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ABSTRACT: Reasonable design and construction of artificial
enzymes with excellent catalytic activity, good stability and
superior biocompatibility is essential for tumor therapy. Single-
atom site catalysts (SAs) with well-defined atomic structure and
electronic coordination environments have been regarded as a
new type of nanozyme that can exhibit excellent catalytic activity
like natural enzymes. Here, we constructed a copper-based single-
atom site nanozyme (named Cu-N,O/C) that stabilized in hollow
carbon nanosphere, and the electronic structure of the single
copper active center was precisely controlled by regulating the
coordination of nitrogen and oxygen. The well-designed Cu-N;O
active center enables the Cu-N,O/C nanozyme to exhibit multiple
extraordinary enzyme-mimicking activities by synchronously

catalyzing the generation of reactive oxygen species (ROS), which can effectively inhibit the growth of tumor cell in vitro
and in vivo, and the therapeutic effect pronounced enhanced in the weak acidic tumor environment. In addition, the
remarkable near infrared spectroscopy (NIR)-photothermal conversion activity of Cu-N,O/C nanozyme significantly
enhances the efficiency of cancer cell killing. Therefore, single-atom site nanozyme possesses significant therapeutic

efficacy for tumor therapy through multiple ROS and photothermal activity.

KEYWORDS: single copper atom catalysts, nanozyme, reactive oxygen species, photothermal therapy, tumor

1 Introduction

Nanomaterials with intrinsic enzyme-mimicking activities are
defined as nanozymes and have been widely investigated in recent
years, because of their great potential in treating numerous diseases,
especially in tumor therapy [1-6]. Unlike natural enzymes that are
extremely susceptible to pH, temperature, jonic strength and other
environmental factors, nanozymes exhibit superior stability and
recoverability in practical applications, even in complex
environment and physiological conditions [7-12]. Since Fe;O,
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nanoparticles was firstly reported to show intrinsic peroxidase-like
(POD-like) activities in 2007 [4], numerous nanomaterials were
subsequently discovered to exhibit highly efficient POD-like
activities through generating peroxide species in biological systems,
such as transition metal oxides, noble metal particles and
nanocarbon materials [13-16]. Not only the POD-like activities are
discovered for nanozymes, the oxidase (OXD)-like, catalase (CAT)-
like and superoxide dismutase (SOD)-like activities have also been
identified in recent decades [17-20]. The enzyme-mimicking
activities of nanomaterials are mainly performed by catalyzing
H,0,, O,, or H,O to generate the reactive oxygen species (ROS),
such as superoxide anion (-O,), singlet oxygen ('O,), hydrogen
peroxide (H,O,) and hydroxyl radical (-OH), that can damage
biomolecules and induce cellular apoptosis [21-25]. Some
nanozymes have been reported to exhibit not only a single ROS
activity, but also the concurrent multiple ROS activities proposed to
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significantly enhance the tumor therapeutic efficacy in practical
applications [26-28]. Therefore, developing the nanozymes with
highly efficient intracellular ROS activities is extremely important
for tumor therapy.

In recent decades, although numerous efforts have been devoted
to developing nanozymes with significantly multiple ROS activities,
however, the inferior kinetics, relatively low catalytic activity,
unclear active sites, and the rapid ROS elimination severely limit the
further application of nanozymes. As a new type of nanozymes,
single-atom site catalysts (SAs) have been regarded as the favorable
alternatives to conventional enzymes in tumor therapeutics.
Because of the maximum atomic utilization efficiency, unique
quantum size effect, and well-defined electronic and geometric
structure, single-atom site enzymes possess the highly evolved
catalytic center that mimic natural enzymes at the atomic level,
therefore bridging the gap between the natural enzymes and
nanomaterials [29-35]. For instance, Shi and co-works reported a
Cu-based SAs that can catalyze H,0, and O, to -OH and -O," in the
acidic tumor microenvironment without external energy
consumption, the generated ROS can effectively inhibit tumor
growth by oxidizing the intracellular biomolecules. Moreover, the
turnover frequency (TOF) of Cu sites in nanozymes for POD-like
reaction is about 5000 times larger than that of commercial Fe;O,
nanozyme [36]. Wu and co-works found the well-designed
Mn/PSAE possess the POD-like and OXD-like activities, which
were remarkably enhanced in the weak acidic tumor environment.
In addition, the supported amorphous carbon exhibits an excellent
photothermal conversion activity, which effectively kill tumor cells
in tumor therapy applications combined with the ROS activities of
Mn sites [37]. Fe-based and Ru-based SAs have also been reported
to exhibit strong POD-like activities [38, 39]. Among numerous
transition metals, Cu acts as the active center in some biological
enzymes and can efficiently catalyze organic oxidization by oxygen
[36]. Additionally, Cu exhibits versatile oxidation states and high
electron transfer capacity, which are critical for mimicking enzyme
activities such as POD, CAT, and OXD (36, 40, 41]. The advantage
of abundant, cost-effective and interact effectively with ROS makes
Cu a promising candidate for cancer therapy. Most recently
reported SAs nanozymes use nitrogen-doped carbon as the
substrate, in which the nitrogen atoms act as the coordination atom
to anchor the metal active sites. As far as we know, the catalytic
activity of SAs is mainly depended on the metal active sites and
their coordination atoms. Replacing the coordinated N with lower
electronegativity atoms (e.g., phosphorus and sulfur) in active
center can significantly regulate the electronic structure of active
center, thus effectively enhancing the catalytic activity of SAs
nanozymes [42—44]. Therefore, constructing a Cu-based SAs
nanozyme with expected coordination structure in active center will
be more beneficial to tumor therapy.

In this work, we constructed an atomically dispersed Cu-based
SAs nanozyme with Cu-N;O active center anchored on hollow-
structured carbon nanosphere, named as Cu-N,0O/C nanozyme,
which displays an outstanding POD-mimicking and OXD-
mimicking activities by concurrently catalyzing H,0, and O, to -O,
and -OH through two parallel reactions, the generated ROS can
efficiently induce tumor cells death through oxidization of
intracellular biomolecules. The well-designed Cu-N,O/C nanozyme
have been demonstrated to possess an outstanding POD-like
activity and a remarkable NIR-photothermal activity. The in vitro
and in vivo experiments both demonstrate that Cu-N,0/C
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nanozyme possesses the ability of killing cancer cell and suppressing
tumor growth. This work provides a valuable reference to rational
design of SAs nanozyme for tumor therapy.

2 Results and discussion

The synthesis procedure of Cu-N,0/C nanozyme is schematically
illustrated in Fig. 1(a) [45]. As exhibited in Fig. 1(a), EDTA-
Cu/SiO,@PDA nanosphere with average size of about 250 nm was
firstly prepared via a modified in situ polymerization method.
Briefly, the SiO, nanosphere templates were gradually formed in the
solution with NH,OH and tetraethyl orthosilicate (TEOS) as raw
materials, and the dopamine monomers were oxidized and
polymerized in situ on the surface. To make the Cu active sites
homogeneously distributed in the whole catalyst structure, Cu-
EDTA complexes were added during synthesis. Subsequently, the
obtained green EDTA-Cu/SiO,@PDA precipitate was calcinated at
800 °C under Ar atmosphere to carbonize the polydopamine
(PDA) layer, and then etched by NaOH at 70 °C to remove SiO,
template, obtaining the hollow structured Cu single-atom site
material, which is denoted as Cu-N,O/C nanozyme. The
transmission electron microscopy (TEM) image in Fig. 1(b) exhibits
a hollow structured nanosphere with an average size of ~ 260 nm
and a wall thickness of ~ 10 nm. High resolution TEM (HRTEM)
image in Fig. 1(c) displays the amorphous structure of carbon layer,
and the ring-like selected area electron diffraction (SAED) pattern
in Fig. 1(e) further confirms the poor crystallinity of Cu-N,0/C
nanozyme. Figure 1(d) shows the atomic-resolution aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (AC HAADF-STEM) image, in which
homogeneous dispersed bright dots marked with red circle can be
clearly observed, which are corresponding to the isolated Cu atoms
anchored on the carbon framework, demonstrating the atomic
dispersion of Cu atoms in Cu-N,O/C nanozyme. The energy-
dispersive X-ray spectroscopy (EDS) mappings (Figs. 1(f)-1(j))
identify the uniformly distribution of C, N, O and Cu over the
whole nanostructure. The content of Cu in Cu-N,O/C nanozyme is
confirmed by inductively coupled plasma optical emission
spectrometry (ICP-OES), and the value is 0.65 wt.%.

An only broad diffraction peak located at ~ 24° can be observed
in X-ray diffraction (XRD) pattern (Fig. 1(k)) for both Cu-N,0/C
and N,0O/C, which is ascribed to the (002) plane of graphitic carbon,
and no diffraction peaks that are corresponding to the crystalline
Cu species can be observed, demonstrating the atomically dispersed
Cu atoms in Cu-N,O/C nanozyme. These results are consistent
with the HRTEM and AC HAADF-STEM analysis. To investigate
the chemical state of the isolated Cu atoms in Cu-N,0/C
nanozyme, the X-ray absorption near-edge structure (XANES)
spectra of Cu-N,0/C, Cu,0, CuO and Cu-foil were measured and
the results are displayed in Fig. 1(I). As shown in Fig. 1(1), the Cu
absorption edge of Cu-N,O/C is located between that of Cu,0 and
CuO, indicating that the oxidation state of Cu in Cu-N,O/C is
between +1 and +2. The coordination environment of Cu site in Cu-
N,O/C at atomic level was further studied by extended X-ray
absorption of fine structure (EXAFS), as exhibited in Fig. 1(m), only
one main peak at 1.40 is found in the R-space EXAFS spectrum of
Cu-N,O/C, which belongs to Cu-N and Cu-O bonds. Whereas no
Cu-Cu characteristic peaks (2.24 A) is detected, further
demonstrating the atomically dispersed Cu sites in Cu-N,0/C
nanozyme. According to the fitting results of the R-space EXAFS
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Figure1 Preparation procedure, morphology and structural characterization of Cu-N,0/C nanozyme. (a) Schematic illustration of the formation of Cu-N,0/C
nanozyme. (b) TEM, (c) HRTEM, (d) HAADF-STEM images and (e) SAED pattern of Cu-N,0/C nanozyme. (f)-(j) HAADF-STEM elemental mapping of Cu-N,0/C
nanozyme. (k) XRD patterns of N,O/C and Cu-N,0/C nanozymes. (1) Cu K-edge XANES spectra of Cu-N,O/C nanozyme and reference samples. (m) Fourier transform
(FT) at the Cu K-edge of Cu-N,0/C nanozyme, Cu,0O, CuO and Cu foil. (n) The measured and fitted Cu K-edge XANES spectra of Cu-N,0/C nanozyme. Inset:

schematic model of Cu-N,O/C nanozyme (Cu: orange; N: blue; O: pink; C: grey).

spectrum, the proposed coordination structure of Cu center in Cu-
N,O/C nanozyme is Cu-N;O (Fig. 1(n)). The survey X-ray
photoelectron spectroscopy (XPS) spectrum (Fig. S1 in the
Electronic Supplementary Material (ESM)) of Cu-N,O/C nanozyme
demonstrates that the chemical content of Cu-N,0/C nanozyme is
Cu, N, O and C. The high-resolution C 1s XPS spectrum (Fig. S2(a)
in the ESM) can be deconvoluted into graphitic sp’ carbon (C-C,
284.8 eV), oxygen-bonded carbon (C-O, 285.3 eV, C=0, 290.2 eV),
and nitrogen-bonded carbon (C-N, 286.8 eV). Figure S2(b) in the
ESM exhibits the high-resolution N 1s XPS spectrum, in which five
fitted peaks can be ascribed to pyridinic-N (398.5 V), pyrrolic-N
(3994 V), Cu coordinated N (400 eV), graphitic-N (401.1 eV), and

(& 27w | Sci@pen

94907292 (3 of 9)

oxidized-N (403.9 eV) [46, 47]. The high-resolution O 1s XPS
spectrum is shown in Fig. S2(c) in the ESM, in which the fitted peak
at 531.3 eV is ascribed to the Cu-O bond, and this is consistent
with the fitting results of R-space EXAFS spectrum. Cu 2p XPS
spectrum (Fig. S2(d) in the ESM) is further used to investigate the
chemical valence of Cu, and the main peaks located at 932.9 and
935.1 eV are corresponding to Cu' and Cu*, indicating that the
oxidation state of Cu” is between 1 and 2, which agrees well with
the XANES analysis.

The OXD-like and POD-like activities of Cu-N,O/C nanozyme
were systematically investigated and the details are schematically
illustrated in Fig. 2(a). The CAT property of Cu-N,O/C nanozyme
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Figure2 Catalytic performance of Cu-N,0/C nanozyme. (a) Schematic illustration of the activity of Cu-N,O/C nanozyme. (b) The O, generation from the
decomposition of H,O, by Cu-N,0/C nanozyme and N,O/C. (c) OXD-like activity of Cu-N,O/C nanozyme at different pH values. TMB: 1 mM and Cu-N,0/C
nanozyme: 10 pg/mL (n = 3). (d) ESR spectra of -OOH under different conditions. Spin adduct: BMPO. (e) POD-like activity of Cu-N,O/C nanozyme at different pH
values. TMB: 1 mM, H,O,: 1 mM, and Cu-N,0O/C nanozyme: 10 pg/mL (n = 3). (f) ESR spectra of -OH under different conditions. Spin adduct: DMPO.

was firstly studied by catalyzing H,0, to O,. As shown in Fig. 2(b),
the concentration of O, catalyzed by Cu-N,O/C nanozyme
continuously increases as time going on, which is significantly
higher than those of N,0/C and H,0, control. This result confirms
the excellent CAT activity of Cu-N,O/C nanozyme. To investigate
the OXD-like activity of Cu-N,O/C nanozyme, the
ultraviolet-visible (UV-vis) absorbance changes of 3,3,5,5-
tetramethylbenzidine (TMB) at 652 nm is monitored. The colorless
TMB can be oxidized to a blue oxide, which can be quantified by
detecting the UV-vis absorbance at 652 nm. As exhibited in
Fig. 2(c), the marginal OXD-like activity can be observed for Cu-
N,O/C nanozyme at neutral pH, and with the decrease of pH value
to a weak acidic condition, the OXD-like activity of Cu-N,0/C
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nanozyme increases significantly. To further understand the
catalytic performances of Cu-N,0/C nanozyme for the OXD-like
activity, the Michaelis—Menten steady-state kinetic curve is
obtained and the related parameters are calculated (Fig. S5 in the
ESM), in which the V, ,, and k., are 3.3 x 10 M/s and 0.1565 mM,
respectively. Furthermore, to investigate the potential catalytic
mechanism, electron spin resonance (ESR) is applied to monitor
the possible active intermediates with 5-tertbutoxycarbonyl-5-
methyl-1-pyrroline N-oxide (BMPO) as a spin trap. As shown in
Fig. 2(d), an obvious characteristic BMPO/-OOH signal with
intensity of 1:1:1:1:1:1 can be detected during the reaction,
indicating the generation of -OOH radicals, which identify that Cu-
N,O/C nanozyme is active site for the production of -O, radicals
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during BMPO oxidation. However, no BMPO/-OOH signals are
observed for N,O/C support and pure water, demonstrating that
the atomically dispersed Cu atoms are the active sites for the
generation of -O, radicals. Normally, the OXD-like activity of
nanozyme is based on the O, substrate, which can be reduced to
-0, radicals by accepting electrons. However, the O, content in the
tumor tissues is ultralow and the H,O, content is excessive.
Therefore, CAT activity of Cu-N,O/C nanozyme is extremely
important for the subsequently OXD-like activity, and the excellent
CAT activity of Cu-N,O/C nanozyme ensures the outstanding
OXD-like activity of Cu-N,0/C nanozyme.

The POD-like activity of Cu-N,O/C nanozyme is investigated by
catalyzing H,O, reaction, during which the H,0, is catalyzed to
decompose into -OH radicals. Similar to the OXD-like activity, the
generated -OH radicals are detected by TMB, which can be oxidized
by -OH to a blue oxide and quantified by detecting the UV-vis
absorbance at 652 nm. As exhibited in Fig. 2(e), Cu-N,0/C
nanozyme displays a POD-like activity in a wide pH range, and the
POD-like activity is enhanced when the pH value decreases, the
best activity is obtained at pH 4.0. This result demonstrates that the
POD-like activity of Cu-N,0O/C nanozyme is acidity-dependent and
more significant in tumor microenvironment. The steady-state
kinetics of Cu-N,O/C nanozyme for POD-like activity are
calculated based on the velocity of the TMB oxidation. The V,,,
and k,, for TMB are 17.64 x 10 M/s and 0.4204 mM respectively,
and for H,0, the V. and k,, are 7.28 x 10®* M/s and 0.3601 mM
(Fig. S7 in the ESM). According to the above analysis, Cu-N,O/C
nanozyme exhibits a superior POD-like activity than most of the
reported nanomaterials (Table S1 in the ESM). The ESR is further
used to measure the generation of -OH radicals with 5,5-Dimethyl-
1-pyrroline N-oxide (DMPO) as the spin trapper, and the result is
displayed in Fig. 2(f). A characteristic quartet ESR spectra with
intensity of 1:2:2:1 is obtained for Cu-N,O/C nanozyme, which is in
good agreement with the characteristic spectrum of DMPO/-OH.
While no DMPO/-OH characteristic peaks can be detected for
N,O/C and pure H,0,, indicating that Cu atoms are the real active
sites for catalyzing H,0, to -OH. According to the above in vitro
analysis, the obtained Cu-N,0O/C nanozyme obviously exhibits
OXD-, CAT- and POD-like activities, which significantly enhanced
under weak acidic conditions in the tumor microenvironment. The
remarkably multiple enzymatic activities of Cu-N,O/C nanozyme
indicate the potential application in cancer cell killing and tumor
therapy. In addition, the durability of Cu-N,O/C nanozyme was
further evaluated (Fig. S8 in the ESM), Cu atoms can retain almost
100% on the support and no Cu atoms can be detected by
inductively coupled plasma mass spectrometry (ICP-MS) during
60 h incubation in both neutral and acidic conditions, indicating an
excellent stability of Cu-N,O/C nanozyme.

Besides the multiple enzyme-like activities, the photothermal
activity of the Cu-N,0/C nanozyme were further investigated, and
the infrared thermal images are shown in Figs. S9 and S10 in the
ESM. As exhibited in Figs. S9 and S10 in the ESM, the temperature
of Cu-N,0/C nanozyme increases rapidly under the irradiation of
808 nm laser within 5 min, and the temperature increases obviously
with increase of catalyst concentration. The maximum temperature
reaches at 48.3 °C when the concentration of Cu-N,O/C nanozyme
is 400 mg/mL, which is sufficient for the photothermal effect tumor
elimination. Meanwhile, the photothermal stability test of Cu-
N,O/C nanozyme is shown in Fig. S11 in the ESM, the
photothermal activity of Cu-N,0/C nanozyme can keep stable after
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five cycles without any attenuation, demonstrating an excellent
durability.

Next, we conducted cellular assays on Cu-N,O/C nanozyme. The
intracellular ROS generation capacity was investigated by using a
ROS probe 2,7-dichlorodi-hydrofluorescein diacetate (DCFH-DA).
H,0, is a key substrate in POD-like catalysis, and to mimic the
physiological state of the tumor, 100 (M H,0, was added in the cell
culture for the assessment of intracellular ROS level. In confocal
microscope tests, the Cu-N,O/C plus H,0, group showed
fluorescence intensity comparable to that of the ROS up treatment
group. The group of CT-26 cells treated with Cu-N,0/C and
additional H,O, exhibited the strongest green fluorescence in
contrast to the control and blank groups, which may be attributed
to the accumulation of -O,™ and -OH radicals (Fig. S13 in the ESM).
Interestingly, mild fluorescence was observed in cells treated with
Cu-N,O/C alone, possibly attributed to the utilization of
intracellular H,0, by Cu-N,O/C nanozyme. The above results
confirmed the catalytic ability of Cu-N,O/C for ROS generation in
cells using H,O, as substrate.

The confirmed OXD-like and POD-like activities of Cu-N,0/C
nanozyme, along with its outstanding and stable photothermal
conversion performance, strongly motivate further exploration of
its antitumor potential. Initially, we assessed the Cu-N,0/C
nanozyme-mediated inhibition of cell proliferation in CT-26 colon
cancer cells. As illustrated in Fig. 3(a), at concentrations up to 200
pg/mL, Cu-N,O/C nanozyme alone showed minimal effects on cell
proliferation, indicating its excellent biocompatibility. However,
when cells were pre-treated with H,0,, the Cu-N,0/C nanozyme
significantly inhibited cell proliferation in a dose-dependent
manner, underscoring its pronounced antitumor effect in the
presence of H,O,. This observation aligns with the Cu-N,0/C
nanozyme’s confirmed enzymatic activities. Due to its excellent
photothermal conversion effect, Cu-N,O/C nanozyme also
exhibited significant inhibition of cell proliferation under NIR
irradiation, with a clear dose-dependent effect. Most notably, the
combination of H,0, and NIR irradiation with Cu-N,0/C
nanozyme resulted in optimal inhibition, demonstrating a
synergistic effect that maximizes tumor suppression.

The antitumor efficacy of Cu-N,0/C nanozyme on CT-26 cells
can be directly observed using fluorescence imaging on cells co-
stained with propidium iodide (PI) (staining dead cells in red
fluorescence) and Calcein AM (staining living cells in green
fluorescence). As depicted in Fig. 3(b) and Fig. S14 in the ESM,
neither the solo treatments with H,O,, Cu-N,0O/C nanozyme, nor
NIR irradiation significantly affected cell viability. However, the
combination of Cu-N,0/C nanozyme with H,0, resulted in
substantial red fluorescence, indicating marked cytotoxicity.
Remarkably, in the presence of both H,O, and NIR irradiation, Cu-
N,O/C nanozyme led to the most prominent red fluorescence in
the cells, suggesting that this treatment strategy induced the greatest
cytotoxic effect. These results, consistent with the cell viability assay
results, collectively indicate that the combined catalytic and
photothermal effects mediated by Cu-N,O/C nanozyme can
achieve synergistically enhanced antitumor effects in vitro. This
result was further confirmed by flow cytometric measurement. As
shown in Fig. 3(c), compared to catalytic killing alone, the
combination of catalytic and photothermal killing mediated by Cu-
N,O/C nanozyme resulted in the most significant increase in CT-26
cell apoptosis. Collectively, these results demonstrate that Cu-
N,O/C nanozyme can mediate synergistic catalytic and
photothermal killing, achieving enhanced antitumor effects in vitro.
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Considering the biocompatible of Cu-N,O/C nanozyme in vivo
is obscure, we initially evaluated whether Cu-N,O/C nanozyme
could be injected intravenously. As shown in Fig. S15 in the ESM,
the hematolysis rate of Cu-N,O/C nanozyme slightly increases at
500 pg/mL, indicating that there is no obvious toxicity of red blood
cells even at 500 pug/mL. Subsequently, the half-life time of the Ce6-
labeled Cu-N,0O/C nanozyme during blood circulation was
determined by measuring the relative fluorescence intensity in the
blood of mice following intravenous injection. The calculated half-
life time of the Ce6-labeled Cu-N,O/C nanozyme in mouse blood
was 0.46 h (Fig. S16 in the ESM), suggesting a faster metabolic rate
and higher biosafety in vivo. These results revealed that Cu-N,0/C
nanozyme has good biocompatibility. The promising enzymatic
activities and photothermal effects of Cu-N,O/C nanozyme on
tumor cells encouraged us to assess its anticancer performance
in vivo. The photothermal action of Cu-N,0/C nanozyme was
evaluated on CT-26 tumor-bearing BALB/c mice. As shown in
Figs. 4(a) and 4(b), in situ photothermal imaging showed a rapid
temperature increase of 26.1 °C during the first 1 min in the Cu-

Nano Research, 2025, 18, 94907292

94907292 (6 of 9)

N,0/C nanozyme group, and this high local temperature was
maintained during the subsequent 9 min irradiation period. By
comparison, only a 4 °C-temperature increase was observed in the
control group treated with PBS after 10 min irradiation. The
photothermal conversion efficiency (PCE) of Cu-N,O/C nanozyme
was calculated to be 28.4% (Fig. S12 in the ESM).

Subsequently, we investigated the antitumor effects, leveraging
both the enzymatic and photothermal properties of Cu-N,0/C
nanozyme. The treatment procedure was as follows: Cu-N,0/C
nanozyme was injected into tumor-bearing BALB/c mice at the
dose of 15 mg/kg, followed by an 808 nm laser exposure at
1.5 W/em? for 10 min. The tumor growth was monitored for
14 days post-treatment. As shown in Fig. 4(c), laser irradiation
alone (group II) had no effect on tumor growth relative to the
control (group I). The treatment with Cu-N,O/C nanozyme (group
IIT) clearly inhibited tumor growth. Remarkably, the combination
of Cu-N,0/C enzyme treatment and laser irradiation (group IV)
significantly reduced tumor growth. After the treatment, we
collected the tumors from the mice for photography and tumor
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Figure4 Photothermal-enhanced therapeutic effect of Cu-N,O/C nanozyme in vivo. (a) Photos of photothermal effects of Cu-N-C at different time points in vivo. (b) In
vivo photothermal curves of mice at different time points. (c) Tumor growth volumes were monitored during 14 days of treatment. (d) Photo of dissected tumors after 14
days of treatment in different groups. Black dotted circles indicate complete ablation of the tumor. (e) Tumor wrights of different groups after 14 days of therapy. (f) H&E
staining of tumor sections after different treatments. Scale bars are 200 pm. (g) Body-weight curves of female bablc/nude mice treated with NIR or different Cu-N-C
groups during 14 days of treatment (n = 5 for each group, data are shown in mean + SD).

weight analysis. As shown in Figs. 4(d) and 4(e) and Fig. S14 in the
ESM, consistent with the tumor volume monitoring data, the
combination of Cu-N,O/C nanozyme treatment and laser
irradiation showed the best tumor weight inhibition effect.
Additionally, we performed hematoxylin and eosin (H&E) staining
analysis on the collected tumor tissues. As shown in Fig. 4(f), the
images of H&E staining showed severe necrosis in the Cu-N,O/C
nanozyme group with NIR irradiation, in which nuclear
condensation and cell shrinkage were clearly identified. Terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) apoptosis assay was also implemented in Fig. S17 in the
ESM, it can be observed that Cu-N,O/C nanozyme + NIR induced
significant apoptosis of cancer cells in tumor tissue. These results
revealed the prominent anti-tumor effect of Cu-N,O/C nanozyme
when combining its enzymatic activity and photothermal property.
The systemic toxicity of Cu-N,0/C nanozyme mediated therapy
was evaluated by body weight measurement during the treatment.
The mouse growth profiles indicated that the treatment of Cu-
N,O/C nanozyme, whether with NIR irradiation or not, had no
influence on the growth of mice (Fig. 4(g)). Moreover, H&E
staining assay was performed on major organs and tumor tissues
after the administration (Fig. S18 in the ESM). No visible damage
was observed in major organs, including heart, liver, spleen, lung,
and kidneys, suggesting good biocompatibility of this Cu-N,0/C
nanozyme. These results indicated the high biosafety of Cu-N,0/C
in potential antitumor applications. The integrated enzyme catalytic
activities and PTT effects of Cu-N,0/C nanozyme significantly
enhanced the anti-tumor efficiency, especially in a weak acid
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environment, which was comparable with those of the recently
reported single-atom nanozymes and other types of metal-based
nanozymes [12, 22-25, 34—41].

3 Conclusions

In summary, we designed a Cu-based single-atom site nanozyme,
Cu-N,O/C, for efficient tumor therapy through combining
chemical and photothermal treatment effect. Owing to the well-
designed electronic structure of Cu active center, the biomimetic
Cu-N,O/C nanozyme exhibits concurrent multiple OXD-like, CAT-
like and POD-like activities, during which oxygen and hydrogen
peroxide can be directly catalyzed into superoxide anion (-O,") and
hydroxyl radical (-OH), respectively, for the oxidation and damage
of target biomolecules. Moreover, the ROS activities of Cu-N,0/C
nanozyme are significantly enhanced under weak acidic conditions
in cancer cells, and the high level of H,O, in cancer cells can also be
taken advantage by Cu-N,O/C nanozyme to efficiently generate
ROS for cancer cells killing. In addition, Cu-N,O/C nanozyme
exhibits superior NIR-photothermal performance under 808 nm
laser irradiation, and the synergistic effects of photothermal and
enzyme-mimicking activities enable Cu-N,O/C nanozyme
effectively kill cancer cells in vitro and ablation of tumors in vivo,
confirming the excellent therapeutic effect of Cu-N,0/C nanozyme
for cancer therapy. Our work provides a promising strategy for
designing highly active single-atom site nanozyme with effectively
multiple enzyme-mimicking and photothermal activities for tumor
therapy.
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Electronic Supplementary Material: Supplementary material
(additional XPS results, EXAFS fitting curves, Michaelis-Menten
kinetics curves, POD-like activity analysis, temperature elevation
profile, near-infrared photograph, confocal microscope images,
fluorescence images, and H&E staining images of major organs) is
available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907292.
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