the released IR820 generates ROS for PDT, while Cu” ions catalyze the decomposition of endogenous
H,0, to produce hydroxyl radicals, thereby triggering CDT.?* Furthermore, Cu®" can deplete intracellular glutathione
(GSH), compromising the antioxidant defense system and amplifying oxidative stress. Collectively, this platform enables
spatiotemporally controlled synergistic enhancement of PTT, PDT, and CDT. Both in vitro and in vivo results demon-

strate excellent biocompatibility and significant antitumor efficacy.?>~°
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Materials and Methods

Chemicals and Materials

Selenium powder (Se), sodium borohydride (NaBH,, purity > 98%), polyvinylpyrrolidone (PVP, average molecular weight
~55,000), copper chloride (CuCl,, purity > 98%), sodium hydroxide (NaOH), ascorbic acid (AA, 99% purity), dopamine
hydrochloride (CgH;;NO,-HCI, 98% purity), and new indocyanine green (IR820, C4gHs5,CIN,O¢S,, 99% purity) were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further purification. Tris(hydroxymethyl)amino-
methane (Tris, C4H;1NO3, 99.9% purity) was obtained from Aladdin Industries (Shanghai, China). RPMI-1640 medium, fetal
bovine serum (FBS), and 4',6-diamidino-2-phenylindole (DAPI) were acquired from Thermo Fisher Scientific (Waltham,
MA, USA). Deionized (DI) water was used throughout all experiments.

The morphology of the synthesized materials was characterized using transmission electron microscopy (TEM, JEM-
2100, JEOL, Japan) and scanning electron microscopy (SEM, S-8010, Hitachi, Japan) operated at an acceleration voltage of
10 kV. Absorption spectra were recorded on a UV—visible spectrometer (Cary 60, Varian, Monrovia, USA). The crystalline
phases of the prepared hollow nanospheres were analyzed by X-ray diffraction (XRD, D8 ADVANCE, Bruker, Germany).
X-ray photoelectron spectroscopy (XPS, ESCALAB 250XI, Thermo Fisher, USA) was employed to determine the chemical
states of the elements on the material surface. Fourier transform infrared spectroscopy (FT-IR, Nicolet iS5, Thermo Fisher,
USA) was performed to confirm the successful loading of polydopamine (PDA) and IR820 onto the Cu,_Se nanoparticles.

Cell invasion and migration assays were observed using an inverted microscope (Eclipse Ti, Nikon, Japan). Fluorescence
images of live/dead cell staining, reactive oxygen species (ROS) detection, and JC-1 mitochondrial potential assays were
captured using an Evos M7000 fluorescence microscope (Thermo Fisher Scientific, USA). Cellular uptake, proliferation, and
cytoskeletal morphology were examined by confocal laser scanning microscopy (CLSM, LSM-800, Zeiss, Germany).
Apoptosis analysis was performed using a flow cytometer (FongCyte™, Challenbio, China).

Preparation of Hollow Cu,_,Se/PDA/IR820 Nanoparticles

We first synthesized the Cu,_,Se nanoparticles. Hollow Cu,_(Se nanoparticles were created using a template etching
technique. Initially, Cu,O was produced to serve as a template, which was then subjected to etching with a selenium
source, leading to the development of hollow Cu,_,Se structures. The detailed preparation process includes the following
steps: 1) Se source preparation: 50 mL of deionised water was placed in an aeration flask, which was aerated for
5 minutes to remove oxygen. Subsequently, 19 mg of NaBH, and 39.5 mg of selenium powder were added in order. The
aeration reaction was maintained for 3 hours. 2) Cu,O preparation: 0.048 g of NaOH and 0.1056 g of ascorbic acid (AA)
were measured and dissolved in 6 mL of deionised water, then set aside. Next, 0.051 g of CuCl, was dissolved in 150 mL
of deionised water and stirred until uniform. Afterward, 0.3 g of polyvinylpyrrolidone (PVP) was incorporated, and once
fully dissolved, 2 mL of 0.2 M NaOH was added dropwise until the solution turned blue. Following a 5-minute reaction
period, 2 mL of 0.1 M AA solution was added dropwise while stirring, resulting in a colour change from blue to green
and finally to yellow, indicating the formation of Cu,O.

Following a 5-minute reaction period, 30 mL of the aerated mixed solution was introduced into the system, and the
reaction proceeded for an additional 20 minutes. Once the reaction concluded, the resulting product was separated via
centrifugation and thoroughly washed three times with both ethanol and deionized water. The final product was then
resuspended in 3 mL of water and adjusted to the required concentration to create a dispersion for further experimentation.

A 1 mL aliquot of Cu,_,Se dispersion (1 mg/mL) was centrifuged, and the supernatant was discarded. The resulting
Cu,_Se precipitate was redispersed in 0.5 mL of Tris-HCI buffer (pH 8.5). To this suspension, 10 mg of dopamine
hydrochloride and 450 pL of IR820 solution (1 mg/mL) were added simultaneously. The mixture was protected from
light and agitated on a shaker for 2 h. Following the reaction, the mixture was centrifuged, and the obtained pellet was
washed three times with deionized water. The final product was redispersed in 1 mL of deionized water to obtain the
Cu,_Se/PDA/IR820 composite nanoparticles. For control experiments, Cu,_ Se/PDA and Cu,_Se/IR820 were synthe-
sized following the identical procedure, except that only dopamine hydrochloride or only IR820 was added, respectively.
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Photothermal Effect

The photothermal performance of Cu,,Se/PDA/IR820 was evaluated by exposing an aqueous suspension of the
nanocomposites to an 808 nm laser at a power density of 1 W/cm?. Temperature changes were monitored in real time
using an infrared thermal camera. The photothermal conversion efficiency () was calculated according to the following
equation:

_mX cXx (Tmax—Tsur)

= 1
T (1= 10 Ay T, )
—t
Ts—m (2)
T_Tsur
g=— 3
Tmax_Tsur ( )

where m (g) is the mass of the nanoparticle suspension, ¢ (4.2 J/g-°C) is the specific heat capacity of water, Tpnax (°C) is
the maximum steady-state temperature of the sample, T, (°C) is the ambient room temperature, / (W) is the incident
laser power, Agg is the absorbance of the sample at 808 nm, T, (s) is the system time constant, ¢ (s) is the cooling time,
and 7T (°C) is the temperature recorded during the cooling process.

IR820 Release

To assess the pH-responsive release behavior of IR820, 1 mL of Cu,_Se/PDA/IR820 suspension (15 pug/mL) was
centrifuged, and the supernatant was removed. The collected nanoparticles were redispersed in Tri’s buffer solutions
adjusted to pH 5.0, 6.0, and 7.0, respectively, and incubated in a water bath at 37 °C for predetermined time intervals (5,
10, 15, 20, 25, and 30 min). At each time point, the samples were centrifuged, and the supernatants were collected. The
absorbance of the released IR820 in the supernatant was measured at 820 nm using a UV—Vis spectrophotometer, and the
concentration was determined by reference to a previously established standard curve. The cumulative release percentage
of IR820 was calculated as the ratio of the amount released at each time point to the initial loading amount. Release
profiles were plotted to evaluate the pH-responsive behavior of the composite nanoparticles.

Culture of Cells

The human esophageal cancer cell line KYSE-150 was obtained from iCell Bioscience Inc. (Shanghai, China). Human
umbilical vein endothelial cells (HUVECSs) and the murine esophageal carcinoma cell line AKR were purchased from
ATCC (Manassas, VA, USA). All cell lines were authenticated by short tandem repeat (STR) profiling and confirmed to
be free of mycoplasma contamination prior to use. KYSE-150 cells were maintained in RPMI-1640 medium supple-
mented with 10% FBS and 1% penicillin—streptomycin solution at 37 °C in a humidified atmosphere containing 5% CO,.
HUVECs and AKR cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin—streptomycin under
identical conditions. All cultures were routinely monitored to ensure the absence of mycoplasma contamination.

Cell Viability

Cell viability was evaluated using the CCK-8 assay kit. Briefly, KYSE-150 cells were seeded into 96-well plates at
a density of 8 X 10% cells per well. After 24 h of incubation, the culture medium was replaced with fresh medium
containing Cu,_,Se/PDA/IR820 at various concentrations (0, 5, 10, 15, 20, 30, and 40 pg/mL). The cells were then
incubated for 14 h at 37 °C. Subsequently, half of the wells were irradiated with an 808 nm laser at a power density of 1
W/em? for 5 min. Following an additional 10 h of incubation, the cells were washed twice with PBS, and 100 pL of
serum-free RPMI-1640 medium containing 10 uL of CCK-8 solution was added to each well. After a further 4 h incuba-
tion at 37 °C, the optical absorbance was measured at 450 nm using a microplate reader. To delineate the individual
contributions of each component within the composite nanomaterial, the cytotoxic effects of Cu,_,Se/PDA + L, Cu,_,Se/
IR820 + L, and IR820 + L were assessed under identical experimental conditions. In brief, KYSE-150 cells were treated
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with Cu,_Se/PDA, Cu,_,Se/IR820, or IR820 at a fixed concentration of 15 pg/mL for 14 h, followed by 808 nm laser
irradiation (1 W/ecm?, 5 min). After an additional 10 h of incubation, cell viability was determined using the same CCK-8
assay procedure described above.

Cellular Uptake

HUVEC and KYSE-150 cells (8 x 10* cells per dish) were seeded into confocal dishes and cultured for 48 h. The culture
medium was then replaced with fresh medium containing Cu,_,Se/PDA/DiD (15 pg/mL). After incubation for 0, 2, 4, 6
and 8 h, lysosomes were stained with LysoBrite™ Green for 20 min. Cells were then fixed and the nuclei were stained
with DAPI. The intracellular localization and uptake of the nanoparticles were visualized using confocal laser scanning
microscopy.

EdU Cell Proliferation Assay

Cell proliferation was assessed by measuring the incorporation of 5-ethynyl-2'-deoxyuridine (EdU) during DNA
synthesis. KYSE-150 cells were seeded into confocal dishes (5 x 10° cells per dish) and incubated overnight to allow
attachment. The medium was then replaced with 0.5 mL of serum-free RPMI-1640 medium containing either Cu,_,Se or
Cu,_,Se/PDA/IR820 at a concentration of 15 pg/mL. After 14 h of incubation, cells in the laser-treated groups were
irradiated with an 808 nm laser (1 W/cm?) for 5 min and incubated for an additional 10 h. Cells were then fixed with 4%
paraformaldehyde for 15-30 min, permeabilized with 0.5% Triton X-100 for 5-10 min, and stained with EdU reaction
solution for 30 min in the dark. Nuclei were counterstained with DAPI for 10 min. After thorough washing with PBS,
fluorescence images were acquired using CLSM.

Cell Morphology Observation

To observe morphological changes, KYSE-150 cells were seeded into confocal dishes (5 x 10° cells per dish) and
cultured for 48 h. The medium was replaced with 0.5 mL of serum-free RPMI-1640 medium containing 15 pg/mL of
Cu,.Se or Cu,_Se/PDA/IR820. After 14 h of incubation, the laser-treated groups were irradiated with an 808 nm laser (1
W/em?) for 5 min and further incubated for 10 h. The cytoskeleton was stained with FITC-conjugated phalloidin, and
nuclei were stained with DAPI. After three washes with PBS, cells were imaged using CLSM.

Live/Dead Staining

HUVEC and KYSE-150 cells were used in parallel to evaluate cell viability via live/dead staining and to assess
intracellular nanoparticle localization under identical experimental conditions. HUVEC cells were cultured in DMEM,
whereas KYSE-150 cells were maintained in RPMI-1640 medium. For the live/dead staining assay, KYSE-150 cells
were seeded into 12-well plates at a density of 2x10° cells per well and cultured overnight. HUVEC cells were seeded
under the same conditions for parallel analysis. Following overnight incubation, the culture medium was removed, and
0.5 mL of serum-free medium containing 15 pg/mL of either Cu,_(Se or Cu,_Se/PDA/IR820 was added to each well.
After a 12 h incubation, cells in the laser-treated groups were irradiated with an 808 nm laser at a power density of 1 W/
cm? for 5 min. Subsequently, the cells were washed with PBS and stained with a working solution containing 2 uM
Calcein-AM and 4 pM ethidium homodimer-1 for 30 min in the dark. Following three additional washes with PBS,
stained cells were observed and imaged under a fluorescence microscope to evaluate cell viability. Intracellular
localization of the nanoparticles was assessed under the same experimental conditions.

Cell Migration Assay

KYSE-150 cells were seeded in 12-well plates at a density of 1.5x10° cells per well and incubated overnight to form
a confluent monolayer. A scratch was created using a 200 pL sterile pipette tip, and detached cells were gently washed
away with PBS. The remaining cells were treated according to the experimental groups. Images of the scratch area were
captured at 0 h and 24 h post-treatment using an inverted microscope. The wound area was quantified using ImageJ
software, and the cell migration rate was calculated.
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In vitro Cell Invasion Assay

Matrigel was thawed at 4 °C overnight and used to pre-coat the upper chambers of Transwell inserts for 3 h at 37 °C.
KYSE-150 cells (1.5 x 10° cells per well) were treated with serum-free medium containing 15 pg/mL of Cu,_Se or Cus_
Se/PDA/IR820 for 12 h. For laser-treated groups, cells were irradiated with an 808 nm laser (1 W/cm?) for 5 min. The
cell suspensions were then seeded into the upper chamber, and 500 pL of complete medium was added to the lower
chamber as a chemoattractant. After 48 h of incubation, cells that had invaded through the membrane were fixed with 4%
paraformaldehyde and stained with 0.1% crystal violet. Images were captured using an inverted microscope, and the
number of invaded cells was quantified.

Colony Formation Assay

KYSE-150 cells were seeded in 12-well plates at a density of 1 x 10° cells per well and cultured in a CO, incubator.
After 3 days, the medium was replaced with 1 mL of serum-free medium containing 15 pg/mL of the respective
nanoparticles as per group assignment. The cells were maintained for 14 days, with the medium replaced every three
days. At the endpoint, colonies were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. Images of the
colonies were captured using a microscope, and the number of colonies was quantified using ImagelJ software.

Apoptosis Detection

KYSE-150 cells were seeded into 12-well plates at a density of 1.5x10° cells per well and incubated overnight.
Following the designated treatments, cells in the laser-treated groups were irradiated with an 808 nm laser at a power
density of 1 W/ecm? for 5 min. Eight hours post-irradiation, cells were harvested by trypsinization, washed three times
with PBS, and resuspended in 500 puL of Binding Buffer. The cells were then stained with 5 pLL each of Annexin V-FITC
and propidium iodide (PI) for 10 min at room temperature in the dark. Apoptosis was analyzed within 1 h using a flow
cytometer (Ex/Em: 488/530 nm for FITC; Ex/Em: 488/>630 nm for PI).

LDH Release Assay

Lactate dehydrogenase (LDH) release into the culture supernatant was measured to evaluate membrane integrity and
cytotoxicity. KYSE-150 cells were seeded in 96-well plates (5 % 10% cells per well) and treated according to the
experimental groups. After 24 h, cells in the laser-treated groups were exposed to an 808 nm laser (1 W/cm?) for 5 min,
with the culture medium temperature maintained at 45 °C as monitored by an infrared camera. Following an additional
10 h of incubation, LDH activity in the supernatant was quantified using an LDH cytotoxicity assay kit according to the
manufacturer’s protocol. Absorbance was measured at 490 nm using a multifunctional microplate reader.

Detection of Reducing Intracellular Reduced Glutathione (GSH) Level

Six experimental groups were established: non-irradiated control (Control, Cu,_,Se, Cu,_,Se/PDA/IR820) and corre-
sponding laser-irradiated groups (+L) exposed to 808 nm NIR irradiation. For GSH quantification, cells were placed on
ice and lysed by ultrasonication. Pre-cooled (4 °C) cell lysis buffer (100 pL) was added, and the lysate was centrifuged.
The supernatant was collected, mixed with Solution One (provided in the GSH assay kit), vortexed vigorously, and
incubated at 37 °C for 10 min. Subsequently, Solution Two was added, and the mixture was incubated at room
temperature for a further 10 min. Absorbance was measured at 405 nm. Total protein concentration in the lysate was
determined using a BCA protein assay kit. Intracellular GSH content was calculated as follows:

(Sample OD — Blank OD) x Standard concentration

GSH 1 t) =
(- mol/gprot) Standard OD x Protein content (gprot/L)

Intracellular total glutathione (T-GSH) and oxidized glutathione (GSSG) levels were quantified using a Total Glutathione/
Oxidized Glutathione Assay Kit (microplate method, A061, Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
in accordance with the manufacturer’s instructions. Following the designated treatments, cells were collected, washed
once or twice with isotonic PBS, and harvested by low-speed centrifugation (1000-2000 rpm). The resulting cell pellets
were lysed in 0.3 mL of Reagent 4 via sonication on ice or manual homogenization, and the lysates were centrifuged at
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3500 rpm for 10 min. The supernatants were collected for subsequent analysis. For T-GSH measurement, 10 plL of
sample supernatant was added to a 96-well plate, and standard wells were prepared in parallel. Subsequently, 100 pL of
Reagent 1 and 10 pL of Reagent 2 were added to each well, mixed gently, and incubated at room temperature in the dark
for 2 min. After the addition of 50 puL of Reagent 3, absorbance was measured at 405 nm at 30s (A1) and 10 min 30s
(A2). The difference in absorbance (AA = A2 — Al) was used to calculate T-GSH levels. For GSSG determination,
a pretreatment step was performed to mask endogenous reduced glutathione (GSH) and activate GSSG. Briefly, 100 pL
of sample supernatant was mixed with 2 pL of Reagent 5 and 5 pL of Reagent 6, vortexed for 1 min, and incubated at
37°C for 30 min. Subsequently, 10 puL of the pretreated sample was subjected to the same colorimetric procedure
described above. GSSG levels were calculated based on the standard control. Intracellular T-GSH and GSSG contents
were calculated using the following equations:

AAsample

stanaart

X Cstandard x D

There, 444y represents the absorbance difference of the sample well, 44,4, represents the absorbance difference
of the T-GSH standard well, Cy,q4,4 represents the concentration of the T-GSH standard, and D represents the sample
dilution factor.

AAgam
GSSG (i mol /L) = ——smple

- X Cstandard x D
AAs’candard

There, 44,qpi represents the absorbance difference of the sample well, 444,444 Tepresents the absorbance difference
of the GSSG standard well, Cj;,,4.« represents the concentration of the GSSG standard, and D represents the sample
dilution factor.

ATP Detection

KYSE-150 cells were seeded into 12-well plates at a density of 1x10° cells per well and treated according to the different
groups. Cells were collected, lysed, and the supernatant was obtained for ATP measurement. Protein concentration was
quantified using a BCA assay. ATP content was determined using a chemiluminescence-based ATP detection kit
according to the manufacturer’s instructions, and RLU was measured using a GloMax multifunctional chemilumines-
cence imaging system.

Intracellular ROS Analysis

KYSE-150 cells were seeded into 12-well plates at a density of 1x10° cells per well and cultured for 24 h. The medium
was replaced with 0.5 mL of serum-free RPMI-1640 containing 15 pg/mL of Cu,_Se or Cu,_,Se/PDA/IR820. After
8 h of incubation, cells were irradiated with an 808 nm laser (1 W/cmz) for 0, 5, or 10 min. Following an additional
4 h incubation, intracellular ROS levels were detected using the fluorescent probe 2',7'-dichlorofluorescein diacetate
(DCFH-DA). Cells were incubated with 300 pL. of DCFH-DA working solution (10 uM) for 20 min at 37 °C in the dark,
washed three times with PBS, and observed under a fluorescence microscope. ROS-mediated DCF fluorescence intensity
was also quantified by flow cytometry. For comparison, separate experiments were conducted following the same
procedure to assess ROS generation in the IR820+L, Cu,_,Se/PDA+L, and Cu,_,Se/IR820+L groups.

Mitochondrial Membrane Potential (Aym) Assessment

Changes in mitochondrial membrane potential were evaluated using the JC-1 fluorescent probe. KYSE-150 cells were
seeded in 12-well plates (1 x 10° cells/well) and cultured for 24 h. The cells were then treated with 15 pg/mL of Cu,_,Se
or Cu,.,Se/PDA/IR820 for 14 h. Laser-treated groups were irradiated with an 808 nm laser (1 W/cm?) for 5 min and
incubated for an additional 10 h. Cells were subsequently stained with JC-1 working solution for 15 min at 37 °C in the
dark. After washing with serum-free medium, the red (J-aggregates, indicative of high A¥m) and green (J-monomers,
indicative of low A¥m) fluorescence were observed using a fluorescence microscope. The ratio of red to green
fluorescence intensity was further quantified by flow cytometry.
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Animal Model Establishment and Anesthesia-Euthanasia Procedures

Male C57BL/6J mice (8—12 weeks old, 18 + 2 g) were purchased from Spefo Bio Co., Ltd. Healthy mice were used to
establish an AKR tumor-bearing model by subcutaneously injecting 100 pL of AKR cell suspension (2.0x10” cells/mL)
into the right dorsal lumbar region, delivering approximately 2.0x10° cells per mouse. Tumor growth was monitored
every other day using a digital caliper, and the tumor volume (V) was calculated as V = L x W?/2, where L and
W represent the longest and shortest diameters, respectively. Once the average tumor volume reached approximately
80—-100 mm® (designated as day 0), the mice were randomly assigned to different treatment groups for subsequent
experiments. All procedures involving animals were performed under isoflurane inhalation anesthesia. Anesthesia was
induced with 2.0%-3.0% isoflurane in oxygen and maintained at 1.5%-2.0% during procedures such as intratumoral
injection, in vivo imaging, and laser irradiation. At the experimental endpoint, all mice were euthanized by cervical
dislocation under deep anesthesia, in strict accordance with the approved protocol (HUSOM?2025-717) and the AVMA
Guidelines for the Euthanasia of Animals.

In vivo Photothermal Efficiency Assessment

For biodistribution studies, tumor-bearing mice were intravenously injected via the tail vein with either free near-infrared
dye DiD or Cu,_,Se/PDA/DiD nanoparticles (both at an equivalent DiD dose of 3 mg/kg). In vivo fluorescence imaging
was performed using an IVIS Lumina III imaging system at 0, 4, 8, 12, 24, and 48 h post-injection. At the 48-h time
point, mice were euthanized, and the tumors and major organs were collected for ex vivo imaging to quantify
fluorescence intensity and assess biodistribution.

To directly assess the photothermal conversion capability of the nanoparticles at the tumor site, a separate cohort of tumor-
bearing mice was intravenously injected (via the tail vein) with 50 uL of saline or Cu,_Se /PDA/IR820 (3 mg/kg). Twenty-
four hours later, the tumor region was irradiated with an 808 nm laser at 1.0 W/ecm?. The temperature elevation and spatial heat
distribution at the tumor surface were recorded over a 5-minute period using an infrared thermal imaging camera.

In vivo Antitumor Efficacy Study

To evaluate the therapeutic efficacy of Cu,_,Se/PDA/IR820 in vivo, AKR tumor-bearing C57BL/6J mice (prepared as
described above) were randomly divided into six groups (n = 6 per group) when the tumor volume reached ~80 mm?: (1)
Saline (Control); (2) Cu,.,Se nanoparticles; (3) Cu,_,Se /PDA/IR820 nanoparticles; (4) Saline + L; (5) Cu,«Se + L; (6)
Cu,_Se /PDA/IR820 + L. On day 0, mice in the respective groups received a single intratumoral injection of 50 pL of
saline, Cu,_,Se, or Cu,_,Se /PDA/IR820 suspension (at a unified Cu,_Se dose of 3 mg/kg body weight). For the laser-
treated groups (+ Laser), the tumor site was irradiated with an 808 nm near-infrared (NIR) laser at a power density of 1.0
W/em? for 5 minutes at 24 hours post-injection. During laser irradiation, the temperature of the tumor region was
monitored and recorded in real-time using an infrared thermal camera (HIKMICRO, Hangzhou, China) to ensure
a consistent hyperthermic effect (reaching 42—45 °C).

Following treatment, the tumor dimensions and body weight of each mouse were measured and recorded every two
days. Tumor volume was calculated using the formula V = L x W?/2. The relative tumor volume was normalized to the
initial volume on day 0. The therapeutic experiment was terminated on day 13 post-treatment. At the endpoint, all mice
were euthanized, and the tumors were surgically excised, photographed, and weighed. Subsequently, the collected tumor
tissues were fixed in 4% paraformaldehyde for H&E staining and immunohistochemical/immunofluorescence staining
(Ki-67 for proliferation and TUNEL for apoptosis), while major organs (heart, liver, spleen, lung, and kidney) were also
harvested for systemic toxicity evaluation via H&E staining. Whole blood samples were collected for hematological and
serum biochemical analysis to further assess in vivo biosafety.

Preparation of Single-Cell Suspensions from Tumor Tissues

Tumor tissues were freshly isolated, washed with cold PBS to remove residual blood, and minced into small pieces of
approximately 1 mm?>. The tissues were digested in enzyme solution containing collagenase IV, hyaluronidase, and
DNase I at 37°C for 30-60 min with gentle agitation. During digestion, the samples were gently pipetted every 10 min to
facilitate tissue dissociation. The digestion was terminated by adding an equal volume of culture medium containing 10%
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FBS. The cell suspension was then filtered through a 70 um cell strainer to obtain a single-cell suspension. Cells were
collected by centrifugation at 300400 g for 5 min, washed with PBS, and resuspended for subsequent analyses. Red
blood cells were removed using red blood cell lysis buffer when necessary. The resulting single-cell suspensions were
used for ROS, LDH, and ATP assays.

Flow Cytometric Analysis of ROS in Tumor-Derived Cells

Single-cell suspensions prepared from tumor tissues were adjusted to the desired concentration, and 1 x 10° cells per
sample were resuspended in serum-free medium. Following the indicated treatments, the cells were incubated with
DCFH-DA at a final concentration of 10 uM at 37°C for 20-30 min in the dark. After incubation, the cells were washed
three times with PBS and resuspended for flow cytometric analysis. Fluorescence was detected in the FITC channel, and
intracellular ROS levels were expressed as mean fluorescence intensity (MFI) after exclusion of debris and doublets.

LDH Assay in Tumor-Derived Single-Cell Suspensions

Freshly prepared tumor-derived single-cell suspensions were counted, and equal numbers of cells were collected for
analysis. After low-speed centrifugation, the cell pellets were lysed in an appropriate lysis buffer, and the lysates were
centrifuged at 4°C to collect the supernatants for LDH measurement. LDH levels or activity were determined using
a commercial assay kit according to the manufacturer’s instructions.

ATP Assay in Tumor-Derived Single-Cell Suspensions

Tumor-derived single-cell suspensions were prepared as described above. Cells were counted, and equal numbers of cells
were collected and pelleted by centrifugation. The cell pellets were lysed, and the supernatants were collected for ATP
measurement. Protein concentration was determined using a BCA assay. ATP levels were measured using the same
chemiluminescence-based ATP detection kit as described above, according to the manufacturer’s instructions.
Luminescence (RLU) was recorded using a GloMax multifunctional chemiluminescence imaging system.

Haemolysis Assay

Red blood cells (RBCs) obtained from fresh mouse blood were centrifuged and diluted with saline to prepare a 2% (v/v)
RBC suspension. RBCs were incubated with Cu,_,Se/PDA/IR820 nanoparticles at various concentrations (5, 10, 15, 50,
and 100 pg/mL) for 1 h at 37 °C. After centrifugation, the supernatant absorbance was measured at 540 nm. Deionized
water and saline served as positive and negative controls, respectively. The hemolysis percentage (HP) was calculated
using the following formula.

_ AS—AC(-)
~AC(+) —AC(-)

HP x 100%

where Ag, Ac(—), and Ac(+) denote the absorbance of the experimental sample, negative control, and positive control,
respectively.

In vivo Biosafety Evaluation

At the conclusion of the efficacy study, mice were euthanized, and 0.8 mL of whole blood was collected into heparinized
tubes for hematological and serum biochemical analyses. Parameters measured included white blood cell count (WBC),
red blood cell count (RBC), platelet count (PLT), hemoglobin (HGB), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), blood urea nitrogen (UREA), and creatinine (CREA). Major organs were fixed in 4%
paraformaldehyde, embedded in paraffin, and sectioned at a thickness of 4-5 um. Tissue sections were stained with
H&E for histopathological examination. For immunofluorescence staining, sections were deparaffinized, rehydrated, and
incubated with TdT reaction buffer in the dark at 37 °C for 1 h. Nuclei were counterstained with DAPI for 8-10 min.
Stained sections were scanned using a slide scanner.
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Statistical Analysis

All experiments were performed independently at least three times. Quantitative data are expressed as the mean =+
standard deviation (SD). Statistical analyses were performed using GraphPad Prism 10.1.2 (GraphPad Software, San
Diego, CA, USA) and Origin 8.0 (OriginLab Corporation, Northampton, MA, USA). For comparisons between two
groups, an unpaired two-tailed Student’s f-test was employed. For multiple group comparisons (>3 groups), one-way
analysis of variance (ANOVA) was applied, followed by Tukey’s post-hoc test for pairwise multiple comparisons to
control for type I error. Prior to ANOVA, the normality of data distribution was assessed using the Shapiro—Wilk test, and
homogeneity of variances was verified using Levene’s test; when these assumptions were not met, the non-parametric
Kruskal-Wallis test followed by Dunn’s multiple comparisons test was used as an alternative. A p-value < 0.05 was
considered statistically significant. Significance levels in figures are denoted as follows: *p < 0.05, **p < 0.01, and
**%p < 0.001. In all in vivo experiments, n refers to the number of biologically independent animals (n = 6 per treatment
group), and in vitro data were collected from at least three independent technical replicates (n = 3). Specific details
regarding statistical tests and sample sizes are also provided in the respective figure legends.

Results

Fabrication and Characterization of Cu,_,Se/PDA/IR820 Composite Nanoparticles
Hollow Cu,._,Se nanospheres were initially synthesized via a template-assisted etching strategy. TEM images revealed a well-
defined hollow architecture with uniform particle dimensions and a shell thickness of approximately 10 nm (Figure 1A). High-
resolution TEM (HRTEM) analysis further identified a lattice spacing of 2.02 A, consistent with the (220) crystallographic plane
of copper selenide (Figure 1B). X-ray diffraction (XRD) patterns of the as-prepared Cu,_,Se nanoparticles displayed character-
istic diffraction peaks at 26 angles corresponding to the (111), (220), and (311) planes, which matched closely with the standard
reference pattern (PDF #99-0348) (Figure 1C). Energy-dispersive X-ray spectroscopy (EDS) elemental mapping confirmed the
homogeneous distribution of copper (Cu) and selenium (Se) throughout the hollow nanostructures, with the corresponding
spectra provided in Figure 1D and Figure S1. Subsequently, Cu, ,Se/PDA/IR820 composite nanoparticles were prepared by
in situ polymerization of dopamine under alkaline conditions, enabling simultaneous deposition of the PDA coating and loading
of the photosensitizer IR820. TEM imaging confirmed the successful formation of a conformal PDA layer on the nanoparticle
surface, with an average coating thickness of approximately 6.24 nm (Figure 1E). Dynamic light scattering (DLS) measurements
indicated that the average hydrodynamic diameter increased from 98.96 = 0.64 nm (PDI = 0.099) for pristine Cu,Se
nanoparticles to 164.1 = 1.81 nm (PDI = 0.263) for the Cu,.Se/PDA/IR820 composite (Figure 1F and Figure S2). This
substantial increase in particle size confirms the successful incorporation of both the PDA shell and IR820 cargo.

FT-IR spectroscopy of the composite nanoparticles (Figure 1G) exhibited characteristic absorption bands in the regions of
3500-3300 cm ™" and 16201650 cm™", attributable to N-H and C=O stretching vibrations of IR820, respectively,?’ thereby
corroborating the effective loading of the photosensitizer. X-ray photoelectron spectroscopy (XPS) was employed to further
elucidate the surface chemical composition and oxidation states. The high-resolution Cu 2p spectrum (Figure 1H) displayed
prominent peaks at binding energies of 932-934 eV (Cu 2p;5,) and 952-954 eV (Cu 2p, »), consistent with previously reported
values.”®* Peak deconvolution analysis revealed a Cu'/Cu?" ratio of approximately 1.95:1, indicating the coexistence of mixed
copper valence states that are potentially beneficial for chemodynamic therapeutic activity. The full-survey XPS spectrum
(Figure S3) confirmed the presence of Cu, Se, O, C, and N elements within the expected binding energy range (0-1200 eV). To
assess colloidal stability, the composite nanoparticles were dispersed in deionized water, phosphate-buffered saline (PBS), and
RPMI-1640 medium supplemented with 10% FBS, and the hydrodynamic size was monitored over a period of 7 days. No
significant changes in particle diameter were observed under any of the tested conditions (Figure 11 and Figure S4), demonstrat-
ing excellent colloidal stability of the Cu,_,Se/PDA/IR820 nanoparticles (p>0.05).

Assessment of the Photothermal and pH-Responsive Characteristics of Cu,_,Se/PDA/
IR820 Composite Nanoparticles

The optical properties of the synthesized materials were characterized by ultraviolet—visible—near-infrared (UV—Vis—NIR)
absorption spectroscopy. The pristine Cu,_Se nanoparticles exhibited strong absorbance across the 800-1100 nm
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and arrows indicate the direction of interplanar spacing measurement (d = 2.02 A), confirming high crystallinity. Scale bars: 50 nm (A) and 5 nm (B). (C) XRD patterns of
Cujy.,Se with peaks indexed to the (I11), (220), and (311) planes. (D) EDS elemental mapping of Cu and Se, demonstrating uniform elemental distribution; HAADF and
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confirming successful functionalization. (H) High-resolution XPS spectra of Cu 2p in hollow Cu,.,Se/PDA/IR820, showing Cu* and Cu?" states. (I) Stability of Cu,.,Se/PDA/
IR820 nanomaterials in H,O, PBS, and RPMI-1640 with 10% FBS over 7 days, assessed by hydrodynamic diameter measurements. Data are mean * SD (n = 3).

wavelength range (Figure SS5A), characteristic of localized surface plasmon resonance (LSPR) effects (quantitative
absorption data are provided in Figure S5B). Concentration-dependent absorption spectra of Cu,_Se/PDA/IR820 are
presented in Figure 2A, with the corresponding linear fitting curves shown in Figure S6A. A comparative analysis of the
absorption profiles of free IR820, Cu,_,Se, and Cu,_,Se/PDA/IR820 (Figure 2B) revealed that the composite nanoparticles
retain a prominent absorption peak at 820 nm, primarily attributable to the encapsulated IR820 (Figure S7A and B). Given
the close spectral match with the 808 nm laser, this wavelength was selected for all subsequent photothermal and
photodynamic experiments to maximize energy conversion efficiency.’*-'!

The role of the PDA shell in regulating IR820 loading and release was further investigated. Quantitative UV—Vis
analysis, based on the absorbance of the supernatant and a standard calibration curve, determined the IR820 loading

capacity of the Cu,_,Se/PDA/IR820 composite to be 66.80% (Figure S6B). This high loading efficiency is attributed to

https: International Journal of Nanomedicine 2026:21

12


https://www.dovepress.com/article/supplementary_file/576500/576500%20Supplementary%20Figures.docx
https://www.dovepress.com/article/supplementary_file/576500/576500%20Supplementary%20Figures.docx
https://www.dovepress.com/article/supplementary_file/576500/576500%20Supplementary%20Figures.docx
https://www.dovepress.com/article/supplementary_file/576500/576500%20Supplementary%20Figures.docx
https://www.dovepress.com/article/supplementary_file/576500/576500%20Supplementary%20Figures.docx
https://www.dovepress.com/article/supplementary_file/576500/576500%20Supplementary%20Figures.docx

Ma et al

>
w
@

25 12 0.05
—~ —— 5ugmL? 10 pg mL! - ——1IR820 - ——PH=5.0
2 50l 15ugmLt 20 pgmL”! 3 ——Cup,Se = 0.04] —PH=6.0
ST = 25 ug mL! S —— Cuy.,Se/PDA/IR820 S ——PH=7.0
0.8
8 15 3 8 003
- - 5
0.02-
2 1.04 2 04 2
2 ? 3 001
9 051 Q Q
< <, < 400l
0.0 . . . : : : . . . . .
400 600 800 1000 600 750 900 1050 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm) Wavelength (nm)
X 30
< —=—PH=5.0 90{ —=—0.75Wcm? —=—1.00 Wem? 80| —=PBS —e— 10 pg mL"
N —~~ —~~ -1 -1
5 O 1.50 W cm™ 1.75 W cm? O 4-20 ug mL 25 pg mL
c o~ 804 2.00 W em?2 S 70 50 pg mL-! 100 pg mL"!
O 201 ~ ~
(3] o 704 o
2 60
= 2 60 =
10+ o © 50
2 O 501 o}
£ Q e ’ 2 . JIOE D5
® 0 g 40 s 36.7.°C GE) | L s 35.8°d
1 2 ik 31.1.°q
%; = 304 304 M
@ 0 5 10 15 20 25 30 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (min) Time (s) Time (s)
H I Jn (8)
00 05 1.0 15 20 25
60— : : - . 800
60°C ~ 551 55 w257.80s
o o N44.56% __ueeen Lo
~ 50/ ~ 50 -
(0] [0} —
2]
Cu, Se 5 . 5 s 00 2
Cu,,Se g_ 10 g_ 251 1200 =
) 0] 304 .
/PDA/IR820 25°C 2 4l @ lo
25 T T T T T T T
2 3 4 5 0 500 100015002000 25003000 0 200 400 600 800 1000 1200
Time (min) Time (s) Time (s)

Figure 2 The photothermal performance of Cu,.,Se/PDA/IR820 and the controlled release of IR820. (A) UV-vis spectra of different concentrations of Cu,.,Se/PDA/IR820.
(B) UV-vis spectra of the Cu,_,Se, IR820 and Cu,_,Se/PDA/IR820. (C) UV-vis spectra of the Cu,_,Se/PDA/IR820 at different pH conditions. (D) The amount of IR820 released
from Cu,.Se/PDA/IR820 at different pH conditions. (E) Temperature change of Cu,_,Se/PDA/IR820 under different power NIR laser (0.75, 1.00, 1.25, 1.50, 1.75, and 2.00 W/
cm?) as a function of time. (F) Temperature change for Cu,_,Se/PDA/IR820 with different concentrations under NIR irradiation (808 nm, | W/cm?) as a function of time. (G)
Thermal images of PBS, Cu,_,Se, Cu,.Se/PDA/IR820 (50 pg/mL) under NIR irradiation (808 nm, | W/cmz). (H) Photothermal stability of Cu,_.,Se/PDA/IR820 over repeated
cycles. (I) Temperature elevation and photothermal conversion efficiency of Cu,_Se/PDA/IR820 under NIR irradiation. Data are presented as mean + SD (n = 3, ¥***p < 0.001,
*p <0.01).

strong n—x stacking interactions and hydrogen bonding between the aromatic moieties of IR820 and the PDA coating, as
well as the high specific surface area conferred by the hollow nanostructure.

The degradation behavior of the PDA coating under acidic conditions, which mimics the tumor microenvironment,
was evaluated by thermogravimetric analysis (TGA). Within the characteristic thermal decomposition range of PDA
(220-320 °C), the mass loss progressively increased from 15.76% at 10 min to 20.93% at 20 min, and further to 28.76%
at 30 min of acid incubation (Figure S8). These results confirm the time-dependent degradation of the PDA shell under
acidic pH, facilitating the subsequent controlled release of the loaded IR820 cargo.

Consistent with the acid-triggered PDA degradation, the release of IR820 exhibited pronounced pH dependence. As
illustrated in Figure 2C and D, the cumulative release of IR820 increased significantly with decreasing pH. At pH 5.0, the
cumulative release reached 23.07% within 30 min, which was substantially higher than the release observed at pH 6.0
(10.23%) and pH 7.0 (4.2%) Collectively, these findings demonstrate that the Cu,,Se/PDA/IR820 composite
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nanoparticles possess marked pH-responsive release behavior, enabling preferential IR820 liberation within the acidic
tumor microenvironment.

The photothermal heating characteristics of Cu,_Se/PDA/IR820 were evaluated under 808 nm laser irradiation. As
shown in Figure 2E, the rate of temperature elevation exhibited a direct correlation with laser power density. Similarly, at
a fixed power density of 1 W/cm?, the temperature increase was positively correlated with nanoparticle concentration
(Figure 2F). At a concentration of 100 pg/mL, the suspension temperature reached 62.8 °C after 5 min of irradiation,
demonstrating robust and concentration-dependent photothermal conversion.***?

Infrared thermal imaging provided spatial visualization of the photothermal effect.** As depicted in Figure 2G and
quantified in Figure S9, the temperature of the Cu,_,Se/PDA/IR820 suspension (50 pg/mL) rose from ambient tempera-
ture to 51.2 °C within 5 min of laser exposure, markedly surpassing the temperature elevations observed for Cu,_,Se
nanoparticles (43 °C) and PBS control (32 °C). Furthermore, cyclic photothermal stability tests (Figure 2H) revealed that
the composite nanoparticles maintained a consistent thermal response over five consecutive heating—cooling cycles,
indicating excellent photothermal reproducibility. Based on the cooling curve and the established formula, the photo-
thermal conversion efficiency () of the Cu,_,Se/PDA/IR820 composite was calculated to be 44.56% (Figure 2I),
underscoring the substantial potential of this nanoplatform for photothermal therapeutic applications.”

Cellular Uptake and in vitro Cytotoxicity of Cu,_Se/PDA/IR820 Composite

Nanoparticles

The anticancer potential of Cu,_,Se/PDA/IR820 was initially evaluated using the CCK-8 cytotoxicity assay. Human
umbilical vein endothelial cells (HUVECs) were employed as a model of normal primary endothelial cells to assess
biocompatibility and selective targeting. As shown in Figure 3A, exposure to varying concentrations of the composite
nanoparticles induced negligible changes in the viability of both KYSE-150 esophageal cancer cells and HUVECs in the
absence of laser irradiation. Even at the highest tested concentration of 40 pg/mL, cell viability remained approximately
90%, indicating favorable cytocompatibility and low intrinsic cytotoxicity. In marked contrast, upon exposure to 808 nm
laser irradiation, the viability of KYSE-150 cells decreased significantly in a concentration-dependent manner (p < 0.001),
reaching an inhibition rate of 98.80% at 100 pg/mL (Figure S10). The half-maximal inhibitory concentration for the Cu,_
Se/PDA/IR820 + L group was determined to be 18.74 pg/mL by nonlinear regression analysis (Figure 3B). As shown in
Figure S11A, different treatment conditions exhibited distinct cytotoxic effects on KYSE-150 cells, among which the Cu,_
Se/PDA/IR820 composite nanomaterial combined with laser irradiation group showed the strongest cytotoxicity.
Additional subgroup controls, including IR820 + L, Cu,_Se/PDA + L, and Cu,_,Se/IR820 + L, were incorporated into
the cell viability to further delineate the contributions of individual components under identical experimental conditions. As
shown in Figure S11B, the Cu, Se/PDA + L and Cu,_,Se/IR820 + L groups exhibited comparable cytotoxicity, both of
which were significantly higher than that of the IR820 + L group but still significantly lower than that of the Cu,_,Se/PDA/
IR820 + L group. These results indicate that PDA and IR820 play complementary roles in the composite nanoplatform.
Specifically, Cu,_Se/PDA primarily enhances the photothermal effect, whereas IR820 provides additional photothermal
and photodynamic activities. The synergistic integration of these functions ultimately leads to enhanced therapeutic
efficacy, demonstrating that each component is indispensable for achieving optimal multimodal cancer therapy.

Cellular internalization is a critical determinant of nanoparticle—cell interactions and therapeutic efficacy.’® To
investigate the uptake kinetics of the composite nanoparticles, KYSE-150 cells were incubated with fluorescently labeled
Cu,_,Se/PDA/DiD and visualized by CLSM. As illustrated in Figure 3C, the intracellular red fluorescence signal
intensified progressively over time and exhibited substantial colocalization with lysosomal markers, suggesting that
the nanoparticles are predominantly internalized via endocytic pathways and trafficked to lysosomal compartments.
Notably, the fluorescence intensity reached a maximum at 6 h and decreased at 8 h, suggesting partial lysosomal escape
of the nanocomposites. Further characterization by transmission electron microscopy and CLSM confirmed effective
internalization of Cu,(Se/PDA/DiD nanocomposites by HUVECs (Figure S12). Similarly, a comparable uptake and
lysosomal escape behavior was also observed in HUVECs. A time-dependent increase in cytoplasmic red fluorescence
was observed from 0 to 6 h, accompanied by a significant rise in the colocalization coefficient with the lysosomal probe,
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Figure 3 In vitro antitumor effects of Cu,_,Se/PDA/IR820 on KYSEI50 cells. (A) Cell viability of KYSEI50 and HUVECs after 6 h incubation with Cu,_,Se/PDA/IR820,
showing selective cytotoxicity toward cancer cells. (B) KYSEI50 cell viability following 6 h treatment with Cu,_,Se/PDA/IR820 and subsequent NIR irradiation, fitted with
a nonlinear dose-response curve using a logistic model. (C) Confocal images of KYSE|50 cells incubated with Cu,_,Se/PDA/DiD (15 ug/mL) for 0, 2, 4, 6 and 8h. Nuclei are
stained with DAPI (blue), lysosomes with Lyso-Tracker Green (green), and arrows indicate colocalization of nanoparticles within lysosomes. Scale bar = 20 um. (D) EdU
incorporation assay showing proliferating cells (green) and nuclei (blue) under different treatment conditions. Scale bar = 20 pm. (E) Confocal images of F-actin morphology
in KYSEI50 cells after various treatments; F-actin labeled with FITC-ghost pen cyclic peptide (green) and nuclei with DAPI (blue). Scale bar = 20 um. (F) Live/dead staining of
KYSEI50 cells; live cells in green, dead cells in red. Scale bar = 100 um. (G) Flow cytometry analysis of apoptosis in KYSEI50 cells stained with Annexin V-FITC/PI,
distinguishing early and late apoptotic populations. Data are presented as mean * SD (n = 3).
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demonstrating effective uptake and lysosomal accumulation. The fluorescence intensity began to decrease after 8 h,
indicating the onset of lysosomal escape. Experimental results demonstrated that both normal cells and cancer cells were
capable of effectively internalizing the composite nanoparticles. Building upon this established uptake mechanism, live/
dead cell staining experiments (Figure S13) revealed that, in the absence of laser irradiation, all treatment groups
maintained high cell viability without detectable phototoxicity. Under NIR laser irradiation, both the Cu,_,Se/PDA and
Cu,_«Se/PDA/IR820 composite groups exhibited marked necrosis; however, the proportion of dead cells was substan-
tially higher in the Cu,.,Se/PDA/IR820 group. Collectively, these results demonstrate that the photothermal and
photodynamic therapeutic effects mediated by this material are highly dependent on efficient cellular internalization,
thereby enabling targeted tumor ablation.

In vitro Combination Therapy Effects

The impact of Cu,_Se/PDA/IR820 on cell proliferation was quantitatively assessed using the EdU incorporation assay.>’
Actively proliferating cells were identified by green fluorescence corresponding to Alexa Fluor 488-labeled EdU
incorporated during DNA synthesis (Figure 3D). Quantitative analysis (Figure S14) revealed that the proliferation rate
in the Cu,_Se/PDA/IR820 + L group was reduced to merely 8.83% of that observed in control groups (p < 0.001),
confirming a potent antiproliferative effect induced by the combined action of the composite nanoparticles and NIR
irradiation. Given that inhibition of proliferation is often accompanied by cytoskeletal remodeling.>®*>° We further
examined alterations in F-actin architecture using FITC-conjugated phalloidin staining. Untreated KYSE-150 cells
maintained a well-organized cytoskeleton with distinct cellular protrusions, indicative of a healthy state. In contrast,
following NIR laser irradiation, cells treated with Cu,_,Se and Cu,_,Se/PDA/IR820 exhibited a marked loss of filopodial
extensions and pronounced cytoskeletal collapse, with the most severe morphological disruption observed in the Cu,_,Se/
PDA/IR820 + L group (Figure 3E). These observations corroborate the substantial antitumor activity of the composite
nanoplatform upon photoactivation.

Live/dead cell staining using Calcein-AM (green fluorescence, viable cells) and propidium iodide (red fluorescence,
dead cells) provided a direct visualization of treatment-induced cytotoxicity. As depicted in Figure 3F, cells in the non-
irradiated groups displayed predominant green fluorescence, indicating high viability with minimal cell death. In stark
contrast, both the Cu,_(Se + L and Cu,_Se/PDA/IR820 + L groups exhibited intense red fluorescence, with the latter
group showing the highest proportion of dead cells. This finding underscores the potent cytotoxic effect exerted by Cu,_
Se/PDA/IR820 upon 808 nm laser irradiation.

The influence of the composite nanoparticles on cell migration and invasion was assessed using wound healing and
Transwell assays, respectively. In the wound healing assay (Figure S15), the migration rate of KYSE-150 cells in the
Cu,.4Se + L group was significantly reduced to 27.07% relative to the control (p < 0.001). Notably, the migration rate in
the Cu,_,Se/PDA/IR820 + L group was further diminished to 14.06% (p < 0.05 versus Cu,_Se + L). Consistently, the
Transwell invasion assay (Figure S16) revealed a marked decrease in the number of invasive cells following treatment,
with the Cu,_,Se/PDA/IR820 + L group exhibiting an average of only 262 invading cells per field compared to 721 cells
in the Cu,4Se + L group (p < 0.001). The invaded cells also displayed a rounded, contracted morphology with poor
substrate adhesion. These results indicate that the combination of Cu,_,Se/PDA/IR820 and laser irradiation significantly
impairs both the migratory and invasive capacities of esophageal cancer cells.

The long-term proliferative potential of KYSE-150 cells was evaluated using a colony formation assay. As shown in
Figure S17, both the number and size of colonies were substantially reduced in the Cu, 4Se + L and Cu,_,Se/PDA/IR820
+ L groups. The average colony count in the Cu,_,Se/PDA/IR820 + L group was only 44.33, compared to 258 in the
Cu,_4Se + L group (p < 0.001) indicating a profound and sustained suppression of clonogenic survival.

Flow cytometric analysis of Annexin V-FITC/PI staining was performed to quantify the induction of apoptosis. As
presented in Figure 3G, the apoptosis rate in the Cu,_Se + L group was 12.78%, whereas it increased significantly to
28.57% in the Cu,_,Se/PDA/IR820 + L group. Comprehensive statistical analysis (Figure S18) further confirmed the
superior pro-apoptotic efficacy of the composite nanoplatform under photoactivation (all p <0.001). The flow cytometry
scatter plot (Figure S19A) revealed that the IR820+L group was predominantly composed of viable cells (approximately
94%), with only small proportions of early apoptotic cells (4.43%) and late apoptotic/necrotic cells (4.53%), resulting in
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a total apoptosis rate of 8.86%, which was significantly higher than that of the control group (4.58%). In contrast, the
Cu,.Se/PDA+L group exhibited a marked increase in apoptotic cells, with early and late apoptotic/necrotic populations
reaching 13.50% and 8.12%, respectively, corresponding to a total apoptosis rate of 21.62%. Similarly, the Cu,_Se/
IR820+L group showed a comparable apoptosis-inducing effect, with early and late apoptotic/necrotic cell populations of
4.73% and 17.20%, respectively, resulting in a total apoptosis rate of 21.93%. Notably, although the Cu, Se/PDA+L and
Cu,_,Se/IR820+L groups exhibited similar pro-apoptotic effects, both showed lower apoptosis rates than the Cu,_,Se/
PDA/IR820+L group (26.06%). These results highlight the superior apoptosis-inducing capability of the Cu,_,Se/PDA/
IR820+L treatment. Statistical analysis (Figure S19B) further confirmed that the apoptosis rates in these groups were
significantly higher than that in the IR820+L group (both p < 0.001). Moreover, the Cu,_Se/PDA/IR820+L group
showed the strongest pro-apoptotic efficacy among all treatment groups, further demonstrating the synergistic effect of
this composite nanoplatform in enhancing tumor cell apoptosis under laser irradiation. To further elucidate the mechan-
isms underlying the combined therapeutic effects, a series of biochemical assays were conducted, as summarized in
Figure 4. LDH release, an indicator of plasma membrane integrity loss,*® was measured to quantify acute cytotoxicity. As
shown in Figure 4A, the Cu,_,Se/PDA/IR820 + L group exhibited the highest level of LDH release among all treatment
groups, significantly exceeding that of the Cu,_Se + L group and all non-irradiated controls, confirming the enhanced
cell-killing capacity of the composite nanoplatform.

Upon exposure to the acidic tumor microenvironment, the surface PDA coating is expected to undergo pH-dependent
degradation, facilitating the release of Cu®" ions. These ions can interact with intracellular glutathione (GSH), leading to
its depletion and consequent disruption of redox homeostasis. Concurrently, the generated Cu' ions can catalyze Fenton-
like reactions, converting endogenous hydrogen peroxide (H,O,) into highly cytotoxic hydroxyl radicals (-OH) to
potentiate chemodynamic therapy (CDT). Consistent with this proposed mechanism, the Cu,.,Se/PDA/IR820 +
L group exhibited the most pronounced reduction in intracellular GSH levels, with an average concentration of
335 umol/g protein, compared to 697 pmol/g protein in the Cu,.Se + L group (Figure 4B). In the absence of laser
irradiation, both Cu,_,Se and Cu,_,Se/PDA/IR820 nanoparticles induced comparable GSH depletion, significantly lower
than the control group (p < 0.001). To further elucidate the redox-modulating capacity of the nanoparticles, we examined
the dynamics of oxidized glutathione (GSSG) as presented in Figure S20. Upon laser irradiation, both the Cu,.Se +
L and Cu,_,Se/PDA/IR820 + L groups displayed a marked elevation in intracellular GSSG levels relative to their non-
irradiated counterparts (p < 0.001). Notably, the Cu,_ (Se/PDA/IR820 + L group exhibited the highest GSSG concentra-
tion among all treatment conditions, reaching 94.04 pmol/L (p < 0.001). This observation aligns closely with the most
extensive GSH depletion detected in the corresponding GSH assay, corroborating the enhanced redox imbalance induced
by the composite nanosystem under NIR activation.

Mitochondrial impairment was evaluated by measuring intracellular ATP levels. As depicted in Figure 4C, the Cu,_,
Se/PDA/IR820 + L group exhibited a dramatic reduction in ATP production, with levels dropping to approximately 25%
of the control value, indicative of severe mitochondrial dysfunction. In comparison, the Cu,_,Se + L group showed a less
pronounced decrease in ATP content, consistent with its reliance primarily on photothermal effects. Both laser-treated
groups displayed significant differences relative to the non-irradiated controls (p < 0.001), underscoring the capacity of
the combined treatment to disrupt mitochondrial oxidative phosphorylation.

ROS play a pivotal role in mediating anticancer effects by inducing oxidative stress and triggering cell death
pathways.*' The intracellular ROS generation capability of Cu,_Se/PDA/IR820 upon laser irradiation was evaluated
using the DCFH-DA fluorescent probe.*> As illustrated in Figure 4D, under 808 nm laser irradiation (I W/cm?), the
control group exhibited minimal green fluorescence even after 10 min of exposure, indicating negligible ROS production.
In contrast, both the Cu,,Se + L and Cu,Se/PDA/IR820 + L groups displayed a time-dependent increase in
fluorescence intensity, with the composite nanoparticle group achieving the highest signal at the 10 min time point.
Flow cytometric quantification (Figure 4E and Figure S21) revealed that the proportion of ROS-positive cells in the Cu,
Se/PDA/IR820 + L group reached 76.32%, substantially exceeding the 38.68% observed in the Cu,,Se + L group
(»<0.001). To further delineate the kinetics of ROS generation among the individual components, fluorescence imaging
was performed to compare the IR820, Cu,_,Se/PDA, Cu,_Se/IR820 and Cu,_,Se/PDA/IR820 nanosystems under 808 nm
laser irradiation (Figure S22). Temporally, the IR820 monotherapy group exhibited extremely weak green fluorescence at
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0, 5, and 10 min, indicating a very limited intrinsic capacity for ROS induction. The overall fluorescence intensity of the
Cu,.Se/PDA group was generally comparable to that of the Cu,_Se/IR820 group, and the fluorescence signal showed
a slight increase over time, with a broadly similar spatial distribution. Both groups exhibited significantly higher
fluorescence intensity than the IR820+L group, but remained significantly lower than that of the composite nanomaterial
plus laser irradiation group. Notably, the Cu,_,Se/PDA/IR820 group displayed a pronounced time-dependent escalation in
green fluorescence, achieving the most extensive coverage area and the highest brightness by the 10 min time point.
These findings directly corroborate the superior efficiency of the composite nanosystem in generating ROS upon
photoactivation.

These findings are consistent with the cumulative ROS production trend and support the role of ROS as a key
mediator of cell death. Elevated ROS levels can compromise mitochondrial integrity, leading to a decrease in mitochon-
drial membrane potential (A®m).** Changes in A¥m were monitored using the JC-1 fluorescent probe, which exhibits
a reversible shift from red fluorescence (J-aggregates in polarized mitochondria) to green fluorescence (J-monomers in
depolarized mitochondria). As shown in Figure 4F, the Cu,_,Se/PDA/IR820 + L group displayed a marked reduction in
red fluorescence accompanied by a concomitant increase in green fluorescence, signifying substantial mitochondrial
depolarization. Flow cytometric analysis (Figure 4G) further quantified that the proportion of JC-1 monomers reached
58.03% in this treatment group, significantly higher than in all control groups. These results indicate that Cu,_,Se/PDA/
IR820 nanoparticles, upon photoactivation, effectively induce mitochondrial dysfunction, which likely contributes to
their potent antitumor activity.

In vivo Evaluation of Antitumor Efficacy

To assess tumor-targeting capability and in vivo biodistribution, IR820 was replaced with the near-infrared fluorescent
dye DiD to generate Cu,_,Se/PDA/DiD nanoparticles. Tumor-bearing mice received intravenous tail vein injections of
either Cu,_Se/PDA/DiD or an equivalent dose of free DiD. In vivo fluorescence imaging was performed at predeter-
mined time intervals (0, 4, 8, 12, 24, and 48 h) post-injection. As shown in Figure 5A and B, mice administered with
Cu,_,Se/PDA/DiD exhibited discernible fluorescence accumulation at the tumor site beginning at 8 h post-injection,
reaching peak intensity at 24 h and remaining detectable for up to 48 h. In stark contrast, the fluorescence signal in the
free DiD group diminished rapidly, approaching background levels within the same timeframe. Ex vivo imaging of
excised tumors and major organs at 48 h post-injection (Figure 5C and D) confirmed significantly higher fluorescence
intensity in the tumor tissues of the Cu,_,Se/PDA/DiD group compared to the free DiD group (9.56 vs 3.36, p < 0.001).
Moreover, prominent nanoparticle accumulation was observed in the liver and spleen, consistent with clearance via the
reticuloendothelial system, a typical biodistribution pattern for nanomedicines.** These results demonstrate that the Cu,_
Se/PDA-based nanoplatform facilitates enhanced passive tumor accumulation and prolonged retention, likely mediated
by the enhanced permeability and retention (EPR) effect.

The in vivo photothermal conversion capability of Cu,_Se/PDA/IR820 was evaluated by monitoring tumor surface
temperature during 808 nm laser irradiation following intravenous tail vein injections. As depicted in Figure 5E and F,
the temperature of the tumor region in nanoparticle-treated mice increased rapidly within the first 2 min of irradiation,
reaching a therapeutic threshold of approximately 42 °C, which is sufficient for effective photothermal ablation. In
contrast, the saline-injected control group exhibited only a modest temperature elevation. These findings confirm the
efficient tumor-targeted photothermal conversion of Cu,_(Se/PDA/IR820 in vivo.

The therapeutic efficacy of Cu,_,Se/PDA/IR820 was comprehensively evaluated in an AKR tumor-bearing C57BL/6J
mouse model. The experimental design is schematically illustrated in Figure 6A. When the average tumor volume
reached approximately 80 mm>, mice were randomly allocated into six treatment groups (n = 6 per group): (1) Saline
(Control), (2) Cu,.4Se, (3) Cu,..Se/PDA/IR820, (4) Saline + L, (5) Cu,_.Se + L, and (6) Cu,.,Se/PDA/IR820 + L. Tumor
volumes and body weights were monitored every two days throughout the 13-day study period. As shown in Figure 6B,
tumor growth in the Control, Cu,_,Se, Cu,_,Se/PDA/IR820, and Saline + L groups proceeded rapidly and comparably. In
contrast, tumor progression was significantly suppressed in both the Cu,_,Se + L and Cu,_.,Se/PDA/IR820 + L groups,
with the latter exhibiting the most pronounced inhibition (»p<0.001). At the study endpoint, the average tumor volume in
the Control group had increased to approximately 13-fold of its initial size, whereas the final tumor volume in the Cu,_,
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Se/PDA/IR820 + L group was merely 17.8% of that in the Control group. Notably, body weight measurements remained
stable across all groups over the course of treatment (Figure S23), indicating good overall tolerance to the administered
therapies.

At the conclusion of the experiment on day 13, tumors were surgically excised, photographed (Figure 6C), and
weighed (Figure 6D). Consistent with the volumetric measurements, both the tumor size and mass were dramatically
reduced in the Cu,_,Se/PDA/IR820 + L group compared to all other groups, validating the superior antitumor efficacy of
the combined photothermal, photodynamic, and chemodynamic therapeutic approach.
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Histological and immunohistochemical analyses were performed on excised tumor tissues to further characterize treatment-
induced pathological changes. Hematoxylin and eosin (H&E) staining (Figure 6E) revealed extensive nuclear condensation,
cytoplasmic vacuolation, and loss of tissue architecture in both the Cu,_Se + L and Cu, Se/PDA/IR820 + L groups, with the
most severe damage observed in the latter. TUNEL immunofluorescence staining demonstrated the highest levels of apoptotic
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cells (green fluorescence) in the Cu,_ Se/PDA/IR820 + L group. Additionally, Ki-67 immunohistochemistry revealed a marked
reduction in the number of proliferating cells following combination treatment.*> Quantitative analysis of Ki-67 and TUNEL
staining (Figures S24 and S25) confirmed that the Cu,,Se/PDA/IR820 + L treatment significantly suppressed tumor cell
proliferation (with a Ki-67 positivity rate of approximately 24.67%) (p<0.01) while concurrently inducing extensive apoptosis
(with a TUNEL positivity rate around 80%)(p<0.001), aligning with the findings from in vivo anti-tumour studies. Collectively,
these results demonstrate that Cu,_Se/PDA/IR820 exerts a robust synergistic antitumor effect in vivo through the integration of
photothermal, photodynamic, and chemodynamic modalities.

To further corroborate the mechanism of action at the tissue level, the intratumoral generation of ROS was quantified
across the different treatment groups. Figure S26A depicts the fluorescence intensity distribution histograms, wherein the
Cu,_,Se/PDA/IR820 + L group exhibited a marked rightward shift in the DCFH fluorescence signal relative to the other
groups, indicative of pronounced ROS accumulation. Among the six treatment cohorts, the Cu,_Se/PDA/IR820 + L group
showed the highest ROS generation rate (41.61%), which was significantly greater than that observed in the Cu,_,Se + L group
(24.63%). In contrast, ROS levels remained negligible in all non-irradiated groups (Control, Cu,_,Se, and Cu,_Se/PDA/
IR820) as well as the laser-only control (Control + L), with ROS generation rates consistently below 0.7%. Quantitative
analysis of the mean fluorescence intensity (MFI, x10%) is shown in Figure S26B, further confirming that the Cu,_,Se/PDA/
IR820 composite nanoparticles induced the highest level of ROS-associated fluorescence. These results demonstrate that laser
activation of the composite nanosystem triggers a robust intratumoral ROS burst.

Concomitantly, the impact of treatment on cellular energy metabolism was assessed by measuring relative ATP levels
in tumor tissues (Figure S27). The Control group maintained ATP levels approximating 100%. Upon laser irradiation,
a pronounced depletion of ATP was observed in the therapeutic groups: the Cu,_,Se + L group exhibited a reduction to
approximately 25% of the control level, whereas ATP levels in the Cu,,Se/PDA/IR820 + L group were further
diminished. The differences between these combination therapy groups and the remaining cohorts were highly significant
(p < 0.001). This finding indicates that the nanoplatform, in conjunction with NIR irradiation, not only suppresses ATP
synthesis but does so with superior efficacy compared to monocomponent treatment with laser activation.

The integrity of the tumor cell membrane following treatment was evaluated by quantifying the relative LDH release
rate (Figure S28). The Cu,Se/PDA/IR820 + L group displayed the highest level of LDH release, a value significantly
exceeding that of the Control group and the other treatment groups. Intergroup comparisons revealed statistically
significant differences reaching (»p < 0.01). These results indicate that the combined therapeutic regimen induces the
most severe membrane compromise and necrotic cell death among all tested conditions.

Systematic Assessment of in vivo Biosafety of Cu,_,Se/PDA/IR820 Composite

Nanoparticles

The biosafety and biocompatibility of nanomaterials are critical prerequisites for clinical translation. An in vitro hemolysis
assay was initially performed to assess the blood compatibility of Cu,_,Se/PDA/IR820. As shown in Figure S29, the hemolysis
rate remained below 1.60% even at the highest tested concentration of 100 pg/mL, indicating favorable hemocompatibility.
Furthermore, analysis of peripheral blood hematological parameters and serum biochemical indices (Figure S30) revealed no
significant abnormalities in any of the treated groups compared to the control group, suggesting the absence of appreciable
hepatic or renal toxicity. Histological examination of major organs (heart, liver, spleen, lung, and kidney) via H&E staining
(Figure S31) revealed no evidence of pathological changes, such as hemorrhage, necrosis, or inflammatory infiltration. Taken
together, these findings indicate that the Cu,_,Se/PDA/IR820 composite nanoparticles exhibit excellent biocompatibility and
in vivo biosafety within the administered dosage range.

Discussion

In recent years, nanomedicine has demonstrated considerable promise in cancer therapy by enhancing drug solubility, bioavail-
ability, and tumor-targeting efficiency. Nanomaterial-based delivery systems can significantly improve therapeutic outcomes
through rational surface modification and multifunctional integration. For instance, polyethylene glycol (PEG)-modified poly
(lactic-co-glycolic acid) (PLGA) carriers have been shown to augment cellular uptake, prolong systemic circulation time, and
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reduce immunogenicity, thereby facilitating evasion of reticuloendothelial system (RES) clearance.*® Similarly, polydopamine
(PDA)-modified gold nanoparticle systems (eg., Au@PDA-PEG-MTX) exhibit both enhanced drug loading capacity and
superior photothermal therapeutic efficacy in preclinical breast cancer models.*’

A variety of multifunctional nanoplatforms have been developed to achieve synergistic therapeutic outcomes. Metal-black
phosphorus (Metal-BP) nanocomposites enable the co-delivery of multiple therapeutic agents for combined chemotherapy
and gene therapy.**** While gold nanorod-based composites (AuNRs@CuO) demonstrate excellent photothermal perfor-
mance in the second near-infrared (NIR-IT) window and can synergize with cuproptosis-related mechanisms.>* Moreover, pH-
responsive nanomaterials, including AuNRs@CuO and TLGp, permit controlled release of therapeutic payloads within the
acidic tumor microenvironment, thereby mitigating systemic toxicity. Ti@PDA-PEG nanosheets further improve biocompat-
ibility while enabling photothermal-triggered drug release,”’ and peptide-based nanomaterials offer stimulus-responsive
targeting capabilities. Dual-responsive systems, such as Fe-MnPS/PDA-PEG, integrate Fenton reaction-based chemodynamic
therapy (CDT) with photothermal effects to achieve enhanced therapeutic efficacy.™

In comparison with these previously reported systems, the Cu,_,Se/PDA/IR820 nanoplatform developed in the present study
exhibits several distinct structural and functional advantages. First, the nanoparticle size (approximately 200 nm) falls within the
optimal range for passive tumor accumulation via the enhanced permeability and retention (EPR) effect, enabling effective
retention at tumor sites.” Meanwhile, both the IR820 photosensitizer and the Cus_,Se core exhibit susceptibility to degradation
under near-infrared irradiation, a property that may facilitate metabolic clearance and reduce the potential for long-term systemic
toxicity. Third, the introduction of a template-assisted etching strategy during synthesis enhances particle size uniformity and
structural stability, thereby improving in vivo targeting efficiency, circulation behavior, and overall therapeutic performance.>*
Furthermore, the synthesis process is straightforward, highly reproducible, and conducted under mild reaction conditions,
highlighting its translational potential for scalable production. When benchmarked against other IR820-based nanoplatforms,
our system also demonstrates superior drug loading and antitumor efficacy. Specifically, the IR820 loading capacity of our Cu,_
Se/PDA/IR820 nanoplatform reached 66.80%, which is substantially higher than that of the HSA-based CAI NPs (approximately
10.19%) reported by Xu et al>® and the Bev-IR820@Felll TA nanosystem (6.21%) reported by Li et al>® This superior loading
performance is attributed to the hollow porous structure of Cu,_,Se and the strong 7-n stacking/hydrogen bonding between IR820
and the PDA coating. In terms of therapeutic efficacy, under 808 nm laser irradiation, our platform reduced KYSE-150 cell
viability to 1.2% at 100 pg/mL, with an IC50 value of 18.74 pg/mL. In contrast, the CAI NPs achieved a cell viability of
approximately 40%-50% at comparable IR820 concentrations under similar irradiation conditions (0.25 W/ecm?, 20 min).>> The
Bev-IR820@Felll TA nanosystem exhibited an IC50 of 8.97 ug/mL (based on Fe concentration), yet the cell viability at the
highest tested concentration remained above 20%.>® Our system achieved a nearly complete (98.8%) inhibition rate at 100 pg/
mL, which can be attributed to the triple synergistic effects of PTT from Cu,_,Se and PDA, PDT from released IR820, and CDT
from Cu'-mediated Fenton-like reactions, as well as the pronounced GSH depletion (335 pumol/gprot) that amplifies oxidative
stress. Collectively, these comparisons underscore the advantage of integrating multiple therapeutic modalities within a single
hollow-structured nanoplatform with high drug loading capacity.

The experimental results presented in Figures 1-6 demonstrate that the Cu, Se/PDA/IR820 nanoplatform exerts
potent inhibitory effects against esophageal cancer. This enhanced therapeutic efficacy can be attributed to the synergistic
interplay among its constituent components. The hollow Cu,_,Se nanostructure provides a large specific surface area that
facilitates high loading efficiency of the IR820 photosensitizer. Upon 808 nm near-infrared irradiation, both the Cu,_,Se
core and the PDA coating exhibit efficient photothermal conversion, generating localized hyperthermia that disrupts
tumor cell membranes and organelles, thereby inducing apoptosis and necrosis. Concurrently, the PDA coating confers
pH-responsive behavior, undergoing gradual degradation within the acidic tumor microenvironment to enable controlled,
on-demand release of IR820 for targeted PDT.”’

In addition to photothermal effects, the nanoplatform integrates multiple ROS-mediated therapeutic mechanisms. Under
the mildly acidic conditions of the tumor microenvironment, Cu,_,Se releases Cu' ions that catalyze Fenton/Fenton-like
reactions to generate highly cytotoxic hydroxyl radicals (-OH), thereby effecting CDT. Simultaneously, IR820 generates ROS
upon 808 nm laser irradiation, potentiating PDT. The combined action of PTT, PDT, and CDT results in amplified oxidative
stress and enhanced tumor cell killing efficiency. The pronounced GSH depletion observed in this study (335 umol/g protein in
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the Cu,_,Se/PDA/IR820 + L group versus 697 umol/g protein in the Cu,_Se + L group, Figure 4B) further compromises the
cellular antioxidant defense system, rendering tumor cells more susceptible to oxidative damage.

While the generation of ROS and depletion of GSH observed in this study are directly linked to oxidative damage and
apoptosis induction, these biochemical changes likely intersect with broader intracellular signaling cascades that further
compromise tumor cell viability. For instance, excessive ROS production can overwhelm the cellular antioxidant defense
regulated by nuclear factor erythroid 2-related factor 2 (Nrf2), a master transcription factor that controls the expression of
detoxifying enzymes; while Nrf2 activation can protect normal cells, its dysregulation in cancer cells, often through the
Keap1-Cul3 axis, contributes to therapeutic resistance by upregulating antioxidant defenses and inhibiting ferroptosis.>®
Therefore, the ROS surge generated by the combined PTT/PDT/CDT approach may help overcome Nrf2-mediated
resistance mechanisms, thereby sensitizing cancer cells to oxidative insult. Concurrently, the significant depletion of
intracellular GSH impairs the activity of GSH peroxidase 4 (GPX4), a selenoenzyme that utilizes GSH as a cofactor to
reduce lipid peroxides to non-toxic lipid alcohols.”® As GPX4 serves as the central guardian against ferroptosis, its
inhibition whether through direct targeting or GSH depletion lowers the threshold for ferroptosis induction, potentially
augmenting the efficacy of CDT.®® This intersection between GSH depletion, GPX4 inactivation, and ferroptosis
susceptibility highlights a promising therapeutic vulnerability that may be exploited in treatment-resistant cancers. In
addition to these intracellular signaling modulations, the pronounced cell death triggered by the combined PTT/PDT/
CDT approach is known to release tumor-associated antigens and damage-associated molecular patterns (DAMPs),
a process characteristic of immunogenic cell death (ICD). This phenomenon can stimulate the maturation of dendritic
cells and promote the infiltration of cytotoxic T lymphocytes into the tumor microenvironment, effectively transforming
the treated tumor into an in-situ vaccine.®’ Although a detailed dissection of these signaling pathways and the
corresponding in vivo immune responses falls outside the scope of the present work, the observed robust tumor inhibition
strongly suggests that the therapeutic benefits of the Cu,_,Se/PDA/IR820 nanoplatform extend beyond direct cytotoxicity.
Future investigations will focus on delineating the Nrf2/Keap1/Cul3 and GPX4 regulatory axes in the context of this
treatment, as well as exploring the synergistic potential of combining this nanoplatform with immune checkpoint
blockade (eg., anti-PD-1/PD-L1) to achieve durable systemic anti-tumor immunity and prevent distant metastasis.

The mechanistic link between GSH depletion and enhanced therapeutic vulnerability observed in our study can be
further contextualized within the emerging understanding of ferroptosis regulation. GPX4, a selenoenzyme that utilizes
GSH as an essential cofactor to reduce cytotoxic lipid peroxides to non-toxic lipid alcohols, serves as the central guardian
against ferroptotic cell death. In cancer cells, upregulated GSH synthesis and GPX4 activity contribute to an enhanced
antioxidant defense that counteracts oxidative stress induced by various therapeutic interventions.®> The pronounced
GSH depletion we observed (335 pmol/gprot in the Cu,_,Se/PDA/IR820 + L group versus 697 pmol/gprot in the Cu,_Se
+ L group, Figure 4B) likely impairs GPX4 function, thereby lowering the threshold for ferroptosis induction. Recent
work by Huang et al demonstrated that synergistic induction of ferroptosis through GPX4 inhibition combined with
GSH-depleted nanoparticles effectively reverses chemotherapy resistance in pancreatic cancer models, highlighting the
therapeutic relevance of this dual-pronged strategy.®> Moreover, Cu®" released from our Cu,.,Se core may further
sensitize tumor cells to ferroptosis through mechanisms beyond GSH depletion, copper can decrease SELENOP levels,
thereby reducing selenium availability and further compromising GPX4 activity. Concurrently, the massive ROS surge
generated by the combined PTT/PDT/CDT approach may overwhelm the cellular antioxidant defense regulated by Nrf2.
Under physiological conditions, Nrf2 maintains redox homeostasis through Keapl-dependent regulation of antioxidant
gene expression. However, sustained Nrf2 activation in cancer cells, often resulting from KEAP1 mutations, promotes
tumor survival, drug resistance, and metabolic reprogramming. Targeting Nrf2 represents a promising strategy for
overcoming treatment resistance, as Nrf2 enhances GSH synthesis and upregulates detoxifying enzymes that collectively
counteract oxidative therapeutic insults.®* The observed ROS production in our study (76.32% ROS-positive cells in the
Cu,_«Se/PDA/IR820 + L group, Figure 4E) suggests that the nanoplatform may effectively bypass or overwhelm Nrf2-
mediated resistance mechanisms, thereby sensitizing esophageal cancer cells to oxidative damage. Collectively, these
signaling intersections, GSH depletion compromising GPX4 activity, copper ions further sensitizing cells to ferroptosis,
and ROS overload overcoming Nrf2-mediated antioxidant defenses—converge to amplify the therapeutic efficacy of our
multimodal approach.
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Beyond direct cytotoxicity, emerging evidence indicates that phototherapy can activate systemic antitumor immune
responses. PTT and PDT are capable of inducing immunogenic cell death (ICD), characterized by the release of damage-
associated molecular patterns (DAMPs) and tumor-associated antigens.®> Furthermore, combining phototherapy with
immune checkpoint blockade (eg., anti-PD-1/PD-L1 antibodies) has been shown to effectively suppress tumor recurrence
and metastasis. The integration of multifunctional near-infrared AIEgen nanoparticles with PD-L1 antibody therapy has been
demonstrated to further enhance systemic immune memory responses.®® These findings suggest that the Cu,_,Se/PDA/IR820
nanoplatform may serve as a promising candidate for future combination strategies incorporating immunotherapy.

Despite these encouraging results, several limitations of the present study should be acknowledged. The current
investigation is based primarily on in vitro experiments and murine xenograft models; the long-term biosafety and
pharmacokinetic profile of the nanoplatform remain to be fully elucidated. In particular, the potential for
accumulation in major organs such as the liver and kidneys, and any associated toxicological sequelae, warrant
further systematic investigation. Future studies should therefore focus on: (1) comprehensive in vivo and pre-
clinical evaluations of safety and therapeutic efficacy; (2) systematic characterization of pharmacokinetics,
biodistribution, and metabolic clearance pathways; and (3) exploration of combinatorial strategies with emerging
therapeutic modalities, including immunotherapy, gene therapy, and metabolic regulation.

In summary, this study demonstrates that the Cu,_,Se/PDA/IR820 nanoplatform achieves a synergistic integration of
PTT, PDT, and CDT, offering a promising strategy for multimodal cancer therapy and establishing a foundation for the
development of next-generation nanomedicine systems with improved efficacy and translational potential.

Conclusions
In this study, we developed pH-responsive Cu,.,Se/PDA/IR820 composite nanoparticles. Under 808 nm near-infrared
irradiation, these nanoparticles not only exhibited efficient photothermal conversion but also enhanced ROS production.

They demonstrated significant antitumor activity and good biocompatibility, enabling the combined implementation of
PTT, PDT, and CDT.
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