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Purpose: To address the dual challenges of chemotherapy toxicity and poor tumor microenvironment regulation in gastric cancer, we
developed a copper-molybdenum bimetallic organic framework nanozyme (CMP) that integrates chemodynamic therapy (CDT) and
photothermal therapy (PTT). The system leverages synergistic reactive oxygen species (ROS) generation and localized hyperthermia
to deliver efficient, low-toxicity treatment.

Methods: The CMP nanodrug was synthesized by encapsulating Keggin-type phosphomolybdic acid (H;PMo;,04¢) into copper-
based MOF pores via hydrothermal reaction. Physicochemical properties were characterized using transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS). Systematic evaluation of antitumor efficacy and biosafety was conducted through
in vitro assays (CCK-8, calcein-AM/PI staining, ROS detection) and in vivo xenograft models (subcutaneous implantation of NCI-N87
cells in BALB/c nude mice).

Results: The CMP nanozyme demonstrated exceptional photothermal conversion efficiency (29.4% under 808 nm laser). In vitro
experiments revealed significant cytotoxicity with ROS elevation. In vivo studies showed significant tumor growth inhibition without
hematotoxicity (WBC, ALT levels showed no statistical significance vs. controls). Histopathology confirmed extensive tumor necrosis
with preserved cytoarchitecture in vital organs (heart, liver, spleen, and kidney).

Conclusion: The CMP nanozyme achieves potent antitumor efficacy through photothermal-enhanced Fenton-like reactions, depleting
glutathione and amplifying ROS. It suppresses gastric cancer in vivo with minimal systemic toxicity, representing a promising
nanoplatform for precision therapy.
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Introduction
Gastric cancer (GC) is a highly lethal malignancy of the digestive system worldwide, ranking as the fourth most common
cancer and the second leading cause of cancer-related mortality.! Although advances in surgical techniques, chemother-
apy, radiotherapy, and immunotherapy have contributed to reductions in the mortality of GC, the five-year survival rate
remains only around 25% or less.>> Additionally, anticancer drugs are limited by the short duration of effective drug
concentrations; although increasing the dosage can partially address this limitation, it often leads to severe side effects
attributable to drug overdose.® In light of these challenges, there is an urgent need to explore novel therapeutic strategies
for GC that can overcome the limitations of conventional anticancer drug treatments.

Chemodynamic therapy (CDT) harnesses various transition metal ions to catalyze endogenous hydrogen peroxide
(H,0O,) via Fenton or Fenton-like reactions, thereby generating highly cytotoxic hydroxyl radicals (‘OH) capable of
eradicating tumor cells. Owing to its remarkable efficacy in treating hypoxic tumors located in deep tissues, coupled with
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minimal damage to healthy tissues, CDT has garnered considerable attention.” The -OH produced during CDT can induce
robust immunogenic cell death (ICD), leading to the release of tumor-specific antigens and consequently activating
a potent anti-tumor immune response.® However, the cytotoxic -OH may be partially scavenged by the overexpressed
glutathione (GSH) present in the tumor microenvironment (TME) prior to exerting its therapeutic effects.’ In addition,
Fe?*-catalyzed CDT—the most prevalent CDT approach—typically requires a highly acidic environment (pH < 4) for
activation.'® Although CDT has exhibited remarkable efficacy in inhibiting tumor growth and metastasis, its ability to
completely eradicate tumors remains limited due to the insufficient levels of hydrogen peroxide within the body.
Therefore, it is particularly important to combine CDT with other therapeutic modalities and to develop more effective
CDT agents. Recent studies showed that copper-based nanomaterials can induce Fenton-like reactions across a broader
pH range and demonstrate comparable or even superior performance relative to iron-based nanomaterials.'*!2
Additionally, copper-based nanomaterials possess strong second near-infrared (NIR-II) absorption and excellent photo-
thermal conversion capabilities, offering promising prospects for enhanced catalytic activity and the realization of multi-
modal therapies combining chemodynamic and photothermal therapy (PTT).'* This property underscores its significant
potential to amplify intracellular oxidative stress within cancer cells.

Photothermal therapy (PTT) exploits photothermal agents capable of absorbing energy from incident light and
subsequently converting it into heat, thereby increasing the local temperature of the surrounding environment and
inducing tumor cell death."*'* PTT not only induces damage to cancer cells but also promotes the generation of reactive
oxygen species (ROS) by accelerating the Fenton-like ionization process, thereby achieving a synergistic effect between
CDT and PTT."> Recently, molybdenum-based nanomaterials (Mo-NMs) have attracted considerable attention as
competitive photothermal nanomaterials due to their strong near-infrared (NIR) absorption capacity, high photothermal
conversion efficiency (PCE), and favorable biocompatibility.'® In addition, some Mo-NMs (Mo-POM and Mo-Ox)
containing low-valent molybdenum ions (Mo4" and Mo3") can react with H,O, in the TME to generate ROS, directly
acting as PTT combined CDT agents. It is noteworthy that Mo-POM, as a negatively charged and tunable metal
composite nanocluster, can self-assemble into nanostructured aggregates under the mildly acidic conditions present in
TME, thereby enhancing their accumulation at tumor sites and activating their NIR photothermal activity and promoting
CDT efficacy through the high temperatures generated under PTT.'”"' Moreover, the reduction of Mo-POM nanopar-
ticles by endogenous GSH permits escape of counteractions from the antioxidant defense system and thus revival of their
ability as the CDT/PTT agent, whereby ensuring sustained therapeutic effects for complete cancer elimination.”®

As an emerging class of porous coordination polymers, metal-organic frameworks (MOFs) have become promising
therapeutic platforms owing to their biocompatibility, tunable porosity, endosomal escape capability, and synthetically
tailored structures that enable the hierarchical integration of functional entities (eg, nanoparticles and biomolecules) for
multifunctionality.?'*? The integration of MOFs with functional materials has led to the development of advanced
multifunctional composites and hybrids, facilitating applications in various cancer therapy modalities, including photo-
dynamic therapy (PDT), photothermal therapy (PTT), chemotherapy, CDT, immunotherapy, and combination
therapies.”> >’ For instance, Li et al developed an ORL-loaded copper-based MOF nanodrug (ORL@Cu-MOF) that
boosts cuproptosis and suppresses fatty acid metabolism for synergistic therapy of cancer lymph node metastasis.”®
Another study showed that copper-based MOF (Cu-MOF) can kill non-small cell lung cancer cells, especially KRAS-
mutant tumors, by simultaneously triggering apoptosis (via copper-induced Fenton reaction and oxidative damage) and
cuproptosis (via copper binding to DLAT under FDX1 mediation).””> Additionally, Bai et al constructed a novel
nanozyme, Fe-MOF/CP, based on a cholesterol oxidase-loaded iron-based MOF nanoparticle modified with polyethylene
glycol, thereby enabling the synergistic integration of ferroptosis and immunotherapy.>® Furthermore, Luo et al designed
a zinc-ion-doped copper MOF nanocarrier loaded with 5-ALA (5-ALA@Zn-CuTz) for breast cancer therapy; this system
selectively targets tumors and inhibits HO-1 expression to enhance PDT efficacy while also providing additional tumor
suppression via CDT.?’

In this study, we loaded Mo-POM into copper-based metal-organic framework (Cu-MOF) to construct a copper-
molybdenum bimetallic organic framework nanozyme (CMP). CMP disintegrates in the TME, precisely releases Mo-
POM and Cu®’, and converts H,O, into highly toxic - OH, under the 808nm laser irradiation, ultimately integrating
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synergistic photothermal-chemodynamic therapy. The system leverages synergistic ROS generation and localized
hyperthermia.

Materials and Methods

Materials

Copper(Il) nitrate trihydrate (Cu(NOs;),:3H,0), 1,3,5-benzenetricarboxylic acid (H;BTC), phosphomolybdic acid
(H3PMo01,049), N, N-dimethylformamide (DMF), methylene blue (MB), 5,5-dimethyl-1-pyrroline-N-oxide (DMPO),
hydrogen peroxide (H,O,, 30%), 5.5'-Dithiobis-2-nitrobenzoic acid (DTNB), and phosphate-buffered saline (PBS) were
procured from Beijing Jinglaihuake Biotechnology Co., Ltd. The TMB solution (10 mg/mL in dimethyl sulfoxide) and
Calcein AM/PI Double Stain Kit were also supplied by the same vendor. All chemicals were used as received without
further purification.

Cell Lines and Animals

Human gastric cancer NCI-N87 (ATCC CRL-5822) was provided by the institution of Biochemistry and Cell Biology,
SIBS, CAS (China). NCI-N87 (ATCC CRL-5822) were cultured with RPMI-1640 medium containing 10% fetal bovine
serum and 1% penicillin/streptomycin.

BALB/c nude mice (male, 6-8 weeks old, Beijing Viton Lever) were housed in an SPF-grade environment
(temperature 22+2°C, humidity 50+10%). All animal experiments were performed in accordance with experimental
guidelines approved by the Institutional Animal Care and Use Committee (IACUC) of the Laboratory Animal Center of
Jinglai Biology (Approval No.: JLHK-20240601-01.

CMP Nanomedicine System Construction and Multi-Dimensional Characterization
Synthesis of Cu-MOF

Copper(Il) nitrate trihydrate (Cu(NOs),-3H,0, Sigma-Aldrich, 99.99%), benzene-1,3,5-tricarboxylic acid (H;BTC, Alfa
Aesar, 98%), and N, N-dimethylformamide (DMF, analytical grade) were mixed at a molar ratio of 3:2:200. The mixture
was sonicated for 30 min, transferred to a 50 mL PTFE-lined autoclave, and heated at 120°C for 24 h. The resulting blue
cubic crystals [Cuz(BTC),(H,0);] were purified by three cycles of alternating centrifugation (8,000 rpm, 10 min) in
DMF/ethanol, followed by vacuum drying at 60°C for 12 h.

Loading of Molybdenum-Based Polyoxometalate into Cu-MOF to Synthesize CMP

The Cu-MOF precursor (50 mg) was dispersed in an aqueous solution of H3PMo0;,040 (10 mg/mL, pH 2.0) and
magnetically stirred (600 rpm) for 12 h. POM encapsulation was driven by size-matching effects (MOF pore size: 1.2
nm; Keggin-type POM diameter: 1.0 nm). Unbound POM was removed via centrifugation (10,000 rpm, 15 min),
followed by three washes with ultrapure water. The final product (CMP nanoparticles) was obtained by lyophilization
(—80°C, 48 h).

Multi-Scale Structural Characterization of CMP

Structural and compositional characterization was performed using advanced analytical techniques. Morphology and
elemental distribution were assessed by TEM/HRTEM (JEOL JEM-2100F, 200 kV) with samples dispersed in ethanol
and deposited on ultrathin carbon-coated copper grids; EDS mapping (Oxford X-MaxN, 0.1 nm spatial resolution) was
used to confirm the dispersion of Cu, Mo, and O throughout the nanostructure. Crystalline phase analysis employed XRD
(Bruker D8 Advance, Cu Ka A=1.5406 A) at 4° min~' scan rate with 0.02° step size, where diffraction patterns matched
JCPDS standards for Cu-MOF (#00-062-1183) and polyoxometallate phases (#00-050-0655). Surface chemistry was
investigated by XPS (Thermo Scientific K-Alpha, Al Ka 1486.6 ¢V), with binding energies referenced to C 1s (284.8
eV), revealing characteristic Cu 2ps/, (933.5 eV, metallic state) and Mo 3ds/, (232.8 eV, Mo®") peaks.

Photothermal Property of CMP
To evaluate the photothermal conversion performance of CMP, the following tests were conducted: temperature variation
under irradiation at the same laser power density with different sample concentrations; temperature variation under
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irradiation at different laser power densities with the same sample concentration; photothermal conversion stability; and
photothermal conversion efficiency. For temperature changes under the same laser power density (808 nm, 1 W cm 2,
10 min) with different sample concentrations, CMP was tested at concentrations of 0.1, 0.2, 0.5, and 1.0 mg/mL. The
temperature was recorded every 30s during the 10 min irradiation period. For temperature variation under different laser
power densities with the same CMP concentration (1 mg/mL), samples were irradiated for 10 min with an 808 nm laser at
power densities of 0.1, 0.2, 0.3, 0.4, and 0.5 W cm 2, and temperature was recorded every 30s using a thermal imager.
Photothermal conversion stability was assessed by irradiating a sample at a fixed concentration with a laser power density
of 1.0 W cm 2 for 2 min, followed by natural cooling to room temperature. This cycle was repeated five times, with
temperature recorded every 30s. To determine the photothermal conversion efficiency, the absorbance of CMP nano-
particles at 808 nm was measured at 1.0 mg/mL. The sample was irradiated with a laser power density of 1.0 W cm > for
10 min until the temperature stabilized, followed by 20 min of natural cooling. Temperature was recorded every 30s

throughout the process. The photothermal conversion efficiency was calculated by following the equations:

_ [7(STwax — Tswr) — Opis)
T =107

x 100% (1

Here, 7 refers to the conversion efficiency with an 808 nm laser to heat. Ty, is the equilibrium temperature, and Tgy, is
the ambient temperature. Qp; is the baseline energy generated by the quartz cell and water upon laser irradiation, which
can be calculated independently. / is incident laser power. A is the absorbance of CMP at 808 nm. § is the surface area of
the cell, and /4 is the heat transfer coefficient. S is calculated from substituting equations:

0 = (T — Tsurr)/(Tnax — Tourr) )
0 is the driving force temperature.
t =1, X (—Ind) (3)
t is the time constant in the cooling period.
hS = (X" Cpi) /7 4)

Where m and ¢ are the mass and specific heat capacity of pure water.

ROS Generation of CMP

The generation of ROS by CMP was quantified using electron spin resonance (ESR) spectroscopy. Hydroxyl radical
production was detected with DMPO as a spin trapping agent. The reaction mixture consisted of 10 pL of CMP
suspension (1 mg/mL), 2 uL of H,O, (100 mM), 10 uL of DMPO (100 mM), and 50 pL of deionized water. After
thorough mixing, the sample was immediately transferred into a quartz capillary tube (1.0 mm outer diameter) and
analyzed using an ESR spectrometer. For the CMP + laser group, an 808 nm laser (CNI MDL-III-808, 1 W-cm ?) was
applied for 5 min prior to measurement. The formation of DMPO/*OH adducts was confirmed by the characteristic
1:2:2:1 quartet signal. Furthermore, *OH generation was also assessed via MB degradation. A total of 50 pL of CMP
(1 mg/mL) and 50 pL of H,O, (10 mM) were added to 2 mL of PBS containing MB (20 pg/mL). The decay of the
characteristic MB absorption peak at 665 nm was monitored using a UV-Vis spectrophotometer. To evaluate pH
dependence, the above experiment was repeated using PBS buffers with different pH values (ranging from 2.0 to 7.4).

GSH Depletion Measurement

To evaluate CMP-induced GSH depletion, a spectrophotometric method based on the reaction between GSH and the
specific reagent DTNB was used. In brief, the CMP solution (1 mg/mL) was co-incubated with 1 mM GSH.
Subsequently, time points were assessed at 0, 0.5, 1, 2, 3, 4, and 6 hours, and 300 pL of the reaction mixture was
added to 1.68 mL of PBS solution (pH 5.5). Next, 20 uL of DTNB solution (0.5 mg/mL in ethanol) was added. GSH
depletion was determined by measuring the optical density (OD) at 412 nm using UV-visible spectrophotometry.
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Cytotoxicity in vitro NCI-N87 GC Cells

The NCI-N87 GC cell experiment was divided into seven groups (each group n=3), and the treatment methods for each
group were as follows: (1) PBS control; (2—4) treatment with CMP at concentrations of 25, 50, and 100 pg/mL; (5-7)
treatment with CMP at the same concentrations (25, 50, 100 pg/mL) combined with laser irradiation (808 nm, 1 W/cm?,
5 minutes).

Cellular viability was assessed using complementary CCK-8 and live/dead staining protocols. For CCK-8 quantifica-
tion, cells pretreated for 24 hours were seeded in 96-well plates. Following medium aspiration, 10 pL. CCK-8 reagent
(Dojindo) was added per well, incubated at 37°C/5% CO, for 1 h, and absorbance was measured at 450 nm using
a BioTek Synergy H4 microplate reader. Viability was calculated as: (OD of the experimental group/OD of the control
group) *x100%. Parallel live/dead evaluation utilized cells cultured in 24-well plates. After PBS washing, cells were
stained with 250 pL Calcein AM/PI solution (2 uM Calcein AM, 4 ug/mL PI) for 30 min at 37°C (light-protected), then
imaged on a Nikon Eclipse Ti fluorescence microscope using appropriate filter sets (green: live cells, Ex/Em=494/517
nm; red: dead cells, EX’Em=535/617 nm).

Chemodynamic Activities of CMP in NCI-N87 GC Cells

To determine the chemodynamic activity of CMP in NCI-N87 GC cells, following 12-hour experimental group
treatments as mentioned above, cells were seeded in 6-well plates. Culture medium was aspirated, and cells were washed
twice with PBS (2 mL/well, 5 min/wash). Then, cells were incubated with 10 uM DCFH-DA in serum-free medium
(1:1000 dilution, 1 mL/well) at 37°C under 5% CO, for 20 min. Then, 6-well plates were taken out, and cells were
washed twice with PBS (2 mL/well). Observe the green fluorescence immediately under a fluorescence microscope
(Nikon Eclipse Ti) and take pictures. Quantitative analysis was performed by measuring mean fluorescence intensity per
field using ImageJ (Fiji distribution).

In vivo Therapeutic Effects and Systemic Toxicity of CMP-Mediated
Photothermal-Chemodynamic Therapy

To develop the tumor-bearing mice model, NCI-N87 cells were resuspended at a concentration of 1x107 cells/mL
in a 1:1 mixture of Matrigel (Corning) and PBS. A total volume of 100 pL of this suspension was injected
subcutaneously into the right dorsal flank of each nude mice. When tumor volumes reached approximately 100 +
10 mm® (about 10 days post-inoculation), the mice were randomly allocated into five groups (n=8 per
group): G1 (PBS control), G2-G4 (CMP at 25, 50, and 100 mg/kg, respectively), and G5 (CMP 100 mg/kg +
Laser irradiation). The sample size (n=8 per group) for animal experiments was chosen based on previous studies
using similar in vivo models and common standards in the field, and was considered sufficient to detect
biologically meaningful differences in tumor growth while minimizing animal use, in accordance with the 3Rs
principle. Treatments were administered every other day for a total of seven administrations. Tumor dimensions
were measured every two days using digital calipers, and the volume was calculated as V = 0.5 x L x W2, where
L and W represent the longest and shortest diameters, respectively. The tumor growth index (TGI) for each group
was determined by comparing tumor volume at certain time points to baseline (start of treatment), allowing for
assessment of treatment-induced tumor inhibition.>® All animals were euthanized 48 hours after the final treatment
for terminal analysis. Body weights and excised tumor weights were recorded.

Systemic inflammatory responses and overall toxicity were assessed via sequential biomonitoring. On day 7 of
treatment, serum was collected from two mice per group by retro-orbital bleeding (200 uL whole blood centrifuged at
3000 x g for 15 min). The pro-inflammatory cytokines IL-6 and TNF-o were quantified using species-specific ELISA
kits.

Terminal evaluations were conducted 48 hours after the final administration. Under anesthesia, 150 uL of
whole blood was collected from the retro-orbital plexus into EDTA-coated tubes for complete blood count
analysis (Mindray BC-5390; parameters included WBC, lymphocytes, monocytes, and eosinophils). In parallel,
350 uL of blood was centrifuged (3000 x g, 15 min) to obtain serum for biochemical testing on a Hitachi 7180
analyzer (ALT, AST, CREA-S, UA). Following blood collection, mice were euthanized by cervical dislocation.
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Major organs (heart, liver, spleen, lungs, and kidneys) were harvested, fixed, and processed for H&E staining
(5 min hematoxylin/2 min eosin). Histopathological evaluation was performed in accordance with ISO 10993-6
standards using an Olympus BX53 microscope, enabling a systematic assessment of nanodrug-induced toxicity in
normal tissues and organs. Tumor measurements and histological analyses were performed by an investigator
blinded to group assignment.

Statistical Analysis and Visualization

Data are presented as mean + standard deviation (mean + SD). For accurate analysis of the experimental results,
GraphPad Prism 10.0 was used to perform two-tailed Student’s t-tests for comparisons between two groups and one-
way ANOVA for comparisons among multiple groups. Statistical significance was set at *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < (0.0001. Experimental groups followed the principle of random allocation. Each experiment was
repeated at least three times (n > 3) to ensure objectivity and reliability of the results.

Results and Discussion

Characterization of CMP

In this study, CMP nanomedicine consisted of molybdenum-based polyoxometalate and copper-based metal-
organic framework. In this nanomedicine, Mo-POM, as a negatively charged and tunable metal composite
nanocluster, can self-assemble into nanostructured aggregates under the mildly acidic conditions present in
TME, thereby enhancing their accumulation at tumor sites and activating their NIR photothermal activity and
promoting CDT efficacy through the high temperatures generated under PTT.'”'®! Copper ions (Cu®") can be
reduced to Cu’ under a high concentration of L-glutathione in the tumor site to further efficiently trigger the
Fenton-like reaction to convert H,O, into highly toxic « OH-mediated CDT.***? In this study, we load molybde-
num-based polyoxometalate into a copper-based metal-organic framework to realize their effective delivery to
solid tumors for photothermal-chemodynamic synergistic therapy.

Herein, the synthesis and working mechanisms of CMP for combined tumor PTT/CDT therapy are illustrated
in Figure 1. CMP nanodrug exhibited a well-defined cubic morphology with uniform dispersion, as evidenced by
TEM and SEM imaging (Figure 2A and B). Hydrodynamic diameter analysis indicated a narrow size distribution
centered at approximately 100 nm (Figure 2C). Elemental mapping confirmed the homogeneous distribution of Cu
and Mo throughout the nanostructure (Figure 2D). XRD and XPS analyses confirm that copper in our nanodrug
exists as Cu(Il) within the Cu-BTC paddlewheel units of [Cu,(BTC)4/5(H,0),]6[H3PM01,049], as evidenced by
the Cu 2ps/, peak at 933.5 ¢V and its characteristic satellite features (typical of Cu(Il)). Meanwhile, the Mo 3ds/,

7 “u” Centrifugation Y Water bath
~. V= : — _-> i _—

H:BTC Cu(NOs)»3H.0 Cu,(BTC),(H,0), H,PMO,,0,, [Cu-MOF@Mo-POM]
&

N

Release

; GSH Cu?/Mo® ‘OH
JV.\. v NIR Laser °C T

GSSG““** Cu*/Mo** H,0,

A\ \ Y T facilitating CDT

Figure | lllustration of synthesis and working mechanisms of CMP for combined tumor PTT/CDT therapy.
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Figure 2 Characterization of CMP. (A and B) TEM and SEM show that CMP has a cubic morphology with uniform particle size (~100 nm) and good dispersion. (C)
Hydrodynamic diameter of CMP. (D) Elemental mapping of CMP. (E) XRD spectra show that CMP successfully integrates the crystalline structural features of Cu-MOF and
Keggin-type POM. (F) Crystallographic phase analysis- XRD E ICP-MS analysis reveals that the loading of CMP with Cu and Mo is respectively 16.46% and 19.94%.

signal at 232.8 eV is consistent with the Mo®" oxidation state. (Figure 2E and F). Quantitative ICP-MS measure-
ments established a composition of 16.46% Cu and 19.94% Mo per 100 g CMP (Supplementary Table 1). The
cubic architecture of CMP provides critical advantages over conventional spherical nanoparticles.

ROS Generation, GSH Depletion, and Photothermal Conversion Efficiency of CMP
Studies have shown that in the presence of elevated GSH levels, copper ions (Cu?") can be reduced to Cu®, simulta-
neously oxidizing GSH to glutathione disulfide (GSSG). This reaction depletes intracellular GSH reserves, while the
generated Cu’ efficiently catalyzes a Fenton-like reaction to convert H,O, into hydroxyl radicals, thereby enabling
chemodynamic therapy.®*** Similarly, Mo**/Mo>" ions also function as Fenton-like reagents, producing *OH from H,0,.
Within the tumor microenvironment, these molybdenum ions are further oxidized to higher valence states (Mo>/Mo®"),
a redox process that concurrently consumes GSH and generates GSSG.*”

ESR spectroscopy was performed using DMPO as a spin-trapping agent to detect *OH generation. As shown in
Figure 3A, the characteristic 1:2:2:1 quartet signal in the ESR spectrum, corresponding to the DMPO-+OH adduct,
confirmed the production of a substantial amount of *OH. The generation of *OH under different conditions was
further quantified via a *OH-induced methylene blue (MB) degradation assay by monitoring the decrease in
absorbance at 665 nm.*® Under physiological pH conditions (pH 7.4), the temporal decrease in MB absorbance
was minimal (Figure 3B), indicating that CMP generates only negligible amounts of ROS in a normal
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Figure 3 ROS Generation, GSH Depletion, and photothermal conversion efficiency of CMP. (A) ESR confirms that CMP significantly catalyzes the generation of hydroxyl
radicals (*OH). MB degradation of CMP in (B) physiological environment (pH 7.4), (C) weakly acidic environment (pH 6.5), (D) pH 6.5 with laser irradiation. (E) The
influence of pH (range 4-7.4) on *OH production of CMP. (F) H,O, degradation of CMP. (G) GSH depletion of CMP at pH 6.5. (H) Temperature changes of CMP with
various concentrations upon 808 nm laser irradiation treatment (I W/cm?2). (I) Heating curves of CMP (I mg/mL) under 808 nm laser irradiation treatment with various
power densities ranging from 0.1 to 0.5 W/cm2 for 10 min. (J) Recycling heating curves of CMP (0.5 mg/mL) with laser (808 nm, 0.5 W/cm2). (K) Corresponding cooling
time constant (ts) calculation.
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physiological milieu, which suggests low potential toxicity to normal tissues and favorable biological safety. In
contrast, under weakly acidic conditions (pH 6.5), CMP induced a significant reduction in MB absorbance within
30 minutes (Figure 3C), demonstrating its efficient ROS-generating capacity and distinct acid-responsive property
in an acidic microenvironment. Notably, when weak acidity was combined with laser irradiation, the decrease in
MB absorbance was even more rapid and pronounced (Figure 3D). This finding indicates that the photothermal
effect can markedly enhance the copper/molybdenum ion-mediated Fenton-like reactions within CMP, enabling
rapid and substantial ROS production under acidic conditions. The pH adaptability of the CMP nanodrug was
further evaluated. Impressively, CMP maintained excellent catalytic activity over a wide pH range of 4 to 7
(Figure 3E). The broad pH adaptability of CMP provides a distinct advantage for applications in the tumor
microenvironment (TME), especially when compared with traditional Fenton-like catalysts (eg, Fe*" catalyzed
chemodynamic therapy), which typically require a highly acidic environment (pH < 4) to function effectively.’’
To further investigate the catalytic mechanism by which CMP decomposes H,O, through Fenton/Fenton-like
reactions, we employed the titanium sulfate colorimetric method to detect its H,O, consumption capacity. As
shown in Figure 3F, the absorbance at 412 nm decreased significantly within 60 minutes, indicating that CMP
possesses excellent H,O, consumption ability. In summary, these results demonstrate that CMP can efficiently
generate *OH radicals for CDT via Fenton-like reactions, while laser irradiation can synergistically enhance ROS
production.

In addition, we used 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) to detect the consumption of GSH. DTNB
can be reduced by GSH to form a yellow product, which has a characteristic absorption at 412 nm. As shown in
Figure 3G, the absorbance at this wavelength decreased significantly over time. This indicates that under acidic
conditions, Cu*" and Mo®" released by CMP can rapidly consume GSH, thereby effectively weakening the
scavenging effect of high-concentration GSH in tumor cells on ROS and further enhancing the efficacy of CDT.

The photothermal conversion performance of CMP was further systematically evaluated. As shown in
Figure 3H, the temperature of the CMP solution increased gradually with rising concentration, demonstrating
a clear concentration-dependent photothermal response. At a concentration of 1 mg/mL, the temperature rise
reached approximately 17°C, indicating its strong potential for PTT. In contrast, under identical irradiation
conditions, pure water exhibited only a marginal temperature change, confirming that the heating effect originated
primarily from CMP itself.

Moreover, the photothermal conversion efficiency of CMP was found to be closely related to the laser power density
(Figure 3I): higher power densities led to more significant temperature increases. Beyond its excellent photothermal
performance, CMP also displayed remarkable photothermal stability. Over five consecutive irradiation cycles, the
temperature rise remained nearly consistent, stabilizing at around 12.5°C in each cycle (Figure 3J). Finally, the
photothermal conversion efficiency of CMP was calculated to be 29.4% (Figure 3K). The high photothermal conversion
efficiency, coupled with outstanding photothermal stability, underscores the considerable potential of CMP for applica-
tions in photothermal therapy.

Dose-Dependent Cytotoxicity and ROS Amplification in vitro

Given the intrinsic catalase-like activity and superior photothermal performance of CMP, we further investigated its
antitumor effects at the cellular level. To assess the cytotoxic potential of CMP, CCK-8 assays were conducted on NCI-
N87 GC cells. The results showed that the cell viability of NCI-N87 cells treated with CMP was significantly lower than
that of the control PBS group, and cell viability gradually decreased with increasing concentrations of CMP. Notably,
combined treatment with CMP and laser irradiation led to a further reduction in cell viability (Figure 4A). To more
intuitively and clearly visualize the antitumor efficacy of CMP, calcein AM/PI double staining was performed on cells
from different treatment groups. As shown in Figure 4B and C, CMP treatment induced a concentration-dependent
increase in red fluorescence (indicative of PI-positive dead cells). Importantly, the number of live cells (green fluores-
cence) was further diminished following combined CMP and laser irradiation. To elucidate the underlying cytotoxic
mechanism, we evaluated the ROS generation capacity of CMP in NCI-N87 GC cells using the DCFH-DA fluorescent
probe. The experimental results indicated that GC cells treated with CMP exhibited significantly higher fluorescence
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intensity compared to the control PBS group, suggesting the substantial generation of *OH in the treatment groups.
Furthermore, ROS levels showed a dose-dependent elevation upon CMP treatment. Remarkably, this oxidative stress was
further significantly amplified when CMP treatment was combined with laser irradiation (808 nm, 1 W ¢cm 2, 5 min), as
quantified by DCF fluorescence intensity (Figure 4D and E). The results directly demonstrate that the synergistic
cytotoxicity observed with CMP plus laser irradiation is mechanistically driven by the massive generation of cytotoxic
ROS via PTT-enhanced CDT. Collectively, these in vitro findings strongly confirm the intrinsic tumoricidal efficacy of
CMP and underscore the superior therapeutic outcome achievable through the combination of photothermal-enhanced
CDT (PTT/CDT).

The potential PTT - CDT synergistic mechanism of CMP may arise from three interdependent processes: (1)
Photothermal Priming & Reaction Acceleration: CMP efficiently absorbs NIR light (808 nm) and converts it into
localized heat. This thermal energy not only directly damages cells but critically accelerates the Fenton-like reaction
kinetics involving the Cu species within CMP, thereby dramatically promoting the catalytic decomposition of H,O, into
highly cytotoxic hydroxyl radicals. (2) Thermo-Catalytic Feedback Enhancement: The elevated local temperature
profoundly enhances the electron transfer kinetics between Cu’/Cu”" redox pairs. This orders-of-magnitude acceleration
under photothermal conditions massively boosts *OH yield from available H,O,. (3) Antioxidant Defense Disruption
(Glutathione Depletion): Upon release into the TME, Cu®’ can deplete excessively expressed endogenous GSH,
subsequently converting into the more potent Cu”, the produced Cu+ ions form a closed-loop for continuous generation
of hydroxyl radical and singlet oxygen with H,O, as substrates.>**° Concurrently, the Mo®" components in CMP actively
deplete the key cellular antioxidant GSH by oxidizing it to its disulfide form (GSSG).*® This targeted depletion cripples
the cell’s primary defense mechanism against ROS, preventing the scavenging of the generated *OH and other radicals,
and allowing oxidative stress to reach lethal levels. This triad of mechanisms—photothermal acceleration of catalysis,
thermal enhancement of reaction kinetics, and targeted disabling of antioxidant defenses—acts concertedly to create
a self-reinforcing cycle of oxidative damage. The heat from PTT accelerates radical production (1,2), while Cu**/Mo®
"-mediated GSH depletion (3) prevents their neutralization. This ensures the Fenton-like reaction proceeds unchecked at
an amplified rate, resulting in an overwhelming and sustained flux of cytotoxic free radicals, primarily *OH, that drives
the observed synergistic cell death. This sophisticated multi-mechanistic synergy positions CMP as a highly effective
agent for combined PTT/CDT, maximizing ROS-mediated tumor cell killing while leveraging the unique properties of its
composite structure.

In vivo Tumor Suppression and Systemic Toxicity Assessment

Building upon the promising in vitro tumoricidal efficacy of CMP, we proceeded to evaluate its in vivo antitumor
potential using an ectopic GC mice model, with concurrent assessment of systemic biosafety. The therapeutic efficacy of
the CMP-mediated CDT/PTT combination therapy on tumor growth was evaluated in a mice model bearing NCI-N87
human GC xenografts. When tumor volume reached approximately 100 mm®, the mice were respectively administered
PBS, CMP (25 mg/kg), CMP (50 mg/kg), CMP (100 mg/kg), or CMP (100 mg/kg) plus laser irradiation every other day
for a total of seven times treatments. Tumor growth and body weight changes were monitored throughout the treatment
period.

Throughout the dosing period, only minor fluctuations in body weight were observed across all groups, with no
significant reduction in any treatment group (Figure 5A), indicating that none of the administered regimens
induced substantial systemic toxicity. Tumor volume was further monitored to evaluate the in vivo antitumor
efficacy. In the PBS group, tumor volume continued to increase over time. By contrast, CMP treatment suppressed
tumor growth in a dose-dependent manner, and the antitumor effect was significantly enhanced in the CMP +
Laser group (Figure 5B), consistent with cellular-level observations and supporting a synergistic PTT/CDT effect.
The therapeutic outcome was also assessed using the tumor growth inhibition (TGI) value, calculated as the ratio
of the final tumor volume to the volume at the first treatment. Compared with the PBS group (TGI = 5.42 + 3.27),
the CMP100mg/kg + Laser group showed a markedly lower TGI (0.34 £ 0.12), confirming the potent tumor-
suppressive effect of CMP-mediated PTT/CDT (Figure 5C). This result was corroborated by terminal relative
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Figure 5 In Vivo Tumor Suppression and Systemic Toxicity Assessment. (A) The mice’s body weight, (B) tumor volume, (C) tumor growth index, and (D) relative tumor
weight recordings for each group. (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.).

tumor weight measurements across groups (Figure 5D). The strong in vivo antitumor activity confirms the
successful translation of CMP’s in vitro performance to a complex biological system.

The systemic toxicity of combined tumor PTT/ CDT therapy strategies was further investigated. Throughout the
dosing period, serum cytokine profiling revealed no elevation of key pro-inflammatory markers IL-6 or TNF-a
(Figure 6A), effectively ruling out concerns over CMP-induced systemic inflammatory responses—a key advantage
for clinical translation. Routine hematological and biochemical analyses showed that levels of WBC, lymphocytes,
monocytes, and eosinophils, ALT, AST, CREA-S, and UA in all treated mice remained within normal ranges and showed
no significant differences compared with the control group (Figure 6B and C). Furthermore, H&E staining of major
organs (heart, liver, spleen, lungs, and kidneys) revealed no obvious pathological abnormalities in any treatment group,
including PBS, CMP alone, and CMP + Laser (Figure 6D).

Collectively, these results demonstrate the favorable biosafety profile of the CMP-based nanomedicine. The CMP
exhibits significant antitumor efficacy in vivo while maintaining low systemic toxicity, as evidenced by potent dose-
dependent tumor growth inhibition and the absence of notable hematological toxicity, organ damage, or systemic
inflammation. These results provide compelling preclinical support for the clinical translation of CMP and establish
a solid foundation for exploring its broader application in tumor therapy, particularly through the combined photo-
thermal-enhanced CDT mechanism identified in vitro.

Although these preclinical results are promising, several limitations exist in this study. First, this study uses only
a subcutaneous xenograft model. Future studies should incorporate orthotopic and patient-derived xenograft (PDX)
models to better recapitulate the tumor microenvironment. Additionally, long-term (>60 days) follow-up and chronic
toxicity assessment are lacking. While our results indicate ROS-mediated tumor inhibition, the proposed redox cycle and
the detailed synergistic mechanism require further validation using techniques such as electron spin resonance (ESR),
specific ROS scavengers, and direct measurements of Cu'/Cu®" or Mo species changes. These limitations must be
addressed before clinical consideration.
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Conclusion

In summary, we successfully constructed a copper-molybdenum bimetallic nanozyme (CMP) with tumor microenviron-
ment responsiveness. CMP exhibits excellent photothermal conversion efficiency (29.4%) and robust Fenton-like
activity. Under acidic conditions and laser irradiation, CMP generates massive hydroxyl radicals, depletes glutathione,
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and amplifies oxidative stress in gastric cancer cells. In vivo studies confirm that CMP significantly suppresses tumor
growth in a dose-dependent manner without causing systemic toxicity, hematological abnormalities, or organ damage.
The favorable biosafety profile and potent antitumor efficacy position CMP as a promising nanoplatform for precision
cancer therapy, meriting further clinical translation research.
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