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Cuproptosis relies on intracellular copper accumulation and shows
great potential in tumor therapy. However, the high content of
glutathione (GSH) in tumor cells limits its effectiveness. Further-
more, the mechanism of immune activation mediated by cuprop-
tosis remains unclear. To address this, we developed a cancer cell
membrane-coated Cu,O nanoparticle (TC) to induce cuproptosis in
tumor cells. After entering tumor cells via homologous targeting,
the TC released Cu?* in the acidic microenvironment. Cu?* are
subsequently reduced to Cu* generating hydroxyl radicals through
the Fenton reaction. These results led to the downregulation of
GSH and eventually sensitized cuproptosis. Microwave (MW)-
induced hyperthermia further amplifies these effects. Experimental
results demonstrate that TC + MW effectively induces 4T1 cancer
cells’ cuproptosis both in vitro and in vivo, significantly inhibiting
4T1 tumor growth with minimal systemic toxicity. The treatment
also triggered tumor immunogenic cell death and sensitized T-cell-
mediated anti-tumor immunity. TC offers a promising strategy for
effective cancer cuproptosis and immunotherapy.

1. Introduction

Cuproptosis is a novel mechanism of cell death, and has
recently been drawing significant attention in the tumor ther-
apy field.'” Unlike those early-documented cell death mechan-
isms, cuproptosis primarily relies on the accumulation of
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In this work, we developed a cancer cell membrane-coated Cu,O nano-
particle (TC) to induce cuproptosis in tumor cells. After entering tumor
cells via homologous targeting, the TC released Cu®*" in the acidic
microenvironment. Cu®>" are subsequently reduced to Cu' generating
hydroxyl radicals through the Fenton reaction. These results led to the
downregulation of GSH and eventually sensitized cuproptosis.
Microwave-induced hyperthermia further amplifies these effects. Experi-
mental results demonstrate that TC effectively induces 4T1 cancer cells’
cuproptosis both in vitro and in vivo, significantly inhibiting 4T1 tumor
growth with minimal systemic toxicity. The treatment of TC also triggered
tumor immunogenic cell death and sensitized T-cell-mediated anti-tumor
immunity. TC offers a promising strategy for effective cancer cuproptosis
and immunotherapy.

intracellular copper ions. Excess copper ions will then bind to
acylated proteins involved in the tricarboxylic acid (TCA) cycle,
resulting in abnormal aggregation of these proteins and lead-
ing to the loss of iron-sulfur cluster proteins.® This will
inevitably induce proteotoxic stress and result in cell death.
Notably, many tumor cells exhibit elevated acylation levels of
TCA cycle enzymes, which in particularly are the pyruvate
dehydrogenase complex (PDH), and show a greater dependence
on mitochondrial metabolism rather than glycolysis.” This
unique form of cell death offers a promising approach to
overcoming resistance to chemotherapy and radiotherapy.
Cuproptosis is a copper-dependent form of immunogenic cell
death (ICD), involving an immune response through the release
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of many damage-associated molecular patterns (DAMPs) and
tumor-associated antigens.® Therefore, copper death can
reverse the immunosuppressive breast tumor microenviron-
ment and further enhance the efficacy of immune checkpoint
inhibitor (ICI)-based immunotherapy. However, the high
expression of reduced glutathione (GSH) in tumor cells may
inhibit cuproptosis.”™*® Therefore, promoting GSH depletion
and inhibiting copper efflux could be potential strategies to
enhance cuproptosis in cancer cells.

Elesclomol has been reported to be an effective copper
carrier that has potential in promoting cuproptosis.” However,
its clinical application is limited by toxic side effects due to the
toxic nature of chemo-drugs.'” In recent years, nanomedicines
have attracted considerable attention in cancer therapy due to
their multifunctional properties."*® Among these, copper-
based nanomaterials have been explored for their Fenton-like
activity. Notably, several studies have also used copper-based
nanomedicines to trigger cuproptosis.®®**3° These studies
potentially utilize copper-catalyzed Fenton-like reactions to
generate ROS and further reduce intracellular GSH levels.
However, many of these approaches rely primarily on a single
therapeutic modality and lack effective tumor-targeting cap-
ability. As a result, high doses of nanoparticles are often
required to achieve significant antitumor effects, raising ser-
ious concerns regarding systemic toxicity, particularly hepato-
toxicity and nephrotoxicity.**™** Some non-invasive techniques
that can enhance the physicochemical abilities of nanomedi-
cines, such as thermal heating, radiation, or light exposure, can
be an alternative solution to address these problems.** ™
Microwaves offer several advantages including precise and
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localized heating and can enhance the permeability and cellular
uptake of nanoparticles.**>" More importantly, microwave-
induced mild hyperthermia would then enhance the Fenton-
like activity of Cu’, as proper heating can intensify the efficiency
of the Fenton reaction.’>*® Improving the transport efficiency of
nanomedicines into tumors is essential for enhancing therapeu-
tic efficacy and reducing systemic side effects. We believe that
modification of microwave irradiation, along with appropriate
tumor-targeting modifications, can significantly reduce the
required drug dosage and thereby provide a safer and more
effective therapeutic strategy.

In this study, a cancer cell membrane-coated Cu,O nano-
particle (TC) was designed to induce cuproptosis and enhance
tumor immunotherapy (Scheme 1). First, cancer cell membrane
vesicles (TM) were prepared using a physical extrusion method.
TM endow TC with the prolonged blood circulation and enhanced
tumor targeting capability. Previous studies have shown that
tumor cell membranes can target the same type of tumor cells
and tissues through homology.*** After entering the cells, TC
would release encapsulated Cu,O nanoparticles. These nano-
particles would then react with H" to produce Cu®". Cu®>* are
subsequently reduced to Cu’ by GSH and generate hydroxyl
radicals through the Fenton reaction, which, on the one hand,
enhances the cellular oxidative stress and, on the other hand,
depletes intracellular GSH. Moreover, this Fenton-like effect can
be further enhanced by the introduction of microwave-induced
hyperthermia. Finally, the accumulated Cu" triggers cuproptosis
in tumor cells, which, combined with the enhanced cellular
oxidative stress, leads to significant tumor destruction. Experi-
mental results demonstrate that TC effectively induces 4T1 cancer
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Scheme 1 Schematic illustration of bionic hanomedicines for microwave-triggered cuproptosis to enhance cancer immunotherapy.
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Fig. 1 (A) TEM images of as-prepared Cu,O and (B) TC. (C) The size and (D) zeta potential of Cu,O, TM and TC. (E) The hydrodynamic diameter change of TC
for 7 days in PBS or 10% FBS solution. (F) Tumor membrane vesicle (TM) marker demonstration, including Na-K ATPase (1) and N-cadherin (I). (G) Accumulated
release curves of Cu under different conditions. (H) MB concentration changes versus the time under different conditions. (I) The OD value of 652 wavelength
change under different conditions, showing the concentration changes of ox-TMB. (J) The temperature changes of Cu,O solution before and after microwave
treatment. (K) Temperature changes of Cu,O solution over time for different microwave powers. Data are represented as mean + SD, n = 3.

cells’ cuproptosis both in vitro and in vivo, significantly inhibiting
4T1 tumor growth with minimal systemic toxicity. The treatment
of TC also triggered tumor immunogenic cell death and sensitized
T-cell-mediated anti-tumor immunity. To the best of our knowl-
edge, this study represents the first investigation into the promot-
ing effect of microwaves on tumor cuproptosis, providing a novel
perspective for cancer therapy.

This journal is © The Royal Society of Chemistry 2025

2. Results and discussion
2.1. Synthesis and characterization

The Cu,O nanoparticles were successfully synthesized firstly,
and tumor membrane decoration was conducted used a physi-
cal extrusion method afterwards. The TEM images of the as-
prepared Cu,O nanoparticles and TC are shown in Fig. 1A and B.
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The Cu,O nanoparticles exhibit an octahedral structure with a
size of approximately 80 nm. After membrane coating, the
surface details of the gray cell membrane can be observed.
Dynamic light scattering (DLS) experiments were performed to
measure the particle sizes of Cu,O nanoparticles and TC. The
results revealed that after coating with the cancer cell
membrane, the hydrodynamic diameter increased by about
20 nm (Fig. 1C), and the zeta potential decreased (Fig. 1D).
The Cu,O nanoparticles encapsulated by red blood cell mem-
branes were prepared by a similar method, and the electron
microscopy image is shown in Fig. S1. The decrease indicates
that the membrane coating can enhance the compatibility of
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Cu,O in the biological environment, which means improved
cellular mobility so that they can reach tumor cells more easily.
Furthermore, the size of both Cu,O nanoparticles and TC
remained stable in fetal bovine serum (FBS) for one week with
no significant changes (Fig. 1E). To further confirm the suc-
cessful membrane coating, we conducted western blot (WB)
analysis to examine the protein on the TC surface. As shown in
Fig. 1F, the protein of TC was consistent with that of the tumor
vesicles (TM), while Cu,O nanoparticles did not show this
phenomenon. Together, these results would confirm the suc-
cessful preparation of Cu,O nanoparticles coated with cancer
cell membranes.
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Fig. 2 (A) CLSM images of 4T1 cancer cells incubated with RC and TC for 2 h. Blue: DAPI; red: DiO. (B) Fluorescence intensity of Dio in A. (C) ROS
fluorescence images of cancer cells after the indicated treatment. Scale bars: 15 um. (D) Cell viability after the indicated treatment. (E) GSH level in the
cancer cells after the indicated treatment. (F) Cellular apoptosis analysis after treating with different formulations. Data are represented as mean + SD,
n = 3. For variance analysis, one-way analysis of variance (ANOVA) with Tukey's post hoc test was used. ***p < 0.001.
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In the presence of H,0,, Cu,O can rapidly react with H,0,
and hydrogen ions (H"), releasing Cu®". The reaction can be
described using the equation: Cu,0 + 4H" + H,0, — 2Cu**
3H,0. This effect can be confirmed by the results in Fig. 1G. We
then used methyl blue (MB) and 3,3',5,5'-tetramethylbenzidine
(TMB) as indicators to evaluate the ability of TC to generate
hydroxyl radicals (*OH) under different conditions. The results
in Fig. 1H and I demonstrate that in the presence of H,0,, TC
not only reduced the MB concentration but also induced color
changes in the TMB-containing solution. Electron spin reso-
nance spectroscopy also confirmed the generation of hydroxyl
radicals (Fig. S2). Additionally, the rate of hydroxyl radical
production was significantly enhanced under acidic conditions
and upon microwave treatment, ensuring its efficacy in sub-
sequent therapeutic applications. Furthermore, we validated
the heat generation ability of TC upon microwave treatment,
illustrating the microwave effect. As shown in Fig. 1], the
solution containing TC exhibited a significant temperature
increase after microwave exposure. The heating rate increased
with higher microwave power, reaching 50 °C within 5 minutes
at a power of 1.5 W s~ .

DLAT
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2.2. In vitro anticancer efficacy of TC

After confirming the successful coating of Cu,O nanoparticles
with cancer cell membranes, we explored the tumor-targeting
capability of TC. A control group, RC, was constructed by
replacing the platelet membrane in PTC with red blood cell
membranes. Both TC and RC were labeled with the 3,3’-
dihexyloxacarbocyanine iodide (Dio) dye to observe their inter-
actions with cancer cell membranes. As shown in Fig. 24, the
TC group exhibited prominent Dio fluorescence on the surface
of tumor cells, while the Dio fluorescence in the RC group was
significantly weaker, indicating that TC has a superior tumor-
targeting ability. Next, we used inductively coupled plasma
atomic emission spectrometry (ICP-AES) to measure the copper
content in tumor cells after treatment with TC and RC. As
shown in Fig. 2B, although the copper content increased in
both groups within 4 hours, the copper level in the TC group
was significantly higher than in the RC group at the same point,
further validating the enhanced tumor-targeting capacity of TC.
We then investigated the impact of TC on tumor cells after
internalization and in vitro antitumor efficacy. As shown in
Fig. 2C, the MW group did not produce significant ROS
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RC+MW
Fig. 3 (A) DLAT fluorescence images of 4T1 cancer cells after the indicated treatment. Scale bars: 15 um. (B) (B) Fe—S cluster protein expression in cancer

cells after the indicated treatments. (C) Gray analysis in cancer cells after the indicated treatments. (D) Fluorescence images of calreticulin (CRT) in 4T1
cells treated with indicated formulations. Data are represented as mean + SD, n = 3.
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In vivo pharmacokinetic profile of TC and RC in (A) tumors and (B) normal organ. (C) The changes of the tumor volumes of mice after various

treatments. (D) The survival probability of mice for various treatments. (E) The changes of the tumor weight of mice after various treatments. (F) DLAT, HE,
Ki67 and TNF staining analyses of tumor tissues treated with various treatments. Scale bars: 40 um. Data are represented as mean £+ SD, n = 5. For
variance analysis, One-way analysis of variance (ANOVA) with Tukey’'s post hoc test was used. ***p < 0.001.

compared to the PBS control, suggesting that microwaves (MW)
alone did not markedly affect the oxidative environment of the
cells. In contrast, TC was able to generate a certain level of ROS
upon entering tumor cells, and this effect was significantly
enhanced under microwave intervention. To further validate
the cytotoxicity of the treatments, we conducted MTT assays, as
shown in Fig. 2D. The results demonstrated a trend in cancer
cell killing like the ROS production data, with the TC + MW
group exhibiting the most potent cytotoxic effect. Additionally,
the combined treatment of TC and MW led to substantial
depletion of intracellular GSH (Fig. 2E), likely due to the large
production of *OH, which significantly consumed GSH. The

3008 | Nanoscale Horiz., 2025, 10, 3003-3012

results of flow cytometry apoptosis detection showed that the
TC + MW group caused the most apoptosis (Fig. 2F). Overall, TC
achieves significant tumor cell killing through its efficient ROS
generation and GSH depletion capabilities.

2.3. Induction of cuproptosis in tumor cells by TC in vitro

After the investigation of the stress response and cytotoxic
effects of TC on tumor cells, we hypothesized that the observed
cell death was mediated by the mechanism of cuproptosis. To
further investigate this, we evaluated the impact of TC on
cuproptosis induction in tumor cells in vitro. Fig. 3A-C shows
the expression levels of key biomarkers involved in cuproptosis,

This journal is © The Royal Society of Chemistry 2025
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including dihydrolipoamide S-acetyltransferase (DLAT) and
ferredoxin 1 (FDX1) proteins, under different treatment condi-
tions. Copper ions will bind to acylated components in the
tricarboxylic acid (TCA) cycle, leading to the aggregation of
acylated proteins and the loss of iron-sulfur cluster proteins
during cuproptosis.® Both the TC and RC + MW groups showed
varying degrees of DLAT aggregation, with the TC + MW group
displaying the most prominent aggregation. Additionally, wes-
tern blot analysis of the FDX1 protein revealed a significant
decrease in the FDX1 expression in the TC + MW group,
indicating a marked reduction in iron-sulfur cluster proteins.
These findings suggest that treatment with PTC + L effectively
induces cuproptosis in tumor cells by promoting copper ion
accumulation, resulting in the aggregation of acylated proteins
and the depletion of essential iron-sulfur cluster proteins, key
signatures of this novel cell death pathway. Furthermore, the
combination of TC and MW significantly upregulated the
expression of calreticulin (Fig. 3D) and facilitated the release
of HMGB1 and ATP (Fig. S3), suggesting that it can induce
immunogenic cell death (ICD) in 4T1 cells. The occurrence of

View Article Online
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Therefore, TC + MW is expected to effectively activate anti-
tumor immunity.

2.4. In vivo anti-tumor ability of TC

After evaluating the cytotoxic effects and underlying mechan-
isms of TC on cancer cells, we next explored the in vivo
antitumor activity. Before this, we should first examine the
tumor-targeting capability of TC in vivo. As shown in Fig. 4A,
compared to naked Cu,O nanoparticles and RC, TC exhibited
superior long-lasting blood circulation. This is primarily attrib-
uted to the presence of the cancer cell membrane, which
prevents TC from being recognized by the immune system,
thereby avoiding phagocytosis and clearance. Moreover, follow-
ing intravenous injections of TC and RC, we measured the
nanoparticle content in tumor tissues and other organs. As
shown in Fig. 4B, the copper content in the tumor tissues of the
TC group was higher than that in the RC group, further
confirming the excellent tumor-targeting ability of TC. Next,
we assessed the in vivo antitumor efficacy of PTC (Fig. 4C-E).
The TC and RC + MW groups showed partial tumor inhibition,
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suppression, with the tumor volume reduced by approximately
90%. Furthermore, fluorescence imaging of DLAT in tumor
tissues revealed prominent DLAT fluorescence in both the TC
and TC + MW groups, indicating that TC effectively induces
cuproptosis in tumor cells. Finally, TUNEL, Ki-67, and TNF
immunofluorescence staining of tumor tissue sections demon-
strated that the TC + MW group induced the most tumor
necrosis and growth inhibition (Fig. 4F). To explore the
potential immunotherapy mechanism of TC, the activation of
the immune response in the mice after different treatments
was analyzed. Firstly, the axillary lymph nodes of mice after
treatment were digested into single-cell suspensions for flow
cytometry analysis to evaluate the maturation of DCs. As shown
in Fig. 5A, compared with PBS (17.4%), MW (27.0%), TC
(27.8%), and RC + MW (37.8%) treatments, the TC + MW group
significantly increased the expression proportion of
CD80'CD86" DCs (59.0%). The presentation of antigens from

PBS

TC+MW
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matured DCs to T cells is crucial for activating adaptive
immune responses, including the activation of CD8" T cells
and CD4" T cells that are necessary for inducing anti-tumor
immune responses. Likewise, as shown in Fig. 5B, the propor-
tion of antigen-specific T lymphocytes in tumors of mice was
investigated by flow cytometry. As a result, the proportion of
CD3'CD8" T cells in mice treated with TPC was the highest
(24.6%). Furthermore, the proportion of effector memory T
cells (Tem) was the highest in the TC + MW group (Fig. 5C),
indicating that TC + MW treatment activated the long-term
anti-tumor immune ability of mice. We performed CD8" T cell
immunofluorescence staining on the tumor tissues of mice
after different treatments to examine the T lymphocyte infiltra-
tion in tumors, and the results confirmed that the TC + MW
treatment group exhibited the highest expression of CD8" T
cells, indicating that TC treatment induced more infiltration of
T cells (Fig. 5D). In addition, we established a bilateral tumor
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Fig. 6 (A) H&E staining of the normal tissues (scale bars: 200 pm). (B) Blood test results of mice under different Cu,O treatments. (C) Cell viability under
different Cu,O treatments. (D) The changes of the body weight of mice after various treatments. Blood biochemical analysis of mice 18 days after
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model, as shown in Fig. S4. TC + MW treatment of the primary
tumor could significantly inhibit the growth of the distal
tumor, which also indicates that it can enhance the anti-
tumor immune function of the body.

2.5. In vivo toxicity study

In biomedical applications, the potential in vivo toxicity of nano-
materials is always a crucial consideration. Therefore, in this study,
we conducted a series of safety assessments to evaluate the
feasibility of our proposed therapeutic approach. Firstly, no sig-
nificant signs of organ damage were observed in H&E-stained tissue
sections (Fig. 6A). Hemolysis tests also showed that, despite the
concentration of TC (calculated based on Cu,O) reaching
200 pg mL™', its concentration in the blood remained relatively
low (Fig. 6B). Even at a relatively high concentration of cuprous
oxide, no high normal cytotoxicity was observed (Fig. 6C). Through-
out the entire vivo treatment period, no significant changes in the
body weight were observed in mice (Fig. 6D). Moreover, renal
function markers, including creatinine (CRE) and blood urea
nitrogen (BUN), remained within normal ranges (Fig. 6E and F),
as did liver function markers such as alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and alkaline phosphatase
(ALP) (Fig. 6G). These results suggest that TC exhibits excellent
biocompatibility.

3. Conclusions

In summary, we have developed a TC system to induce cuprop-
tosis in tumor cells. TC effectively targets tumor tissues and
rapidly releases copper ions within cancer cells. Additionally,
under microwave intervention, TC can produce a large amount
of hydroxyl radicals upon entering the cells, leading to the
depletion of intracellular glutathione (GSH). Furthermore, the
copper ions released by TC significantly increase the occur-
rence of cuproptosis in tumor cells. Our experiments have
demonstrated the cytotoxic effects of TC on cancer cells both
in vitro and in vivo. In the future, this strategy to enhance
cuproptosis holds potential for improving the sensitivity of
traditional cancer therapies and may provide new insights for
the design of copper death-based nanomedicines.
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