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The biotoxicity and chemotherapeutic resistance of cisplatin (CDDP) pose a challenge for tumor therapy.
Practically, the change in the therapeutic response of tumor from resistance to sensitivity are impressive but
challenging. To this end, we propose a strategy of “one stone, three birds” by designing a CuPt nanoalloy to
simultaneously eliminate GSH, relieve hypoxia, and promote ROS production for effectively reversing the
platinum (IV) (Pt(IV), (c,c,t-[Pt(NH3)2Clo(OOCCH2CH2COOH),)) resistance. Notably, the CuPt nanoalloy ex-
hibits ternary catalytic capabilities including mimicking GSH oxidase, catalase and peroxidase. With the sub-
sequent disguise of tumor cell membrane, the CuPt nanoalloy is conferred with homologous targeting ability,
making it actively recognize tumor cells and then effectively internalized by tumor cells. Upon entering tumor
cell, it gives rise to GSH depletion, hypoxia relief, and oxidative stress enhancement by catalyzing the reaction of
GSH and Hy0,, which mitigates the vicious milieu and ultimately reinforces the tumor response to Pt(IV)
treatment. In vivo results prove that combination therapy of mCuPt and Pt(IV) realizes the most significant
suppression on A549 cisplatin-resistant tumor. This study provides a potential strategy to design novel nanozyme
for conquering resistant tumor.

1. Introduction in tumor cells, contributing to chemotherapy [7-9]. Despite its advan-

tages, Pt (IV) prodrug still exhibits weak anticancer activity in sup-

Cisplatin (CDDP), as a clinical first-line drug, has shown great
application for broad-spectrum tumor treatment (i.e. breast cancer,
gastric cancer, lung cancer, etc.), and it significantly enhanced the five-
year survival rate of patients [1-3]. However, the acquired drug resis-
tance and systemic toxicity of CDDP severely compromise its anticancer
effect, resulting in a poor prognosis [4-6]. Compared to CDDP, the
platinum(IV) (Pt (IV), (c,c,t-[Pt(NH3)2Clo(OOCCH>CH,COOH)5)) pro-
drug with two axial ligands can specifically respond to tumor cells,
which is converted into cytotoxic CDDP by excessive glutathione (GSH)
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pressing tumor growth, limiting its clinical application [10]. One reason
for this is that cellular CDDP easily binds with GSH, forming GS-Pt
adduct, which can be expelled from cancer -cells through
ATP-dependent glutathione S-conjugate pumps, leading to the inacti-
vation of CDDP [11,12]. Additionally, hypoxia caused by abnormal
blood vessels and metabolic changes in tumors results in the accumu-
lation of nucleophilic substances that can attack and deactivate CDDP
[13,14]. Considering these factors, depleting GSH and simultaneously
increasing the oxygen level in tumors could potentially improve the
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antitumor effect of Pt(IV) prodrug.

Catalytic therapy can effectively disrupt the balance of cellular redox
and induce tumor cell death by modulating intracellular substances such
as acidity, GSH, and other biomolecules [15-17]. Nanozymes, which
possess comparable catalytic capability and kinetics to natural enzymes,
as well as superior stability and accessibility, have garnered attention in
biomedicine [18,19]. Numerous efforts have been dedicated to devel-
oping versatile and intricate nanozymes for tumor eradication [20-22].
For instance, nanozymes with peroxidase (POD)-like activity and GSH
oxidase (GSHOx)-like activity can promote the production of ¢OH and
reduce the content of GSH in cancer cells, thereby enhancing ROS pro-
duction and amplifying oxidative stress [23,24]. However, these nano-
zymes lack sufficient bioavailability and potency since they are
substance-selective rather than tumor-selective. Consequently, conven-
tional nanozymes cannot guarantee effective dosage in tumors or safe
concentration in normal tissues [25]. Therefore, it is necessary to
develop tumor-selective and tumor-specific nanozymes through rational
design and functionalization. Strategies such as conjugating tumor af-
finity ligands into nanozymes and coating cell membranes onto nano-
zymes have been proposed to improve their targeting ability [26,27].
Among these, modifying homogeneous cancer cell membranes may be a
universal and feasible approach to enhance the specificity of nanozymes
considering the limited number of identified tumor receptors.
Copper-based nanozymes have recently attracted significant interest in
cancer therapy due to their superior GSHOx-like and POD-like activity,
while bimetallic nanoparticles based on platinum (Pt) have been found
to exhibit higher catalytic activity than mono-metallic catalysts due to
their high charge-transfer efficiency [28-31]. For instance, PtCus alloy
demonstrated stronger catalytic activity compared to elemental copper
nanoparticles and showed excellent anticancer activity [32,33].
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Moreover, the CAT-like activity of PtCus alloy can overcome the hypoxic
restriction in tumor treatment. Therefore, combining CuPt alloy with
platinum prodrug may be an effective approach to reverse drug resis-
tance and enhance antineoplastic activity through the synergistic action
of ROS damage and chemotherapy.

In this study, we developed a tumor cell membrane-camouflaged
CuPt nanozyme (mCuPt) with triple enzyme-mimetic activity (CAT,
POD, and GSHOx) to reverse cisplatin resistance via tuning the tumor
microenvironment and restoring the chemotherapeutic effect of Pt(IV)
prodrug (Scheme 1). The mCuPt nanozyme actively recognized and
accumulated in tumors through homotypic targeting. Once internalized
by tumor cells, the mCuPt nanozyme catalyzed the conversion of
endogenous Hy0- into ¢OH and O», and depleted intracellular GSH. This
simultaneous action relieved tumor hypoxia and increased oxidative
stress. The excessive ROS induced mitochondrial dysfunction, leading to
reduced cellular ATP supply and decreased cisplatin excretion, ulti-
mately reversing cisplatin resistance. By combining mCuPt with Pt(IV)
prodrug, we effectively modulated the tumor microenvironment, mak-
ing the tumor susceptible to Pt(IV) and overcoming cisplatin resistance.
This work presents a promising biomimetic nanozyme as a
chemotherapy-reactivated adjuvant for reversing cisplatin resistance in
tumors.

2. Results and discussion
2.1. Preparation and characterization of CuPt nanoalloy

The CuPt nanoalloy was synthesized using a microwave-assisted
method. Initially, Pt(acac),, Cu(acac),, and polyvinylpyrrolidone dis-
solved in diethylene glycol were transferred into a microwave reaction
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Scheme 1. Schematic illustration of fabrication and

the synergistic antineoplastic process of mCuPt.
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system and heated at 240 °C for 15 min. Subsequently, a black product
was obtained (inset of Fig. 1a). In comparison to conventional sol-
vothermal synthesis [32,33], the syntheses presented here are more
efficient, time-saving, and high-performing. Given the interdependence
of composition, structure, and function of nanozymes [34], we investi-
gated the impact of the Pt/Cu ratio on the morphology and size of the
nanoalloy. Five samples were synthesized with Pt/Cu molar ratios
ranging from 1.7 % to 38 % and labeled as CuPt-1 to CuPt-5, respectively
(Fig. S1). CuPt-1 exhibited irregular morphology with a size of
approximately 100 nm. In contrast, CuPt-2 and CuPt-3 displayed uni-
form size and shape, making them suitable for in vivo applications.
However, when the Pt content increased, the structures of CuPt-4 and
CuPt-5 were significantly disrupted, indicating that excessive Pt atoms
hindered the formation of the CuPt nanoalloy. Furthermore, we inves-
tigated the catalytic performance of these nanoalloys. As illustrated in
Fig. S2, the POD-like and CAT-like activities of the CuPt nanoalloy
increased significantly with increasing Pt content, while the GSHOx-like
activity gradually decreased. This result suggests that the consumption
of GSH might be medicated by oxidation of Cu'. Considering the
POD-like, CAT-like, and GSHOx-like activities, as well as the structure of
the CuPt nanoalloy, we selected CuPt-3 for further investigation, deno-
ted as CuPt nanoalloy hereafter.

It could be seen from Fig. 1a—c that CuPt exhibited a spherical shape
with a diameter of 29.5 nm, whereas a slight increment of hydrodynamic
diameter (44 nm) corresponded well with TEM results (Fig. S3). Addi-
tionally, high-resolution TEM (HRTEM) image revealed an interplanar
spacing of 0.22 nm in the CuPt nanoalloy, consistent with the (1 1 1)

Materials Today Bio 24 (2024) 100941

plane (inset of Fig. 1b). Element mapping and energy dispersive spec-
troscopy (EDS) results confirmed the uniform distribution of Cu and Pt
elements in the nanoalloy, with a Pt/Cu atom ratio of approximately 12
%, which closely matched the inductively coupled plasma (ICP) results
(Fig. 1d and e). Furthermore, X-ray diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS) were employed to analyze the crystal
structure and element valence of the CuPt nanoalloy (Fig. 1f-i). The XRD
pattern of CuPt closely matched the standard cards of Cu (JPCD
01-1241) and CuPt (JPCD 35-1358). Moreover, the predominant crystal
phase of the CuPt nanoalloy was attributed to elemental copper, likely
due to the low Pt content in the nanoalloy. The full XPS spectrum
revealed characteristic peaks of Cu, Pt, C, N, and O. The Cu2p XPS
spectrum of CuPt displayed two peaks at 931.2 eV and 950.88 eV, cor-
responding to Cu® 2p3/2 and Cu® 2p1/2, respectively. The Pt4f XPS
spectrum was deconvoluted to three peaks at 69.9 eV, 73.3 eV, and
75.58 eV, corresponding to Pt° 4f5/2, Pt° 4f7/2, and Pt*t 4f7/2,
respectively. Collectively, these results confirm the successful fabrica-
tion of the CuPt nanoalloy with a size of 29.5 nm.

2.2. Engymatic activity of CuPt nanozymes

Then, the ternary catalytic activities of CuPt in aqueous solutions
were sequentially examined using colorimetric assay and dissolved ox-
ygen determination (Fig. 2a). The eOH production catalyzed by CuPt
was trapped using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and
measured using an electron paramagnetic resonance (EPR) detector. The
results exhibited a significant 1:2:2:1 characteristic peak (Fig. 2b),
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Fig. 1. Physiochemical characterization of CuPt nanoalloys. (a) Low-magnification TEM image of CuPt (inset: digital graph of CuPt in microwave tube); (b) High-
magnification TEM image of CuPt (inset: HRTEM images); (c) Actual size distribution obtained from TEM image; (d) High-angle annular dark field image and
elemental mapping and (e) EDS spectrum of CuPt; (f) XRD pattern of CuPt; (g) XPS full spectrum and (h) Cu2p spectrum and (i) Pt4f spectrum of CuPt.
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Fig. 2. In vitro ternary enzyme-like catalytic performance. (a) Diagram for CuPt catalyzed H,O, into «OH and O, and depleted GSH; (b) ESR spectrum of ¢OH
generation; the ¢OH detection using UV-vis spectrum of catalyzed oxidation of (c) MB degradation and (d) TMB color; (e) O, production detection by dissolved O4
meter; (f) GSH depletion detection using UV-vis spectrum of DTNB/GSH adducts; Enzymatic kinetic analysis of (g) POD-like activity, (h) CAT-like activity and (i)
GSHOx-like activity. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

indicating strong POD-like activity. Subsequently, methylene blue (MB)
and 3,3,5,5-tetramethylbenzidine (TMB)were employed as peroxidase
substrates to semi-quantitatively evaluate the POD-like activity of CuPt
(Fig. 2c and d). The results indicated that the absorbance of oxidized
TMB gradually enhanced with the increase of CuPt, and the MB absor-
bance gradually weakened, demonstrating concentration-dependent
POD-like activity. The fitting curve of reaction velocity and H202 con-
centration conformed to the typical Michaelis-Menten equation, and the
corresponding Michaelis constant (Kj), maximal reaction velocity
(Vmax) and catalytic constant (K¢,¢) values of CuPt were calculated to be
19.71 pM s 1, 1.495 mM and 1.82 x 10° s~1, respectively (Fig. 2g; S4a
and S4b), which was significantly higher than classical POD-like nano-
zyme [35,36]. Furthermore, the CAT-like activity of CuPt was also
investigated by measuring the dissolved oxygen in the H,O5 aqueous
solution. As displayed in Fig. 2e, the output of dissolved oxygen signif-
icantly raised after CuPt treatment and displayed a
concentration-dependent manner. The CAT-like enzyme kinetic pa-
rameters of CuPt were also determined by fitting the Michaelis-Menten
equation (Fig. 2h and Fig. S4c). Interestingly, the CuPt nanoalloy
exhibited higher CAT-like activity compared to pure Pt nanoparticles
[33]. Additionally, besides its action on HyO,, CuPt also released cu®t
under mild acidity which could oxidize GSH (Fig. S5). Simultaneously,
the reduced Cu' product participated in POD-mimic catalysis. The
DTNB probe was employed to detect residual GSH using UV-vis spectra
at a wavelength of 412 nm. It was observed that the ability of CuPt to
deplete GSH was concentration-dependent (Fig. 2f). Similarly, the

GSHOx-like enzymatic parameters of CuPt were also investigated and
presented in Fig. 2i and Fig. S4d. Consequently, we concluded that CuPt
downregulated GSH while simultaneously enhancing the generation of
eOH and O, through these cascaded catalytic reactions, thereby ampli-
fying intracellular oxidative stress and relieving hypoxia.

2.3. Fabrication and characterization of cancer cell membrane
camouflaged nanozyme

Prior to assessing cytotoxicity and tumor suppression, it is important
to optimize the targeting ability and biocompatibility of CuPt nanoalloy.
Previous studies have shown that nanoparticles ranging from 20 to 200
nm can passively target tumors through the enhanced permeability and
retention (EPR) effect. However, this targeting efficiency is too low to
effectively act at the tumor site and achieve the desired anticancer ef-
fect. Recent research has discovered that nanoparticles enveloped in
tumor cell membranes can effectively target homologous tumors and
promote the internalization of nanoparticles by tumor cells. In this
study, the CuPt nanoalloy was camouflaged with two types of homolo-
gous cancer cell membranes derived from A549R cancer cells and 4T1
cancer cells, respectively (Fig. 3a). TEM images clearly showed a low-
contrast superficial layer on the surface of the CuPt nanoalloy after
being coated with A549R membrane (mCuPt A549R), with the A549R
membrane thickness measuring approximately 2 nm (Fig. 3b). Similar
results were observed with the 4T1 cell membrane coated CuPt (mCuPt
4T1) (Fig. 3c). Compared to CuPt, the hydrodynamic size of mCuPt
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Fig. 3. (a) Diagram for fabrication process of cancer cell membrane-cloaked CuPt; TEM images of (b) mCuPt A549R and (c) mCuPt 4T1; SDS-PAGE protein analysis
of (d) mCuPt A549R and (e) mCuPt 4T1; Zeta potential analysis of (f) mCuPt A549R and (g) mCuPt 4T1; CLSM observation for cell internalization of (h) mCuPt
A549R and (i) mCuPt 4T1 at different time points; Flow cytometry for cell internalization of (j, k) mCuPt A549R and (I, m) mCuPt 4T1.

A549R and mCuPt 4T1 significantly increased (Fig. S6), and the zeta
potentials dramatically decreased (Fig. 3f and g), indicating successful
coating of the cancer cell membrane onto the surface of the CuPt
nanoalloy. To further confirm the successful fabrication of mCuPt, SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) was conducted. It could
be seen in Fig. 3d and e that mCuPt A549R and mCuPt 4T1 exhibited
similar protein bands to A549 and 4T1 cell membranes, further con-
firming successful fabrication of mCuPt. Subsequently, the colloidal
stability of mCuPt A549R and mCuPt 4T1 was studied under different
media (FBS and 1640 culture medium) (Fig. S7 and Fig. S8). The DLS
results showed a slight decrease in hydrodynamic size after standing for
48 h, and TEM observation demonstrated no significant aggregation or
decomposition in the morphology of mCuPt. These results indicated
excellent colloidal stability of mCuPt. Additionally, the cytotoxicity of
mCuPt towards L929 cells was explored using the MTT assay, which
revealed benign biocompatibility of mCuPt towards normal cells
(Fig. S9). The homologous targeting abilities of mCuPt A549R and
mCuPt 4T1 were then assessed by observing their cell internalization
level using CLSM and flow cytometry analysis. As shown in Fig. 3h, 3i, 3j
and 3l, the internalization process of mCuPt A549R and mCuPt 4T1 by
A549 cells and 4T1 cells was time-dependent. Furthermore, the uptake
of mCuPt A549R and mCuPt 4T1 was significantly higher than that of
CuPt (Fig. 3kand 3m). Based on the mentioned analysis, it was
concluded that coating the CuPt nanoalloy with cancer cell membranes
can effectively enhance cell uptake of the nanoalloys, demonstrating

excellent tumor-targeting ability. In order to explore the internalization
pathway of mCuPt, the mCuPt-treated 4T1 cells were co-incubated with
4 °C, chlorpromazine, and amiloride, respectively. As shown in Fig. S10,
the fluorescence intensity of A549R cells treated with mCuPt plus 4 °C
remarkably decreased, moreover the use of endocytosis inhibitors
including chlorpromazine and amiloride decreased cellular green fluo-
rescence at the different degrees. These results suggested that internal-
ization of mCuPt depended on energy-mediated endocytosis.

2.4. Invitro antitumor activity of mCuPt-sensitized chemotherapy

After entering into cancer cells, we assessed the anticancer activity of
mCuPt and its chemosensitization action to reverse cisplatin resistance
in vitro. Initially, the viability of 4T1 cells treated with CuPt and mCuPt
4T1 gradually decreased as the concentration increased, indicating a
dose-dependent manner (Fig. 4a). Moreover, mCuPt 4T1 exhibited
slightly stronger inhibition of cell viability than CuPt, which was
attributed to its homologous targeting ability. Notably, the combination
of Pt(IV) and mCuPt 4T1 (10 pg/mL) significantly enhanced 4T1 cell
death compared to free Pt(IV), demonstrating the excellent chemo-
sensitization of mCuPt 4T1 (Fig. 4b). To explore its ability to reverse
cisplatin resistance, cisplatin-resistant A549R cells were incubated with
CuPt and mCuPt for 24 h, and cell viability was measured using the MTT
assay. Both mCuPt A549R and CuPt effectively induced A549R cell
death, with mCuPt A549R exhibiting stronger inhibition of cell viability
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different groups.

than CuPt (Fig. 4c), suggesting excellent anticancer activity against
cisplatin-resistant A549R cells. Impressively, mCuPt A549R significantly
enhanced the sensitivity of A549R cells to the Pt(IV) prodrug, indicating
efficient reversal of cisplatin resistance (Fig. 4d). Live and dead cell
staining further confirmed the chemosensitization activity of mCuPt. As
shown in Fig. 4e, the group treated with Pt(IV) alone induced minimal
cell death, while the group treated with Pt(IV) plus mCuPt killed a
greater number of cancer cells, consistent with the MTT results. Flow
cytometric analysis of cell apoptosis yielded similar findings (Fig. 4f and
g). Based on these analyses, it can be concluded that mCuPt not only
effectively induces cancer cell death, but also enhances the chemo-
sensitization of the Pt(IV) prodrug and reverses cisplatin resistance in
tumor cells.

2.5. Action mechanism of mCuPt nanozyme-sensitized cell death

The mechanism by which mCuPt enhances Pt(IV) chemotherapy was
further investigated. As previously mentioned, mCuPt exhibits strong
POD-like activity, which may activate intracellular ROS. To monitor
intracellular ROS production before and after mCuPt incubation, the
fluorescence probe 2,7-dichlorofluorescin diacetate (DCFH-DA) was
used. As depicted in Fig. 5a and e, the green fluorescence of A549R and
4T1 cells treated with mCuPt A549R and mCuPt 4T1 cells significantly
increased, indicating the highest ROS production compared to other
groups. Flow cytometry results also supported this observation, showing
the strongest green fluorescence in the mCuPt group (Fig. 5b and f).

Considering that excessive ROS induces depolarization of the mito-
chondrial membrane potential (Ay, MMP), the JC-1 dye was employed
to observe changes in MMP in cancer cells. As demonstrated in Fig. 5c
and g, the ratio of red fluorescence to green fluorescence in A549R and
4T1 cells treated with mCuPt A549R and mCuPt 4T1 cells significantly
decreased, indicating a reduction in MMP in cancer cells. Furthermore,
western blotting (WB) analyzed the expression of mitochondria
apoptosis-related proteins, including Bcl-2 and Bax, after different
treatments (Fig. S11). The results indicated that the expression of Bax in
both two cell lines treated with mCuPt significantly increased, while the
expression of Bcl-2 decreased. Notably, the combination of mCuPt and
the Pt(IV) prodrug induced the largest variation in Bcl-2 and Bax protein
expression compared to single administration. These findings demon-
strate that mCuPt effectively induces intracellular ROS production,
leading to mitochondrial damage and ultimately resulting in cancer cell
apoptosis.

Moreover, the previous studies reported that hypoxic tumor micro-
environment was closely associated with tumor resistance. Therefore,
relieving hypoxia has been proposed as a viable strategy to overcome
chemoresistance. The mCuPt nanozyme, which exhibits excellent CAT-
like activity, efficiently converts endogenous HyO5 into Og, thereby
alleviating tumor hypoxia. In order to assess the impact of mCuPt
treatment on tumor hypoxia, we utilized the [Ru(dpp)3]Cly (RDPP)
probe. As depicted in Fig. 5d and h, both A549R cells and 4T1 cells
displayed intense red fluorescence naturally. Notably, the red fluores-
cence of both 4T1 cells and A549R cells treated with mCuPt 4T1
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nanozymes and mCuPt A549R nanozymes, respectively nearly dis-
appeared, signifying a significant relief of tumor hypoxia. Moreover, the
level of cellular GSH is an important determinant of cisplatin resistance
in cancer cells. Generally, cellular GSH actively interacts with exoge-
nous cisplatin, forming GSH-Pt adducts that are readily expelled by
cancer cells, resulting in inefficient chemotherapy. Therefore, reducing
GSH levels is essential for enhancing the efficacy of cisplatin chemo-
therapy. Subsequently, we investigated the ability of mCuPt to deplete
cellular GSH using a GSH detection kit. As demonstrated in Fig. 5i and j
and Fig. S12, mCuPt effectively consumed GSH in a dose-dependent
manner, thereby minimizing interference with cisplatin and concur-
rently augmenting intracellular oxidative stress. Based on the afore-
mentioned analysis, we conclude that mCuPt efficiently alleviates tumor
hypoxia and depletes cellular GSH, thereby promoting the reversal of
cisplatin resistance in tumors (Fig. 5k).

2.6. In vivo antitumor activity of mCuPt-sensitized chemotherapy

Encouraged by the impressive anticancer activity of mCuPt in vitro,
we proceeded to evaluate its potential for enhancing chemotherapy and
reversing cisplatin resistance in vivo. Initially, cisplatin-resistant A549R
cells were subcutaneously inoculated into the right leg of nude mice to
establish an A549R tumor model. Once the tumor volume reached 50
mm?, the mice were randomly divided into five groups and administered
with Saline, CuPt, mCuPt A549R, Pt(IV) and mCuPt A549R plus Pt(IV)
prodrug at a dosage of 4 mg/kg (equivalent to CuPt), respectively. Then,
the tumor volume and body weight of the A549R tumor-bearing mice
were monitored every two days within the 14-day medication (Fig. 6a).
The body weights of mice displayed negligible fluctuation during the
therapeutic period, suggesting the good biosafety of mCuPt A549R
(Fig. 6b). As shown in Fig. 6¢, Pt(IV) prodrug was hard to inhibit tumor
growth, which was attributed to the cisplatin resistance of the tumor. In
addition, the slight suppression on tumor volume was observed in the

mCuPt A549R treated group, whereas the combined administration of
mCuPt A549R and Pt(IV) prodrug resulted in significantly smaller tumor
volumes compared to the other groups. At the end of the treatment, the
mice bearing A549R tumors were sacrificed, and the tumors and vital
organs were dissected, photographed, and weighed. As shown in Fig. 6d
and e, the combined therapy of mCuPt A549R and Pt(IV) prodrug
exhibited the lowest weight and smallest size, demonstrating excellent
tumor inhibition capability against cisplatin-resistant A549R tumors. In
conclusion, mCuPt A549R effectively enhanced the chemosensitization
of Pt(IV) prodrug, reversed cisplatin resistance, and ultimately achieved
an outstanding anticancer effect.

Subsequently, the tumor sections were used for hematoxylin and
eosin (H&E) staining, immunohistochemistry (IHC) staining, and fluo-
rescence staining (Fig. 6f). The H&E results indicated modest variation
in nucleus morphology in the single administration group, whereas the
combination of mCuPt A549R and Pt(IV) prodrug effectively induced
nucleus shrinkage and fragmentation, indicating significant tumor ne-
crosis. Accordingly, mCuPt A549R plus Pt(IV) prodrug-treated group
exhibited the lowest expression compared to the other groups, demon-
strating stronger inhibition of tumor cell proliferation. Additionally, the
ROS level in the tumor was analyzed using dihydroethidium (DHE)
probe staining. Both the CuPt- and mCuPt-treated groups exhibited
visible red fluorescence signals, indicating ROS production in the tumor
tissue. As expected, a massive ROS signal was observed in the mCuPt
A549R plus Pt(IV) prodrug-treated group, demonstrating the synergistic
action of ROS-mediated tumor therapy.

2.7. In vivo biosafety of mCuPt nanozymes

Aside from the in vivo therapeutic effects, it was also an important
consideration for assessing the biocompatibility, pharmacokinetics, and
biodistribution of mCuPt. Initially, the CuPt nanoalloy and mCuPt were
labeled with indocyanine green (ICG), and then the second near-infrared
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(NIR-II) fluorescence imaging was performed to observe tumor accu-
mulation and tissue distribution. As shown in Fig. 7a, the tumor of the
mice injected with mCuPt exhibited a stronger signal at 48 h post in-
jection compared to the CuPt treated group, indicating a homogeneous
targeting effect. Additionally, biodistribution analysis revealed that the
fluorescence signal was primarily observed in the liver, kidney, and
tumor at 72 h post injection, suggesting that mCuPt could be excreted
from the body. Pharmacokinetic analysis indicated that mCuPt had
slightly prolonged blood circulation compared to CuPt, further con-
firming its complete excretion from the body. This result suggests that
mCuPt not only enhanced tumor therapy but also avoided long-term
toxicity in the body (Fig. 7b). Subsequently, the hemolysis assay and
blood routine analysis were conducted to validate the hemocompati-
bility of mCuPt. It could be seen that both mCuPt and CuPt at various
concentrations did not damage red blood cells (Fig. 7c). Additionally,
the blood routine analysis indicated that all indices were within normal
ranges at 48 h post-injection of CuPt and mCuPt, indicating negligible
acute toxicity (Fig. 7d). These results demonstrate excellent hemo-
compatibility of mCuPt. Furthermore, H&E staining of vital organ sec-
tions (heart, liver, spleen, lung, and kidney) showed no significant
histopathological variations after various treatments, demonstrating
excellent tissue biosafety (Fig. 7e). Overall, mCuPt effectively enhanced
the chemosensitization of Pt(IV) prodrug, reversed cisplatin resistance
in tumors, and efficiently minimized systemic toxicity.

3. Conclusion

In summary, we successfully developed a cancer cell membrane-
camouflaged CuPt nanozyme (mCuPt) to improve the sensitivity of Pt
(IV) prodrug, enhance the anticancer effect, and reverse cisplatin
resistance. The CuPt nanoalloy exhibited multiple enzyme-like activ-
ities, including POD-like, CAT-like, and GSHOx-like actions. The mCuPt
accurately recognized tumors via homologous targeting effects and
catalyzed endogenous HyO, into ¢OH and Oy, thereby increasing tumor
oxidative stress and relieving tumor hypoxia, respectively. Furthermore,
mCuPt scavenged cellular GSH, reducing the inactivation of cisplatin
drug. Cell assays demonstrated that mCuPt significantly enhanced the
cytotoxicity of Pt(IV) prodrug, indicating excellent chemosensitization
action. Moreover, in in vitro and in vivo experiments, the combination of
mCuPt and Pt(IV) prodrug effectively inhibited cisplatin-resistant A549
cell proliferation and tumor growth, demonstrating its outstanding
ability to reverse cisplatin resistance in tumors. This work highlights a
promising strategy for overcoming cisplatin resistance by constructing a
biomimetic multifunctional nanocatalytic system.
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