RESEARCH ARTICLE

ADVANCED
SCIENCE

www.advancedscience.com

Stimuli-Responsive CuFeTe, Nanosheets for Amplified
Cuproptosis/Ferroptosis in Triple-Negative Breast Cancer

Therapy

Molin Liu, Jian Zheng, Mengqi Yu, Qirui Wang, Yi Yuan, Nannan Shao, Xiaoliang Yang,
Tianxi Shen, Li Wang, Aiyun Li, Rui Liu, Jimin Cao,* Xi Liu,* Fangfang Cao,*

and Yanlin Feng*

Triple-negative breast cancer (TNBC) exhibits high copper and iron uptake,
making cuproptosis and ferroptosis promising therapeutic strategies.
However, their efficacy is limited by TNBC'’s intrinsic antioxidant defences.
Herein, CuFeTe, nanosheets (CFT) with internal tumour microenvironment
(TME) responsiveness and external NIR-1l mild photothermal enhancement is
developed to synergistically overcome this antioxidant defences, amplifying
both pathways for improved TNBC therapy. In the acidic TME, CFT releases
Fe?* and Cu?*. Cu?* reacted with glutathione (GSH) to generate Cu™,
inhibiting glutathione peroxidase 4 (GPX4), amplifying lipid peroxidation
(LPO), and triggering ferroptosis. Cu® also induce dihydrolipoamide
S-acetyltransferase (DLAT) aggregation and disrupts iron-sulfur (Fe-S) cluster
proteins, initiating cuproptosis. Meanwhile, Fe?* overload further reinforced
ferroptosis. Both Fe?* and Cu* catalyze H,0, decomposition into hydroxyl
radicals (éOH), while NIR-Il photothermal effects accelerated this process,
intensifying oxidative stress and ferroptosis. Moreover, ferroptosis depleted
heat shock protein 70 (HSP70) and reduces ATP levels, sensitizing tumor cells
to cuproptosis. The synergistic activation of ferroptosis and cuproptosis
ultimately induced immunogenic cell death (ICD) and a potent immune
response. Biodegraded CFT is efficiently excreted via renal filtration, ensuring
high biocompatibility and safe clearance. This study presents a
TME-responsive, photothermal-enhanced nanoplatform that effectively
integrates ferroptosis and cuproptosis for potent antitumor therapy.

1. Introduction

Triple-negative breast cancer (INBC) is an
aggressive subtype characterized by the
absence of estrogen receptor (ER), proges-
terone receptor (PR), and human epidermal
growth factor receptor 2 (HER2) overex-
pression, leading to high malignancy, fre-
quent recurrence, and poor prognosis.l'=?!
Notably, TNBC cells exhibit elevated cop-
per uptake and a heightened dependence
on copper-mediated signaling due to in-
creased metabolic demands, making them
particularly susceptible to cuproptosis.l*-1]
Additionally, TNBC tumors are rich in
iron and lipids, leading to extensive lipid
peroxide (LPO) accumulation and an in-
creased vulnerability to ferroptosis.!'2-4]
More importantly, ferroptosis comple-
ments cuproptosis by downregulating heat
shock protein 70 (HSP70), a key regulator
of proteotoxic stress.['>1¢] Despite their
therapeutic potential, both cuproptosis
and ferroptosis are significantly hindered
by intrinsic antioxidant defenses.['%17]
For instance, cellular copper homeostasis
mechanisms tightly regulate Cu levels,
while high glutathione (GSH) levels
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in the tumor microenvironment (ITME) chelate Cu ions and sup-
port glutathione peroxidase 4 (GPX4) in detoxifying LPO. Ad-
ditionally, ATP-dependent transporters actively expel excess Cu,
further limiting cuproptosis. To overcome these barriers, we pro-
pose that depleting GSH while inhibiting intracellular ATP pro-
duction could enhance the therapeutic efficacy of cuproptosis and
ferroptosis in TNBC.

GSH depletion can be achieved by disrupting intracellular
redox balance-boosting reactive oxygen species (ROS) genera-
tion while simultaneously suppressing antioxidant defenses. Re-
cently, nanonaterials incorporating multivalent metal ions (e.g.,
Fe* /3, Cul*/**) have shown promise in achieving this goal.
They can respond to TME, catalyzing the conversion of excess
hydrogen peroxide (H,0,) in the TME into toxic hydroxyl rad-
icals (¢OH), while simultaneously depleting GSH through re-
dox reactions, thereby further weakening antioxidant defences.
Moreover, they could exhibit strong absorption in the near-
infrared II (NIR II) region, enabling NIR-II-triggered mild local-
ized hyperthermia, which further enhances catalytic ROS pro-
duction to improve antitumor activity and effectively inhibits
intracellular ATP.['81°] Hence, it is highly desirable to develop
an all-in-one nanoplatform with mild photothermal promoted
GSH depletion and ATP inhibition for effectively combating
TNBC cells. However, existing multivalent metal ion nanoplat-
forms are limited and often rely on multi-component assem-
blies, such as multivalent metal ion carriers, photosensitiz-
ers, and O,-supplementing agents, which increases complexity
and makes the activity dependent on the ratio between these
components.!1*20-2] Therefore, developing a simple all-in-one
nanoplatform with mild photothermal-enhanced GSH depletion
and ATP inhibition presents an effective strategy for combating
TNBC.

To meet this demand, we developed a dual-stimuli-responsive
CuFeTe, nanosheet (CFT) that respond to both the internally
TME and external NIR II radiation, promoting GSH depletion
and ATP inhibition, and thereby effectively amplifying ferrop-
tosis and cuproptosis against TNBC (Figure 1). Notably, the in-
troduction of tellurium (Te) in this work is mainly attributed
to two reasons. First, Te was incorporated to construct CuFeTe,
nanosheets, thereby enhancing photothermal performance!?+%]
and accelerating catalytic activity. Second, as a group VI-A el-
ement analogous to S and Se, Te exhibits unique biochemical
reactivity toward thiol-containing biomolecules to promot GSH
depletion,!?*31 which strengthens ferroptosis. Overall, the re-
sulting CuFeTe, nanosheets display strong absorption in the
NIR-II region, enabling efficient photothermal conversion with
deeper tissue penetration and improved biosafety. Upon NIR-II
irradiation, the local temperature rapidly increases to ~43 °C, fur-
ther accelerating catalytic reactions and potentiating ferroptosis.
Compared with monometallic Cu, , Te nanomaterials,*233] CFT
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offers distinct advantages through Fe incorporation. Once inter-
nalized by TNBC cells, CFT could degrade to release Fe** and
Cu?*, with Cu?* being reduced to Cu* by FDX1 and GSH in
mitochondria. This process triggered S-acetyltransferase (DLAT)
oligomerization and iron-sulfur (Fe—S) cluster interference, re-
sulting in cuproptosis. Meanwhile, GSH depletion inactivated
GPX4, while Fe** accumulation induced ferroptosis via lethal
lipid peroxidation (LPO). Additionally, Fe** and Cu* further cat-
alyze H,0, decomposition through a peroxidase (POD)-like re-
action, amplifying ROS production. The resulting ROS and LPO
depleted HSP70 and lowered ATP levels, sensitizing tumors to
cuproptosis, reducing Cu?* efflux, and promoting high mobil-
ity group box1 (HMGB1) release, which induced immunogenic
cell death (ICD) and a potent immune response. The dynamic
redox cycling between Cu?*/Cu* and Fe**/Fe?* sustains oxida-
tive stress amplification, enabling CFT nanosheets to simultane-
ously exploit Fe- and Cu-dependent cell death mechanisms while
leveraging superior NIR-II optical properties for enhanced TNBC
therapy.

2. Results and Discussion

2.1. Preparation and Characterization of CFT

CFT were synthesized via sonication-assisted liquid delamina-
tion of bulk CuFeTe, crystals, followed by PEG modification.
Transmission electron microscopy (TEM) images revealed the
characteristic sheet-like morphology of the CFT, with an aver-
age lateral size of 222.6 nm (Figure 2A,B). Moreover, it exhibited
uniform dispersion in deionized water, as depicted in Figure 2A
(inset). Scanning transmission electron microscopy dark field
(STEM-DF) images and the corresponding energy-dispersive X-
ray spectroscopy (EDX) elemental mapping demonstrated the
uniform distribution of Cu, Fe, and Te components through-
out the nanosheets (Figure 2C; Figure S1, Supporting Informa-
tion). Atomic force microscopy (AFM) further validated the free-
standing morphology of CFT, with a measured thickness of ap-
proximately 2.2 nm (Figure 2D; Figure S2, Supporting Infor-
mation). X-ray powder diffraction (XRD) patterns analysis con-
firmed the consistency of consistent crystal structure, in agree-
ment with simulated results (Figure 2E).3* The elemental com-
position of the CFT nanosheets was determined by inductively
coupled plasma mass spectrometry (ICP-MS), revealing Cu, Fe
and Te contents of 24.6, 5.3, and 13.1 wt%, respectively. The
ultraviolet-visible-near-infrared (UV-vis-NIR) absorbance spec-
trum exhibited a broad absorption band in the NIR II, analogous
to traditional 2D nanosheets,353¢! positioning CFT as promising
candidates for photothermal therapeutic applications (Figure 2F).
The X-ray photoelectron spectroscopy (XPS) survey spectra fur-
ther corroborated the presence of Cu, Fe, and Te elements in the
CFT (Figure 2G), consistent with the EDX analysis presented in
Figure S1 (Supporting Information). The high-resolution spec-
tra of Cu 2p and Fe 2p disclosed tha Cu was present in both Cu?*
(954.17 and 934.48 eV) and Cu" (952.28 and 932.68 eV) oxida-
tion states, with a Cu?*/Cu* ratio of approximately 1.5, while Fe
was identified in both Fe?* (723.77 and 710.7 eV) and Fe** (726.1
and 712.7 eV) states, with a Fe?* /Fe?* ratio of approximately 1.0
(Figure 2H,1I). These valence states are crucial for facilitating the
Fenton reaction mediated by Cu* and Fe?*, as well as the con-
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Figure 1. Schematic illustration of the synthesis process of CFT A) and the dual-stimuli-responsive CFT enabling amplified ferroptosis/cuproptosis for

TNBC therapy B).

sumption of GSH by Cu?* and Fe**. Dynamic light scattering
(DLS) measurements indicated an increase in hydrodynamic size
from 280.0 + 14.95 nm to 330.4 + 3.12 nm with narrow poly-
dispersity index (PDI) (Figure S3A, B; Figure S4A, Supporting
Information), coupled with a decrease in zeta potential from -
8.574 + 0.38 to -11.175 + 0.6, confirming the successful PEG
coating on the surface of the CFT (Figure S3C, Supporting In-
formation). Furthermore, thermalgravimetric analysis (TGA) de-
termined the PEG content to be 6.04% by mass (Figure S5, Sup-
porting Information). The colloidal stability of CFT was system-
atically evaluated in different media, including H,O, Dulbecco’s
modified Eagle medium (DMEM), and DMEM containing 10%
fetal bovine serum (FBS). DLS measurements revealed that CFT
maintained uniform hydrodynamic sizes and acceptable PDI val-
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ues in all tested media even after six months of storage, indicating
excellent colloidal stability (Figure S4A—F, Supporting Informa-
tion). Furthermore, CFT dispersions across a wide concentration
range (10, 50, 100, 1000 pug mL™!) exhibited consistent hydrody-
namic sizes and PDI values, demonstrating robust resistance to
aggregation upon dilution (Figure S6, Supporting Information).
Collectively, these results confirm that CFT possesses favorable
stability, a prerequisite for reliable biomedical applications.

2.2. Performance of CFT
Due to the acidic nature of TME, we first evaluated the stability of

CFT in solutions with varying pH levels before proceeding with

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 2. Characterization of the synthesized CFT. A) TEM images of CFT and their dispersion in deionized water (5 mg mL™"). B) Size distribution of
CFT in Figure 2A. C) STEM with corresponding EDS elemental mapping images, D) AFM images, E) XRD pattern, F) UV-vis-NIR absorption spectra,
G) XPS spectrum, H) high-resolution Cu 2p spectra and I) high-resolution Fe 2p spectra of CFT.

further applications. TEM imaging revealed that CFT maintained
its structural integrity under neutral conditions; however, its two-
dimensional architecture gradually degraded over time under
acidic conditions (pH = 6.5 and pH = 5.5, Figure 3A). More-
over, the ICP-MS analysis confirmed a pH-dependent release of
Cu and Fe ions, with significantly accelerated ion dissolution
observed under acidic conditions, indicating the pH-responsive
degradability of CFT (Figure 3B). This intrinsic biodegradability
facilitates the metabolic clearance of CFT from the body, thereby
mitigating potential long-term toxicity and enhancing biocom-
patibility.

The ROS-generating capability of CFT under different pH con-
ditions was subsequently evaluated using 3,3',5,5" tetramethyl-
benzidine (TMB) colorimetric assays, wherein eOH catalyze the
oxidation of TMB to its blue oxidized form (oxTMB) with absorp-
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tion peak at 652 nm. As shown in Figure 3C, the absorbance
peak of oxTMB at 652 nm increased as the pH decreased, indi-
cating enhanced eOH production. To further validate ¢OH gen-
eration, we performed electron spin resonance (ESR) measure-
ments using DMPO as the spin-trapping agent. As demonstrated
in Figure 3], a characteristic 1:2:2:1 ESR signal of DMPO/eOH
was observed, which was more pronounced under acidic con-
ditions, consistent with the TMB assay results. Notably, in the
absence of H,0,, the CFT + TMB group exhibited negligible
absorbance at 652 nm and no detectable ESR signal, demon-
strating that H, O, is indispensable for initiating the peroxidase-
like catalytic activity (Figure S7A, B, Supporting Information).
Furthermore, the oxTMB absorbance exhibited a concentration-
dependent increase when the CFT concentration was raised from
0 to 100 pg mL~! (Figure 3D). Given that mild photothermal

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 3. Performance of CFT. A) TEM images of CFT in PBS under different pH conditions at day 0, 1 and 2. B) Release profiles of Cu and Fe ions at
varying pH values. UV-vis absorption spectra of oxidized TMB under different pH conditions C) and CFT concentrations D) in the presence of H,0,
and CFT. E) Infrared thermal images of CFT (100 ug mL™") under 1064 nm laser irradiation (1 W cm~2) for 10 min. F) Photothermal heating curve of CFT
(100 ug mL~") under 1064 nm laser irradiation (1 W cm~2) and corresponding cooling curve. The green line represents the linear fit of —In@ versus time,
obtained from the cooling curve. G) Photothermal heating curves of CFT at different concentrations under 1064 nm laser irradiation (1 W cm=2) for
10 min. H) Photothermal heating and natural cooling cycles of CFT at pH = 7.4. I) UV-vis absorption spectra of oxidized TMB recorded under different
pH conditions values in the presence of H,0, and CFT with 1064 nm laser irradiation (1 W cm~2, 10 min). |) DMPO spin-trapping ESR spectra of CFT
under different pH conditions values with or without 1064 nm laser irradiation in the presence of H,O, and CFT. Detection of GSH levels in the absence
K) and presence L) of 1064 nm laser irradiation (1 W cm~2, 10 min). Control groups without CFT were included to assess the effect of acidic pH and

laser irradiation on GSH levels. *p < 0.05, ** p < 0.01, *** p < 0.001.

heating can enhance nanocatalytic therapeutic efficacy’®”*%! and
that CFT exhibits strong absorption in the NIR II region, we fur-
ther investigated its PTT and ROS-generating performance un-
der 1064 nm irradiation. Infrared thermal imaging revealed a sig-
nificant temperature increase from 20 °C to 43 °C after 10 min-
utes of irradiation (1.0 W cm™2) at 100 ug mL™", achieving local-
ized mild hyperthermia, typically maintained within the 40-45
°C range (Figure 3E). Based on the recorded temperature eleva-
tion profile, the photothermal conversion efficiency (n) of CFT
was calculated using Roper’s method!*?! and determined to be
39.2% (Figure 3F). Additionally, real-time temperature monitor-
ing demonstrated that the thermal response of CFT was both
concentration- and power density-dependent (Figure 3G; Figure
S8, Supporting Information). Photostability and photothermal
conversion efficiency (1) are critical factors influencing the pho-
tothermal and therapeutic performance of nanomaterials. The
photostability of CFT was assessed by recording temperature
variations over four laser irradiation/natural cooling cycles at dif-
ferent pH values. Heating curves displayed comparable temper-
ature elevations across all tested pH conditions, and the repeated
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on/off cycles confirmed stable photothermal performance even
in acidic environments (Figure 3H; Figure S9A, B, Supporting
Information). TEM and DLS analyses further demonstrated that
10 min of 1064 nm laser irradiation caused no detectable mor-
phological changes or size reduction at either pH, indicating
negligible structural degradation during the irradiation period
(Figure S10, Supporting Information).

To investigate whether the localized mild hyperthermia gen-
erated by CFT could further accelerate the Fenton-like reac-
tion, we evaluated eOH production under 1064 nm NIR-II
laser irradiation. As shown in Figure 3I and ], laser expo-
sure markedly enhanced oxTMB absorbance and intensified
the characteristic DMPO/eOH ESR signals at both neutral
and acidic pH, compared with non-irradiated controls. Further-
more, a concentration-dependent increase in eOH generation
was observed under irradiation, as evidenced by the progressive
rise in oxXI'MB absorbance with increasing CFT concentrations
(Figure S11, Supporting Information). These results demon-
strate that photothermal activation synergizes with the intrinsic
pH-dependent peroxidase-like activity of CFT, leading to more

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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efficient ROS production. Additionally, the presence of high-
valence Cu?* and Fe** enabled the depletion of excessive en-
dogenous GSH within the TME. The GSH-depleting capabil-
ity of CFT was evaluated using a 5,5’-dithiobis-(2-nitrobenzoic
acid) (DTNB) assay, in which GSH react with DTNB to yield
the yellow chromophore 2-nitro-5-thiobenzoate (TNB?") with a
characteristic absorbance at 412 nm. As shown in Figure 3K,
CFT induced a pH-dependent GSH consumption, with markedly
greater depletion observed under acidic conditions. To exclude
potential interference from protonation of TNB?- at low pH, con-
trol experiments without CFT were conducted and observed that
acidic pH alone caused a slight decrease in absorbance. How-
ever, CFT-treated groups exhibited significantly greater GSH de-
pletion than pH-only controls, confirming that the effect origi-
nated from CFT-mediated catalytic activity. Furthermore, upon
exposure to 1064 nm laser irradiation, GSH depletion was fur-
ther enhanced in the presence of CFT (Figure 3L), and NIR-II ir-
radiation alone had negligible influence on GSH levels, indicat-
ing that mild photothermal effects enhanced the catalytic GSH
consumption capability of CFT. Furthermore, the dynamic redox
cycling between Cu?* /Cu* and Fe** /Fe?* facilitated the continu-
ous regeneration of catalytically active species, thereby sustaining
the oxidative stress amplification necessary for enhanced tumour
therapeutic efficacy.

2.3. In Vitro Therapeutic Effect of CFT

The remarkable ROS generation and GSH depletion capabilities,
coupled with the in-situ photothermal effect of CFT, underscore
their potential therapeutic efficacy in cancer treatment. The cyto-
toxicity of CFT on different cells was assessed by the cell counting
kit-8 (CCK-8) assay. As shown in Figure S12A—C (Supporting In-
formation), all normal cells (mouse embryonic fibroblast (NIH-
3T3) cells, human embryonic kidney 293T (HEK 293T) cells,
and murine monocyte-macrophage leukemia (RAW 264.7) cells)
maintained high viability even at 100 pg mL~!, demonstrating fa-
vorable biocompatibility. In contrast, the murine mammary car-
cinoma 4T1 cells exhibited a concentration-dependent decrease
in viability, with 67% survival at 100 pg mL~" (Figure 4A), sug-
gesting preferential cytotoxicity toward tumor cells. This selec-
tivity may be attributed to the mildly acidic TME,[“**4] which fa-
cilitates CFT degradation and enhances peroxidase-like catalytic
activity, thereby accelerating ROS generation. To further confirm
this phenomenon, two additional tumor cell lines (MDA-MB-
231 human breast cancer cells and B16-F10 murine melanoma
cells) were tested and displayed similar trends to that in 4T1
cells toward CFT (Figure S13, Supporting Information). More-
over, when the culture medium was adjusted to pH 6.5 to mimic
the TME, all tested cells—including both tumor and normal
cells—exhibited significantly enhanced cytotoxicity (Figure S14,
Supporting Information), indicating that acidity is the key fac-
tor triggering CFT-induced toxicity. Collectively, these findings
demonstrate that the apparent selectivity of CFT arises from the
intrinsic acidic TME of tumor cells, while normal cells remain
largely unaffected under physiological pH. Building on this se-
lective cytotoxicity, we next investigated the synergistic photother-
apeutic potential of CFT under NIR-II irradiation. Upon expo-
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sure to 1064 nm laser irradiation, a concentration-dependent re-
duction in cell viability was observed, with approximately 90%
of 4T1 cells undergoing cell death at a CFT concentration of
100 ug mL~!. Live/dead cell staining and corresponding 3D sur-
face plots (Figure 4B) further validated the potent phototherapeu-
tic effects of CFT. To elucidate the underlying mechanisms, intra-
cellular ROS generation was analyzed using the DCF assay and
evaluated by flow cytometry (Figure 4C; Figure S15, Supporting
Information) and fluorescence imaging (Figure 4D). In the ab-
sence of laser irradiation, no detectable DCF fluorescence was
observed in 4T1 cells. However, under 1064 nm laser exposure,
green fluorescence intensity increased in a dose-dependent man-
ner, confirming enhanced ROS production. Furthermore, GSH
depletion in 4T1 cells following CFT treatment was quantified
using the DTNB assay. As depicted in Figure 4E, cells treated
with CFT under 1064 nm laser irradiation exhibited significantly
reduced GSH levels compared to those treated with either CFT
alone or laser irradiation alone, highlighting the effective GSH
depletion.

The combined effects of ROS generation and GSH deple-
tion exacerbated oxidative stress, leading to mitochondrial dys-
function, ATP depletion, and ultimately apoptosis. Mitochon-
drial dysfunction was further characterized using JC-1 and Mi-
toSox Red staining to assess mitochondrial membrane poten-
tial (A¥m) and superoxide generation, respectively. Elevated ox-
idative stress can induce mitochondrial membrane depolariza-
tion and excessive mitochondrial superoxide accumulation. JC-
1 staining revealed that, in untreated or non-irradiated cells,
mitochondria maintained a high A¥Ym, as evidenced by domi-
nant red fluorescence. However, following 1064 nm laser irradi-
ation, cells exhibited a pronounced reduction in red fluorescence
and an increase in green fluorescence, indicating mitochon-
drial membrane depolarization in a concentration-dependent
manner (Figure 4F). Quantitative analysis further confirmed a
dose-dependent decrease in the red-to-green fluorescence ra-
tio (Figure S16, Supporting Information), demonstrating that
CFT effectively disrupted A¥m. Mitochondrial depolarization
is associated with excessive mitochondrial superoxide produc-
tion, which was assessed via MitoSox Red staining. In the ab-
sence of laser irradiation, negligible red fluorescence was de-
tected (Figure 4G). However, upon 1064 nm laser irradiation,
red fluorescence intensity progressively increased with higher
CFT concentrations, confirming mitochondrial superoxide ac-
cumulation and oxidative stress-induced damage (Figure 4G;
Figure S17, Supporting Information). Consistently, ATP lev-
els were significantly depleted in cells treated with CFT and
1064 nm laser irradiation, further corroborating severe mito-
chondrial impairment (Figure 4H). To determine whether mi-
tochondrial dysfunction culminated in apoptosis, Annexin V-
FITC (AV)/propidium iodide (PI) staining was performed. As
shown in Figure 4I, following 6 h of incubation with CFT and
1064 nm laser irradiation, apoptosis was observed in approxi-
mately 61% of 4T1 cells at a concentration of 100 ug mL~". Collec-
tively, these findings demonstrate that CFT, upon NIR II irradia-
tion, effectively induce apoptosis in tumor cells through an intrin-
sic mitochondria-mediated apoptotic pathway, highlighting their
potential as a promising therapeutic strategy for cancer treat-
ment.
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Figure 4. In vitro therapeutic effect of CFT. A) CCK-8 assay of 4T1 cell viability following treatment with varying concentrations of CFT for 24 h, with or
without 1064 nm laser irradiation (1 W cm™2, 10 min) (n = 3). B) Live/dead staining of 4T1 cells treated with 0-100 ug mL~" CFT for 24 h with or without
1064 nm laser irradiation (1W cm~2, 10 min). C) Flow cytometric analysis of intracellular ROS levels under 1064 nm laser irradiation (1W cm=2, 10 min).
D) Fluorescence imaging of DCFH-DA stained cells, with or without 1064 nm laser irradiation (1 W cm~2, 10 min). E) Quantification of intracellular
GSH levels using the DTNB assay (n = 3). F) Mitochondrial membrane potential assessment via JC-1 staining, with or without 1064 nm laser irradiation
(1W cm™2, 10 min). G) Mitochondrial superoxide generation analysis using MitoSox Red staining with or without 1064 nm laser irradiation (1 W cm™2,
10 min). Cell nuclei were stained with Hoechst 33342 (blue). H) Measurement of cellular ATP content (n = 3). 1) Flow cytometric analysis of apoptotic
cells following 1064 nm laser irradiation (1 W cm™2, 10 min). *** p < 0.001.
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2.4. In Vitro Cuproptosis and Ferroptosis Evaluation

Encouraged by the augmented intracellular oxidative stress, we
further investigated the cuproptosis and ferroptosis performance
of CFT. Cuproptosis is initiated by excessive intracellular Cu?**
accumulation, which is reduced by FDX1 to the more toxic Cu*
form. To assess intracellular Cu* levels, we utilized Cu* Bio-
Tracker. As shown in Figure 5A and Figure S18 (Supporting In-
formation), CFT effectively released Cu*, with a notably higher
Cu' content observed upon 1064 nm irradiation. This enhance-
ment may be attributed to mild hyperthermia-augmented cel-
lular membrane fluidity and thermally accelerated Fenton-like
reactions.[*8] Elevated Cu* levels promote dihydrolipoamide
S-acetyltransferase (DLAT) aggregation and disrupt iron-sulfur
(Fe=S) cluster proteins, thereby initiating cuproptosis.[*’] Con-
sistently, western blot (WB) analysis revealed decreased expres-
sion of FDX1 and lipoyl synthase (LIAS, a Fe-S cluster pro-
tein), together with increased DLAT levels in the CFT + NIR-
II group, confirming the activation of cuproptosis (Figure 5B;
Figure S19A—C, Supporting Information).

Similarly, ferroptosis is characterized by Fe** overload. We em-
ployed FerroOrange to detect intracellular Fe?* levels, revealing
significant Fe’* accumulation in 4T1 cells treated with CFT +
NIR II compared to CFT alone (Figure 5C,D). The biodegrada-
tion of CFT contributed to Fe?* release, expanding intracellu-
lar iron pools and triggering ferroptosis. To further validate fer-
roptosis induction, we examined key biomarkers, including in-
tracellular LPO, GSH levels, GPX4 expression, and mitochon-
drial morphology. A hallmark of ferroptosis is lipid peroxidation
(LPO), driven by Fe**-mediated Fenton reactions that generate
ROS via multiple pathways. LPO levels were evaluated using the
C11-BODIPY>#!/**! fluorescence probe. Notably, the attenuation
of red fluorescence and the corresponding enhancement of green
fluorescence (oxidized C11-BODIPY*#1/>%!) in the CFT + NIR II
group indicated effective LPO accumulation (Figure SE,F). As a
key antioxidant system, the GPX4/GSH axis mitigates LPO to
suppress ferroptosis. Accordingly, increasing intracellular ROS
production while inactivating GPX4 represents a crucial strategy
to promote ferroptosis. The CFT + NIR II group significantly en-
hanced ROS generation and GSH depletion (Figure 4D,E), fur-
ther corroborating its ferroptosis-inducing potential. Moreover,
GPX4 expression was markedly reduced in the CFT + NIR II
group compared to other treatments (Figure 5B; Figure S19D,
Supporting Information). These findings suggest that CFT, with
its potent GSH-depleting and ROS-generating capabilities, effec-
tively disrupts the GSH/GPX4 axis, facilitates LPO formation,
and ultimately triggers ferroptosis in 4T1 cells.

Furthermore, mild hyperthermia-induced LPO accumulation
and ATP depletion contributed to stress-induced cleavage of heat
shock proteins (HSP70), compromising the protective mecha-
nisms of cancer cells and further sensitizing them to cuprop-
tosis (Figure 5B; Figure S19E, Supporting Information). Bio-
TEM imaging revealed severe mitochondrial damage in 4T1 cells
treated with CFT + NIR II, as evidenced by increased mem-
brane density, reduced mitochondrial volume, and diminished
or absent cristae—hallmarks of both cuproptosis and ferroptosis
(Figure 5G). Beyond directly inducing cell death, cuproptosis and
ferroptosis can also elicit a potentimmune response by triggering
immunogenic cell death (ICD). This occurs through the release
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of key signaling molecules, such as calreticulin (CRT) and high-
mobility group box 1 (HMGB1), which serve as critical mediators
of immune activation. CRT exposure on the cell surface acts as
an “eat me” signal, facilitating dendritic cell (DC) recognition and
maturation. As shown in Figure 5B and Figure S19F (Support-
ing Information), CRT expression was significantly upregulated
on the surface of 4T1 cells following CFT + NIR II treatment.
Additionally, HMGB1, which functions as a “present me” signal
to enhance ICD, was released upon CFT + NIR II exposure, as
evidenced by its decreased intracellular expression (Figure 5B;
Figure S19G, Supporting Information). These findings highlight
the dual therapeutic potential of CFT + NIR II, not only in induc-
ing direct cancer cell death but also in amplifying the immune
response through ICD, ultimately enhancing tumour immuno-

genicity.

2.5. Anticancer Biological Mechanism of CFT

To further elucidate the biological mechanisms underlying CFT-
mediated therapy, RNA was extracted from 4T1 cells treated with
CFT + NIRII, as well as from control groups, for transcriptomic
analysis. As shown in Figure 6A, a total of 23399 genes were co-
expressed in both the control and CFT + NIR II groups, while
2952 genes were exclusively expressed in the CFT + NIR II group.
These findings suggest that CFT + NIR II treatment exerts a sub-
stantial impact on gene expression in 4T1 cells. Moreover, dif-
ferential expression analysis using a volcano plot and heatmap
identified 1946 genes that were significantly altered in response
to CFT + NIR II treatment compared to the control, comprising
857 upregulated and 1089 downregulated genes (Figure 6B,C).
To further investigate the functional relevance of these differen-
tially expressed genes, enrichment analyses were performed. Ky-
oto Encyclopedia of Genes and Genomes (KEGG) pathway anal-
ysis (Figure 6D) revealed significant activation of key pathways
in the CFT + NIR II group, including the mitogen-activated pro-
tein kinase (MAPK) signaling pathway, the tumor necrosis factor
(TNF) signaling pathway, and the ferroptosis pathway, providing
insights into the molecular mechanisms driving the therapeutic
effects of CFT + NIR II.

Oxidative stress induced by reactive oxygen species (ROS) is
well known to cause irreversible damage to cellular components,
including DNA, proteins, and lipids, ultimately leading to cell
death. Previous studies have suggested that ROS-mediated cy-
totoxicity is primarily driven by the MAPK and TNF signalling
pathways.[*5!] Notably, compared to the control group, differ-
entially expressed genes (DEGs) in the CFT + NIR II group
were closely linked to these pathways (Figure 6D). Gene set
enrichment analysis (GSEA) further revealed that gene expres-
sion changes in the CFT + NIR II group were positively corre-
lated with copper homeostasis (Figure 6E), cellular responses to
copper ions (Figure 6F), ferroptosis signaling (Figure 6G), and
mitochondrial-related pathways, including oxidative phosphory-
lation (OXPHOS) (Figure 6H) and the TCA cycle (Figure S20,
Supporting Information). Additionally, KEGG pathway analysis
highlighted the activation of cuproptosis and ferroptosis path-
ways (Figure 6I), OXPHOS pathways, and immune-related path-
ways following CFT + NIR II treatment (Figure 6]), all of which
are closely associated with ferroptosis- and cuproptosis-induced
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Figure 5. In vitro evaluation of cuproptosis and ferroptosis. A) CLSM images of 4T1 cells stained with Cu™ BioTracker after different treatments. Scale
bar: 50 um. B) Western blot analysis of HSP-70, DLAT, LIAS, FDX-1, GPX-4, CRT, and HMGB-1 expression levels. The corresponding uncropped western
blots and intensity analysis are provided in Figure S19 (Supporting Information). C) Fluorescence images of FerroOrange-stained cells following various
treatments, with corresponding semi-quantitative analysis shown in D). Scale bar: 100 um. E) CLSM images of 4T1 cells stained with C11-BODIPY>81/591
after different treatments, with the corresponding semi-quantitative analysis presented in F). Scale bar: 50 um. G) Bio-TEM images of 4T1 cells subjected
to different treatments. Red circles highlight the presence of CFT, while red arrows indicate reduced or absent mitochondrial cristae. **p < 0.01, ***p <
0.001.
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Figure 6. Anticaner biological mechanism of CFT. A) Venn diagram of the expressed genes, B) Volcano plot, C) heatmap of DEGs, D) KEGG enrichment
analysis of DEGs, E-H) GSEA enrichment analysis of DEGs and I, J) KEGG enrichment analysis of differentially expressed ions and immune-related
pathways in CFT 4+ NIR Il and control groups (n = 3).
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mitochondrial dysfunction. Collectively, these findings demon-
strate that CFT + NIR II treatment effectively suppresses can-
cer cells by inducing oxidative stress damage, mitochondrial dys-
function, and inflammatory responses, offering deeper insights
into the intricate gene expression changes and signaling pathway
alterations underlying its therapeutic effects.

2.6. In Vivo Therapeutic Performance of CFT

The promising in vitro therapeutic outcomes of CFT prompted
us to investigate its in vivo synergistic therapeutic effects in a
BALB/c tumor-bearing mouse model (n = 4). Initially, the tumor-
targeting capability of CFT was evaluated. We first investigated
the tumor-targeting capability of CFT by labeling it with Cy7 for
non-invasive fluorescence tracking. Following intravenous ad-
ministration of CFT-Cy7, whole-body fluorescence imaging was
performed at 0, 3, 6, 12, and 24 h post-injection. In mice in-
jected with free Cy7, the fluorescence signal was predominantly
observed in the liver at early time points and rapidly diminished
over time, with negligible tumor accumulation. In contrast, mice
treated with CFT-Cy7 displayed progressively intensified fluores-
cence at the tumor site over 24 h, indicative of efficient tumor
enrichment, likely mediated by the enhanced permeability and
retention (EPR) effect (Figure 7A). Ex vivo fluorescence images of
excised tumor and various organs at 24 h post-injection (Figure
S21, Supporting Information), together with ICP-MS quantifica-
tion of Cu, Fe, and Te elements (Figure S22A—C, Supporting
Information), corroborated significant CFT retention within tu-
mors, although notable accumulation was also detected in the
liver and spleen due to sequestration by the reticuloendothe-
lial system (RES). Pharmacokinetic profiling based on ICP-MS
quantification of blood samples collected at multiple time points
(2 min, 8 min, 15 min, 30 min, 1 h, 2h, 4 h, 8 h, and 24 h) yielded
distribution half-lives (z,,, (a)) of 0.037 h (Cu), 0.315 h (Fe), and
0.046 h (Te), and elimination half-lives (z,, (§)) of 11.592 h (Cu),
8.114 h (Fe), and 11.964 h (Te), respectively (Figure 7B-D). These
p-phase half-lives (8-12 h) provide a favorable balance between
prolonged systemic circulation—allowing sufficient tumor tar-
geting via the EPR effect—and gradual clearance, thereby reduc-
ing the risk of long-term tissue retention. ICP-MS analysis of
urine and feces at 3, 6, 12, 24, and 48 hours post-injection in-
dicated that the majority of injected CFT were excreted within
48 h (Figure S23A—C, Supporting Information). These find-
ings are consistent with previous reports on Cu, Te nanosheets,
which also showed tumor accumulation through the EPR ef-
fect and clearance of Te-containing species within a compara-
ble timeframe.[*3] Although the exact half-lives differ due to vari-
ations in material composition, surface functionalization, and
dosage, both studies support that Te-containing nanosheets can
be efficiently cleared, minimizing the potential risk of toxic by-
products during degradation.

Next, the therapeutic efficacy of CFT in vivo was evaluated. The
experimental design is depicted in Figure S24 (Supporting In-
formation), where mice were divided into four groups: (1) PBS,
(2) NIR II, (3) CFT, (4) CFT+NIR II. Mice in groups (2) and
(4) were exposed to 1064 nm laser irradiation (1 W cm™?) for
10 min at 24 h post-injection. The temperature of the tumor site
was monitored by an infrared camera. Infrared thermal imag-
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ing (Figure 7E) revealed no significant temperature change in
the control group following NIR II light exposure. In contrast,
the CFT group exhibited a rapid temperature increase, from 26
°C to approximately 43 °C, following intravenous administration
and subsequent NIR II laser irradiation. This result suggests that
CFT effectively accumulated in the tumour region and induced
mild localized hyperthermia under NIR II irradiation, which is
promising for promoting cuproptosis and ferroptosis in the tu-
mour. The antitumor effect of CFT was assessed over a 14-day
treatment period by measuring tumor volume every two days. Tu-
mor growth curves (Figure 7F) and representative images of tu-
mor tissues at the end of the treatment (Figure 7G) demonstrated
a significant tumor regression in the CFT+NIR II group, in con-
trast to minimal inhibition observed in the other groups. The
antitumor efficacy of CFT was further validated through hema-
toxylin and eosin (H&E) and TdT-mediated dUTP nick-end la-
beling (TUNEL) assays. H&E staining revealed marked tumor
ablation in the CFT+NIR II group (Figure 7H). TUNEL stain-
ing showed strong green fluorescence signals (Figure 7I; Figure
S25, Supporting Information), indicating pronounced apopto-
sis in the CFT+NIR II. In contrast, no significant tumor dam-
age was observed in groups without NIR II exposure. Immuno-
histochemistry (IHC) staining demonstrated that the CFT+NIR
IT group exhibited the highest expression of DLAT (Figure 7],
K) and the lowest expression levels of FDX1, LIAS, and GPX4
(Figure 7L-Q). Immunofluorescence (IF) staining cooperated
the above results, suggesting the induction of both cupropto-
sis and ferroptosis (Figure S26, Supporting Information). IHC
staining also showed enhanced CRT expression (Figure S27A,
C, Supporting Information) and reduced retention of HMGB1
(Figure S27B, D, Supporting Information) in the CFT+NIR II
groups, indicating that CFT+NIR II treatment effectively trig-
gered an immune response. Flow cytometry analysis of tumor-
infiltrating immune cells revealed significant increases in CD8*
cytotoxic T cells and CD4* helper T cells in the CFT+NIR-II
group compared to controls (Figure 7R-U), further confirming
activation of both innate and adaptive immune compartments.
IF staining for CD3 and CD8 (Figure S28, Supporting Informa-
tion) corroborated these findings, showing markedly higher in-
filtration of cytotoxic T lymphocytes. These data collectively in-
dicate that CFT+NIR-II treatment induces ICD and stimulates
T-cell-mediated immunity, thereby contributing to a potent anti-
tumor effect with pronounced abscopal responses, likely driven
by combined cuproptosis and ferroptosis mechanisms. Through-
out the treatment period, the body weight of mice in all groups
showed a steady increase (Figure S29, Supporting Information),
and no significant abnormalities or organ damage were observed
in the heart, liver, spleen, lungs, or kidneys (Figure S30, Sup-
porting Information), indicating the excellent biocompatibility of
CFT.

3. Conclusion

In summary, we have developed a synergistic therapeutic strat-
egy that combines internal TME-activated and external NIR II
irradiation to promote cuproptosis and ferroptosis for the effec-
tive inhibition of TNBC. Under the mildly acidic conditions of
the TME, the biodegradable CFT nanosheets released Fe’* and
Cu?*, initiating cyclic Fenton reactions and depleting endoge-
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Figure 7. In vivo therapeutic performance of CFT in 4T1 tumor-bearing mice. A) Fluorescence images of mice at 0, 3, 6, 12, and 24 h after intravenous
injection of CFT-Cy7 or free Cy7. B-D) The blood circulation curve of Cu (B), Fe (C) and Te (D). E) Infrared thermal images of 4T1 tumor-bearing mice at
24 h post-injection of PBS or CFT with 1064 nm laser radiation (1 W cm~2, 10 min). F) Tumor growth curves for different treatment groups over 14 days
following intravenous injection (n = 4). G) Representative photographs of tumors from different groups at the end of treatment (n = 4). H, I) H&E and
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nous GSH, thereby amplifying oxidative stress. The mild local
hyperthermia induced by CFT further accelerated these catalytic
reactions, enhancing ROS production and GSH consumption
under NIR II irradiation, which intensified oxidative stress. Ac-
cumulated Cu* ions induced DLAT aggregation and Fe-S clus-
ter proteins, triggering cuproptosis. Simultaneously, the resul-
tant oxidative stress, coupled with abundant iron ions, promoted
LPO and inactivated GPX4, thereby driving ferroptosis. This dual
induction of cuproptosis and ferroptosis reduced Cu* efflux, re-
leased ATP, and ultimately triggered a potent immune response.
Integrated transcriptomic analyses revealed that the combined ef-
fects of cuproptosis and ferroptosis induced mitochondrial dys-
function through the TCA cycle, respiratory electron transport,
OXPHOS pathways, and copper homeostasis, alongside multi-
ple immune-related pathways. Collectively, this integrated thera-
peutic strategy, combining cuproptosis and ferroptosis, presents
a promising new approach for the clinical treatment of TNBC.

4. Experimental Section

Materials: CuFeTe, powder was obtained from Nanjing Muke Nan-
otechnology corporation. Thiol-terminated PEG (PEG-SH, Mw = 5000)
was supplied from Ponsure. DMEM medium, and phosphate buffer saline
(PBS) were all acquired from Procell. CCK-8 was purchased from APExBIO.
MitoSox Red, Hoechst 33342, was obtained from Beyotime (Shanghai,
China). FerroOrange was obtained from Dojindo Laboratories (Japan).
Lpd peroxide probe and C11-BODIPY®31/59T was obtained from Med-
ChemExpress (MCE) (America). BioTracker Green Copper Live Cell Dye
was obtained from Merck KGAA (Japan). Distilled water for laboratory was
obtained from the Milli-Q System.

Characterization: The morphology and elemental distribution were
characterized by TEM (FEI Tecnai G20). XRD pattern was recorded
by Rigaku-Dmax 2500 diffractometer. X-ray photoelectron spectroscopy
(XPS) spectra was acquired from ESCALAB 250Xi. UV-Vis-NIR spectra
were recorded with UH5700 UV-Vis/visible/NIR spectrometer. Zeta po-
tential and DLS were measured by Malvern Nanosizer ZS. Fluorescence
images were captured using fluorescence microscope (Nikon Ti-S) or
the confocal laser scanning microscope (CLSM, Leica TCS SP8). ICP-MS
analysis were performed by Thermo Fisher iCAP RQ. ESR spectra were
recorded by a Bruker A300 spectrometer. TG analysis was performed on
TA Q600. The thickness of CFT was characterized using AFM (bruker di-
mension icon).

Preparation of CFT: 40 mg of bulk CuFeTe, nanosheet were added into
20 mL of pyrrolidone at room temperature and sonicated at low tempera-
ture for 36 hours until the particles were completely dissolved, resulting in
CuFeTe,-pyrrolidone. Then, 30 mg of CuFeTe,-pyrrolidone, 60 mg of PVP
k30, and 60 mL of ethanol were mixed and heated at 50 °C under reflux for
24 hours to obtain CFT-PVP. After washing with deionized water, freshly
prepared SH-PEG was added dropwise, allowing the thiol groups to co-
ordinate to the surface via strong thiol-metal interactions. The mixture
was incubated overnight in the dark with stirring, followed by centrifuga-
tion (7000 rpm, 15 min) and washed with deionized water to remove free
SH-PEG from the supernatant. Finally, the purified CFT was lyophilized,
yielding approximately 53% of the total precursor mass.

Preparation of CFT-Cy7:  CFT was first functionalized by SH-PEG-NH,
for further binding to the carboxyl groups of Cy-7. In detail, 20 mL of CFT-
PVP aqueous solution was ultrasonicated for 1 h and SH-PEG-NH, aque-
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ous solution (500 ug mL™') was added dropwise. After overnight stirring
under dark condition, the above suspension was centrifuged at 7000 rpm,
washed with deionized water for several times and dispersed in 20 mL pure
water, named CFT-NH,. At the same time, 1 mL of EDC (2.4 mg mL™")
and 1 mL of NHS (2 mg mL~") were infused with 1 mL of Cy-7 aque-
ous solution (1 mg mL™") at stirring for 24 h under dark condition. After
concentrated and washed with deionized water for three times, the above
CFT-NH, aqueous solution was added and stirred for 24 h. The yield Cy-
7 labeled CFT were collected by centrifuged and washed with water three
times.

Biodegradability of CFT:  CFT (1 mg) were dispersed in 5 mL of PBS
solution with different pH values (5.5, 6.5, and 7.4) and then shaken at
200 r min~! at room temperature. At 0 h, 24 h, and 48 h, the resulting
solution was centrifuged at 12,000 rpm for 5 min. The supernatant was
obtained for ICP-MS analysis while the precipitate was used to observe
the morphology using TEM.

ROS-Generating Activity of CFT:  The ROS-generating capability of CFT
was elevated using the TMB chromogenic assay in the presence of H,0,.
Briefly, TMB and H,0, solutions were added into CFT suspensions at dif-
ferent pH values (5.5, 6.5, and 7.4) and incubated for 30 min. The ab-
sorbance at 652 nm was recorded spectrophotometrically. The final con-
centration of CFT was 100 ug mL~', H,0, was 40 mM, and DMPO was
50 mM, respectively. Samples without H,O, served as negative controls.
The concentration-dependent POD-like activity was assessed at pH 5.5
by varying CFT concentrations (0, 12, 25, 50, and 100 ug mL~"). The mild
hyperthermia-enhanced ROS-generating activity of CFT were conducted by
the same method above and irradiated the mixture with a 1064 nm laser
(1W cm™2, 10 min) and incubated for another 20 min.

-OH generation was further verified by ESR spectroscopy. In brief, CFT,
H,0,, and DMPO were mixed in capillary tubes at the same final concen-
trations described above, and ESR spectra were recorded. Samples without
H, O, served as negative controls. For hyperthermia-enhanced ESR mea-
surements, the mixture was irradiated with a 1064 nm laser (1 W cm=2,
10 min) and immediately subjected to ESR analysis.

GSH Depletion of CFT: CFT dispersions at different pH values (5.5,
6.5, and 7.4) were incubated with GSH (5 mM) at room temperature. Sub-
sequently, DTNB, 0.2 mM) was added, and the absorbance at 412 nm was
monitored to quantify the residual GSH. The final concentration of CFT
was 100 pg mL~". To assess the effect of mild hyperthermia, the same
protocol was performed with additional irradiation by a 1064 nm laser
(1 W cm™2, 10 min). PBS at corresponding pH values (5.5, 6.5, and 7.4)
served as the control.

Photothermal Performance Test of CFT: The photothermal properties
of CFT were evaluated by dispersing CFT at various concentrations (0, 50,
100, and 200 ug mL™") in a quartz cuvette and irradiated with 1064 nm
laser (1 W cm=2, 10 min). The temperature profile was recorded every
30 s. Infrared thermography (Fotric 1204) was used to capture infrared
thermal images to record the temperature variations of CFT solutions
(100 pg mL~1, 1 W cm™2, 10 min). To evaluate the photothermal con-
version, the laser was turned off after 10 min of irradiation and the tem-
perature was allowed to cool for 10 min. The photothermal conversion
efficiency (n) was calculated according to Roper’s report by Equation (1),
where T, was the maximum temperature of CFT solutions; Tya water
was that of pure water; | was the laser power; Aqg, was the absorption
of CFT solutions dispersed in water at 1064 nm. The value of hS can be
obtained through Equation (2), where m; and C,, ; denoting the mass and
heat capacity, respectively. The system time constant (z,) was derived from
the linear fitting of the cooling data using Equation (3).

hS (Trmax — T,

max,water )

C (1= 107 0ss)

TUNEL staining images of tumor tissues from each group. IHC staining images of |) DLAT, L) FDX1, N) LIAS, and P) GPX4 in tumor sections obtained
at the end of treatment and quantitative analyses of K) DLAT, M) FDX1, O) LIAS, and Q) GPX4. Typical flow cytometry plots of CD3*CD4* T cells and
CD3*CD8* T cells in tumors after different treatments (R, T) and quantitative analysis of (S, U). Data are expressed as means + s.d. (n = 4). Scale bar:
50 um. Statistical significance was determined using Student’s t-test. *** p < 0.001.
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In this study, m = 1 g, Cyater = 4.2 )/(g/°C)), 7, = 491.6 s and hS =
0.0085 W/°C. With (Typae-Tsurr) = 18 °C, lpss = 1 W, and Aygg, = 0.216,
the n of CFT under 1064 nm irradiation was calculated to be 39.2%.

Photothermal stability was further assessed by irradiating CFT
(100 ug mL~"y at different pH values (5.5, 6.5, and 7.4) with a 1064 nm
laser (1 W cm™2, 10 min) for four consecutive heating—cooling cycles.

Cell Culture:  NIH-3T3 (mouse embryonic fibroblast, Mus musculus,
male, RRID:CVCL_0594), HEK 293T (human embryonic kidney, female fe-
tus, RRID:CVCL_0063), RAW 264.7 (murine monocyte/macrophage, Mus
musculus, male, RRID:CVCL_0493), 4T1 (murine mammary carcinoma,
Mus musculus, female, RRID:CVCL_0125), MDA-MB-231 (human breast
adenocarcinoma, Homo sapiens, female, RRID:CVCL_0062), and B16-F 10
(murine melanoma, Mus musculus, male, RRID:CVCL_0159) were used in
this study. All cell lines were obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China) between 2020 and 2024. The iden-
tity of each cell line was authenticated by short tandem repeat (STR) pro-
filing provided by the supplier, showing >90% match with the reference
profiles, and all were confirmed not to be listed as misidentified in the
International Cell Line Authentication Committee (ICLAC) or Cellosaurus
databases. All cell lines were routinely tested for mycoplasma contamina-
tion prior to experiments and confirmed negative. Cells were used within
3-20 passages after thawing to minimize genetic drift.

NIH-3T3 cells were cultured in DMEM supplemented with 10% bovine
calf serum and 1% penicillin/streptomycin. HEK 293T, RAW 264.7, 4T1
and MDA-MB-231 cells were cultured in DMEM containing 10% FBS and
1% penicillin/streptomycin. B16-F10 cells were cultured in Roswell Park
Memorial Institute 1640 (RPMI 1640) containing 10% FBS and 1% peni-
cillin/streptomycin. Cells were maintained at 37 °C in a humidified incu-
bator with 5% CO,, the medium was refreshed every three days, and cells
were harvested by trypsinization prior to plating.

In Vitro Cytotoxicity Evaluation: NIH-3T3, HEK 293T, RAW 264.7, 4T1,
MDA-MB-231 and B16-F10 cells (10* cells well~") were seeded in 96-well
plates for 12 h. Then, 100 pL of CFT solutions at various concentrations
(0, 6, 12, 25, 50, and 100 pg mL_1) at different pH (7.4, 6.5) were added.
After 24 h of incubation, cell viability was assessed using a CCK-8 assay
according to the manufacturer’s protocol.

Synergistic Phototherapeutic Assessment: To evaluate the combined
phototherapeutic effect of CFT under NIR-Il irradiation, 4T1 cells were in-
cubated with CFT for 6 h. The cells were then irradiated with a 1064 nm
laser (1 W cm™2, 10 min) and further incubated for 18 h. Cell viability was
then assessed using a CCK-8 assay according to the manufacturer’s pro-
tocol.

For live/dead cell staining, cells were washed with PBS and incubated
with calcein AM (2 uM) and Pl (4 uM) for 1.5 h in the dark. After washing
with PBS, fluorescence images were acquired using a fluorescence micro-
scope to evaluate cell viability.

Intracellular ROS Detection: Intracellular ROS generation was de-
tected using DCFH-DA (ROS Assay Kit) as the fluorescent probe. 4T1 cells
(8x10* cells/well) were seeded in 12-well plates and cultured for 12 h.
Thereafter, 800 uL of CFT solutions at different concentrations (0, 6, 12,
25, 50, and 100 pug mL™") were added. After 6 h of incubation, the cells
were irradiated with a 1064 nm laser (1 W cm™2, 10 min) and cultured for
an additional 18 h. Control groups were incubated in the dark for 24 h.
The cells were then stained with DCFH-DA (20 uM) for 2 h, and intracellu-
lar fluorescence was analyzed by both fluorescence microscopy and flow
cytometry.

Western blot Analysis of Protein Expression: 4T1 cells (1.6x10°
cells/well) were seeded in 6-well plates and cultured for 12 h. Cells were
then treated with 1.6 mL of CFT (100 ug mL™") for 6 h, followed by 1064 nm
laser irradiation (1 W cm™2, 10 min) and an additional 18 h incubation.
Untreated, CFT-only, and NIR-Il-only groups served as controls. The cells
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were washed twice with PBS, lysed with cell lysis buffer, and centrifugated
to quantify the protein content to 20 pg. Then, the proteins were sepa-
rated by SDS—polyacrylamide gel electrophoresis (PAGE) gel electrophore-
sis and transferred onto PYDF membrane. Membranes were blocked with
5% skim milk for 2 h, followed by overnight incubation with primary anti-
bodies at 4 °C. After washing with TBST, membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h
at room temperature. Protein bands were visualized using a Tanon 5200
Multi-Imaging System (Tanon Science & Technology).

Characterization of Mitochondrial Damage: 4T1 cells (1.6x10°
cells/well) were seeded in 6-well plates and cultured for 12 h. Cells were
then treated with 1.6 mL of CFT (100 ug mL™") for 6 h, followed by
1064 nm laser irradiation (1 W cm™2, 10 min) and an additional 18 h
incubation. Untreated, CFT-only, and NIR-Il-only groups served as con-
trols. Cells were then stained with Hoechst 33342 (10 pg mL™"), MitoSox
(5 uM) or JC-1 (10 ug mL~") for 15 min and imaged by fluorescence
microscope.

Bio-TEM Morphology Observation: 4T1 cells (4x10* cells/well) were
seeded in 24-well plates and cultured for 12 h. Cells were then treated with
1.6 mL of CFT (100 pug mL™") for 6 h, followed by 1064 nm laser irradi-
ation (1 W cm™2, 10 min) and an additional 18 h incubation. Untreated,
CFT-only, and NIR-Il-only groups served as controls. Cells were fixed with
3% glutaraldehyde, dehydrated with alcohol and embedded in epoxy resin.
Ultrathin sections were cut and mitochondrial morphology in the different
samples was observed via TEM.

Intracellular Cu* Detection: 4T1 cells (8x10* cells/well) were seeded
in 12-well plates and cultured for 12 h. Cells were then treated with
1.6 mL of CFT (100 pg mL™") for 6 h, followed by 1064 nm laser irradi-
ation (1 W cm™2, 10 min) and an additional 18 h incubation. Untreated,
CFT-only, and NIR-ll-only groups served as controls. After staining with
Hoechst 33342 and BioTracker Green Copper Live Cell Dye, the cells were
imaged by CLSM.

Intracellular Fe?* Detection: 4T1 cells were treated as described above,
stained with Hoechst 33342 and FerroOrange and imaged by fluorescence
microscope.

Cellular LPO Detection:  4T1 cells were treated as described above and
stained with Hoechst 33342 and C11-BODIPY 581/591 CLSM was used to
evaluate lipid peroxidation.

Intracellular GSH Detection: Intracellular GSH levels were quantified
by DTNB assay. After the same treatment protocol, cells were lysed, and
the extracts were incubated with DTNB for 30 min. Absorbance at 412 nm
was recorded.

ATP Release Measurement: Following identical treatment conditions,
ATP levels were measured using an ATP assay kit (Nanjing Jiancheng Bio-
engineering Institute, A095-1-1) according to the manufacturer’s protocol.

Tumor Xenograft Model:  Female BALB/c mice (6 weeks old) were sub-
cutaneously injected with 4T1 cells (1x107 cells/well) into the dorsal flank
to establish primary tumors. Tumor volumes were measured with calipers,
and mice bearing tumors of # 100 mm? were randomized into four groups
(n = 4 per group). All animal procedures were approved by the Animal
Ethics Committee of Shanxi Medical University (SYDL2025016).

In Vivo Biodistribution and Pharmacokinetics: In vivo biodistribution
were analyzed by fluorescence imaging and ICP-MS. 4T1 tumor-bearing
mice (tumor ~100 mm?3) were intravenously injected with CFT@Cy7
nanoformulations (20 mg kg™, 200 pL). Fluorescence images of the mice
were acquired at 0, 3, 6, 12, and 24 h post-injection under gas anesthesia.
At the 24 h time point, major organs and tumors were harvested for ex
vivo fluorescence imaging.

For ICP-MS analysis, mice injected with CFT (20 mg kg™', 200 uL) were
sacrificed at 3, 6, 12, 24, and 48 h, and major organs and tumors were
analyzed. Blood samples were collected at 2, 8, 15, 30 min, 1, 2, 4, 8, and
24 h post-injection for pharmacokinetic analysis. Excretion was assessed
by collecting urine and feces at 3, 6, 12, 24, and 48 h in metabolic cages,
followed by digestion in 70% HNO; and quantification of Cu, Fe, and Te
by ICP-MS.

In Vivo Infrared Thermal Imaging: Tumor-bearing mice (%100 mm3)
were intravenously injected with CFT (20 mg kg™', 200 pL). After 24 h in-
jection, tumor sites were irradiated with NIR Il light (1064 nm, 1W cm~2)
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for 10 min. Real-time thermal imaging was recorded every 2 min using a
Fotric 1204 infrared camera.

In Vivo Therapeutic Effect of CFT: Tumor-bearing mice (%100 mm?)
were divided into 4 groups (4 mice in each group): (1) PBS; (2) NIR II;
(3) CFT; (4) CFT +NIR I1. For group (2) and (4), the region of tumor were
illuminated with 1064 nm laser. The tumor sizes and body weights of the
mice in different groups were measured every other day. The tumor volume
was calculated according to the formula: Width? x length/2. At the end
of treatment on the 14th day, the main organs, and tumors of mice in
each group were harvested for H&E staining. Tumors were further used
for TUNEL staining, GPX-4, DLAT, LIAS, FDX-1, HMGB-1, CRT, CD3, and
CD8 immunohistochemistry staining.

Intratumoral T Cell Analysis by Flow Cytometry: Tumor-bearing mice
(~100 mm3) were randomized into 4 groups (4 mice in each group): (1)
PBS; (2) NIR II; (3) CFT; (4) CFT +NIR Il. For group (2) and (4), the
region of tumor were illuminated with 1064 nm laser. On day 14 post-
treatment, tumors were excised and enzymatically dissociated using a
digestion buffer containing collagenase | (1 mg mL™"), collagenase IV
(1 mg mL™"), and DNase | (0.2 mg mL™") to obtain single-cell suspen-
sions. Cells were stained with fluorochrome-conjugated antibodies against
CD3, CD4, and CD8 for T cell subset analysis (FITC anti-mouse CD3, PE
anti-mouse CD4, APC anti-mouse CD8). Flow cytometry was performed to
quantify CD3*CD4* and CD3*tCD8™ T cell populations.

Statistical Analyses:  Quantitative results were represented as the mean
+ standard deviation (s.d.), indicated by error bars in all graphs. Statistical
analyses were conducted using GraphPad Prism 10.1.2. Statistical signifi-
cance among multiple groups was assessed using one-way analysis of vari-
ance (ANOVA), while comparisons between two groups were conducted
using Student’s t-test. P value of less than 0.05 was considered statistically
significant (*p < 0.05, ** p < 0.01, *** p < 0.001.).
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