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Zinc-copper bimetallic nanoplatforms
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Abstract

Triple-negative breast cancer (TNBC) is characterized by high rates of metastasis and recurrence, along with a low
sensitivity to immunotherapy, resulting in a paucity of effective therapeutic strategies. Herein, we have developed
polydopamine-coated zinc-copper bimetallic nanoplatforms (Cu-ZnO,@PDA nanoplatforms, abbreviated CZP NPs)
that can efficiently induce photothermal amplified cuproptosis and cGAS-STING signaling pathway activation,
thereby reversing the immunosuppressive tumor microenvironment of TNBC, upregulating PD-L1 expression,

and boosting the efficacy of anti-programmed death-ligand 1 antibody (aPD-L1)-based immunotherapy. Within

the acidic tumor microenvironment (TME), CZP NPs spontaneously release copper and zinc ions and hydrogen
peroxide, generating highly oxidative hydroxyl radicals and downregulating iron-sulfur cluster proteins. These
actions lead to the disruption of mitochondrial integrity, the release of mitochondrial DNA (mtDNA) and irreversible
cuproptosis. The further synergy between mtDNA and zinc ions potentiates the activation of the cGAS-STING
signaling pathway, triggering a robust antitumor immune response and sensitizing TNBC to aPD-L1 therapy.
Additionally, using an 808 nm near-infrared laser for photothermal therapy significantly augments these effects,
resulting in a cascade amplification of therapeutic efficacy against TNBC. The strategic combination of CZP NPs
with aPD-L1 markedly bolsters antitumor immunity and suppresses tumor growth. Collectively, our findings present
a promising synergistic strategy for TNBC treatment by linking cuproptosis, cGAS-STING activation, photothermal
therapy, and immunotherapy.
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Introduction

Breast cancer stands as one of the most common malig-
nancies globally, with a rising incidence and a persistently
high mortality rate, resulting in considerable economic
and social burdens [1]. Defined by the lack of expres-
sion of estrogen receptors, progesterone receptors, and
human epidermal growth factor receptor 2 (HER-2),
triple-negative breast cancer (TNBC), which constitutes
approximately 15-20% of all breast cancers [2], exhibit-
ing highly malignant, poor prognosis, higher recurrence
rate and lacks effective therapeutic targets [3, 4]. There-
fore, there is an urgent need to explore innovative and
potent therapeutic strategies for TNBC. In recent years,
significant advancements have been made in cancer
immunotherapy. Immune checkpoint inhibitors (ICIs),
such as aPD-L1 and aPD-1, have demonstrated the abil-
ity to activate the host’s immune system to target and
destroy tumor tissue [5-7]. However, despite the sig-
nificant clinical efficacy of ICIs in several tumors such as
melanoma and lung cancer [8, 9], many TNBC patients
still exhibit limited or no response to ICIs. This limita-
tion may be attributed to the immunosuppressive tumor
microenvironment (TME) and the relatively low PD-L1
expression rate in TNBC [10-12], which is estimated at
around 20% [13], thereby hindering the ability of ICIs to
bolster antitumor immunity. A phase III clinical trial for
advanced TNBC patients treated with a combination of

atezolizumab and paclitaxel did not improve overall sur-
vival [14]. Therefore, enhancing the responsiveness and
efficacy of immunotherapy in TNBC patients is a vital
issue that needs to be solved urgently.

Copper, one of the essential elements that engage in
mitochondrial respiration and biosynthesis, plays a cru-
cial role in the normal physiological functioning of cells
[15-18]. Hence, copper homeostasis abnormalities can
lead to physiological dysfunction, whether caused by a
copper deficiency or excess [19]. Cuproptosis, a recently
characterized form of cell death, is marked by an exces-
sive accumulation of copper ions within the cell. The
intracellular Cu®* can be converted to Cu* by ferredoxin
1 (FDX1), which subsequently engages with dihydroli-
poamide S-acetyltransferase (DLAT). This interaction
triggers protein oligomerization and the loss of iron-
sulfur (Fe-S) cluster proteins, disrupting the tricarbox-
ylic acid (TCA) cycle and initiating proteotoxic stress,
ultimately leading to cuproptosis [20]. Additionally, due
to its Fenton-like activity, Cu® facilitates the transfor-
mation of hydrogen peroxide (H,0,) into highly toxic
hydroxyl radicals (-OH), causing oxidative stress [21-23].
Combining cuproptosis and oxidative stress will further
induce mitochondrial dysfunction and damage, caus-
ing the release of mitochondrial DNA (mtDNA) [24, 25].
Furthermore, emerging evidence indicates that cupro-
ptosis could also induces immunogenic cell death (ICD)
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[26], a process capable of reversing the immunosuppres-
sive TME and substantially boosting the effectiveness of
ICI-based immunotherapy [27, 28]. Given these effects,
cuproptosis presents a promising therapeutic strategy
for TNBC. However, the efficacy of cuproptosis is closely
linked to the levels of intracellular copper ions, and their
accumulation in normal tissues may provoke unneces-
sary toxicity. Therefore, the precise release of copper ions
within the TME is of paramount importance. Moreover,
copper-mediated therapies alone are often insufficient for
the long-term suppression of tumor growth [29], high-
lighting the need to combine cuproptosis with other anti-
tumor modalities, such as photothermal therapy (PTT)
and immunotherapy.

The activation of the cyclic GMP-AMP synthase
(cGAS)-stimulator of interferon genes (STING) signal-
ing pathway in tumor tissue has emerged as a promis-
ing approach for improving the effect of immunotherapy
[30-32]. Acting as a cytosolic DNA sensor, cGAS detects
double-stranded DNA (dsDNA) and triggers the syn-
thesis of cyclic GMP-AMP (cGAMP) [33]. The further
binding of cGAMP with STING can activate the TANK
binding kinase 1 (TBK1)/interferon regulatory factor
3 (IRF3) axis, which in turn stimulate the expression
of type I interferons and pro-inflammatory cytokines,
thereby activating dendritic cells (DCs) and initiating
an antitumor immune response [34—-36]. The mtDNA
released from mitochondria damaged by cuproptosis
can also activate the cGAS-STING signaling pathway
[37, 38], promoting DC maturation and effectively pre-
senting tumor antigens released during cuproptosis to T
cells. Consequently, the induction of cuproptosis coupled
with the activation of cGAS-STING pathway is expected
to synergize in triggering a potent antitumor immune
response. Moreover, the transduction of the cGAS-
STING pathway can also promotes nuclear factor-«xB
(NF-xB) activation [39], which in turn upregulates PD-L1
expression on tumor cells [40—42]. Previous studies have
confirmed that elevating PD-L1 levels in TNBC can
transform ICI-unresponsive tumors into immunogenic
ones that are highly sensitive to ICIs [43]. Strikingly,
STING pathway activation can also achieve such similar
ICI-sensitizing effect through PD-L1 upregulation [44].
Among various cGAS-STING agonists, zinc ions have
been identified as crucial modulators of cGAS-STING
signal transduction, which can promote the enzymatic
catalytic activity of cGAS proteins by facilitating their
phase separation [45]. Thus, the strategic integration of
copper and zinc ions, in conjunction with ICIs such as
aPD-L1, is anticipated to synergistically improve the
immunosuppressive TME in TNBC and enhance the effi-
cacy of immunotherapy.

Nevertheless, there are still rare reports focused on
cancer therapeutic strategies that integrate cuproptosis
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with activation of the cGAS-STING pathway to syn-
ergistically improve the responsiveness and efficacy of
ICIs in TNBC. Herein, we engineered polydopamine
(PDA)-coated zinc-copper bimetallic nanoplatforms
(Cu-ZnO,@PDA nanoplatforms, abbreviated CZP NPs),
wherein copper ion-loaded zinc peroxide served as the
core and PDA formed the shell. CZP NPs maintain their
integrity at physiological pH but disintegrate in the acidic
TME, selectively releasing zinc and copper ions and
H,0,. Intracellular Cu* enhances the generation of -OH
and induces cuproptosis, leading to mitochondrial dam-
age in tumor cells and the release of substantial mtDNA,
activating the cGAS-STING pathway and upregulate the
expression of PD-L1 on tumor cells. Moreover, zinc ions
further boost the catalytic activity of cGAS and syner-
gistically promote the secretion of type I interferons and
inflammatory cytokines, triggering potent innate and
adaptive immune responses. Additionally, the PDA coat-
ing endows CZP NPs with excellent photothermal con-
version capabilities, making them suitable for efficient
tumor PTT. Meanwhile, the abundant catechol in PDA
serves as a redox mediator, facilitating the regeneration
of Cu* to amplify the effects of cuproptosis and cGAS-
STING activation. Combining CZP NPs with aPD-L1
significantly reshapes the immunosuppressive TME and
inhibits tumor growth. Collectively, CZP NPs offer a
potent synergistic strategy, demonstrating durable and
remarkable efficacy in enhancing antitumor immuno-
therapy in TNBC (Scheme 1).

Results and discussion

Synthesis and characterization of CZP NPs

The detailed preparation process of the Cu-ZnO,@PDA
nanoplatform (CZP NPs) is summarized in Fig. 2a. Ini-
tially, the Zinc acetate dihydrate (Zn (CH;COO),-2H,0),
polyvinylpyrrolidone (PVP), and hydrogen peroxide
(H,0O,) were mixed and stirred at room temperature for
24 h to obtain the ZnO, nanoparticles. The presence of
PVP could complex zinc ions and assemble them into
uniformly spherical nanoparticles. Then, the obtained
opalescent solution was stirred with cupric chloride
dihydrate (CuCl,-2H,0) for 4 h, forming Cu-ZnO, (CZ)
nanoparticles. Adding copper ions altered the solution’s
color to a soft green. Ultimately, through the in situ self-
polymerization of dopamine, the nanoparticles were
coated with polydopamine (PDA), and a brownish-black
solution was obtained (Fig. 2b). Transmission electron
microscope (TEM) images revealed that a pronounced
core-shell structure was constructed after the PDA coat-
ing on the surface of Cu-ZnO, (Fig. 2c). Meanwhile, the
energy dispersive X-ray (EDS) mapping illustrated that
the nanoparticles consisted of carbon (C), nitrogen (N),
oxygen (O), copper (Cu), and zinc (Zn) elements, vali-
dating the successful synthesis of CZP NPs (Fig. 2d). To
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Fig. 1 Schematic diagram of the Cu-ZnO,@PDA nanoplatforms combined with aPD-L1 for enhancing TNBC immunotherapy

further verify the composition of CZP NPs especially the
valence state of elements, we conducted X-ray photoelec-
tron spectroscopy (XPS) analysis with a total spectrum
confirmed the simultaneous presence of Cu, Zn, C, N,
and O elements in CZP NPs (Fig. S1a). Specifically, Figure
S1b displays two distinct peaks at 1045.1 and 1022.0 eV,
corresponding to the Zn 2p1/2 and Zn 2p3/2 orbitals
of Zn**, respectively. Furthermore, Figure Slc indicates
that copper ions exist in both Cu?* (934.7 eV) and Cu*
(932.9 eV) valence states, with a ratio of 1.24. Dynamic
light scattering (DLS) measurement disclosed that the
hydrodynamic diameter of CZP NPs is approximately
177.2 nm, notably exceeding that of ZnO, (~121.8 nm)
and CZ (~120.1 nm), accompanied by the polydispersity
index (PDI) were measured to be 0.07, 0.12, 0.09, respec-
tively (Fig. 2e and f). Furthermore, the zeta potential of
Zn0O, and CZ nanoparticles showed a positive charge
of 37.0£0.42 mV and 29.7+0.78 mV, respectively, and
eventually regulated at -21.2+1.13 mV after PDA adhe-
sion (Fig. 2g). The results of Fourier transform infra-
red spectroscopy (FT-IR) showed an absorption band

at approximately 1510 cm™! corresponding to the shear
vibration of N-H (Fig. 2h), confirming the successful
coating of PDA. Notably, within the spectral range of
250 to 1000 nm, the CZP NPs exhibited markedly higher
absorption values than those of ZnO, and CZ, suggesting
their promising photothermal properties (Fig. 2i).

Photothermal performance evaluation

Figure 2i shows that CZP NPs possess a broad absor-
bance across the wavelength range of 250-1000 nm.
Notably, at an equivalent concentration, the absorbance
of CZP NPs at 808 nm is 9.5 times that of ZnO, and 4.3
times that of CZ, highlighting their excellent photother-
mal therapeutic potential. Therefore, we next evaluated
the photothermal performance of CZP NPs. Following a
5-minute exposure to an 808 nm laser irradiation, CZP
NPs showed a pronounced temperature elevation corre-
lated with increasing irradiation power density and con-
centration. The CZP NPs at the concentration of 500 yg/
mL exhibited a significant temperature increase (AT) of
24.63 °C (3 W/cm?), markedly surpassing the H,O, ZnO,,



Zhou et al. Journal of Nanobiotechnology (2025) 23:137 Page 5 of 19
a
HO. 4
4/
V4 5 ®
/ Zno, Cu-ZnO; Cu-ZnO,@PDA
(C2) (CzP)
ZBREN Do Vo) Dopamine
NS 3
P GVASY ® CuCl2H,0 /50 2 .2 hydrochloride
5 ) 3 @} o @) G [
= Y VA7 by - S A ® 7 =
Stirfor24 h VAR Stirfor4 h TAO V%Q' w Ultrasonicate
. A for1h
Polyvinyl pyrrolidone () Zn(CH;C00),:2H,0
e
2
d -
czp T DLS PDI
£
g
- 1]
S £
s S
z S
2 E
2 ©
£ s
3
o
>
T T T T T
10 100 1000 Zno, cz czpP
Hydrodynamic Diameter (nm)
g 40 h ! 35
30 | czp 304 zZno, cz czp
E 20 - £ & o ;;, 2.0 4
T 101 8 y g 20
= £ | GBI | c
c 8 -
g 0 g W 8151
° =
T 0] 8 fy¥! @ 1.0
g1 g o )
ﬁ -20 4 = La 0.5 -
-30 . . . . . . , 00—
Zno, cz czp 4000 3200 2400 1600 800 300 400 500 600 700 800 900 1000
Wavenumber (cm) Wavenumber (nm)

Fig. 2 Synthesis and characterization of CZP NPs. (a) Schematic illustration of the synthesis of CZP NPs. (b) Photograph and (c) TEM micrograph of ZnO,,
CZ,and CZP NPs. (d) The EDS mapping of C, N, O, Cu, and Zn of prepared CZP NPs. (e, f) The hydrodynamic diameter, polydispersity index, and (g) zeta
potentials of ZnO,, CZ, and CZP NPs. (h) FT-IR spectrum of CZP NPs. (i) UV-Vis spectra of ZnO,, CZ, and CZP NPs

and CZ groups, which were only 1.90 °C, 1.33 °C, and
1.84 °C, respectively (Fig. 3a, b and Fig. S2). This temper-
ature rise is adequate to induce necrosis and apoptosis in
tumor cells. The changes shown in the thermal images

were also consistent with the above results (Fig. 3c). Sub-
sequently, the photothermal conversion efficiency () of
CZP NPs was further assessed. After 20 min of 808 nm
NIR irradiation at 3 W/cm?, the temperature of CZP NPs
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at 500 pug/mL reached 61.14°C, whereas the temperature
of H,O merely reached 30.78°C. The # value of CZP NPs
was then calculated to be 22.29% (Fig. 3d and Fig. S3),
which is not significantly different from the published
result of PDA nanoparticles [46]. The photothermal per-
formance exhibited by CZP NPs fully demonstrates that
the Cu-ZnO, core does not considerably impair the pho-
tothermal performance of PDA. Moreover, after five con-
secutive heating-cooling cycles, there were no significant
changes in the real-time temperature change curve and
UV-Vis spectra of the CZP solution before and after laser
irradiation, demonstrating its excellent photothermal sta-
bility (Fig. 3e and Fig. S4). Consequently, the CZP NPs we
have developed exhibit excellent photothermal capabili-
ties and can be applied to subsequent tumor photother-
mal therapy.

pH-triggered Zn-Cu ions/H,0, release and ROS generation
According to our hypothesis, CZP NPs can selectively
decompose and release zinc, copper ions, and H,O,
within the acidic TME. To assess the pH-responsive
behavior of CZP NPs, TEM was utilized to observe their
morphological changes after undergoing different pH
conditions (pH=7.4, 6.5, and 5.5). As anticipated, the
CZP NPs were almost wholly decomposed within 24 h
at pH 5.5 while remaining stable at pH 7.4 (Fig. 3f). Sub-
sequently, an inductively coupled plasma-atomic emis-
sion spectrometer (ICP-AES) was utilized to investigate
the pH-dependent release of zinc and copper ions. The
results showed that the release of zinc and copper ions
in a pH 7.4 buffer solution was conspicuously sluggish,
with merely 0.7% and 6.2%, respectively, over a 24-hour
incubation (Fig. 3g and h). In stark contrast, the release
rates at pH 5.5 increased to 71% and 54.5%, respec-
tively. Furthermore, to investigate the impact of PDA
coating on the degradation of CZP NPs, a comparative
analysis between CZ and CZP was conducted. Despite
a slight reduction in the release rate observed after the
PDA coating, CZP NPs could rapidly decompose and
release a substantial amount of metal ions within 24 h for
tumor treatment (Fig. S5). In addition, we also analyzed
the release of H,0, from CZP NPs by using a hydrogen
peroxide assay kit. The detection reagent can recognize
H,0, and react to form a purple compound, exhibiting a
maximum absorption peak of around 560 nm. Co-incu-
bation of CZP NPs with the detection reagent at pH 6.5
significantly enhanced the absorbance of the solution at
560-580 nm (Fig. 3i), demonstrating CZP’s capacity to
release H,0, under acidic conditions.

Theoretically, the Cu™ and H,0, in the TME could
induce the generation of -OH and Cu®**via the Fenton-
like catalytic reaction [47-49], thereby promoting oxi-
dative stress within tumor cells. Methylene blue (MB)
was chosen as the indicator to assess the capacity of -OH
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generation, which is a dye probe that -OH can cause MB
to fade. As shown in Fig. 3j, upon co-incubation of CZP
NPs with H,O, and MB, the color of the solution progres-
sively lightened from light blue as the CZP concentration
increased. Simultaneously, the absorption peak of MB in
the range of 600-700 nm gradually decreased. However,
MB co-incubated with H,O, alone showed no significant
color or absorption spectra changes. Furthermore, we
compared the -OH generation capabilities among dif-
ferent nanoparticles. In the presence of H,0,, MB was
degraded by 100ug/mL CZP NPs, with a degradation rate
of 44.2%, approximately 4.25 times higher than that of the
CZ group (Fig. S6a-c). However, the proportion of cop-
per ions in CZ, as previously determined by ICP analysis,
was approximately 11.58%, surpassing the 8.93% found
in CZP NPs (Fig. S7). The superior Fenton-like reaction
performance of CZP NPs may be attributed to the pres-
ence of PDA. The abundant catechol in PDA can act as a
redox mediator [50], facilitating the transfer of electrons
to Cu** and promoting the regeneration of Cu*. This pro-
cess helps maintain high catalytic activity in the Fenton-
like reaction and continuously generates -OH (Fig. 3k).
Finally, we examined the influence of temperature on
the catalytic efficiency of CZP NPs. These nanoparticles
exhibited enhanced catalytic activity at 45 °C, achieving
an MB degradation rate of 38.9% at a concentration of
50 pug/mL, which was considerably higher than the 27.9%
observed at 30 °C (Fig. 31, m and Fig. S6d, e). Therefore,
the experimental results confirmed that CZP NPs can
spontaneously release zinc and copper ions, H,O, and
generate -OH in the acidic TME.

In vitro cellular uptake and cytotoxicity

Driven by the significant photothermal and Fenton-like
catalytic activities of CZP NPs, we hypothesize that these
nanoparticles can efficiently kill tumor cells in vitro.
To monitor the cellular uptake behavior of CZP NPs,
FITC labeled CZP to obtain FITC-CZP. Concurrently,
we labeled the cell membrane and nucleus to visualize
the intracellular localization and distribution of CZP.
The confocal laser scanning microscope (CLSM) results
revealed that distinct green fluorescence was observed
following a 4-hour co-incubation of FITC-CZP with
4T1 cells (Fig. 4a). The fluorescence was predominantly
colocalized with the cytoplasm, indicating successful
internalization of CZP into the cells. The flow cytometry
was utilized for further analysis. As shown in Fig. 4b-e, a
gradual increase in the fluorescence intensity in 4T1 cells
was detected with increasing CZP concentration and
prolonged incubation time. After 8 h of incubation with
40 pug/mL FITC-CZP, the mean fluorescence intensity
(MFI) in 4T1 cells was approximately 1.7-fold that of the
4-hour incubation and about 3.0-fold that of the 1-hour
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Fig. 4 In vitro cellular uptake and antitumor effect of CZP NPs. (a) Representative confocal microscopy images of 4T1 cells following a 4-hour incubation
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ing quantification of 4T1 cells incubated with FITC-CZP NPs over various concentrations and time points (n=3). (f-h) The cell viability of 4T1 cells after
various treatments (n=3). (i) Flow cytometric assessment of apoptosis and necrosis in 4T1 cells. (j-) Fluorescent imaging and flow cytometric analysis of
intracellular ROS levels of 4T1 cells. (m) Bio-TEM images of untreated 4T1 cells or treated with CZP +NIR. (n) Western blot analysis of FDX1, LIAS, ACO-2,

and SDHB from 4T1 cells following various treatments
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incubation. These findings demonstrate that CZP NPs
could rapidly be taken up by 4T1 cells.

The cytotoxicity of various treatments was assessed
using the Cell Counting Kit-8. As shown in Fig. 4f, CZP
NPs exhibited an evident dose and time-dependent cyto-
toxicity against 4T1 cells, with cell-killing rates reach-
ing approximately 91.7% and 98.1% at a concentration of
only 40 pg/mL after 12 and 24 h of incubation, respec-
tively. We further analyzed the differences in cytotox-
icity among the ZnO,, CZ, and CZP NPs. After 4 h of
co-incubation with 4T1 cells, ZnO, and CZ displayed
limited cytotoxicity, even at a high concentration of 100
ug/mL, with cell-killing rates of merely 34.7% and 43.8%,
respectively. In contrast, CZP NPs achieved a cell-killing
rate of around 56.0% (Fig. 4g). Moreover, when exposed
to an 808 nm laser at a power density of 2 W/cm? for
5 min, the killing rate of CZP NPs further increased to an
impressive 93.8% (Fig. 4h). Subsequently, we investigated
the apoptosis and necrosis rates in 4T1 cells following
various treatments using the Annexin V-FITC Apop-
tosis Detection Kit. Flow cytometry analysis revealed
that the apoptotic and necrotic rate of 4T1 cells treated
with CZP +NIR was 47.7%, which was 8.4, 7.7, and 1.7
times higher than that of Control, Control+NIR, and
CZP treatment groups, respectively (Fig. 4i and Fig. S8).
These results confirm that the combination strategy of
CZP +NIR could elicit satisfactory synergistic antineo-
plastic effects in vitro.

In vitro cuproptosis induced by CZP NPs

The substantial accumulation of copper ions within
tumor cells induces intracellular oxidative stress by
generating toxic -OH and promotes the aggregation of
lipoylated proteins and the loss of Fe-S cluster proteins,
which leads to the disruption of the tricarboxylic acid
(TCA) cycle in mitochondrial metabolism and induces
cuproptosis [51]. Previous experiments have confirmed
that CZP NPs can release many copper ions in an acidic
environment. Therefore, we further investigated the
impact of released copper ions on tumor cells. Firstly, the
Reactive Oxygen Species Assay Kit (DCFH-DA) was uti-
lized to evaluate the intracellular reactive oxygen species
(ROS) levels. Images obtained from the inverted fluores-
cence microscope distinctly highlighted differences in
fluorescence intensity across various treatment groups
(Fig. 4j). 4T1 cells treated with CZP NPs exhibited the
most robust green fluorescence, suggesting the highest
production of ROS. Flow cytometry results showed that
the MFI of CZP-treated cells was 18.2, 7.2, and 4.6 times
greater than that of the Control, ZnO,, and CZ groups,
respectively (Fig. 4k and 1). Because excessive ROS gener-
ation can induce mitochondrial damage and subsequent
release of mtDNA [52], we conducted a Bio-TEM to ana-
lyze the changes in mitochondria structure in 4T1 cells
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following CZP treatment. The images revealed that CZP
treatment induced significant mitochondrial damage in
4T1 cells compared to the control group, characterized
by mitochondrial swelling, shortened cristae, and the for-
mation of vacuoles (Fig. 4m).

Furthermore, we examined the expression levels of
Fe-S cluster proteins in 4T1 cells using Western blot
analysis. As depicted in Fig. 4n, tumor cells treated with
ZnO, showed no significant change in the expression
of Fe-S cluster proteins compared to the Control group,
which is consistent with our expectations. Notably, CZP
and CZP+NIR treatments significantly downregulated
the expression of Fe-S cluster proteins, including FDX1,
LIAS, ACO-2, and SDHB. These findings confirm the
bimetallic nanoplatform successfully induced the 4T1
cells” cuproptosis. Collectively, CZP NPs have the poten-
tial to elevate intracellular ROS levels, cause mitochon-
drial damage, and induce cuproptosis.

mtDNA release and cGAS-STING pathway stimulation

To ascertain whether mitochondrial damage induced
by CZP NPs could trigger the release of mtDNA, we
employed Quantitative real-time PCR (qPCR) assays to
measure the release of mtDNA into the cytoplasm. As
shown in Fig. 5a, treatments with ZnO,, CZ, and CZP
NPs induced the release of mtDNA in 4T1 cells, with
the CZP + NIR therapy resulting in the highest levels of
detected mitochondrial DNA. Specifically, mtDNA lev-
els were 3.49-fold higher than the Control, 3.19-fold
higher than the Control + NIR, 2.10-fold higher than the
Zn0,, 1.52-fold higher than the CZ, and 1.37-fold higher
than the CZP alone. Previous research has indicated
that mtDNA released from damaged mitochondria can
also mediate the activation of the cGAS-STING signal-
ing pathway [37, 38]. Additionally, zinc ions are crucial
in modulating cGAS activity within cells. They promote
cGAS activation by facilitating its phase separation,
activating STING protein, and initiating downstream
signaling pathways. To verify the activation of the cGAS-
STING signaling pathway after mtDNA release induced
by various treatments, we analyzed the expression lev-
els of ¢cGAS and related genes via qPCR. The findings
indicated that treatments with laser irradiation alone,
Zn0O,, and CZ had limited effects on cGAS expression,
approximately 0.96, 1.57, and 2.28 times that of the con-
trol group, respectively. In contrast, combining CZP with
NIR irradiation yielded the most significant upregula-
tion of cGAS expression, approximately 7.84 times higher
than the control. (Fig. 5b). This disparity may be attrib-
uted to the differential of mtDNA release.

Further analysis revealed that the CZP + NIR treatment
also significantly enhanced the expression of cGAS tar-
get genes, including IFNB1, CXCL10, IGS56, and ISGI5
(Fig. 5c-f), confirming the effective activation of the
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cGAS-STING pathway. Notably, the expression levels of
IFNBI and CXCLIO in 4T1 cells after CZP + NIR treat-
ment were substantially increased, reaching 47.17-fold
and 34.57-fold that of the control group, respectively.
Moreover, Western blot analysis of STING and TBK1
protein phosphorylation levels demonstrated that the
CZP +NIR treatment increased the phosphorylation of
STING and TBK1 compared to other groups. The ratio
of phosphorylated STING to total STING was approxi-
mately 1.77-fold that of the control group, while the
ratio of phosphorylated TBK1 to total TBK1 was 2.25-
fold (Fig. 5g-i). These findings confirm that the cytosolic
release of mtDNA triggered by CZP + NIR treatment, in
combination with zinc ions, can effectively activate the
cGAS-STING signaling pathway.

Given that the activation of the cGAS-STING path-
way can enhance the maturation and activation of anti-
gen-presenting cells (APCs) by promoting the secretion
of cytokines such as type I interferons and CXCL10, we
assessed the impact of CZP NPs on DCs maturation in
vitro. Initially, we isolated bone marrow-derived den-
dritic cells (BMDCs) from BALB/c mice and co-cul-
tured them with the supernatant of 4T1 cells that had
undergone various treatments for 24 h. We then evalu-
ated DCs maturation using flow cytometry. As shown in
Fig. 5j and S9, compared to the Control group, the Con-
trol+ NIR treatment did not significantly alter the per-
centage of mature DCs (CD11c¢*CD80*CD86%), whereas
the CZP + NIR treatment significantly increased the aver-
age level from approximately 52.1 to 63.9%, aligning our
expectations.

Notably, the activation of STING not only stimu-
lates the secretion of type I interferons by activating
the TBK1/IRF3 axis but also triggers NF-kB activation,
which is intimately linked to PD-L1 expression on tumor
cells [40-42]. And the level of PD-L1 expression in
TNBC has been confirmed to be closely related to the
efficacy of ICIs [43]. Accordingly, we further examined
the expression of PD-L1 on tumor cells after exposure to
various treatments. Flow cytometry results indicated that
the average PD-L1 expression on 4T1 cells treated with
CZP NPs was significantly higher than that of the Con-
trol group, approximately 2.3 times greater (Fig. 5k and
1). This finding was further confirmed by qPCR analysis
(Fig. S10). These results suggest that the CZP NPs can
upregulate PD-L1 expression in tumor cells, implying
that combining CZP NPs with aPD-L1 could be a prom-
ising approach for cancer treatment.

Transcription analysis of CZP + NIR treated 4T1 cells

We investigated the transcriptomic changes in 4T1 cells
treated with CZP NPs combined with NIR laser irra-
diation through RNA sequencing. Principal compo-
nent analysis revealed a distinct separation between the
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CZP +NIR and Control groups (Fig. 6a). Remarkably,
7548 genes exhibited significant differential expression
(p<0.05) following CZP +NIR treatment compared to
the Control, with 4770 genes upregulated and 2778 genes
downregulated (Fig. 6b). Subsequent analysis showed
substantial downregulation of gene expression related
to Fe-S cluster proteins (e.g., LIAS), mitochondrial pro-
teins (FDXR, OMA1I), TCA cycle and respiratory elec-
tron transport (e.g., DBT, OGDH), and DNA repair (e.g.,
RADS51, MRNIP) in 4T1 cells following CZP + NIR treat-
ment (Fig. 6¢). Conversely, the expression of genes asso-
ciated with the interferon signaling pathway (e.g., cGAS,
IFITT, ISG15, CXCL10) and CD274 (PD-L1) was mark-
edly upregulated in the CZP + NIR group, consistent with
prior experimental observations. Gene ontology (GO)
enrichment analysis highlighted the involvement of bio-
logical processes in the CZP + NIR group, such as ‘Cel-
lular response to stress;, ‘Regulation of immune system
process, ‘Response to oxidative stress, ‘Negative regu-
lation of growth; and ‘Cellular response to copper ion’
(Fig. 6d and Fig. S11). Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis further demon-
strated a significant correlation between multiple path-
ways and the therapeutic effects mediated by CZP + NIR
treatment, including the TNF signaling pathway, FoxO
signaling pathway, Toll-like receptor signaling pathway,
IL-17 signaling pathway, and Cytokine-cytokine receptor
interaction (Fig. 6e and Fig. S12). These findings suggest
that CZP + NIR treatment induces cytotoxicity in tumor
cells via cuproptosis and oxidative stress while enhanc-
ing antitumor immune responses by regulating immune-
related signaling pathways. Additionally, enrichment of
the NF-«B signaling pathway in the CZP + NIR treatment
group was also observed (Fig. 6e), which is closely related
to the expression of PD-L1 in tumor cells. Moreover,
Gene set enrichment analysis (GSEA) confirmed the
robust upregulation of pathways involved in the cellular
response to oxidative stress, response to heat, and cyto-
kines and inflammatory response following CZP +NIR
treatment (Fig. 6f-h), aligning with the above-mentioned
finding.

In vivo biosafety and biodistribution evaluation

Ensuring biosafety and biocompatibility is crucial for the
safe application of pharmaceuticals in vivo. Therefore,
we initially assessed the biosafety of CZP NPs. Healthy
ICR mice were administered CZP NPs at escalating
doses (10, 20, 30, 40, and 50 mg/kg) via tail vein injec-
tion, with saline as a control. The mice were monitored
for changes in body weight and behavior every other
day. After 28 days, each group’s blood and major organs
were harvested for further analysis. The results showed
no discernible behavioral abnormalities of mice were
observed, and body weights steadily increased over time
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Fig. 7 CZP mediated therapy on 4T1 tumor. (a) Schematic illustration of the experimental schedule for 4T1 tumor-bearing mice. (b) Temperature-time
curves and (c) thermal images of tumor-bearing mice under NIR irradiation (1 W/cm?, n=5). (d) Body weight changes of mice over 12 days. (e) Tumor
growth curves, (f) tumor weights and (g) corresponding photographs of primary and distant tumors (n=5). Representative flow cytometry plots and
corresponding quantifications of (h, i) mature DCs in TDLNs, (j, k) CD3* CD8* T cells, (I, m) Tregs, and (n, 0) M2 phenotype tumor-associated macrophages
in tumors from mice following various treatments (n=4). (p) Immunofluorescence staining of CD8* and CD4™ T cells, TUNEL, and H&E staining of tumor

tissues from mice given various treatments

without significant differences between different doses of
CZP-treated groups and the saline (Fig. S13), which sug-
gests the CZP NPs exhibit low systemic toxicity even at
the maximum tested dose of 50 mg/kg. The organ coeffi-
cients and macroscopic examinations of the main organs
(heart, liver, spleen, lung, and kidney) also confirmed that
CZP treatment did not cause atrophy of the major organs
at different doses (Figs. S14 and S15). Subsequently, we
scrutinized the physiological and biochemical param-
eters of the blood in mice in each group. The levels of
total protein (TP), blood urea nitrogen (BUN), creatinine
(CREA), and routine blood parameters in CZP-treated
mice were not significantly different from the saline (Figs.
S$16 and S17). However, it should be pointed out that CZP
treatment moderately reduced the levels of alanine ami-
notransferase (ALT), aspartate aminotransferase (AST),
uric acid (UA), and creatine kinase (CK) in the serum.
Even at a high concentration of 50 mg/kg, the serum
AST and ALT levels in mice remained low, at only 74.8%
and 61% of the control group’s levels, respectively. This
indicates that CZP NPs have low toxicity to normal tis-
sues and do not cause liver cell damage, suggesting their
potential for in vivo applications. Finally, histological
examination of the major organs using hematoxylin and
eosin (H&E) staining revealed no significant morphologi-
cal or pathological alterations in mice treated with CZP
NPs relative to the saline-treated group (Fig. S18). Col-
lectively, these results demonstrate the outstanding bio-
safety of CZP NPs in vivo.

Next, we constructed an orthotopic breast cancer
model based on 4T1 cells to investigate the biodistri-
bution of CZP NPs in vivo. Indocyanine green (ICG)-
labeled CZP NPs (CZP-ICG) were injected via tail vein,
and the subsequent fluorescence intensity in the mice
was monitored at various time intervals using an In Vivo
Imaging System (IVIS). The results showed that a strong
fluorescence signal was still present at the tumor site
even 24 h after the injection (Fig. S19), indicating the
accumulation of CZP-ICG within the tumor. Moreover,
mice were sacrificed 4- and 24-hours post-injection, and
major organs and tumor tissues were harvested for ex
vivo bioimaging. The results showed that the total fluo-
rescence intensity in tumors 24 h after administration
was approximately 1.4x10® p/s, ranking third among
all tissues, following the liver and spleen (Fig. S20). This
indicates that CZP NPs can rapidly target and accumu-
late at the tumor site, which is highly beneficial for its

application. Additionally, it is noteworthy that CZP can
reach the kidneys through the bloodstream, and the fluo-
rescence signals in all organs at 24 h are lower than those
at 4 h. This suggests that CZP may be excreted through
the kidneys, thereby reducing its accumulation in nor-
mal tissues. Furthermore, histological sections of major
organs after HE staining confirmed no significant CZP
NPs deposition 28 days after i.t. injection (Fig. S18), indi-
cating that our synthesized CZP has good biocompatibil-
ity and is metabolizable.

In vivo antitumor effect of CZP NPs

The therapeutic effect of CZP NPs was further evalu-
ated in vivo. Initially, a primary orthotopic breast tumor
model was established by injecting 4T1 cells into the left
fourth mammary fat pad of BALB/c mice. Once tumors
reached 60—100 mm?, mice were randomly divided into
six groups: (1) Control, (2) Control + NIR, (3) ZnO,, (4)
CZ, (5) CZP, and (6) CZP + NIR and received correspond
treatment (Fig. 7a). Each group of mice received a total
of four i.t. drug injections, and the NIR group was sub-
jected to a single near-infrared laser irradiation on Day 0.
As shown in Fig. 7b and c, the thermal imaging and the
corresponding temperature-time curves revealed that the
average temperature at the tumor site in the CZP + NIR
treated mice reached 53.0 °C. In stark contrast, the tem-
perature increase in the NIR group was quite limited,
only reaching 38°C. This is attributed to the good tissue
penetration of 808 nm near-infrared light, which is mini-
mally absorbed by normal tissues. By administering CZP
via i.t. injection, we achieved targeted photothermal ther-
apy in the tumor tissue, minimizing thermal damage to
surrounding normal tissues. On the first day after PTT,
mice were injected with 4T1 cells subcutaneously on the
contralateral dorsal region to establish a distant tumor
model and keep them growing naturally. Tumor size and
body weight were recorded every other day from day 0.
The results showed that no statistically significant body
weight changes were observed throughout treatments
(Fig. 7d), suggesting minimal side effects of CZP NPs.
Furthermore, mice treated with CZP + NIR exhibited the
most effective tumor growth inhibition on day 12, with
an average primary tumor volume of 111.2 mm?, which
was 22.0% of the Control group (506.2 mm?), 20.3% of the
Control + NIR group (548.5 mm?3), and 48.6% of the CZP
group (228.6 mm?), while the ZnO, (394.9 mm?®) and CZ
(297.1 mm?®) groups showed limited tumor inhibitory
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effects (Fig. 7e and Fig. S21). The tumor weights (Fig. 7f)
and corresponding photographs (Fig. 7g, left) further
substantiated these findings. Lastly, we analyzed the for-
mation rate of distant tumors in each group. As shown
in Fig. 7g (right), mice treated with CZP + NIR showed
effective resistance to distant tumor formation, confirm-
ing that CZP+NIR treatment can induce a sustained
antitumor immune response, effectively inhibiting the
growth of metastatic tumors at distant sites.

CZP reprogrammed the tumor immune microenvironment
in vivo

As previously discussed, CZP NPs can effectively acti-
vate the cGAS-STING pathway through PTT com-
bined with cuproptosis, leading to the release of type I
interferons that promote the maturation of DCs within
tumor-draining lymph nodes (TDLNs). Thus, we uti-
lized flow cytometry to analyze the maturation of DCs
in TDLNs of mice across various treatment groups.
The results revealed that the proportion of mature DCs
(CD11¢*CD80*CD86") in TDLNs from mice treated
with CZP + NIR was approximately 37.6% (Fig. 7h and i),
which is 1.3 times higher than that observed in Control
(29.4%) and Control+NIR groups (30.0%), suggesting
that the combined CZP +NIR therapy can significantly
enhance DCs maturation. Given that mature DCs are
pivotal in presenting antigens to T cells, thereby initiat-
ing tumor-specific adaptive immune responses, we eval-
uated the infiltration of T cells within tumors. Notably,
mice treated with CZP + NIR exhibited the highest infil-
tration of CD3*CD8" cytotoxic T cells (61.4%), which is
1.9 times and 1.6 times greater than that of the Control
(32.6%) and Control+NIR groups (39.2%), respectively
(Fig. 7j and k). Furthermore, we observed a significant
reduction in the ratio of immunosuppressive regulatory
T cells (Tregs, CD4"'CD25*Foxp3*) in the CZP +NIR
group relative to other treatment groups (Fig. 71 and m).
The CZP +NIR treatment also markedly restricted the
presence of immunosuppressive M2-like tumor-asso-
ciated macrophages (TAMs, CD11b"F4/807CD206")
(Fig. 7n and o). Immunofluorescence staining results fur-
ther substantiated these findings, showing a pronounced
increase in CD8" T cell infiltration within tumor tissues
following CZP + NIR treatment (Fig. 7p and Fig. S22).
Moreover, the result of TUNEL staining confirmed that
the green fluorescence intensity (indicating DNA dam-
age) in tumor tissues of mice treated with CZP + NIR was
the most intense. H&E staining also indicated the most
severe tumor necrosis in the CZP+NIR treated group
compared to others, demonstrating its potent antitumor
effect (Fig. 7p). In summary, these findings demonstrate
that the CZP + NIR treatment can effectively induce sys-
temic antitumor immune responses by activating the
cGAS-STING pathway, enhancing the recruitment of
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cytotoxic T lymphocytes and reprogramming the immu-
nosuppressive TME.

Assessment of lung metastasis inhibition

To thoroughly assess the ability of CZP + NIR treatment
to suppress distant metastasis induced by a systemic anti-
tumor immune response, we established a mouse model
of whole-body metastasis. Initially, the establishment of
the 4T1 orthotopic breast cancer model and the treat-
ment protocol followed the methods detailed previously,
with the sole modification of injecting 4T1-luc cells intra-
venously on day 1 to simulate malignant tumor invasion
and hematogenous spread (Fig. S23). Tumor cells enter-
ing the bloodstream can infiltrate various organs, with a
particular propensity for the lungs. On day 12, D-lucif-
erin potassium salt was administered intraperitoneally
to each group of mice, followed by the assessment of
fluorescence intensity using the IVIS to evaluate tumor
metastasis. The results indicated extensive tumor metas-
tasis in both the Control and Control + NIR groups, with
fluorescence intensities in the lungs of 1.28 x 10’ p/s and
1.39x 107 p/s, respectively (Fig. S24). While treatments
with various nanoparticles have moderately diminished
distant metastasis, the CZP and CZP +NIR treatments
were the most potent, significantly lowering lung fluo-
rescence intensities to 6.55x10° p/s and 7.24x 10° p/s,
respectively. Moreover, H&E staining confirmed that
CZP +NIR treatment resulted in the fewest lung meta-
static nodules among all groups (Fig. $25), signifying a
potent suppression of lung metastasis.

CZP combined with aPD-L1 synergistically enhanced
antitumor efficacy

Having confirmed that CZP+NIR treatment robustly
stimulates antitumor immunity, we evaluated the anti-
neoplastic effects of CZP+NIR in combination with
aPD-L1 in vivo (Fig. 8a). Our preliminary findings have
established that CZP NPs can significantly upregulate
PD-L1 expression in tumors, pointing to a potential syn-
ergistic enhancement when combined with aPD-L1. As
depicted in Fig. 8b, no significant changes in body weight
were observed during the treatment. The mice treated
with CZP + NIR + aPD-L1 showed the most pronounced
tumor growth inhibition, with an average tumor volume
of 75.2 mm? on day 12 (Fig. 8c and Fig. $26). In contrast,
the Control, aPD-L1, and CZP +NIR groups recorded
average volumes of 630.5 mm? 490.0 mm? and 220.9
mm?, respectively. Furthermore, the CZP + NIR + aPD-L1
treatment resulted in a markedly reduced average tumor
weight of 0.11 g, which was significantly lower compared
to the Control (0.80 g), aPD-L1 (0.71 g), and CZP + NIR
(0.29 g) groups (Fig. 8d). These results suggest that our
combinatorial CZP+NIR+aPD-L1 strategy is more
effective at inhibiting tumor growth than monotherapy.



Zhou et al. Journal of Nanobiotechnology

(2025) 23:137

Page 16 of 19

a
\" i 4 i 4 | 4
o N X
- N . [ - I “
Day -14 Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 12
O--------- O O O————------ O
4T1 tumor I aPD-L1 I aPD-L1 I aPD-L1 I aPD-L1 Sacrifice
implantation (i.p.) (i.p.) (i.p.) (i.p.)
NPs treament (i.t.) NPs treament NPs treament NPs treament
+NIR laser irradiation (i.t) (i.t) (i.t)
b 32 Control c 800 Control d 15 rAry f o 30 rr
_ -# aPD-L1 T - aPD-L1 _ * k% %
c CZP+NIR £ CZP+NIR ) ns ol ns
= CZP+NIR+aPD-L1 ;500 -¥- CZP+NIR+aPD-L1 "I: 2 _l o2,
=X £ z M- £3
(7 % & 3 b
2 g n g 3 e 2 2
3 Tz = > T * = acs
> > } S 05 o= 10
3 5 200 1 £ Pa
o 16 £ P S5 o0
5 = - 2a
551(‘;:’:1‘01‘21‘4}_0'5553;51'01'21'4 o0 > N & e > N & >
S\ N ™ S\ Ny ~
Time (days) Time (days) & & & P & & & &
@& P [
Q*‘\\ Q"\\
e Control aPD-L1 CZP+NIR CZP+NIR+aPD-L1 9% = &
h * Kk J % %k %k k
9.63% 12.7% 17.9% 23.3% . 80 — 25
o _ g —I
TR * I < *
as 1 020
. o p 60 ns P ns
£8 9 E s
o o 3 40 b
e o = L0
o S& a,
CcD86 g8 oL g
=<}
g 2a o
34.8% 34.5% 51.2% 63.7% o 0 - 0
> N & > N & N
& & 13"‘\\ & & o 43“\\ &
< &Y ‘\\Q, & &P
. . qu "gx
o . (¥} (¢}
é - ‘ I 30 u m =
3 1 3 50
N CD86 s ns S *
I :’0 g __L :’0 g 407 ns
9E 2 SE ]
o O 5 30
£F £F
5 S & S 20
o3 O 3 10
3} o
L] N = 0 T T N
N <& > N &
(&0 0'\, o )§ Qo.\' 0‘50 0), o xé\ Qo.\'
<& & K & & & R &
o K P &
5 9 * % ¥ * *
o < ]
S o100 * % 250 *
o g 80 ns g 200 !
‘-C_! '2 — ;‘ ns
Qc 60 T 150
o= o
£8 4 g 100
o~ O
51.7% 58.4% 31.2% 24.7% =g, = s
o g =
o2
S g N 0 N
h oz & & & & P
@ & & S & & K S
. CD206 \;\Q' ‘\\Q.
B B
& &

Fig. 8 Immune activation and antitumor effect of CZP NPs combined with aPD-L1 in vivo. (a) Schematic illustration of the experimental schedule for
4T1 tumor-bearing mice. (b) Body weights, (c) Tumor growth curves, and (d) tumor weights of 4T1 tumor-bearing mice after various treatment (n=5).
Representative flow cytometry plots and corresponding quantifications of (e, f) mature DCs in TDLNs (n=4), (g, h) mature DCs in tumors, (i, j) CD3* T
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(n=5). (p) Analysis of the M1/M2 ratio variations
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For further analysis, TDLNs and tumor tissues from
the mice across all treatment groups were harvested for
a comprehensive analysis of the TME. Specifically, in the
CZP +NIR +aPD-L1 group, the proportion of mature
DCs in TDLNs significantly rose to 20.7% (Fig. 8e and
f), 1.95 times higher than the Control group (10.6%).
Consistent with this, a similar increase in mature DCs
was also observed within the tumor tissues (Fig. 8g
and h). Moreover, The CZP +NIR +aPD-L1 treatment
resulted in a significant increase in the tumoral infiltra-
tion of CD3" T cells, CD3*CD4" T cells, and CD3* CD8*
T cells, with respective percentages elevated to 17.4%,
19.7%, and 33.6%, all notably higher than those observed
in other groups (Fig. 8i-m). Concurrently, this combined
therapy also elevated the proportion of pro-inflammatory
Mi-like TAMs (CD11b*F4/80"CD86%) while decreas-
ing the proportion of anti-inflammatory M2-like TAMs
(CD11b*F4/80*CD206") (Fig. 8n, o and Fig. S27), which
resulted in a dramatic increase in the M1/M2 ratio, ris-
ing sharply from 33.9% in the Control group to 162.7%
(Fig. 8p). In conclusion, the combined CZP + NIR + aPD-
L1 therapy effectively remodels the immunosuppressive
TME, triggering a potent antitumor immune response.

Conclusion

In summary, we constructed polydopamine (PDA)-
coated zinc-copper bimetallic nanoplatforms (CZP NPs)
for linking PTT, cuproptosis, cGAS-STING activation
and immunotherapy in TNBC. CZP NPs can rapidly
elevating intracellular ROS levels, inducing cupropto-
sis, and causing the release of mtDNA. Furthermore,
CZP NPs effectively promotes the maturation of DCs
and the infiltration of cytotoxic CD8" T cells into the
tumor via activating cGAS-STING signaling pathway,
thereby converting ‘cold TME into immunologically
‘hot” TME. Additionally, the integration of PTT serves
to amplify cuproptosis and cGAS-STING activation,
further enhancing the therapeutic impact. Moreover, we
demonstrated that CZP NPs enhances the responsive-
ness of tumor cells to aPD-L1 treatment by upregulat-
ing the expression of PD-L1 effectively. In vivo evidence
confirms that a strategic combination of CZP NPs with
aPD-L1 can significantly improve the therapeutic effect
against TNBC by promoting DCs maturation, cyto-
toxic CD8" T cell infiltration, and M1 polarization in
tumors, ultimately inhibiting TNBC growth and metas-
tasis. These effects suggest significant clinical application
potential. However, the clinical translation of nanoma-
terials still faces numerous challenges. Firstly, although
CZP NPs have shown good biosafety in animal model,
differences between human and animal physiology and
metabolic pathways mean that their long-term safety and
potential toxicity in humans require further investigation.
Additionally, the shape, size, and surface modification of
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nanoparticles can significantly impact their distribution
within the human body. Further modification of CZP
NPs to enhance targeted delivery to tumor tissues could
improve therapeutic outcomes. Moreover, the variabil-
ity in individual immune responses may lead to different
responses to the same treatment strategy. Therefore, per-
sonalized treatment plans tailored to individual patients
can help achieve more stable therapeutic outcomes. Col-
lectively, our study presents a promising strategy employ-
ing zinc-copper bimetallic nanoplatforms to amplify
cuproptosis and cGAS-STING activation for enhancing
TNBC immunotherapy.
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