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Oxygen vacancy-engineered bimetallic
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to reverse oxaliplatin resistance in colorectal
cancer
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Abstract

In colorectal cancer treatment, chemotherapeutic agents induce reactive oxygen species (ROS) production, which
promotes NAD* accumulation in tumor cells, reducing treatment sensitivity and worsening patient prognosis.
Targeted depletion of NAD* presents a promising strategy to overcome tumor resistance and improve patient
prognosis. Here, we designed a dual-metallic nanozyme (CuMnO,_,@0xa@5SP) with defect engineering, modified
by soy phospholipids (SP) and loaded with oxaliplatin (Oxa). This nanozyme uses its oxygen-deficient active sites
to rapidly and irreversibly degrade NAD* and NADH into nicotinamide and ADP-ribose derivatives, disrupting

the electron transport chain (ETC) and compromising tumor antioxidant defenses. It also inhibits the glutathione
S-transferase P1 (GSTP1) pathway, weakening tumor detoxification and enhancing chemotherapy sensitivity.
Density functional theory calculations revealed that the synergistic effect among multi-enzyme active centers
endows the CuMnO,_, nanozymes with excellent catalytic activity. In the tumor microenvironment (TME),
CuMnO,_, nanozymes exhibit peroxidase, oxidase, and NAD™ oxidase-mimicking activities. CUMnO,_,, generates
multiple ROS and depletes NAD* while preventing their regeneration thereby triggering a cascade amplification
of oxidative stress. This, coupled with targeted chemotherapy drug delivery, restores chemosensitivity in refractory
tumors and exposes the vulnerabilities of resistant colorectal cancer cells to ROS.
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Introduction

Colorectal cancer (CRC) is the third most common
cancer worldwide and the second leading cause of can-
cer-related deaths [1]. Oxaliplatin (Oxa) is a first-line
chemotherapeutic agent for advanced CRC treatment
[2]. Although oxaliplatin-based adjuvant chemotherapy
significantly improves patient prognosis, approximately
50% of patients rapidly develop resistance during treat-
ment, leading to refractory disease and severely limiting
its clinical application [3]. In cancer therapy, when drug-
induced reactive oxygen species (ROS) levels exceed a
critical threshold, cell toxicity occurs, curbing cancer
progression. However, tumors develop adaptive mecha-
nisms to counteract ROS - induced oxidative damage.
In CRC, intracellular ROS levels drop while nicotin-
amide phosphoribosyltransferase (NAMPT) expression
rises [4, 5]. NAMPT, a key enzyme in nicotinamide ade-
nine dinucleotide (NAD*) biosynthesis, causes elevated
NAD* levels when overexpressed. This boosts NAD*
- dependent metabolism and antioxidant defense sys-
tems (ADS), reducing cellular ROS and leading to oxali-
platin resistance [4—7], posing a significant challenge in
CRC therapy. Given the strong NAD - related ADS and
limited ROS substrates in resistant cells, ROS - induced
therapy is restricted. Currently, no therapeutic strategies
directly targeting NAD* degradation are available. Clini-
cal approaches have primarily focused on reducing NAD*
levels by inhibiting NAMPT activity. However, severe
adverse effects observed in Phase I/1I clinical trials, along
with the emergence of primary or acquired resistance,
have greatly hindered the clinical application of NAMPT
inhibitors [8-11]. Therefore, the development of safe
and effective therapeutics specifically targeting NAD* in
tumor cells represents a critical clinical opportunity.

The convergence of nanotechnology and enzymol-
ogy has revolutionized biomedical research through the
emergence of nanozymes-engineered nanomaterials
exhibiting intrinsic catalytic properties analogous to nat-
ural enzymes. Nanozymes structurally integrate enzyme-
like active centers and electron-transfer systems while
maintaining the inherent physicochemical advantages of
nanomaterials [12]. These bioinspired catalysts demon-
strate classical enzymatic activities including peroxidase
(POD) and oxidase (OXD) functions, enabling the gen-
eration of cytotoxic ROS— such as singlet oxygen (*O,),
superoxide anion radicals («O,”), and hydroxyl radicals
(¢OH)- for effective tumor microenvironment modu-
lation [13]. More significantly, they possess the unique
enzymatic capability to mimic nicotinamide adenine
dinucleotide (phosphate) oxidases (NOX), directly cata-
lyzing the oxidation of metabolic coenzymes NAD(P)
H to NAD(P)*. This enzymatic intervention effectively
disrupts cellular redox homeostasis and impairs mito-
chondrial ATP synthesis, thereby starving tumor cells of
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essential energy supplies [14, 15]. However, merely oxi-
dizing NADPH and NADH is inadequate, as the resulting
NADP* and NAD" contribute to DNA repair and mito-
chondrial activation, which restores NADPH and NADH
levels [16]. This limitation underscores why current
antimetabolic therapies often fail to fully disrupt tumor
metabolism [17, 18]. Targeting NAD™ for rapid degrada-
tion offers a novel strategy to inhibit tumor metabolism,
as NAD" serves as a precursor for NADP* synthesis.
Recently, various metal oxide-based nanozymes with
different enzyme-mimicking activities have been devel-
oped for cancer treatment research [19]. However, the
limited diversity of active sites and the high energy bar-
riers of catalytic intermediates at metal sites significantly
constrain the catalytic efficiency and clinical applicability
of single-metal oxide nanozymes [20]. Building on this
foundation, recently developed bimetallic oxide-based
nanozymes exhibit more diverse active sites, including
two distinct metal sites with synergistic catalytic effects
and isolated active sites formed by different bimetal-
lic atoms [17]. These nanozymes demonstrate improved
stability and enhanced catalytic activity [21]. However,
optimizing the structure and composition of nanozymes
based on their catalytic functions to achieve maximum
catalytic activity and stability remains a significant
challenge.

The catalytic performance of bimetallic nanozymes is
primarily reflected in their catalytic activity and stabil-
ity. The reaction rate and selectivity can be effectively
tuned by adjusting external potentials. Additionally,
modifying surface defect sites enhances the adsorption
capacity of reactive groups and increases the exposure
of active sites, thereby improving both catalytic activ-
ity and stability [22]. Furthermore, oxygen vacancies
(OVs)—intrinsic defects in metal oxides caused by the
removal of oxygen ions from the lattice—play a criti-
cal role in influencing the catalytic activity and stabil-
ity of bimetallic nanozymes. These vacancies provide
coordinatively unsaturated sites and unpaired electrons,
enhancing electron-hole separation, molecular activa-
tion, and electron transfer [23, 24]. Recent studies have
demonstrated that the nitrogen atom within the pyridine
ring of NAD" has a high affinity for free electrons. Once
this nitrogen atom accepts free electrons, it can trig-
ger either glycosidic bond cleavage or rearrangement of
conjugated bonds, both of which ultimately result in the
decomposition of NAD* [25]. Therefore, constructing
OV-engineered bimetallic nanozymes for NAD" degra-
dation holds great potential and feasibility. Recently, cop-
per ions, an essential trace element for the human body,
have been identified as a crucial component of natural
NADH oxidase [26]. Copper-based nanozymes can gen-
erate potent and diverse ROS while their copper sites
exhibit strong intrinsic substrate adsorption capabilities,
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effectively lowering the energy barriers of reaction
intermediates. Additionally, copper-based nanozymes
enhance catalytic activity by modulating electronic inter-
actions with adjacent atoms [27, 28], making them highly
suitable for constructing bimetallic nanozymes designed
for NAD" degradation. Introducing manganese ions into
copper-based nanozymes not only enables multi-enzyme
mimetic activities within the tumor microenvironment
(TME) but also mitigates potential long-term toxicity by
decomposing in response to the TME [29]. Thus, lever-
aging the properties of these semiconductor oxides and
introducing oxygen vacancies with unique electron con-
figurations to promote electron transfer and enhance
NAD" catalytic degradation is a promising strategy. The
mechanisms underlying this enhancement warrant fur-
ther investigation.

Based on these principles, we developed CuMnO,_y@
Oxa@SP, a bimetallic oxide nanozyme enriched with
OVs, modified with soybean phospholipid (SP), and
loaded with oxaliplatin (Scheme 1A). This multifunc-
tional system exhibits POD- and OXD-like activities, as
well as unique nanoNAD-mimetic properties, irrevers-
ibly decomposing NAD* into ADP-ribose radicals and
nicotinamide (NAM), thereby blocking NAD* synthesis
and disrupting the electron transport chain. These dis-
ruptions halt the tricarboxylic acid (TCA) cycle, reduce
NADH and ATP production, and restore chemosensitiv-
ity to oxaliplatin, enhancing DNA damage and apoptosis
(Scheme 1B). Furthermore, OVs weaken the O-O bond in
H,0,, enhancing ROS generation. CuMnO,_,@Oxa@SP
converts H,O, into hydroxyl radicals (¢OH) via POD-like
activity and O, into superoxide anion (+O,") via OXD-
like activity, generating singlet oxygen (*O,) under acidic
conditions. Transcriptomic analysis revealed downregu-
lation of the oxaliplatin resistance-related gene gluta-
thione S-transferase P1 (GSTP1), increasing oxaliplatin
accumulation and efficacy. This is the first reported use of
OV-enriched, biodegradable nanozymes with NAD* oxi-
dase-like activity for cancer therapy, offering a promising
strategy for oxaliplatin-resistant CRC.

Materials and methods

Preparation of CuMnO,_,,

(Cu (acac),) (0.261 g, 1.0 mmol), (Mn(acac); (0.253 g,
1.0 mmol), and TEG (100 mL) were mixed with the aid
of bath sonication, then slowly heated to reflux over 3 h
under a nitrogen atmosphere. After cooling down, EA (20
mL) was added to the blackish homogeneous suspension,
which was mixed by magnetic stirring. The nanoparticles
were collected by centrifugation (8000 rpm, 10 min) and
washed with EA 5 times, then dried in vacuo to give a
blackish solid (0.15 g).
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Preparation of CuMnO,_,@Oxa

1.0 mg/ml Oxaliplatin (Oxa) DMF solution (5 ml) was
added into the solution of CuMnO,_y, and stirred for 36 h
in the dark at room temperature. Finally, the nanoparti-
cles were purified by centrifugation (10000 rpm, 10 min)
to remove the unloaded free Oxa. The Oxa loading con-
tents were calculated by ICP-MS.

Preparation of CuMnO,_,@0Oxa@SP

To improve the biocompatibility of CuMnO,_y@Oxa,
soybean phospholipid (SP) was used to modify the sur-
face of CuMnO,_y,@0Oxa (CuMnO,_y@Oxa@SP). Briefly,
10 mg of CuMnO,_y@Oxa dispersed in ethanol (10 mL)
were added into 10 mL of SP in DCM solution (10 mg
mL™'). The mixture was stirred at 25 C for overnight,
and then, the product was collected by centrifugation
(11000 rpm, 10 min). Finally, the CuMnO,_y@Oxa@SP
was washed with DCM five times and phosphate buf-
fer saline (PBS) three times to remove the free SP, the
CuMnO,_,@0xa@SP was collected with improved solu-
bility, stability, and biocompatibility.

Cell lines

Human CRC cell line HCT116 and its correspond-
ing  oxaliplatin-resistant  variant, HCT116L/OHP
(HCT116/L), were obtained from the Cancer Research
Institute at Central South University. Cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco,
USA) supplemented with 10% fetal bovine serum (FBS,
ExCell Bio, China) at 37 °C in a 5% CO, atmosphere. The
medium was also supplemented with Penicillin-Strepto-
mycin Solution (biosharp, China) to a final concentration
of 100 U/mL and 100 pg/mL, respectively. The culture
medium for HCT116/L additionally included 10 pg/
mL oxaliplatin (MCE, USA) to maintain its resistance
characteristics.

Intracellular degradation of NAD*/NADH by CuMnO,_,@
Oxa@SP

HCT116/L cells were seeded at a density of 1x10° cells
per well in 6-well plates and cultured for 24 h. Treat-
ments were administered using different formulations:
(1) PBS, (2) Oxaliplatin 20 pg/mL, (3) Oxaliplatin 40 ug/
mL, (4) CuMnO,_,@SP 100 pg/mL, and (5) CuMnO,_y@
Oxa@SP 100 pg/20pg/mL. After 24 h, the cells were
washed three times with PBS, counted, and their NAD*/
NADH levels were measured using the NAD*/NADH
Assay Kit (Beyotime Biotechnology, China).

Cellular ATP content assay

Cells were seeded at a density of 1x 10° cells per well in
6-well plates and cultured for 24 h. Following this, cells
were treated with various formulations for an addi-
tional 6 hours. ATP levels were then quantified using
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Scheme 1 Schematic illustration of (A) the preparation of CuMnO,_,@0xa@SP NFs and (B) CuMnO,_,@0xa@SP NFs exhibit multiple enzyme-mimicking
activities, delivering the chemotherapeutic drug oxaliplatin while catalyzing the production of various ROS, including -OH, -O,7, and 'O,, to induce a ROS
storm that synergistically promotes apoptosis. Additionally, they act as nanoNAD oxidases, rapidly and irreversibly depleting NAD* and NADH, reducing
ATP production, and disrupting the electron transport chain, leading to mitochondrial dysfunction. Furthermore, the NFs downregulate GSTP1, a key de-
toxification enzyme in chemoresistant tumors, enhancing oxaliplatin accumulation by inhibiting its metabolism. This multiple mechanism synergistically
overcomes drug resistance and enhances antitumor efficacy
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the Enhanced ATP Assay Kit (Beyotime Biotechnology,
China) with measurements taken on a Multimode Plate
Reader (Perkin Elmer, US). Total protein was determined
using the BCA Protein Assay Kit (Beyotime Biotechnol-
ogy, China).

Intracellular ROS detection

HCT116/L cells were seeded in 6-well plates at a density
of 1x 10° cells per well and cultured for 24 h. After treat-
ment with various formulations for 6 h, cells were stained
using a high-sensitivity DCFH-DA ROS detection kit
(Dojindo, Japan), dihydroethidium superoxide anion flu-
orescent probe (Beyotime, China), Singlet Oxygen Sen-
sor Green (SOSG) (Beyotime, China), and the HKOH-1
hydroxyl radical high-sensitivity green fluorescent probe
(MCE, USA). Fluorescence intensity was observed under
a fluorescence microscope.

Mitochondrial membrane potential assay

HCT116/L cells were seeded at a density of 8 x 10* cells
per well in a 24-well plate and cultured for 24 h. Cells
were then exposed to various treatments for 6 h. Follow-
ing exposure, cells were washed repeatedly with PBS. The
mitochondrial membrane potential was evaluated using
the JC-1 Kit (Beyotime Biotechnology, China). Fluo-
rescence intensity was observed under a fluorescence
microscope.

Immunofluorescence staining

HCT116/L cells were seeded at a density of 8 x 10* cells
per well in a 24-well plate pre-equipped with coverslips
and cultured for 24 h. After this period, cells were treated
with various formulations for an additional 6 h. Following
treatment, cells were rinsed, fixed, and permeabilized.
Overnight incubation at 4°C was done with a primary
antibody against YH2AX (#9718, Cell Signaling Tech-
nology, USA) at a dilution of 1:400. Secondary antibody
incubation was performed at room temperature for 1 h.
After washing off the secondary antibody, coverslips were
mounted using a DAPI-containing mounting medium
(Abcam, UK). Fluorescence microscopy was employed to
examine the samples.

Western blot

Protein samples extracted from treated HCT116/L or
HCT116 cells were separated using 8% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
After transferring onto a PVDF membrane, the samples
were blocked and incubated overnight at 4 °C with pri-
mary antibodies against NAMPT (1:1000, ab236874,
abcam, UK), GSTP1(1:1000, ab138491, abcam, UK), and
GAPDH (1:5000, ab8254, abcam, UK). HRP-conjugated
secondary antibodies were then applied. Protein blots
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were visualized using the ChemiDoc XRS + System (BIO-
RAD, USA) and analyzed with Image].

Animal model

Healthy female BALB/c nude mice, aged 5 weeks, were
procured from the Department of Laboratory Animals
of Central South University. All animal procedures were
approved by the Institutional Animal Care and Use Com-
mittee (IACUC) (Certificate No. 20220533), The Second
Xiangya Hospital, Central South University. Subcutane-
ous injection of 5x 10 HCT116/L cells into the left flank
established an HCT116/L CRC xenograft model in these
mice.

Histopathology and TUNEL staining

Paraffin-embedded tumor tissue sections were subjected
to immune-histochemical staining. Sections were heated
at 60 °C, followed by blocking with 10% goat serum. They
were then incubated overnight with Ki67 primary anti-
body (1:2000, 27309-1-AP, Proteintech, US), followed by
a secondary antibody incubation and subsequent color
development. Nuclei were stained with hematoxylin, and
slides were examined under a microscope. Cell apopto-
sis was quantified using a colorimetric terminal deoxy-
nucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) apoptosis assay kit (Beyotime, China), follow-
ing the manufacturer’s instructions.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 9 (GraphPad Software, USA). Quantitative data
are presented as mean * standard deviation (SD). Signifi-
cance between groups was determined using two-tailed
Student’s t-tests and one-way ANOVA. Significance
thresholds were set at: *P<0.05, **P<0.01, ***P<0.001,
*#%P<0.0001, P-value>0.05 was considered not signifi-
cant (ns).

Results

Design, synthesis, and characterization of CuMnO,_,@
Oxa@SP NFs

CuMnO, _y nanozyme was synthesized by a one-pot
thermal decomposition method of Cu (acac), and Mn
(acac); in trimethylene glycol (TG) at high tempera-
ture under N, atmosphere, and the synthetic process
and structure of CuMnO,_y, nanoflowers are shown in
Fig. 1A. To enhance the physiological stability and no sig-
nificant toxicity both in vitro and in vivo [30], CuMnO, _,,
NFs surface was modified with soybean phospholipid
(SP). The morphologies of the CuMnO,_,, CuMnO,_y@
Oxa, and CuMnO,_,@Oxa@SP NFs were observed using
transmission electron microscopy (TEM) (Fig. 1B and
Figures S1A-S1B). TEM results showed that CuMnO, _y,
presented a flower-like nanostructure (CuMnO,_,, NFs).
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Fig. 1 Structure and properties. (A) Schematic diagram of the synthetic process and structure of CuMnO,_,@0xa@SP NFs. (B) TEM image, (C) HRTEM
image, (D) HAADF scanning TEM images, and (E) The corresponding elemental mappings of CuMnO,_,@Oxa@SP NFs. (F) PXRD pattern of CuMnO,_,, NFs.
(G) XPS survey spectra, high-resolution (H) OTs, (I) Cu 2p, and (J) Mn 2p spectrum of CuMnO,_,, NFs. (K) ESR spectra of CuMnO,_,, NFs. (L) The hydrody-
namic diameter and (M) the Zeta potential of CuMnO,_,, NFs, CuMnO,_,@0xa, and CuMnO,_,@0xa@SP NFs were measured in water. (N) FT-IR spectra
of CuMnO,_,, SP, Oxaliplatin and CuMnO,_,@0xa@SP NFs. pH-responsive (O) Cu, (P) Mn ions and (Q) Oxa release from CuMnO,_,@0xa@SP NFs, n=3
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The high-resolution transmission electron microscopy
(HRTEM) image in Fig. 1C, on the one hand, apparently
presents the lattice fringe spacing of 0.26 and 0.28 nm,
corresponding to the (111) and (220) planes of the CuO
and CuMn,0O,, respectively. On the other hand, it clearly
shows the defects, for instance, the dislocation faults,
which are marked with white circles. The X-ray energy
dispersive spectroscopy (EDS) elemental spectra dem-
onstrated a well-proportioned distribution of Cu, Mn,
Pt, and P elements, confirming the successful synthesis
of CuMnO,_y@Oxa@SP NFs (Fig. 1D and E). The crys-
talline structure of CuMnO, _y is further confirmed by
X-ray diffraction (XRD) analysis. The signals correspond-
ing to CuO and CuMn,0O, were detected on the diffrac-
tion pattern. According to JCPDS cards of CuO and
CuMn,0O,, peaks at 2 theta angles of 29.6 °, 36.6 °, 61.7
°and 50.5 ° correspond to (310), (111), (220) and (311)
planes of CuMn,0O, (JCPDS No. 71-1145), peaks at 2
theta angles of 43.5 ° and 74.3 °planes of CuO (JCPDS No.
44-0706), respectively (Fig. 1F).

The surface chemical state, elemental composition, and
oxygen vacancies of CuMnO,_,, were investigated via
X-ray photoelectron spectroscopy (XPS). As shown in
Fig. 1G and Table S1, showed a full survey scanned XPS
spectra that verify the presence of the Cls (49.87%), Ols
(37.28%), Mn2p (6.45%), and Cu2p (6.4%), which cor-
responded to peaks at 285.5, 532.1, 642.3, and 934.8 eV,
respectively. For the high-resolution spectrum of Cu
2p, the peaks at 934.2, 941.4, 944.1, 953.9, and 962.3 eV
correspond to Cu 2p3 Cu (I)-O, Cu 2p3 sat., Cu 2pl Cu
(I1)-O and Cu 2p1 sat, respectively (Fig. 1H). The Mn 2p3
peak maximum is located in the 641.3-643.0 eV region,
the peaks at 648.0 eV are assigned to Mn 2p3 sat., and the
Mn 2p1 peak maximum is located in the 652.9-654.2 eV
range (Fig. 1I). These peak positions were compatible
with those reported for MnO, [31]. The three main peaks
at 530.1, 531.6, and 533.14 eV in the high-resolution
spectrum of O 1s are derived from lattice oxygen, oxygen
vacancies, and surface oxygen, respectively (Fig. 1J). In
the O 1s spectrum, the peaks at 530.1 eV and 533.1 eV
correspond to the lattice oxygen in Cu-O/Mn-O bonds
and surface oxygen, respectively. The high resolution XPS
analysis of O 1s of CuMnO,_y, NFs can be divided into
three peaks at 530.1, 531.6 and 533.1 eV, corresponding
to O%" in the lattice, hydroxyl groups bonded to the metal
cations in the OVs (73.4%), Cu-O/Mn-O (9.8%) and C-O
(16.8), respectively (Fig. 1] and Table S2), which was con-
sistent with the peak position of oxygen-deficient regions
in previous reports [32]. More importantly, electron spin
resonance (ESR) spectroscopy further verified the forma-
tion of oxygen vacancies, with an obvious signal centered
at g-value 2.003 observed, which is a typical characteris-
tic of oxygen vacancies (Fig. 1K), confirming that an OV-
engineered CuMnO,_,, NFs was successfully prepared.
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The presence of oxygen vacancies would promote elec-
tron-hole separation of CuMnO,_y, in the reaction pro-
cess and improve the enzyme-like catalytic performance.

The mean hydrodynamics sizes of CuMnO,_,
CuMnO,_y@0Oxa, and CuMnO, ,@Oxa@SP were
88.6+6.5 nm, 85.3+7.4 nm, and 108.9+2.8 nm, respec-
tively (Fig. 1L). With the coating of the SP, the size of
CuMnO, y@Oxa@SP was ~23.6 nm larger than that
of CuMnO,_y. The loading of the Oxa increased the
zeta potential from -10.5+3.8 mV (CuMnO,_y,@Oxa)
to -7.7£2.6 mV (CuMnO,_y@Oxa). The CuMnO,_y@
Oxa@SP had a negative zeta potential of -27.7+6.6 mV
due to the exposure of the free phosphate group of SP on
the surface of CuMnO,_y@Oxa (Fig. 1M). In addition,
the Fourier transform infrared (FTIR) spectroscopy was
used to the characteristics of the CuMnO, _y, (Fig. 1N).
The bands corresponding to the vibrations of Mn-O and
Cu-O bonds appear at 492 cm™! and 625 cm™1, respec-
tively. The Cu-O bands intensity in the CuMnO,_y,
shifted to higher compared to that of the Mn-O, suggest-
ing that the formation of defects and oxygen vacancies
induced Cu-O stretching vibration [19]. Moreover, the
bands located at 3392 cm™! belonging to OH stretching
band vibrations are assigned to the stretching vibrations
of -OH group of adsorbed water on CuMnO,_y, sur-
face. To obtain higher stability and biocompatibility, the
CuMnO,_y, surface was functionalized with SP. The peaks
at 1693 cm™! of CuMnO, ,@Oxa@SP were assigned to
the phosphate group vibrations of SP, suggesting the suc-
cessful coating of SP onto CuMnO,_,@Oxa. The peaks
at 613 and 1713 cm™! were attributed to the vibration
of oxalate ligand bonds and the stretching vibration of
Pt-N bond and the typical vibrations of C-H in the FTIR
spectrum of CuMnO,_,@Oxa@SP, indicating that Oxa
was successfully loaded on CuMnO,_y. Further, induc-
tively coupled plasma mass spectrometry (ICP-MS)
was performed to investigate the ion release ability of
CuMnO,_,@0xa@SP. The release curves of Cu, Mn, and
Pt ions demonstrate the acid-responsive (pH 5.2) release
property (Fig. 10, P and Q). In contrast, the released
metal ions were limited at pH 7.4 after 48 h.

Multienzyme activities of CuMnO,_,@0xa@SP NFs

The multienzyme-mimicking activity of CuMnO,_y@
Oxa@SP NFs was evaluated for its potential in cancer
therapy. The NAD* oxidase-like activity was evaluated
by measuring the consumption of NAD* and NADH.
(Fig. 2A) [15]. As shown in Fig. 2B, NAD" and NADH
underwent rapid degradation within 20 min in the pres-
ence of CuMnO, _y, with degradation rates displaying
a concentration dependence. Notably, NAD" was con-
sumed faster than NADH, likely due to structural simi-
larities and interconversion between the two. Over time,
both NAD* and NADH were almost completely depleted.
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These results confirm the nano-NAD enzyme-mimick-
ing activity of CuMnO,_y@Oxa@SP NFs, effectively
catalyzing NADH oxidation. The proposed mechanism
involves NADH adsorption onto the CuMnO,_,@Oxa@
SP surface, where electron-hole pairs facilitate the two-
electron oxidation of NADH into NADs, which is further
oxidized to NAD" or fragmented into ADP-ribose radi-
cals and NAM (Figure S3) [33]. To further explore the
impact of bimetallic nanozymes and oxygen vacancies on
the NAD" enzyme - like activity of CuMnO,_,@Oxa@SP
NFs, we synthesized monometallic nanozymes CuO, and
MnO, without oxygen vacancies using the same method.
Under the same conditions as Fig. 2B, they couldn’t cata-
lyze NAD" decomposition, unlike CuMnO, y, (Figure S10
A-C).

To verify the reaction mechanism, NAD* oxidation
products were analyzed by negative ion electrospray
ionization mass spectrometry (ESI-MS). From the ESI-
MS spectra, peaks at m/z 662.1, 558.1 and 540.1 corre-
sponding to NAD*, ADP-ribose and its derivatives were
detected (Fig. 2C). This further evidenced the fragmen-
tation of NAD" into ADP-ribose and its derivatives dur-
ing NAD" oxidation. The observation of NAD" peak in
Fig. 2C was almost disappeared in ESI-MS measurement.
This will induce the single electron oxidation of NAD*
into ADP-ribose and its derivatives. These results sug-
gested that oxidation of NAD" involve bond cleavage,
making it an irreversible process.

Next, the ROS, including +OH, +O,™ and 'O, are the
three main products of multienzyme-mimicking activity,
the electron spin resonance (ESR) measurement was per-
formed to confirm their formation. We used additional
colored probes that fade in response to various types of
ROS to specifically distinguish the generated ROS. As
shown in Fig. 2D, E, F and G, the enzyme-mimicking
catalytic oxidation activity of CuMnO, _y, NFs was evalu-
ated using 1,3-diphenylisobenzofuran (DPBF), a yellow
probe that turns colorless upon reacting with ROS. In
the CuMnO,_y, + H,O, group, the characteristic DPBF
absorbance peak decreased over time, reaching 20% of
its initial value within 30 min, indicating efficient ROS
generation. In contrast, control groups exhibited neg-
ligible DPBF degradation (Figure S4). To confirm the
production of «O,", electron spin resonance (ESR) spec-
troscopy with 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
as a radical trap revealed prominent «O," signals in the
CuMnO,_y, + H,O, group, absent in the pure H,O, group
(Fig. 2G). These results indicate that the CuMnO, _,; NFs
convincingly generates «O,” under H,O,. Additionally,
OV-mediated 'O, generation was assessed using the sin-
glet oxygen probe 9,10-anthracenediyl-bis(methylene)
dimalonic acid (ABDA). Significant ABDA degradation
occurred only in the CuMnO,_,@0xa@SP + H,O, group
(Fig. 2H-J), with characteristic 'O, signals detected via
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ESR (Fig. 2K), while the control groups showed no activ-
ity (Figure S5). In Fig. 2K, the pure 2,2,6,6-tetramethylpi-
peridine (TEMP) in the absence of CuMnO,_,@Oxa@SP
NFs were both ESR silent, the TEMP with CuMnO,_y@
Oxa@SP NFs showed three lines (1:1:1) of ESR spec-
tra, which should be the characteristic spectra between
TEMP and 'O,. These results confirm that oxygen vacan-
cies in CuMnO,_,@Oxa@SP serve as electron donors
and acceptors, facilitating 'O, generation through inter-
actions with «O,” (Reactions 1-2) [21].

oxygen vacancies (OV*) + O, = OV** + «O, (1)
oxygen vacancies (OV*) + «Oy = OV + 10,(2).

Because of the variable valence Cu and Mn ions, we
tested whether the CuMnO,_y@Oxa@SP NFs, as
POD-like nanozymes, could convert H,O, into highly
toxic «OH via the classic Fenton reaction. Accord-
ingly, methylene blue (MB) was used as a probe to
detect «OH generation. As shown in Fig. 2L, under
mildly acidic conditions (pH=5.2), MB is oxidized by
the highly reactive «OH, resulting in colorless MB-OH.
The «OH generation was evaluated via ESR spectros-
copy using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)
as an «OH trapping agent. A quadruple resonance peak
with a signal intensity ratio of 1:2:2:1, a characteristic
DMPO-+OH adduct, was clearly observed, indicating
that CuMnO,_y@Oxa@SP was able to convert H,O,
into highly toxic «OH (Fig. 20). The characteristic peak
of MB in the MB +H,0,+ CuMnO,_,@0xa@SP group
faded significantly over 5 min, highlighting the excel-
lent «OH -generating capability, verifying the POD-like
activity of CuMnO,_y@Oxa@SP (Fig. 2M and N). In
contrast, the characteristic MB peak at 660 nm remained
almost unchanged in the other control group (Figure S6).
The acid-mediated generation of «OH by CuMnO,_y@
Oxa@SP NFs could be ascribed to the oxidation of
the oxidation state Cu ?*/Mn ** to Cu */Mn?* by H,0,
in the presence of H". According to Figure S2, the ESR
signal intensities were enhanced when concentration of
CuMnO, _y, increased. Taken together, these results con-
firm that the CuMnO,_y NFs produces «OH, «O," and
'O, under H,0,. These findings highlight the significance
of oxygen-vacancy-engineered engineering in enhancing
the catalytic performance of bimetallic nanozymes.

Density functional theory calculations on catalytic
mechanism

Compared to CuMnO,, the introduction of oxygen
vacancy defects significantly enhances the enzyme-like
catalytic activities of CuMnO,_, and the underlying
mechanism deserves in-depth investigation. To under-
stand the influential mechanism of oxygen vacancy
defects on nanoNAD-like, OXD-like and POD-like
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Fig. 2 (See legend on next page.)

activities more clearly, the density functional theory
(DFT) calculations were executed to evaluate the poten-
tial catalytic mechanisms of CuMnO, and CuMnO,_y.
The reaction pathways and energy profiles for the

POD-like activity of CuMnO,_y, are illustrated in Fig. 2P.
For the OXD-like reaction, the first step is the O, adsorp-
tion and then hydrogenation to generate OOH* spe-
cies with an adsorption energy of -1.80 eV. A O* species
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Fig. 2 Multienzyme-mimicking activities of CuMnO,_,@0xa@SP NFs. (A) Schematic illustration of nanoNAD-like-catalyzed activity. (B) Efficiency of
CuMnO,_,@SP nanozymes in catalyzing the degradation of NADH and NAD* solution at various concentrations (n=3). (C) The negative ion ESI-MS of en-
zymatic oxidation product of NAD*. (D) Schematic illustration of the OXD-mimicking catalytic procedure of CuMnO,_,@Oxa@SP NFs. (E) Detection of ROS
production of CuMnO,_,@0xa@5SP NFs+H,0, groups via degradation of DPBF. (F) Comparison of the oxidation of DPBF among the DPBF, DPBF +H,0,,
DPBF +CuMnO,_,@0xa@SP and DPBF +H,0,+CuMnO,_,@0xa@SP. (G) ESR of CuMnO,_,@0xa@SP NFs trapped by DMPO. (H) Schematic illustration
of ABDA catalytic activity. (I) Detection of 'O, production of CuMnO,_,@Oxa@SP NFs+H,0, groups via degradation of ABDA. (J) Comparison of 'O,
production among the ABDA, ABDA+H,0,, ABDA +CuMnO,_,@0xa@SP and ABDA +H,0,+CuMnO,_,@0xa@SP. (K) ESR of CuMnO,_,@0xa@SP NFs
trapped by TEMP. (L) Schematic illustration of the POD-mimicking catalytic procedure of CuMnO,_,@0xa@SP NFs. (M) Detection of ROS production of
CuMnO,_,@0xa@5SP NFs+H,0, groups via degradation of MB. (N) Comparison of the oxidation of MB among the MB, MB + H,0,, MB+CuMnO,_,@0xa@
SP and MB +H,0, +CuMnO,_,@0xa@SP. (O) ESR of CuMnO,_,@0xa@SP NFs trapped by DMPO. DFT calculations reaction pathways and corresponding
free energy diagrams of (P) OXD-like reaction and (Q) POD-like reaction for CuMnO, and CuMnO,_,, nanozymes. (R) Charge density difference and Bader

charges of

intermediate was created when H' ions approached and
bonded to the adsorbed OOH* intermediate on the Cu
atom (-4.16 eV). This stage resulted in energy losses of
2.3 eV. Then O* adsorbed on the Cu-Mn atom, and exu-
tive hydrogenation steps to obtain an H,O molecule.
These two stages resulted in energy losses of 0.62 and
0.14 eV, respectively. This step in OXD-like reaction is
formation process of adsorbed H,O* molecule, which is
easier for CuMnO, _y, relative to CuMnO, counterpart.

Regarding the POD-like activity, the proposed reac-
tion pathways and calculated energy profiles are shown
in Fig. 2Q. The H,0, molecule is first adsorbed on
the surfaces of CuMnO, and CuMnO,_,, with surface
adsorption energies of -0.12 and —0.33 eV, respectively,
which makes it easy for H,O, to adsorb on the surface
of both samples. H,0O, molecule was captured by the
CuMnO,_y, and adsorbed on a Cu atom, indicating that
the binding of H,O, to the CuMnO,_,, was energetically
favorable. Subsequently, the absorbed H,O, molecule
is uniformly cleaved by Cu-Mn* to form surface-active
groups attached to Cu-Mn. Most noteworthy, the defec-
tive formation of oxygen vacancies in CuMnO,_y, results
in a strong adsorption capacity, which makes it difficult
for H,0, molecules to stabilize on the CuMnO,_y, sur-
face, thus dissociating directly into 20H* (-4.89 eV)
with low energy. Subsequently, an increase in energy
(-4.10 eV) occurred as a result of the release of OH*, and
the other OH* species reacted with the approaching H*
to form H,O adsorbed on the surface, with an energy
drop of -3.92 eV. Finally, CuMnO,_y, recovered with an
energy increase of -3.52 eV following the formation of the
products. These results also explain that oxygen defects
reduce the free energy in OXD-like and POD-like reac-
tions, and their moderate binding on the nanozyme sur-
face is beneficial for accelerating the catalytic reactions
observed in this study.

To further illustrate atomic interface structure on the
electron properties of CuMnO,_y, we investigated charge
density difference and Bader charge analysis. The Cu,O,
Cu,Oy, CuMnO, and CuMnO,_y, were chosen asanan-
alysis model to discuss their performance in enzyme-
like catalysis (Fig. 2R). The adsorbed H,O, species on

CuMnO, _y, gained a notably higher quantity of electrons
(1.05 e™1) than on CuMnO, (0.94 e™!), Cu,0Oy (0.58 e 1)
and Cu,O (0.37 e™!). From this result, the energy barri-
ers of Cu-Mn dual-metal oxide is absolutely lower than
that of Cu single-metal oxide, which suggests that the
dual-metal oxide is more favorable for generating «OH
compared to the two single-metal oxide, and that of oxy-
gen defect rich Cu-Mn dual-metal oxide is the lowest.
Furthermore, the introduction of oxygen vacancy defects
alters the electron properties of CuMnO,_,, regulates
the binding of OH* intermediate on nanozyme surface
and finally obtains optimized enzyme-like catalytic reac-
tion processes. These results further validates that the
combined effect of Cu-Mn dual-metal sites and oxygen
vacancy defects facilitates the separation and transfer
of electrons and holes during the enzyme-like catalytic
reaction process on CuMnO, _,, which is consistent with
above findings.

Intracellular NAD" pool expansion as a key mechanism of
oxaliplatin resistance in colorectal cancer

To investigate the mechanisms of oxaliplatin resistance
in colorectal cancer, we utilized the oxaliplatin-resis-
tant cell line HCT116/L. The half maximal inhibitory
concentration (IC50) of oxaliplatin in HCT116/L cells
was 27.08 pg/mL, compared to 5.99 pg/mL in paren-
tal HCT116 cells (Fig. 3A). NAD" levels in HCT116/L
cells were ~5.4 times higher than in HCT116 cells, pri-
marily due to elevated NAMPT expression driving the
salvage pathway (Fig. 3B-E). Elevated NAD" enhances
cancer cell survival by supporting DNA repair, antioxi-
dant responses, and metabolic reprogramming. To clarify
the role of NAD*, we modulated its levels in HCT116
cells. NAM/D-Rib (D-Ribose) supplementation increased
NAD" and oxaliplatin resistance in a concentration-
dependent manner, while the NAMPT inhibitor FK866
reversed resistance and restored sensitivity to oxalipla-
tin (Fig. 3F-], Figure S7). Flow cytometry confirmed that
elevated NAD* suppressed apoptosis, whereas FK866
synergistically enhanced oxaliplatin-induced apopto-
sis (Fig. 3K-L). In HCT116/L cells, FK866 exhibited
strong synergy with oxaliplatin (ZIP synergy score: 7.1),
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effectively overcoming resistance. However, these cells
were less sensitive to FK866 due to their higher NAD*
levels, which prolonged metabolic activity and survival
despite salvage pathway inhibition (Figure S8A-D).

Cellular uptake of CuMnO,_,,@SP

Effective cellular uptake is critical for the tumor accu-
mulation of nanozymes, as sufficient accumulation
within tumor cells is necessary to ensure their thera-
peutic effects through localized catalytic activity. Indo-
cyanine green (ICG)-labeled CuMnO,_y@SP nanozymes
CuMnO,_y@ICG@SP showed time-dependent uptake
in oxaliplatin-resistant HCT116/L cells, confirmed by
increasing red fluorescence via confocal laser scanning
microscope (Figure S9A-B). Predominantly localized in
lysosomes (Figure S9C), the acidic lysosomal environ-
ment enhanced peroxidase-like activity, boosting anti-
tumor effects during oxaliplatin treatment [34, 35].

In vitro NAD-like catalytic activities of CuMnO,_,,@Oxa@SP
The interconversion of NAD* and NADH in tumor cells
is driven by glycolysis and the mitochondrial TCA cycle.
However, traditional NOX-based therapies, which accel-
erate. NADH-to-NAD"* conversion, primarily reduce
ATP production without fully disrupting the mitochon-
drial ETC or blocking NAD" resynthesis via the salvage
pathway, limiting their efficacy. Degrading NAD" into
NAM and ADP-ribose, which cannot re-enter the salvage
pathway, is critical for halting ETC activity and promot-
ing apoptosis (Fig. 4A). In HCT116/L cells treated with
100 pg/mL CuMnO,_y@SP, NAD" was rapidly degraded,
while NADH showed a slower, time-dependent decline
(Fig. 4B). By 48 h, when most cells had died, NAD" and
NADH levels equaled those in the culture medium. A
24-hour incubation period was chosen for subsequent
experiments. As shown in Fig. 4C-D, treatment with
CuMnO,_y@SP significantly reduced NAD* and NADH
levels compared to the PBS group. In contrast, 40 pg/mL
oxaliplatin increased NAD" and NADH levels, likely due
to stress responses stimulating their production as a pro-
tective mechanism. These results highlight the capability
of CuMnO,_y@SP to effectively disrupt NAD* metabo-
lism, offering a novel strategy to combat drug-resistant
tumors. Notably, monometallic nanozymes CuO, and
MnO, also have NOX - like activity. Compared with the
control group, they can reduce intracellular NADH con-
tent (Figure S10D). However, they can’t degrade intracel-
lular NAD". Instead, due to NADH oxidation, there’s a
tendency for NAD™ content to increase (Figure S10E).

To further investigate the efficiency of NAD" oxi-
dation and degradation by CuMnO, y@SP and
CuMnO,_y@Oxa@SP, as well as the duration of sal-
vage pathway inhibition, we employed a single low-
dose treatment approach. This ensured that tumor cells
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would not undergo complete cell death, allowing the
experiment to proceed without premature termina-
tion. The medium was partially refreshed every two
days to maintain experimental conditions. We then
monitored the changes in NAD' levels over time in
HCT116/L cells following treatment with CuMnO,_y@
SP or CuMnO,_,@Oxa@SP. Interestingly, before 48 h,
NAD" levels in the CuMnO,_y@Oxa@SP group were
slightly higher than those in the CuMnO,_y@SP group.
After 48 h, CuMnO,_y@Oxa@SP effectively continued
to deplete NAD™ and inhibit its synthesis, while NAD*
levels in the CuMnO,_y@SP group gradually increased
(Fig. 4D). This can be attributed to partial biodegrada-
tion of CuMnO, _,@SP at low doses, reducing its NAD"-
consumption efficiency. Additionally, NAD* precursors
introduced through medium replenishment reactivated
the salvage pathway. Nonetheless, NAD™ levels remained
relatively low even after 144 h. The CuMnO,_,@Oxa@SP
group demonstrated remarkable efficiency in depleting
NAD™ and inhibiting its synthesis, likely due to the syn-
ergistic effect between oxaliplatin and the nanoNADase
activity. NAD" depletion exacerbated oxaliplatin-induced
DNA damage and mitigated nanozyme dilution caused
by cell division, as the DNA repair process typically relies
on NAD*. Given the direct influence of NAD" on cellular
glucose metabolism [36] and the regulation of ATP pro-
duction, we further explored the effects of CuMnO,_y@
Oxa@SP on cellular glucose metabolism using '*F-FDG
uptake experiments. As illustrated in Fig. 4E, glucose
metabolism significantly decreased in both CuMnO,_y@
SP and CuMnO,_,@Oxa@SP groups compared to the
PBS control, also exhibiting suppressed ATP production
(Fig. 4F). These findings indicate that CuMnO,_,@Oxa@
SP effectively depletes NAD* continuously, disrupts the
mitochondrial ETC, impairs tumor cell glycolysis, and
inhibits ATP production.

Intracellular ROS detection

CuMnO, _y multifunctional nanozymes exhibit ROS-cat-
alytic activities, including POD-like, OXD-like, and OVs-
mediated activities (Fig. 4H). To evaluate their impact on
oxidative stress in chemotherapy-resistant HCT116/L
cells, we used DCFH-DA to measure total ROS genera-
tion after 4 h of treatment with different formulations. As
shown in Fig. 41, minimal fluorescence was observed in
the PBS, 20 pg/mL oxaliplatin, and 40 pg/mL oxaliplatin
groups, indicating low ROS production. In contrast, the
CuMnO,_,@SP and CuMnO, ,@Oxa@SP groups dis-
played intense green fluorescence, signaling significant
ROS generation due to nanozyme activity. This result
suggests that CuMnO,_y@SP enhances ROS produc-
tion compared to oxaliplatin alone, likely due to the high
NAD" levels in HCT116/L cells, which can counteract
oxidative stress induced by oxaliplatin [37].
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Fig. 3 (See legend on next page.)

We further confirmed the ROS-catalytic activities of
CuMnO,_y@SP by assessing the production of «O,",
'0,, and +OH in treated cells. Fluorescence microscopy
using specific ROS sensors revealed strong fluorescence

signals only in the CuMnO,_y@SP and CuMnO, y@
Oxa@SP groups (Fig. 41), indicating the nanozyme’s abil-
ity to generate all three reactive species. Flow cytometry
analysis quantified ROS-positive cells, revealing 68.1%
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Fig. 3 Intracellular NAD* elevation as a key mechanism of oxaliplatin resistance in colorectal cancer. (A) Evaluation of oxaliplatin resistance in the
HCT116/L oxaliplatin-resistant colorectal cancer cell line and its parental HCT116 cell line. (B) Total NAD* and NADH levels in HCT116 and HCT116/L
cells. (C) NAD*/NADH ratio. (D) Immunoblotting and quantification of NAMPT, the rate-limiting enzyme in the NAD" salvage pathway, in HCT116/L and
HCT116 cells. (E) Schematic of the NAD* salvage pathway in tumor cells. (F) Intracellular NAD* levels in HCT116 cells after 24-hour incubation with dif-
ferent concentrations of NAM/D-Rib, n=4. (G) Cell viability of HCT116 cells co-incubated with NAM/D-Rib and oxaliplatin for 24 h. (H) ZIP synergy score
heatmap for the effect of NAM/D-Rib on oxaliplatin sensitivity in HCT116 cells, with red indicating synergy, green indicating antagonism, and white
indicating an additive effect. (I) Intracellular NAD™ levels in HCT116 cells treated with FK866 +NAM/D-Rib for 24 h, n=4. (J) Cell viability of HCT116 cells co-
incubated with NAM/D-Rib, oxaliplatin, and FK866 under the same conditions as (G). (K, L) Flow cytometry analysis of apoptosis in HCT116 cells treated
with NAM/D-Rib or FK866 for 24 h, and corresponding statistical analysis, n=3. Error bars: S.D, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001

and 82.7% ROS-positive cells in the CuMnO,_y@SP and
CuMnO,_y@0Oxa@SP groups, respectively, compared to
just 3.1% in the control group (Fig. 4]). These findings
demonstrate that CuMnO,_y@SP rapidly catalyzes ROS
production, contributing to its potent cytotoxic effects.

Catalytic consumption of NAD" sensitizes oxaliplatin to
enhance antitumor efficacy

Building on the robust catalytic performance of
CuMnO,_y@Oxa@SP nanozymes, we further assessed
their cytotoxic efficiency against HCT116/L cells. As
shown in Fig. 5A. Initially, CuMnO,_,@Oxa@SP releases
oxaliplatin, which forms cross-links with DNA, antago-
nizing its replication, transcription, and repair processes,
thereby accumulating DNA damage. In addition, the
nanozyme, utilizing its efficient enzyme-mimicking prop-
erties, catalyzes a ROS storm while rapidly degrading
NAD", disrupting the mitochondrial ETC, and leading to
mitochondrial damage, further promoting cell apoptosis.
The combination of the nanozyme and oxaliplatin syner-
gistically enhances apoptosis in HCT116/L cells.

To evaluate DNA damage, we used immunofluores-
cence staining for y-H2AX, a marker for DNA double-
strand breaks (Fig. 5B-C). The CuMnO,_y@Oxa@SP
group showed the strongest green fluorescence, indicat-
ing the most severe DNA damage, aligning with ROS
findings. This increase in ROS and decrease in NAD* may
cause mitochondrial damage. We assessed mitochondrial
membrane potential changes with JC-1 staining. Normal
high membrane potential mitochondria emit red fluores-
cence, while damaged ones emit green (Fig. 5D-E). The
PBS, Oxa 20 pg/mL, and Oxa 40 pug/mL groups showed
normal function with strong red and weak green fluores-
cence. However, the CuMnO,_y@SP and CuMnO,_y@
Oxa@SP groups indicated severe damage with weak red
and intense green fluorescence.

We also differentiated live and dead cells using prop-
idium iodide (PL, red) and calcein-AM (green) to evalu-
ate CuMnO,_,@Oxa@SP’s cytotoxicity on HCT116/L
cells (Fig. 5F-G). The Oxa 20 pg/mL group had minor
effects on cell viability, while the Oxa 40 pg/mL and
CuMnO,_y@SP groups showed significant cell damage
with vivid red fluorescence. The CuMnO,_y@SP group
also showed increased cell death, reduced surviving cell
size, and morphological changes, possibly due to the

elevated NAD™ levels in HCT116/L cells, which supports
DNA repair and ADS. Oxaliplatin only mildly inhibited
proliferation, but the CuMnO,_y@SP group depleted
NAD", causing DNA damage and oxidative imbalance.
The CuMnO, y@Oxa@SP group showed negligible
green fluorescence, suggesting reduced NAD" impaired
DNA repair and antioxidant capabilities, increasing sus-
ceptibility to ROS and enhancing oxaliplatin’s antitumor
efficacy. Flow cytometry with Calcein-AM and PI dual
staining (Fig. 5H-I) confirmed these results, consistent
with fluorescence staining.

Subsequent analyses utilized Annexin V-FITC/PI
staining to detect early apoptotic events characterized
by exposure of phosphatidylserine due to loss of lipid
asymmetry, while PI penetrated disrupted nuclear mem-
branes, marking late apoptotic or necrotic cells. Annexin
V-FITC/PI staining revealed significantly higher apop-
totic and necrotic cell proportions in the CuMnO,_y@
Oxa@SP treatment group compared to other groups,
highlighting its strong cytotoxic effects (Fig. 5]-K). To
assess chemosensitivity enhancement, HCT116/L cells
were treated with oxaliplatin and CuMnO,_,@SP at
varying concentrations. MTT assay results showed a
dose-dependent reduction in oxaliplatin IC50 values with
increasing CuMnO,_y@SP concentrations, indicating
enhanced sensitivity due to ROS production and NAD*
depletion (Fig. 5L). SynergyFinder analysis confirmed a
strong synergistic effect between CuMnO,_y@SP and
oxaliplatin, with ZIP synergy scores exceeding 10 at rel-
evant concentration ranges (Fig. 5M).

To further evaluate the antitumor efficacy of
CuMnO,_,@Oxa@SP, oxaliplatin-resistant colorectal
cancer cells (HCT116/L) were treated with varying con-
centrations of CuMnO,_y@SP and oxaliplatin-loaded
CuMnO,_y@0xa@SP. As shown in Fig. 5N, CuMnO,_y@
Oxa@SP exhibited significantly stronger inhibitory
effects on HCT116/L cells compared to the CuMnO,_y@
SP group. Subsequently, we used ICP-MS analysis
to compare the intracellular retention of oxaliplatin
between the CuMnO, ,@SP+20 pg/mL oxaliplatin
combination and CuMnO,_,@Oxa@SP treatment alone.
As shown in Fig. 50, at the same oxaliplatin concentra-
tion, the intracellular Pt content in the CuMnO, @
Oxa@SP group was significantly higher than that in the
CuMnO, y@SP+0Oxa combination group, indicating
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that CuMnO,_,@Oxa@SP enhances oxaliplatin uptake.
Interestingly, compared to free oxaliplatin treatment
alone, the CuMnO, y@SP+Oxa combination signifi-
cantly increased intracellular Pt accumulation at the same
oxaliplatin concentration, suggesting that CuMnO,_y@
SP inhibits cellular metabolism of Pt.

Tumor accumulation of CuMnO,_,@SP nanozyme and
Inhibition of tumor glucose metabolism

The biodistribution of CuMnO,_,@SP nanozymes plays
a critical role in their efficacy for cancer therapy. We
assessed the tumor accumulation of CuMnO,_,@ICG@
SP in HCT116/L tumor-bearing mice using in vivo flu-
orescence imaging. As shown in Fig. 6A, fluorescence
intensity in the tumor region stabilized around 6 h post-
injection, indicating rapid accumulation of CuMnO,_y@
SP in the tumor tissue. Notably, the fluorescence signal
persisted in the tumor area 48 h post-injection, suggest-
ing strong retention of CuMnO,_,@ICG@SP within the
tumor. This strong retention is beneficial for therapeutic
purposes as it allows prolonged catalytic activity, enhanc-
ing the efficacy of the treatment. Quantitative analy-
sis of the average fluorescence intensity in the tumor
region confirmed this observation (Fig. 6C). At 24 h
post-injection, ex vivo fluorescence imaging of tumors
and major organs was performed. The imaging results
(Fig. 6B) revealed significant tumor accumulation of the
nanozymes, alongside normal clearance via non-target
organs. Additionally, we conducted ICP-MS analysis 24 h
post-injection to quantify the copper, manganese, and
platinum levels across different tissues. As shown in Fig-
ure S11, the major sites of accumulation were the liver,
spleen, and tumor tissue.

CuMnO,_y@SP nanozymes were evaluated as
T1-weighted magnetic resonance imaging (MRI) con-
trast agents due to their manganese content, demonstrat-
ing excellent superparamagnetic properties. Longitudinal
relaxivity (rl) measurements revealed a concentration-
dependent T1 signal enhancement, with a relaxivity value
of 0.0429 pg/mL (Figure S12A-B). In vivo MRI scans in
HCT116/L tumor-bearing mice showed enhanced local
T1 signals in tumor tissues, peaking at 24 h post-injec-
tion and remaining significantly elevated at 48 h (Figure
S12C). The contrast-to-noise ratio (CNR) increased by
4.2- and 3.3-fold at 24 and 48 h, respectively, compared
to controls (Figure S12D). These findings underscore the
significant tumor accumulation, optimal retention, and
the therapeutic potential of CuMnO,_,@SP as a versatile
theragnostic agent in the field of oncology. CuMnO,_y@
SP rapidly accumulates within tumors and remains for
an extended period, promoting sustained NAD" deple-
tion and disrupting glycolysis and ATP production. To
evaluate its effects on metabolism, we used pre- and
post-treatment *F-FDG PET/CT scans to assess glucose
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metabolism in HCT116/L xenografts (Fig. 6D). Quan-
titative analysis (Fig. 6E-G) revealed increased glucose
metabolism in the PBS group, while CuMnO,_y@Oxa@
SP treatment significantly reduced glucose metabolism.
These findings demonstrate that CuMnO,_,@Oxa@SP
effectively suppresses tumor metabolism, highlighting its
therapeutic potential.

Evaluation of intratumoral anti-cancer efficacy of
CuMnO,_,@SP nanozymes

To evaluate the in vivo antitumor efficacy of CuMnO,_y@
Oxa@SP, HCT116/L tumor-bearing mice were treated
with PBS (G1), oxaliplatin (Oxa) 5 mg/kg (G2) or 10 mg/
kg (G3), CuMnO,_y@SP 5 mg/kg (G4), or CuMnO,_y@
Oxa@SP 5 mg/1 mg/kg (G5) via tail vein injections on
days 0, 2, 4, and 6 (Fig. 7A). Tumor growth suppres-
sion was most pronounced in the CuMnO, y@Oxa@
SP group, significantly outperforming the oxaliplatin
and CuMnO,_,@SP groups after 14 days of treatment
(Fig. 7B). Tumor weights were consistent with rela-
tive tumor volume trends (Fig. 7C). Unlike Oxa-treated
groups, where weight loss and anorexia reduced survival
[38] (Fig. 7D-E), CuMnO,_y@Oxa@SP-treated mice
exhibited no adverse effects, highlighting its superior
biocompatibility.

Histopathological analysis revealed reduced Ki-67-pos-
itive cells in CuMnO,_y@SP and CuMnO,_,@O0xa@SP
groups, indicating suppressed proliferation (Fig. 7G-H).
TUNEL staining further confirmed enhanced apoptosis
in the CuMnO,_y@Oxa@SP group compared to other
treatments (Fig. 7I-J). These findings demonstrate the
nanozyme’s robust antitumor activity by inducing apop-
tosis and inhibiting proliferation.

Biocompatibility and biosafety were also assessed.
Although hematoxylin and eosin (H&E) staining showed
no histopathological abnormalities in major organs (Fig-
ure S13), serum biochemical analysis revealed significant
liver damage in the Oxa 10 mg/kg group, as indicated by
elevated alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), total bilirubin (TBIL), and total bile
acids (TBA) levels and decreased albumin (ALB) (Figure
S14). Kidney and muscle damage markers, such as cre-
atinine (CREA), uric acid (UA), and creatine kinase (CK),
were also elevated (Figure S15). Myocardial enzyme
analysis showed increased creatine kinase isoenzyme MB
(CKMB), lactate dehydrogenase (LDH), and LDH isoen-
zyme 1(LDH1), particularly in the Oxa 10 mg/kg group,
reflecting severe cardiac injury (Figure S16). In contrast,
nanozyme-treated groups exhibited no such abnor-
malities, confirming the safety and reduced toxicity of
CuMnO,_y@SP and CuMnO,_,@Oxa@SP treatments.

Visual examination of excised tumors confirmed the
significant therapeutic efficacy of CuMnO,_,@Oxa@SP
(Fig. 7F). These results underscore its ability to reverse
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Fig. 4 In vitro evaluation of nanozyme-mimicking enzymatic performance. (A) lllustrates the therapeutic strategy of CuMnO,_,@SP nanozymes irre-
versibly degrading NAD* and disrupting the electron transport chain. (B) NAD"™ and NADH levels in HCT116/L cells after incubation with CuMnO,_,@SP
nanozyme (100 pg/mL) for different durations. NAD* (C) and NADH (D) levels in HCT116/L cells treated with different methods: (1) PBS, (2) Oxa 20 pg/mlL,
(3) Oxa 40 pg/mL, (4) CuMnO,_,@SP 100 pug/mL, and (5) CuMnO,_,@0xa@SP 100 pg/mL. (E) Glucose uptake and (F) intracellular ATP production levels
in HCT116L cells under different treatments. (G) Duration of NAD* catalytic degradation in HCT116L cells following a single low-dose administration of
CuMnO,_,@SP and CuMnO,_,@0xa@SP. (H) Schematic representation of the multi-enzyme activities of CuMnO,_,@SP nanozymes in promoting ROS
generation. (I) Fluorescence imaging of ROS generation in HCT116L cells, including total ROS, superoxide anion, singlet oxygen, and hydroxyl radicals. (J)
Flow cytometry analysis of ROS levels (\ex=488 nm, Aem =530+ 30 nm, green). Error bars: 5.0, n=3.* p<0.05, ** p<0.01, *** p <0.001, **** p <0.0001
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CuMnO,_,@SP 100 pg/mL + oxaliplatin 20 pg/mL, and CuMnO,_,@0xa@SP 100 pg/mL loaded with 20 ug/mL oxaliplatin



Zhong et al. Journal of Nanobiotechnology (2025) 23:352 Page 17 of 23

(A)
oo
w
®
Qo
2,
G)
2
ka3
o
(=
=
=
&)
Q
O
@
@
™
L
(B) Free ICG
. \ 40— CuMnO, ., @ICG@SP
Liver Heart  Liver b\ - Free ICG
Spleen —
Heart o i =2 301 P
& o N\
Spleen Lung Kidney Ty [ X -
Lung Kidney | il L 207 i .
o ey Tumor 23 I/ &
“Q / \ Tumor < E1d [/ .
W J . e
> pild *—o
A4 i T L] T T T
0 3 6 12 24 48
Time (h)
(D) Rl 4
L] = pre-treatment
2 8 after treatment
] = # 3| E N8 ok ek sxw
4 3 g [[MT]] |_|
Q- £ x
gL B & 27
] =
e d £ a
. o N
@ = a ]
X Gl G2 G3 G4 G5
g5~ s (©)
Q% A 2
B = ]
3£ 5} % 20
g% 19 E E
[0} 0
g5 ]2 £ :
i I s ]
> % © g 40
c = = °
s g 3  60- i
£ Y 20 = &
R
=g — G1 G2 G3 G4 G5
i Day
g 1 ¢ 8 \
! G1=PBS G2=0xa (5 mg/kg) G3=0xa (10 mg/kg) .
2 I
] .
. G4=CuMnO, ,@SP (5mg/kg) G5=CuMnO, ,@Oxa@SP (5mg/kg) )
\ :

Fig. 6 In vivo fluorescence imaging with CuMnO,_,@ICG@SP and BE-FDG PET-CT were used to assess the inhibitory effects of CuMnO,_,@0xa@SP
on tumor glucose metabolism. (A) Fluorescence imaging of HCT116/L tumor-bearing mice at various time points following intravenous injection of
CuMnO,_,@ICG@SP (5 mg/1 mg/kg) and free ICG (1 mg/kg). (B) Ex vivo fluorescence imaging of major organs and tumors at 24 h post-injection. (C) Fluo-
rescence intensity of the tumor at different time points shown in (A). (D) Schematic of the animal study design for assessing the impact of CuMnO,_,,@
ICG@SP on glucose metabolism in HCT116/L tumor-bearing mice. (E) Representative pre- and post-treatment 8. FDG PET/CT images (tumors indicated
by white circles). (F) and (G) Quantitative analysis corresponding to the data in (E). Error bars: S.D, n=3, * p<0.05, ** p<0.01, *** p <0.001, **** p<0.0001



Zhong et al. Journal of Nanobiotechnology (2025) 23:352 Page 18 of 23

@ . .
\\.
| ‘
L ] ] 1 | | o
Day -12 0 2 4 6 14
t t t t t
Tumor inoculation CuMn, ,,@0xa@SP (i.v.) 1. Sacrifice
(s.c.) 2. Survival
® ©) (F)
& G1 — B0O-
_E_m -t ¥ g G1 i{ ) @ 3
: 2% £ [*] 2 v @ W
g« e £ 400- ™ :
I § > o
.g 200 l 4\'*‘::&_‘_. .g 200+ 4 et Gz _J @ J
EE R "G G2 &s s o g @ ©
(D) E) _ )
el | B “«@ & O
£ E 1 < =
-E ’ 'Emo- /HHH
2ol o ‘ 1 e~ Gs|lg @ ©
g & SE g (R
o= 2‘; ‘ K] peae fom 2 3 4 B
o 2 & & YRR T Y

Time (days) Time (days)

! G1=PBS G2=0xa (5 mg/kg) G3=0xa (10 mg/kg) :
2 G4=CuMnO, ,@SP G5=CuMnO, ,@0xa@SP ;

Fig. 7 Invivo therapeutic response in HCT116/L tumor-bearing mice. (A) Schematic of the animal experiment design. (B) Tumor volume measurements.
(C) Tumor weights after 14 days of treatment with different formulations, n=3. (D) Survival curves of treated mice, n=3. (E) Body weight changes in
tumor-bearing mice during the treatment period. (F) Representative images of excised tumors after 14 days of treatment. (G) Immunohistochemical
staining for Ki-67 and (1) TUNEL staining. (H) Quantitative analysis of Ki-67 positive cells and (J) TUNEL positive cell proportions. Error bars: S.D,, * p <0.05,
**p<0.01,** p<0.001, **** p<0.0001



Zhong et al. Journal of Nanobiotechnology (2025) 23:352

oxaliplatin resistance by disrupting NAD* metabolism,
enhancing oxidative stress, and synergizing with oxali-
platin to inhibit tumor metabolism and growth. The com-
bination therapy offers enhanced efficacy with reduced
chemotherapy-associated toxicity, making it a promising
approach for biomedical applications.

RNA sequencing (RNA-seq) transcriptome analysis

To investigate the anticancer mechanism of CuMnO,_y@
Oxa@SP, we performed RNA-Seq transcriptomic analy-
sis of HCT116/L cells treated with CuMnO,_,@Oxa@SP
(C), oxaliplatin (O), or PBS (P) for 24 h (Fig. 8A). Both
treatments significantly altered gene expression and cell
signaling pathways compared to PBS (Fig. 8A, E-F). Key
glycolytic enzymes such as ALDOA, ENO1, and HK1
were notably affected (Fig. 8B). Oxaliplatin treatment
(OvsP) caused upregulation of glycolysis-related genes,
suggesting enhanced glucose metabolism in resistance. In
contrast, CuMnO,_y@Oxa@SP treatment (CvsP, CvsO)
downregulated these genes, disrupting glycolysis and
glucose metabolism, consistent with *F-FDG glucose
metabolism results (Fig. 4E).

Oxidative  phosphorylation was also impacted
(Fig. 8C). Oxaliplatin treatment upregulated compo-
nents like ATP6V1F and COX6C, indicating increased
energy demand to counteract DNA damage and ROS.
CuMnO,_y@Oxa@SP treatment reversed this, downreg-
ulating oxidative phosphorylation genes, consistent with
ATP content measurements (Fig. 4F). These results sug-
gest CuMnO,_,@Oxa@SP disrupts NAD" metabolism
and inhibits glycolysis and oxidative phosphorylation,
imposing a dual blockade on HCT116/L cells’ bioener-
getic processes.

Oxaliplatin resistance-related genes such as AKT1,
PLK1, and DKK1 were significantly downregulated
upon CuMnO, y@Oxa@SP treatment (Fig. 8D). For
example, AKT1 enhances glucose metabolism, contrib-
uting to resistance [39], while PLK1 and DKK1 promote
chemotherapy resistance and poor prognosis [40, 41].
CuMnO,_y@Oxa@SP effectively reversed the expres-
sion of these genes, overcoming oxaliplatin resistance in
HCT116/L cells.

Further, GSTP1 expression, a key drug-resistance pro-
tein [42, 43], was reduced in HCT116/L cells treated with
CuMnO,_y@SP and CuMnO,_,@Oxa@SP (Fig. 8G-
H). This reduction increased intracellular oxaliplatin
accumulation, highlighting the potential of nanozymes
in modulating drug metabolism and overcoming resis-
tance. CuMnO,_,@Oxa@SP treatment also upregulated
genes like BNIP2 and FOS, which enhance sensitivity
to oxaliplatin [44] (Fig. 8D). These findings suggest that
CuMnO,_,@0xa@SP sensitizes HCT116/L cells to oxali-
platin, improving its therapeutic efficacy.
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Enrichment analysis of differentially expressed genes
(Fig. 8E) showed enrichment in processes like cell growth,
apoptosis, and DNA replication, with significant suppres-
sion of glycolysis and oxidative phosphorylation. KEGG
pathway analysis (Fig. 8F) revealed positive enrichment
in IL-17, NF-kB, and ferroptosis-related pathways, and
negative enrichment in Rapl, Ras, and Wnt pathways,
key players in colorectal cancer progression and chemo-
resistance [45, 46, 47]. These results underscore the dual
therapeutic effects of CuMnO,_,@Oxa@SP in disrupting
energy metabolism and overcoming oxaliplatin resistance

in CRC [48].

Discussion

Oxaliplatin-based chemotherapy regimens are widely
used for the effective maintenance treatment of patients
with advanced CRC. However, approximately 50% of
patients rapidly develop resistance, and even those ini-
tially responsive eventually acquire resistance, posing
significant challenges to CRC treatment [3]. This study
introduces CuMnO,_y@Oxa@SP, a novel multifunctional
bimetallic nanozyme engineered with oxygen vacan-
cies to address oxaliplatin resistance in CRC. The nano-
zyme exhibits multi-enzyme mimetic activities, including
NAD* oxidase-like, OXD, and POD activities, enabling
rapid and irreversible NAD* consumption. By disrupt-
ing the ETC and tumor antioxidant defense systems,
this multifunctional nanozyme effectively exposes the
metabolic vulnerabilities of chemoresistant tumor cells.
Additionally, it facilitates oxaliplatin delivery, synergis-
tically enhancing antitumor efficacy while minimizing
chemotherapy-associated toxicity and improving patient
outcomes.

Our findings revealed further upregulation of NAD*
levels in oxaliplatin-resistant CRC cells (Fig. 3B-C),
potentially attributed to oxaliplatin-induced NAMPT
overexpression (Fig. 3D). Elevated NAD* levels support
DNA repair, mitochondrial ETC activity, and antioxi-
dant defenses, contributing to chemoresistance. Notably,
intracellular NAD* directly inhibits oxaliplatin-induced
apoptosis, sustaining tumor survival during chemo-
therapy (Fig. 3). Previous studies have explored NAD*
targeting, such as Wang et al’s development of a water-
soluble conjugated polymer catalyst that slowly degrades
NAD?* in breast cancer cells under white light, impairing
mitochondrial ETC [25]. However, the practical clini-
cal use of this method is constrained by the challenges
associated with delivering white light to deep tissues
and the relatively low activity of the catalyst. Similarly,
traditional NAMPT inhibitors are often associated with
severe toxicity and resistance [8, 9, 10, 11]. By irrevers-
ibly degrading NAD* (Fig. 4C, Figure S3), thereby block-
ing mitochondrial ETC and tumor ADS, CuMnO, y@
Oxa@SP uniquely circumvents these limitations, offering
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Fig. 8 RNA-Seq analysis of potential antitumor effects of CuMnO,_,@0xa@5SP. (A) Heatmap of differentially expressed genes in PBS-treated and Oxali-
platin- and CuMnO,_,@Oxa@SP-treated HCT116/L cells analyzed by RNA sequencing, (B-D) CuMnO,_,@0xa@SP, Oxaliplatin and PBS-treated HCT116/L
cells for the regulation of glycolysis, oxidative phosphorylation and oxaliplatin resistance-related gene expression. (E) GO enrichment analysis to identify
the pathways mediated by CuMnO,_,@0xa@SP treatment compared to Oxaliplatin-treated group. (F) KEGG enrichment analysis identifying pathways
mediated after CuMnO,_,@0xa@SP treatment compared to Oxaliplatin-treated group. (G-H) Immunoblotting and normalized grayscale values of GSTP1
in HCT116/L cells after treatment with different formulations for 24 H. n=3, Error bars: S.D,, * p<0.05, ** p<0.01, *** p<0.001, **** p <0.0001
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a novel therapeutic strategy to overcome clinical oxalipla-
tin resistance.

Compared to monometallic nanozymes, bimetallic
nanozymes have demonstrated superior catalytic activity
and stability due to their multi-catalytic active sites, mak-
ing them widely applicable in cancer research [22]. In this
study, copper ions were combined with manganese ions,
leveraging the strong substrate adsorption capabilities
of copper sites to lower energy barriers for intermediate
products while enhancing catalytic activity through elec-
tron interactions with neighboring atoms. The addition
of manganese ions introduced multi-enzyme mimetic
activities and TME-responsive degradability, mitigating
the long-term toxicity of copper ions. In the field of can-
cer therapy, bimetallic nanozymes show great application
potential. They can generate ROS and belong to oxygen-
dependent therapy. However, the hypoxic microenvi-
ronment of solid tumors greatly reduces the efficacy of
oxygen-dependent therapy [49]. Meanwhile, intracellular
overexpression of NAD" significantly decreases cellular
ROS levels, enhancing NAD"-related antioxidant defense
systems and further limiting the therapeutic effect of
oxygen-dependent therapy. In this study, we innovatively
introduced a NAD®-targeting consumption therapeu-
tic strategy to disrupt the antioxidant defense barriers
of tumor cells and increase their sensitivity to ROS. Our
results demonstrated that CuMnO,_,@Oxa@SP gen-
erates a ROS storm (Fig. 2 and 4), amplifying oxidative
stress in tumor cells. This mechanism disrupts redox bal-
ance and mitochondrial function, triggering apoptosis in
oxaliplatin-resistant cells. Importantly, this nanozyme’s
NAD" catalytic decomposition is oxygen-independent
(Figure S3), allowing it to effectively consume NAD" in
hypoxic environments. This enhances the sensitivity of
oxygen-dependent therapy, overcomes its limitations,
and broadens its application prospects in solid tumor
treatment.

Good biocompatibility is essential for nanomaterials
in biomedical applications [50]. Our results show that
nanozyme-loaded oxaliplatin, with pH-responsive release
(Fig. 1Q), reduces liver/kidney damage and cardiotoxic-
ity compared to free oxaliplatin (Figure S14-16). After
14 days of treatment, vital organ slices from the nano-
drug group show no significant damage, indicating good
in vivo safety and tolerability. Biodistribution analysis
reveals nanozymes mainly accumulate in the liver, spleen,
and tumor, favoring hepatobiliary excretion and reducing
accumulation risk, thus enhancing clinical application
safety. Previous studies have shown that GSTP1 binds
reduced glutathione (GSH) to platinum compounds,
forming soluble, non-toxic GS-Pt derivatives that are
easily excreted [51]. Our study demonstrated that
CuMnO,_y@Oxa@SP downregulates GSTP1 expres-
sion (Fig. 8G-H), increasing intracellular drug retention
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(Fig. 50) and restoring chemosensitivity. The dual inhi-
bition of GSTP1 and NAD* consumption impairs tumor
defenses against DNA damage and oxidative stress.

Moreover, dual targeting of energy metabolism and
ROS defenses represents an effective strategy to over-
come CRC chemoresistance. Our findings indicate that
CuMnO,_,@Oxa@SP significantly reduces glucose
metabolism and ATP production in HCT116/L cells
(Fig. 4E-F), consistent with results from oxaliplatin-
resistant CRC mouse models (Fig. 6E-G). Furthermore,
CuMnO,_y@0xa@SP effectively induces DNA damage,
disrupts ETC, and promotes apoptosis in vitro (Fig. 5)
while inhibiting tumor growth in vivo (Fig. 7B). Ki-67
staining confirmed reduced cell proliferation (Fig. 7G),
and the presence of large necrotic regions and apoptotic
cells in TUNEL staining (Fig. 7I) corroborated these find-
ings, despite no significant reduction in tumor volume.

Although CuMnO,_y@Oxa@SP shows great therapeu-
tic potential, several limitations require further investiga-
tion. For instance, this study employed a subcutaneous
xenograft model using nude mice due to the challenges of
constructing oxaliplatin-resistant orthotopic CRC mod-
els. Consequently, the immune activation potential of
the nanozyme remains unexplored. Future studies should
address these issues to further validate the therapeutic
efficacy of CuMnO,_y@Oxa@SP. Secondly, in the design
of nanozymes, bioinformatics analysis can be used to find
more effective catalytic targets [52], thereby enhancing
the effectiveness and targeting of nanozymes.

Conclusion

In summary, to address therapy resistance caused by
excessive NAD* accumulation due to tumor NAMPT
hyperactivation, we rationally designed and developed a
novel multifunctional oxygen-vacancy-engineered bime-
tallic nanozyme. This nanozyme exhibits remarkable
NAD*-mimicking activity, enabling the rapid, sustained,
and irreversible degradation of NAD* and its derived
cofactors while blocking the NAD synthesis salvage path-
way. The irreversible breakdown of NAD* suppresses
DNA repair mechanisms, disrupts the ETC, damages
mitochondria, and cuts off the energy supply, thereby
exposing the metabolic vulnerabilities of tumor cells.
Moreover, the nanozyme demonstrates POD- and OXD-
like activities and leverages the Fenton-like activity of
Cu* and Mn™ to induce an intracellular ROS surge, trig-
gering apoptosis pathways. It also inhibits GSTP1 expres-
sion, thereby blocking the GSTP1-dependent oxaliplatin
detoxification pathway, enhancing oxaliplatin efficacy,
and reducing chemotherapy side effects while exploiting
its weaknesses. Consequently, CuMnO,_,@Oxa@SP NFs
exhibit significant therapeutic efficacy in an oxaliplatin-
resistant colorectal cancer model. This work not only
advances the design of defect-engineered nanozymes and



Zhong et al. Journal of Nanobiotechnology (2025) 23:352

unlocks the potential of nanozyme-mediated metabolic
intervention in cancer therapy but also offers a novel
strategy and therapeutic approach for clinically challeng-
ing tumors.
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