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a b s t r a c t

Metal ion homeostasis plays a pivotal role in maintaining cellular functions, and its disruption can initi-

ate regulated cell death pathways. Despite its therapeutic potential, metal ion therapy for breast cancer

has been hampered by inefficient ion delivery and the intrinsic resistance mechanisms of cancer cells.

In this work, a cuproptosis amplifier of copper-telaglenastat coordinate (denoted as Cu-CB) is developed

to trigger cell ferroptosis for synergistic breast cancer treatment. Telaglenastat (CB-839), a glutaminase

inhibitor, is identified as an effective copper ionophore that facilitates the formation of Cu-CB. Specially,

Cu-CB can promote the aggregation of lipoylated proteins to initiate cuproptosis, while also inhibiting

glutathione (GSH) synthesis and downregulating glutathione peroxidase 4 (GPX4) to trigger ferroptosis.

The interplay between these cuproptosis and apoptosis pathways, mediated by Cu-CB, significantly am-

plifies reactive oxygen species (ROS) production and lipid peroxidation, culminating in the synergistic

suppression of breast cancer. Both in vitro and in vivo studies validate the superior antitumor effects of

Cu-CB through the induction of cuproptosis and ferroptosis, which may provide a new insight for metal

ion delivery systems and metal ion-based tumor therapies.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal ions are integral to breast cancer progression, yet their

excessive accumulation can disrupt cellular homeostasis, trigger-

ing regulated cell death pathways [1–5]. This mechanism has gar-

nered significant attention in cancer therapy, particularly in strate-

gies aimed at inducing intracellular metal ion dyshomeostasis for

tumor suppression [6–11]. Cuproptosis, a newly discovered cell

death pathway, is triggered by the binding of copper ions to lipoy-

lated proteins within the tricarboxylic acid (TCA) cycle, resulting

in the aggregation of dihydrolipoamide S-acetyltransferase (DLAT)

and the induction of proteotoxic stress [1,2]. Similarly, ferropto-

sis, another regulated cell death process, is initiated by the ex-

cessive accumulation of iron ions, which can elevate intracellu-

lar oxidative stress and drive phospholipid peroxidation [12–14].

Interestingly, recent studies have found a biological crosstalk be-

tween cuproptosis and ferroptosis, suggesting a promising strat-
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egy to enhance ferroptosis via cuproptosis for synergistic tumor

treatment [15–17]. Traditionally, copper ion supplementation has

demonstrated moderate tumor suppression, but the therapeutic ef-

ficacy remains suboptimal due to the presence of intracellular bio-

reductants and metal-chelating agents. Among these, glutathione

(GSH) is the most prevalent detoxifier within tumor cells, where it

mitigates ferroptosis by maintaining cellular redox balance [18,19].

Additionally, the potent metal-chelating properties of GSH neu-

tralize copper ions, thereby inhibiting cuproptosis [20,21]. More-

over, the limited expression of copper-transporting proteins in tu-

mor cells further restricts copper ion uptake, leading to insuffi-

cient intracellular accumulation and heightened risk of systemic

toxicity in normal tissues. Therefore, it is necessary to develop a

cuproptosis inducer capable of initiating ferroptosis, while consid-

ering the challenges of copper ion transport and the therapeutic

defense mechanism of tumors.

Breast cancer cells exhibit a pronounced dependency on amino

acids to sustain their rapid proliferation, particularly characterized

by glutamine-dependent metabolic reprogramming [22–26]. Glu-

taminase, overexpressed by tumor cells, is a hydrolytic enzyme
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Scheme 1. Schematic illustration of Cu-CB to trigger cuproptosis and cell ferropto-

sis for synergistic breast cancer suppression. (A) Cu-CB was prepared by the coor-

dination effect between Cu2+ and CB-839 with the assistance of PVP. (B) Proposed

mechanism of Cu-CB for tumor eradication. Cu-CB could passively target the tu-

mor tissue after intravenous injection. Upon internalization by breast cancer cells,

Cu-CB inhibited GSH synthesis and downregulated GPX4, triggering ferroptosis. Si-

multaneously, reduced GSH further promoted Cu2+ to induce DLAT aggregation and

proteotoxic stress, initiating cuproptosis. This dual mechanism enabled Cu-CB to ef-

fectively induce both cuproptosis and ferroptosis, achieving synergistic therapy of

breast cancer.

that converts glutamine into glutamate, subsequently fueling the

production of GSH [27,28]. GSH further supports the synthesis of

glutathione peroxidase 4 (GPX4), the key enzyme responsible for

reducing phospholipid peroxidation and neutralizing the effects

of ferroptosis [29,30]. Therefore, aberrant glutamine metabolism

presents a viable therapeutic target to enhance the interplay be-

tween cuproptosis and ferroptosis for breast cancer suppression.

Recent studies have demonstrated that pharmacological inhibi-

tion of glutaminase can destabilize intracellular redox homeostasis,

thereby exacerbating oxidative stress [31,32]. In particular, telagle-

nastat (CB-839) has shown potent and selective glutaminase inhi-

bition, yielding promising preclinical results in augmenting the ef-

ficacy of chemotherapy, radiotherapy, and immunotherapy [33–36].

Moreover, the co-delivery of CB-839 and copper ions to tumor cells

not only enhances their bioavailability but also disrupts the thera-

peutic defense of tumors, thus intensifying metal ion therapy. No-

tably, the presence of multiple amide and nitrogen-containing het-

erocyclic structures in CB-839 suggests potential coordination sites

for copper ions. However, the role of CB-839 as a copper ionophore

and its capacity to synergistically induce both cuproptosis and fer-

roptosis remain largely unexplored.

In this work, a cuproptosis amplifier of copper-telaglenastat co-

ordinate (denoted as Cu-CB) was developed to trigger cell cuprop-

tosis and ferroptosis for breast cancer treatment. Among which,

the glutaminase inhibitor of telaglenastat (CB-839) served as an

efficient copper ionophore, facilitating the formation of Cu-CB

(Scheme 1A). Notably, Cu-CB could trigger the aggregation of lipoy-

lated proteins to initiate cuproptosis and reduce GSH synthesis,

leading to the downregulation of GPX4, thereby promoting fer-

roptosis. Importantly, the reduced GSH level and copper-induced

GPX4 degradation facilitated the crosstalk between cuproptosis

and ferroptosis, resulting in the enhanced reactive oxygen species

(ROS) production and increased lipid peroxidation, which collec-

tively leaded to a synergistic suppression of breast cancer (Scheme

1B). In vitro and in vivo studies confirmed the potent antitumor

Fig. 1. Preparation and characterization of Cu-CB. The size distribution of different

formulations prepared by the feeding ratio of (A) 8:1, (B) 8:3, (C) 8:5, (D) 8:7. (E)

The TEM image of Cu-CB. Scale bar: 200nm. (F) The stability of Cu-CB. (G) UV–vis

spectra of various agents. (H) FTIR spectra of CB-839 and Cu-CB. (I) XPS analysis of

Cu-CB. XPS spectra of (J) Cu 2p, (K) N1s and (L) S 2p.

efficacy of Cu-CB, offering new insights into metal ion therapy by

addressing therapeutic resistance in tumors.

Concretely, Cu-CB was synthesized by mixing CB-839 with

CuCl2·2H2O in a polyvinyl pyrrolidone (PVP) aqueous solution. As

shown in Fig. S1 (Supporting information), increasing the feed-

ing ratio of CuCl2·2H2O to CB-839 resulted in a gradual shift in

the solution’s color to gray-green, indicative of the formation of

metal ion complexes. To optimize the size distribution of the re-

sulting formulations, various feeding ratios of CuCl2 and CB-839

were assessed. As shown in Figs. 1A–D, although nanoparticles

with suitable particle sizes were obtained at feeding ratios of 8:1

and 8:5, these formulations still contained significant large-grained

assemblies. Additionally, the formulation prepared with a feeding

ratio of 8:7 yielded particles that were excessively large, impair-

ing their ability to achieve passive tumor targeting. In contrast,

Cu-CB synthesized at a ratio of 8:3 exhibited a uniform particle

size distribution, with an average diameter of 192.23nm and sur-

face charge of 6.65mV (Fig. S2 in Supporting information). Trans-

mission electron microscopy (TEM) images confirmed that Cu-CB

was uniformly spherical and well-dispersed, with stable size and

polydispersity index (PDI) in biological environment, highlighting

their suitability for biomedical applications (Figs. 1E and F and Fig.

S3 in Supporting information). Furthermore, inductively coupled

plasma mass spectrometry (ICP-MS) and high-performance liquid

chromatography (HPLC) analyses revealed that the entrapment ef-

ficiencies of copper and CB-839 within Cu-CB were about 16.0 %

and 31.5 %, respectively. Moreover, the drug release kinetics of Cu-

CB in various buffers were analyzed using HPLC (Fig. S4A in Sup-

porting information). As shown in Fig. S4B (Supporting informa-

tion), Cu-CB exhibited a modest cumulative release of less than

15 % over 48h in a neutral buffer system (pH 7.4). In an acidic

microenvironment, a slightly enhanced drug release was observed.

Notably, a pronounced release occurred at pH 6.5 in the presence

of 10mmol/L GSH, indicating a strong GSH-responsive drug release

behavior of Cu-CB. To further confirm this, the drug release be-

havior was assessed in phosphate buffered saline (PBS) containing

varying GSH concentrations. As shown in Fig. S4C (Supporting in-
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Fig. 2. Antitumor study of Cu-CB in vitro. (A) CLSM images of 4T1 cells to observe

the incubation time and drug dose dependent cellular uptake behavior after treat-

ment with Cy5.5@Cu-CB. Scale bar: 50 μm. (B) Fluorescence quantitative analysis of

4T1 cells following treatment with Cu-CB for different time points (n = 3). (C) Flu-

orescence quantitative analysis of 4T1 cells following treatment with various con-

centrations of Cu-CB (n = 3). (D) Cell viability of 4T1 cells treated with different

concentrations of drugs (n = 5). (E) Live/dead cell staining of 4T1 cells after treat-

ment with PBS, CuCl2, CB-839, CuCl2 +CB-839 or Cu-CB. Scale bar: 200 μm. ∗∗∗P <

0.001. The numerical results were presented as means ± standard deviation (SD).

formation), Cu-CB demonstrated negligible cumulative release in

a neutral buffer. The addition of 0.1mmol/L GSH increased the

cumulative release rate to 14.9%. Strikingly, Cu-CB in PBS with

10mmol/L GSH achieved the highest drug release rate, with ap-

proximately 38.7 % of CB-839 released. These findings demon-

strated the GSH-responsive drug release behavior of Cu-CB, Given

the elevated expression of GSH in tumor cells, the GSH responsive-

ness of Cu-CB is advantageous to exert therapeutic functions.

Meanwhile, the copper ion coordination behavior of CB-839

was evaluated to understand the formation and functionality of the

Cu-CB. As illustrated in Fig. 1G, ultraviolet-visible (UV–vis) spec-

troscopy revealed a blue shift in the maximum absorption peak

of Cu-CB compared to that of CB-839, which might be attributed

to ligand-metal charge transfer interactions between Cu2+ and CB-

839. To further characterize Cu-CB, fourier-transform infrared spec-

troscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) were

carried out. As shown in Fig. 1H, the presence of CB-839 charac-

teristic peaks in the Cu-CB FTIR spectrum confirmed the success-

ful formation of the Cu-CB complex. XPS spectrum analysis con-

firmed the existence of Cu, S, N, O, F, and C elements in Cu-CB

(Fig. 1I). Specifically, the Cu 2p XPS spectrum exhibited distinct

Cu2+ 2p peaks at Cu 2p1/2 (952.08 eV) and Cu 2p3/2 (931.88 eV)

(Fig. 1J). Additionally, the N1s XPS spectrum displayed a peak at

398.98 eV corresponding to Cu-N bonding (Fig. 1K), while the S

2p XPS spectrum showed a peak at 163.63 eV indicative of Cu-S

interaction (Fig. 1L) [37,38]. These results confirmed that CB-839

functioned as an effective copper ionophore for copper coordina-

tion, attributed to the coordination of Cu2+ with the nitrogen and

sulfur atoms in CB-839. Furthermore, the binding energy for Cu-

CB was calculated using density functional theory (DFT). As illus-

trated in Fig. S5 (Supporting information), Cu2+ could coordinate

with the sulfur atom in thiadiazol group and the nitrogen atoms

in both pyridazine and thiadiazol groups. The calculated binding

energies were −0.210 eV and −2.270 eV, respectively, demonstrat-

ing that Cu2+ could effectively coordinate with CB-839 to form a

stable complex.

To investigate the intracellular uptake behavior, Cu-CB was la-

beled with Cy5.5 to produce Cy5.5@Cu-CB for co-incubation with

murine breast cancer (4T1) cells. As displayed in Figs. 2A–C, flu-

orescence intensity within 4T1 cells increased progressively with

longer incubation time and higher drug concentrations. These re-

sults indicated the time- and concentration-dependent cellular up-

take behavior of Cu-CB. Furthermore, Cy5.5@Cu-CB-treated cells

showed much stronger intracellular fluorescence compared to cells

treated with Cy5.5 alone (Fig. S6 in Supporting information). These

results validated that the Cu-CB could promote drug internaliza-

tion and improve drug delivery efficiency. To investigate whether

normal cells could internalize Cu-CB, 3T3 cells treated with Cu-

CB at indicated time points were observed by confocal laser scan-

ning microscope (CLSM) (Fig. S7 in Supporting information). As

time progressed, the fluorescence intensity gradually increased, il-

lustrating the uptake of Cu-CB by normal cells. Subsequently, MTT

assay and live/dead cell staining assays were carried out to inves-

tigate the anti-proliferation effect of Cu-CB. As illustrated in Fig.

2D, CuCl2 and CB-839 showed relatively low toxicity to 4T1 cells

that the cell viabilities kept at 65.5 % and 84.0 %, respectively.

The mixture of CuCl2 and CB-839 exhibited a higher concentration-

dependent cytotoxicity. However, under the same dosages of CuCl2
and CB-839, Cu-CB achieved the best efficiency in growth inhibi-

tion that the cell viability was only 33.1 %. Notably, Cu-CB had

lower toxicity toward 3T3 cells compared to 4T1 cells, indicat-

ing that its selective toxicity for 4T1 cells (Fig. S8 in Support-

ing information). Similar results were also observed in live/dead

cell staining assay (Fig. 2E). Among which, Cu-CB-treated cells dis-

played the most intense red fluorescence, signifying extensive tu-

mor cell death. These findings collectively highlighted the superior

anti-proliferation performance of Cu-CB.

The elevated levels of GSH in tumor cells can act as a cop-

per chelator, thereby diminishing the effectiveness of cuproptosis.

CB-839, a glutaminase (GLS) inhibitor, should disrupt glutamine

metabolism and subsequently inhibit GSH production. As shown

Fig. 3A, treatment with CB-839 reduced intracellular GSH levels to

68.42 %, reflecting a GLS inhibition behavior. Benefiting from the

enhanced drug delivery efficiency, Cu-CB was able to further de-

crease GSH levels to 41.17 %, representing a significant reduction

compared to treatments with PBS and CB-839 alone.

Cuproptosis, a newly identified form of programmed cell death,

is characterized by excessive intracellular copper concentrations.

During cuproptosis, Cu2+ binds directly to DLAT, causing it aggre-

gation and triggering proteotoxic stress. To elucidate the mech-

anism of Cu-CB-induced cuproptosis, immunofluorescence stain-

ing was employed to evaluate DLAT expression. As illustrated

in Fig. 3B, Cu2+ and CB-839 alone did not affect DLAT expres-

sion compared to PBS. However, Cu-CB treatment resulted in pro-

nounced green fluorescence, demonstrating a significant aggrega-

tion of DLAT. The enhanced effect of Cu-CB compared to CuCl2
alone might be contributed to the copper ionophore of CB-839

to improve Cu2+ delivery. Similar results were also observed in

Western blot analysis, which confirmed a significant inhibition of

lipoyltransferase (LIAS) expression in Cu-CB treated cells (Figs. 3C

and D). These results validated that Cu-CB effectively initiated the

cuproptosis pathway by enhancing the delivery of Cu2+, thereby
inducing tumor cell death through this mechanism.

Previous studies had revealed that copper could promote au-

tophagic degradation of GPX4, and the depletion of GSH could also

downregulate the GPX4 expression, which together resulted in fer-

roptosis [39,40]. As displayed in Figs. 3C and E, although CuCl2
and CB-839 treatment alone had nearly no effect on GPX4 ex-

pression, the combination of CB-839 and CuCl2 significantly in-

hibited GPX4 expression. Cu-CB reduced GPX4 protein expression

by approximately 68.60 %, highlighting a synergistic inhibitory ef-

fect of CB-839 and CuCl2 on GPX4 expression. The downregula-

tion of GSH and GPX4 diminished the cellular antioxidant capacity,

which might contribute to intracellular oxidative stress. To assess

this effect, the intracellular ROS level was measured using CellROX
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Fig. 3. The antitumor mechanism of Cu-CB. (A) The intracellular GSH content of

4T1 cells after treatment with PBS, CuCl2, CB-839, CuCl2 +CB-839 or Cu-CB (n = 3).

(B) DLAT immunofluorescence staining of 4T1 cells after different drug treatments.

Scale bar: 20 μm. (C) Western blot analysis of GPX4 and LIAS. Quantitative analysis

of the expression of (D) LIAS and (E) GPX4 (n = 3). (F) The ROS production and

(G) quantitative fluorescence analysis of 4T1 cells after different drug treatments

(n = 3). CellROX was used as the probe. Scale bar: 50 μm. (H) The lipid peroxides

production and (I) quantitative fluorescence analysis of 4T1 cells after different drug

treatments (n = 3). C11-BODIPY was used as the probe. Scale bar: 20 μm. ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001. The numerical results were presented as means ± SD.

as the probe. As depicted in Figs. 3F and G, tumor cells treated

with CuCl2 or CB-839 alone showed weak red fluorescence, indi-

cating minimal ROS production. In contrast, Cu-CB treatment re-

sulted in markedly enhanced red fluorescence, signifying elevated

ROS levels compared to the other treatments. Additionally, mito-

chondrial membrane potential was evaluated to assess mitochon-

drial function using rhodamine 123 as a probe. As shown in Fig.

S9 (Supporting information), 4T1 cells treated with PBS had strong

green fluorescence, while those treated with Cu-CB showed signif-

icantly reduced fluorescence. Quantitative analysis confirmed that

the average fluorescence intensity in the Cu-CB group was 0.39-

fold lower than in the PBS group. This reduction indicated that Cu-

CB induced mitochondrial dysfunction, contributing to increased

ROS production. Moreover, C11-BODIPY was employed to assess

membrane lipid peroxidation induced by Cu-CB. CLSM imaging re-

vealed a much brighter green fluorescence in the Cu-CB-treated

group (Fig. 3H). Quantitative analysis of fluorescence intensity cor-

roborated this observation, demonstrating a similar trend (Fig. 3I).

Specifically, 4T1 cells treated with Cu-CB showed the strongest flu-

orescence intensity, which was 1.56-fold higher than that of PBS-

treated cells. These results indicated that Cu-CB treatment leaded

to substantial lipid peroxide accumulation, highlighting its role in

promoting ferroptosis. The ferroptosis like pathway might result

from the downregulation of GPX4 and the concomitant elevation

of intracellular ROS.

In this work, all the animal experiments were followed the

guidelines of Institutional Animal Care and Use Committee (IACUC)

of Animal Experiment Center of Guangzhou Medical Univer-

Fig. 4. Antitumor study of Cu-CB in vivo. (A) The biodistribution of Cy5.5@Cu-

CB and Cy5.5 in 4T1 tumor-bearing mice. (B) Quantitative fluorescence analysis

of Cy5.5 and Cy5.5@Cu-CB in major organs (n = 3). (C) The tumor volumes, (D)

weights and (E) image of 4T1 tumor-bearing mice after treatment with PBS, CuCl2,

CB-839, CuCl2 +CB-839 or Cu-CB (n = 5). (F) H&E, TUNEL and Ki67 staining of tu-

mor tissues after different drug treatments. Scale bar: 100 μm. The positive rate of

(G) TUNEL and (H) Ki67 in tumor tissues. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. The

numerical results were presented as means ± SD.

sity (GY2024–242). To evaluate the therapeutic potential of Cu-

CB in vivo, its biodistribution was assessed using 4T1 tumor-

bearing mice. Mice were administered with Cy5.5-labeled Cu-CB

(Cy5.5@Cu-CB) via intravenous injection, and fluorescence imag-

ing was performed at specified time points. As shown in Fig. 4A,

the overall fluorescence signal decreased over time in both the

two groups, but the signal at the tumor site notably increased

only in the group of Cy5.5@Cu-CB. This observation was corrob-

orated by ex vivo fluorescence imaging, which revealed that tu-

mor tissues from Cy5.5@Cu-CB-treated mice exhibited significantly

stronger fluorescence compared to those from Cy5.5-treated mice.

Specifically, the fluorescence intensity in tumor tissues of the

Cy5.5@Cu-CB group was 3.46-fold higher than that in the Cy5.5

group (Fig. 4B), demonstrating the effective passive targeting ca-

pability of Cy5.5@Cu-CB.

Benefiting from its elevated tumor targeting behavior, Cu-CB ex-

hibited the most effective suppression of tumor growth (Fig. 4C).

Similar results were also found in tumor weight analysis and imag-

ing (Figs. 4D and E). Especially, the tumor weight inhibition rate

for the Cu-CB group was 69.90 %, significantly higher than that ob-

served in other treatment groups. Conversely, tumors in the CuCl2
and PBS-treated groups grew rapidly, indicating low in vivo cyto-

toxicity of CuCl2. CB-839, which inhibited glutaminase activity, led

to only a modest reduction in tumor volumes. The combination

of CuCl2 and CB-839 demonstrated a relatively good therapeutic

effect, but due to the low specificity of free drugs for tumor tis-

sues, they had suboptimal antitumor effect. These results demon-

strated the superiority of Cu-CB in suppressing breast cancer, likely

due to its synergistic cuproptosis-ferroptosis mechanism and en-

hanced drug delivery efficiency. Subsequently, tumor tissues were

extracted and collected for DLAT and GPX4 immunofluorescence

staining. As illustrated in Figs. S10 and S11 (Supporting informa-

tion), the strongest red fluorescence of DLAT and weakest green

fluorescence of GPX4 were observed in Cu-CB group, indicating
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Fig. 5. Biosafety analysis of Cu-CB. (A) The body weights of 4T1 tumor-bearing mice

after treatment with PBS, CuCl2, CB-839, CuCl2 +CB-839 or Cu-CB (n = 5). (B) H&E

staining of heart, liver, spleen, lung and kidney. Scale bar: 200 μm. (C) ALT, (D)

AST, (E) UA and (F) BUN serum levels from biochemical tests of 4T1 tumor-bearing

mice after treatment with PBS, CuCl2, CB-839, CuCl2 +CB-839 or Cu-CB (n = 3). The

numerical results were presented as means ± SD.

that Cu-CB could simultaneously induce cuproptosis and ferropto-

sis in vivo. Moreover, tumor tissues were also performed for hema-

toxylin and eosin (H&E), terminal deoxynucleotidyl transferase-

mediated dUTP nick-end labeling (TUNEL), and Ki67 staining (Fig.

4F). The H&E staining images revealed that Cu-CB induced the

highest level of tumor cell apoptosis, with extensive loss of nuclei.

TUNEL staining showed the strongest signal and a high positive

rate of 67.78 %, indicating significant apoptosis (Fig. 4G). Addition-

ally, Ki67 staining of Cu-CB-treated tumor tissue demonstrated a

low percentage of Ki67-positive cells (12.10 %), reflecting a substan-

tial reduction in tumor cell proliferation (Fig. 4H). These findings

suggested that Cu-CB effectively induced tumor cell death while

simultaneously inhibiting tumor proliferation.

To investigate whether Cu-CB could inhibit metastatic progres-

sion, a 4T1 metastasis model was established and received differ-

ent treatments. As shown in Fig. S12A (Supporting information),

neither CuCl2, CB-839, nor the combination of CuCl2 and CB-839

effectively inhibited tumor growth. In contrast, Cu-CB treatment

significantly delayed tumor progression, and the tumor volume

was 0.27 times that of PBS group. Similar results were observed

for tumor images and weights (Figs. S12B and C in Supporting in-

formation). These findings highlighted the superior efficacy of Cu-

CB in suppressing breast cancer. At the end of the experiment, the

mice were euthanized, and lung tissues were collected for analysis.

The number of metastatic nodules in the Cu-CB group did not dif-

fer significantly from that in the PBS group, indicating that Cu-CB-

mediated therapeutic effects were insufficient to inhibit metastatic

progression (Figs. S12D and E in Supporting information). Recent

studies reported that cuproptosis induced by nanomedicines could

lead to antigen release and activate the immune cascade [8,41].

However, the immunosuppressive tumor microenvironment often

leaded to therapy failure and tumor recurrence. Therefore, the poor

therapeutic outcome in lung metastasis following Cu-CB treatment

might be attributed to the immunosuppressive nature of the breast

cancer microenvironment.

To assess the biosafety of Cu-CB, the body weights of 4T1

tumor-bearing mice were monitored throughout the treatment pe-

riod. As shown in Fig. 5A, the mean body weights of the mice grad-

ually increased, suggesting no significant adverse effects on general

health. Additionally, major organs were examined via H&E staining,

revealing no noticeable morphological changes or signs of inflam-

mation (Fig. 5B). These results indicated a minimal systemic toxic-

ity of Cu-CB. Furthermore, the biochemical parameters of alanine

aminotransferase (ALT), aspartate aminotransferase (AST), blood

urea nitrogen (BUN), and uric acid (UA) remained within normal

reference ranges, demonstrating that Cu-CB did not cause serious

damage to liver or kidney function (Figs. 5C–F). Also, all measured

hematological parameters were found to be within normal ranges,

suggesting that Cu-CB had acceptable blood compatibility (Fig. S13

in Supporting information). The above results indicated that Cu-CB

not only provided effective tumor treatment but also had minimal

side effects on normal tissues.

To summarize, a cuproptosis amplifier of copper-telaglenastat

coordinate (Cu-CB) was fabricated to trigger cell ferroptosis and

cuproptosis for synergistic breast cancer suppression. Among

which, CB-839 served as an effective copper ionophore, facilitat-

ing the preparation of Cu-CB with optimal particle size and uni-

form nano-morphology. Additionally, Cu-CB accelerated the intra-

cellular delivery of Cu2+ and showed GSH-responsive drug release

behavior. More importantly, Cu-CB could induce a cuproptosis-like

cell death by enhancing DLAT aggregation. This process also de-

creased GSH synthesis, leading to the downregulation of GPX4 and

the initiation of ferroptosis. Ultimately, the synergistic induction of

cuproptosis and ferroptosis by Cu-CB markedly suppressed breast

cancer growth while maintaining minimal side effects on normal

tissues. This work might provide a new insight into metal ion

delivery using molecular drugs, which also offered a synergistic

mechanism for metal ion therapy.
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