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Chemodynamic therapy (CDT) based on nanozyme has received much attention for safe and effec-
tive cancer treatment. However, the catalytic ability of nanozyme and insufficient intracellular H,0,
levels severely limit their therapeutic effect. To overcome these limitations, we construct tumor
microenvironment-responsive hybrid cascade systems, where single-atom Cu nanozymes (CuNC SANSs)
with high peroxidase (POD)-like activity were synthesized to immobilize glucose oxidase (GOx). To en-
hance their biological performance and stability, polyethylene glycol (DSPE-PEG-NH,) is further modified.
After endocytosis into tumor cells, the immobilized GOx of cascade systems reacts with intracellular glu-
cose to produce H,0, in situ. The H,0, with elevated concentration can be further catalyzed by CuNC
SANs and increase ROS yield after cascade reaction, thus amplifying the effect of CDT. In addition, the
consumption of glucose cuts off the energy supply of the tumor, realizing starvation therapy. Significantly,
the photothermal properties of CuUNC SANs not only accelerate the cascade reaction but also enable pho-
tothermal therapy (PTT) for cancer treatment. This study proposes a promising PTT/CDT/starvation triple

therapy strategy for high-efficiency cancer therapy.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cancer constructs a serious threat to human life, and many
strategies have been developed for safe and effective cancer treat-
ment [1,2]. Among them, enzyme catalytic therapy based on reac-
tive oxygen species (ROS) has aroused great research interest, due
to low toxicity, tumor microenvironment (TME)-responsive features
and non-invasiveness [3-5]. Nevertheless, the fragile nature of nat-
ural enzymes greatly limits their practical application in cancer
catalytic therapy, including poor stability and easily inactivated in
vivo [6-8].

Nanozyme, a type of nanomaterial with intrinsic enzyme-like
characteristics and brilliant stabilities, has great potential instead
of enzymes for cancer treatment [9,10]. They possess many unique
advantages over natural enzymes, including easy preparation, ex-
cellent stability, and cost reduction [11,12]. For cancer therapy,
nanozymes are reported to penetrate and remain at the tumor site
selectively based on the unique vascular structure of the tumor
[13-15]. Under the condition of TME (mildly acidic [16], hypoxia
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[17], inflammation [18], over-expressional H,0, [19]), nanozymes
can mimic the activity of peroxidase (POD) and catalyze the excess
H,0, in the tumor to produce poisonous hydroxyl radical (‘OH)
to cause cells apoptosis, realizing chemodynamic therapy (CDT)
[20-22]. Due to the specific response toward TME, nanozyme-
based CDT is a promising cancer catalytic therapy strategy [23-
25]. To date, various nanozymes have been explored to gener-
ate strong "OH for tumor-specific therapy by CDT [26-28]. How-
ever, to achieve higher tumor elimination, CDT needs to increase
the amount of ‘OH generated to amplify cell apoptosis [29-31].
To solve this problem, various strategies to improve the catalytic
activity of nanomaterials have been proposed to initiate a highly
efficient catalytic reaction [32,33]. Unfortunately, the nonuniform
chemical composition and low density of active sites of nanozymes
severely compromise the efficiency of catalytic reactions [34,35].
Recently, the emergence of single-atom nanozymes (SANs) has
caused a sensation in biomedical fields [36-38]. Due to abundant
atomically dispersed active sites and the optimized coordination
structure, SANs exhibit superior catalytic activity and selectivity
than traditional nanozymes [39,40]. The excellent POD-like activ-
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Scheme 1. Illustration of the construction steps of CGP NRs and augmented
CDT/PTT/starvation therapy.

ity of SANs promotes the generation of *OH by efficient catalytic
reaction, which enhances the efficiency of CDT [41-43]. However,
the limited intratumoral H,0, concentration also fails to produce
a desirable and sufficient amount of ‘OH for inducing satisfactory
CDT [44]. Therefore, it is extremely important to explore a strat-
egy that integrates SANs with cellular H,0, supplements to am-
plify endogenous "“OH generation and achieve high-efficiency CDT.

In this work, we synthesized single-atom Cu nanozymes
(CuNC SANs) with high POD-like activity by the salt template
method, which aims to trigger efficient catalytic reactions for high-
efficiency cancer CDT (Scheme 1). To overcome the limitations of
insufficient H,O, levels on the efficiency of CDT, glucose oxidase
(GOx) is immobilized in CuNC SANs to construct an H,0, self-
supplying hybrid cascade system. To enhance their biological per-
formance and stability, polyethylene glycol (DSPE-PEG-NH,) is fur-
ther modified and TME-responsive CuNC@GOx-PEG nanoreactors
(CGP NRs) are developed. After CGP NRs are enriched at the tu-
mor site, the immobilized GOx of cascade systems reacts with in-
tracellular glucose to produce H,0, in situ, elevating the concen-
tration of Hy0, and increasing ROS yield at the tumor area, thus
amplifying the effect of CDT. The consumption of glucose in tu-
mors also cuts off the energy supply and consequently inhibits the
proliferation of tumors, achieving cancer starvation therapy. Fur-
thermore, the distinct photothermal properties of CuNC SANs not
only accelerate the cascade reaction but also can be used for can-
cer photothermal therapy (PTT). Overall, this work designs an effi-
cient photothermal synergistic multi-enzymatic cascade therapeu-
tic scheme to achieve H,0, self-supply CDT/PTT/starvation therapy
for cancer.

According to a salt-template strategy, single-atom Cu
nanozymes (CuNC SANs) are synthesized, which possess high-
concentration Cu sites on carbon nanosheets. The wrinkle mor-
phology of CuNC SANs is demonstrated by scanning electron
microscopic (SEM) (Fig. 1a), and their ultrathin nanosheet struc-
tures are further validated by transmission electron microscopy
(TEM) (Fig. 1b). The aberration-corrected high-angle annular
dark-field scanning TEM (HAADF-STEM) image shows a large
amount of white bright dots, indicating the existence of isolated
atomic Cu sites (Fig. 1c). To improve the potential for biomedical
applications, the small-size CuNC SANs are obtained using an
ultrasonic processor, which is verified by SEM and TEM images
(Figs. S1a and b in Supporting information). Moreover, the crystal
structure of CuNC SANs prepared in this work is investigated
using XRD analysis (Fig. S2 in Supporting information). The XRD
spectrum of CuNC SANs gives only two distinct peaks 22.9° and
43.2°, which is in agreement with (002) and (100) reflections of
graphitic carbon, revealing that CuNC SANs have graphitization
domains without the existence of crystalline Cu species. The
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valence state and local coordination environment of CuNC SANs
are revealed by the X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS). As shown
in Fig. 1g, the analysis of XANES spectra of CuNC SANs and Cu foil
indicates that the valence state of Cu is between Cu® and Cu?*.
For further clarification, X-ray photoelectron spectroscopy (XPS) is
performed to discriminate the electronic structure. As shown in
Fig. S3b (Supporting information), the high-resolution XPS result
of Cu 2p shows Cut and Cu?* peaks. Moreover, the coexistence
of Cu and N is also verified by XPS spectra of CuNC SANs (Fig.
S3a in Supporting information). In addition, no characteristic peak
for Cu-Cu bonding is detected in the EXAFS spectrum of CuNC
SANs, indicating the atomic distribution of Cu (Fig. 1h). The fitting
results show the coordination number of Cu is ~4 (Fig. S4 and
Table S1 in Supporting information).

To obtain CuNC@GOx hybrid cascade systems, GOx is loaded
to CuNC SANs by electrostatic interaction (Fig. 1d). As shown in
Fig. S5 (Supporting information), the zeta potential value of CuNC
SANs decreased from 3.727 mV to 1.866 mV, indicating the success-
ful loading of GOx. Figs. 1e and f show TEM images of the prepared
composites, in which hazy and sticking edges are observed in com-
parison with TEM images of CuNC SANs. The successful fabrication
of CUNC@GOX is also demonstrated by UV-vis absorption spectra
(Fig. S6 in Supporting information). Compared with CuNC SANs, a
typical absorption peak of GOx near 260 nm appeared in the spec-
tra of CUNC@GOX, proving the immobilization of GOx. The amount
of GOx loaded into CuNC SANs is calculated to be 59.02% by BCA
protein assay (Fig. S7 in Supporting information). This high-loading
content of GOx shows the potential to trigger high-efficiency cas-
cade catalytic reactions. To improve the stability and biocompati-
bility of CuNC@GOx, polyethylene glycol (DSPE-PEG-NH,) is mod-
ified and the final products of CGP NRs are obtained. The Fourier
transform infrared spectra (FTIR) of CGP show a peak at 2877 cm™!,
which represents the vibrations of -CH,- from PEG (Fig. 1i). More-
over, compared with the spectra of CuNC SANSs, additional peaks
(1680 and 3313 cm™!) appear in the FTIR spectrum of CGP that cor-
respond to -NH-CO- vibration and -NH,- vibration respectively, in-
dicating the immobilization of GOx in CuNC SANs.

To investigate the POD-like activity of CuNC SANs, the typical
3,3/,5,5’-tetramethylbenzidine (TMB) oxidation experiment is con-
ducted. Due to the catalytic action of POD-like enzymes, colorless
TMB can be converted into blue oxidized TMB (oxTMB) and ex-
hibits a characteristic absorption at 652nm. As depicted in Fig.
2a, no significant signal changes are observed in the spectra of
TMB or TMB+H,0,. However, a clear absorption peak at 652 nm
is observed after the addition of CuNC SANs, proving the favor-
able POD-like activity of CuNC SANs. The absorbance of oxTMB
increases gradually with the increase of H,0, concentration (Fig.
2b), demonstrating H,O,-dependent oxidation reactions. The POD-
like activity of CuNC SANSs is further investigated by the H,0, and
TMB chromogenic system-based kinetic assay. For both H,0, (Fig.
2c) and TMB (Fig. S8 in Supporting information), the kinetic anal-
ysis results show that CuNC SANs-based catalyzed reactions obey
Michaelis-Menten kinetics. Meanwhile, the detailed kinetics pa-
rameters are compared with those of other reported work (Table
S2 in Supporting information), which proves the high catalytic abil-
ity of CuNC SANSs. In addition, based on the Vi« for substrate TMB,
the comparison of the POD-like and OXD-like activities of CuNC
SANs is performed. As shown in Fig. S9 (Supporting information),
CuNC SANs exhibit superior POD-like catalytic activity.

To distinguish the reactive species generated by CuNC SANs,
the catalytic products are also analyzed by electron spin reso-
nance (ESR) spectroscopy. The short-lived radical is captured by
5,5-dimethyl-1-pyrroline N-oxide (DMPO). As demonstrated in Fig.
2d, there are no obvious signals presented after adding H,0,. How-
ever, characteristic absorption 1:2:2:1 hydroxyl radical signals ap-
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Fig. 1. (a) SEM (b) TEM and (c) magnified HAADF-STEM images of CuNC SANs. (d) Schematic illustration of the construction of CuNC@GOx hybrid cascade systems. (e, f)
TEM images of CUNC@GOx with different magnifications. (g) Cu K-edge XANES spectra of CuNC SANs and Cu foil. (h) Fourier transform EXAFS spectra of CuNC SANs and Cu

foil. (i) FTIR spectra of CuNC, GOx, PEG, and CGP NRs.

Fig. 2. (a) UV-vis absorption spectra of TMB, TMB+H;0, and TMB-+H,0,+CuNC. (b) UV-vis absorption spectra of TMB in the presence of H,0, with different concentrations.
(c) The kinetic analysis and Lineweaver-Burk plotting (inset) for CuUNC SANs with H,0, as substrate. (d) the ESR spectra of H,0,, CuNC+H,0, and CGP NRs+glucose. (e) UV-
vis absorption spectra of TMB in the presence of CGP and glucose with different concentrations. Insets represent digital photos of color changes. (f) Temperature curves of

CuNC SANs with different concentrations under laser irradiation.

pear after the addition of CuNC SANs, confirming large amounts
of toxic *OH generation. Therefore, the POD-like activity of CuNC
SANs indeed has the potential to kill cancer cells by CDT.

To increase the amount of ‘OH generated and amplify CDT ef-
ficiency, GOx is introduced to construct a cascade system. Fig. S10
(Supporting information) demonstrates the mechanism of the cas-

cade catalytic process. Briefly, the GOx consumes glucose to yield
gluconic acid and H,0,, and then H,0, is further catalyzed by
CuNC SANs and produces massive “OH. TMB can be oxidized into
oxTMB by "OH. Therefore, TMB is used as the substrate to inves-
tigate the designed cascade reaction. As shown in Fig. S11 (Sup-
porting information), there is no significant absorption of oxTMB
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Fig. 3. (a) Schematic illustration of CGP-initiated cascade catalytic reactions in tumor cells. (b) The fluorescence images of 4T1 cells after incubating with FITC-labeled CGP
NRs for 0, 0.5 and 2 h. (c) Cellular ROS production after different treatments. (d) Flow cytometric analysis of intracellular ROS levels in 4T1 cells after different treatments.

(652 nm) in the presence of glucose alone. As expected, the group
of CGP-+glucose results in significant signals at 652 nm, which can
be attributed to the production of ‘OH by glucose-trigger cascade
reaction. The production of *OH by CGP NRs-mediated cascade re-
action is also confirmed by the ESR spectra (Fig. 2d). Moreover,
when the group of CGP+glucose is treated with laser irradiation,
the absorption intensity of oxXTMB is significantly increased (Fig.
S11), indicating that laser irradiation can promote the cascade cat-
alytic reaction, thus increasing ‘OH generation and enhancing CDT
treatment effects. Fig. 2e further explores the effect of glucose on
the catalytic performance of CGP NRs. It has been found that the
‘OH production catalyzed by the CGP NRs is glucose concentration-
dependent, confirming the potential of starvation therapy. In addi-
tion, Fig. S12 (Supporting information) explores the effect of pH
on the cascade reaction. Compared with neutral conditions, the
CGP NRs show a stronger absorption of oXTMB in acidic conditions,
demonstrating the weakly acidic condition of TME facilitates their
production of *OH.

UV-vis spectra are tested to assess the photothermal potential
of CuNC SANs. As shown in Fig. S13 (Supporting information), the
curve of CuNC SANs exhibits a broad absorption range from vis-
ible to near-infrared (NIR) window, indicating their possibility to
possess excellent photothermal performance. When CuNC SANs are
exposed to NIR laser irradiation (808 nm), their temperature in-
creases monotonically with the concentration (Fig. 2f), implying
the CuNC SANs own concentration-dependent photothermal per-
formance. Subsequent investigations, Fig. S14 (Supporting informa-
tion) also confirm the power dependence of the photothermal per-
formance of CuNC SANs. Based on the temperature change of the
heating and cooling cycles (Figs. S15a and b in Supporting infor-
mation), the photothermal conversion efficiency (1) of CuNC SANs
is calculated to be 69.04% [45,46]. Additionally, there are no sig-
nificant changes in the spectra of CuNC SANs with continuous
laser irradiation even after 30 min (Fig. S16 in Supporting infor-
mation), indicating their excellent photothermal stability. Overall,
these findings suggest that CuNC SANs possess excellent photother-
mal properties, making them promising candidates in cancer pho-
tothermal therapy.

To further elucidate the catalytic cascade reaction mechanism of
CGP NRs at the cellular level, experiments are performed using 4T1

cells as models. As Fig. 3a demonstrates, GOx can catalyze glucose
to generate gluconic acid and H,0,, realizing starvation therapy
and lowering the environmental pH. The sufficient supply of H,0,
and lower pH can further activate the POD activity of CuNC SANSs,
producing a large amount of *OH to efficiently amplify the oxida-
tive damage of cancer cells. To examine the cellular intake, FITC is
employed to label CGP NRs. The intracellular distribution is visual-
ized using confocal laser scanning microscopy (CLSM). As depicted
in Fig. 3b, in comparison to untreated 4T1 cells, a distinct green
fluorescent signal appears in the cytoplasm of cells co-incubated
with CGP NRs for 0.5h, indicating that CGP NRs are successfully
endocytosed into the cells. Furthermore, the fluorescent signal is
stronger after 2h of co-incubation, proving the uptake levels in-
crease over time.

To investigate the cellular ROS production by the CGP NRs cas-
cade system, 2’,7’-dichlorofluorescein diacetate (DCFH-DA) is uti-
lized as the probe. After the generation of ROS, DCFH-DA can be
decomposed and show strong green fluorescence. ROS can trigger
apoptosis by damaging DNA molecules through oxidative stress, re-
alizing CDT. To some extent, ROS levels can reflect CDT efficiency
[47]. As seen in Fig. 3¢, 4T1 cells incubated with glucose alone can-
not trigger ROS generation. Meanwhile, no significant green fluo-
rescent is observed in 4T1 cells treated with CuNC SANs or CGP
NRs in a glucose-free cell culture medium, which can be attributed
to the limited H,0, sources for massive ROS production. How-
ever, strong green fluorescence is observed after co-incubation of
the CGP NRs with cells in the presence of glucose, proving that
CGP NRs can produce abundant ROS by glucose-triggered cascade
catalytic reactions. Interestingly, the addition of laser irradiation
did not adversely affect the generation of ROS and strong green
fluorescence signals are detected. Intracellular ROS production af-
ter different treatment is also measured by flow cytometric as-
say, which demonstrates that the DCF fluorescence in 4T1 cells
increases in the group of CGP+Laser+glucose (Fig. 3d). The CLSM
and flow cytometry results confirm the massive intracellular ROS
production after treating CGP and glucose under the laser irradi-
ation. Additionally, as illustrated in Fig. S17 (Supporting informa-
tion), at pH 7.4, 4T1 cells treated with glucose and CGP NRs ex-
hibit rare green fluorescence, indicating a small amount of intra-
cellular ROS production. However, the green fluorescence signals
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Fig. 4. Cytotoxicity of 4T1 cells treated with (a) CGP NRs under different pH conditions, (b) various concentrations of L-ascorbic acid and (c) CGP NRs under laser or no
laser irradiation (808 nm, 1.5 W/cm?, n=3). (d) CLSM images of living and dead cell distributions after different treatments. Data are expressed as mean values + standard

deviations (***P < 0.001).

under pH 6.0 are particularly pronounced, implying massive ROS
generation under weakly acidic conditions via the glucose-initiated
cascade reaction.

To investigate the cell cytotoxicity of CuNC SANs, a MTT as-
say is conducted. 4T1 cells are cultivated with different doses of
CuNC SANs for 24 h, and the result is depicted (Fig. S18 in Support-
ing information). Even under the high concentration of 100 png/mL,
cells maintain relatively high viability, demonstrating the excel-
lent biocompatibility of CuNC SANs. Then, the cytotoxicity effect
of CGP NRs on 4T1 cells is investigated. As shown in Fig. 4a,
compared with pH 7.4, cell viability significantly decreases in a
concentration-dependent manner after treatment with CGP NRs
at pH 6.0, resulting from plentiful ROS generation by CGP NRs-
mediated cascade reaction under weakly acidic conditions. Addi-
tionally, as depicted in Fig. 4b, cell viability gradually recovers
with the escalating concentration of the free radical scavenger L-
ascorbic acid, indicating that the free radicals generated by the CGP
cascade systems are the main inducers of cell apoptosis. Fig. 4c
also investigates the effect of laser irradiation on cell viability after
incubating with different doses of CGP NRs. Compared with the
condition without laser irradiation, the cell viability significantly
decreases under laser irradiation. This result confirms that laser ir-
radiation can enhance catalytic reactions and accelerate tumor cell
apoptosis.

Subsequently, a calcein-AM/PI double-staining assay kit is used
for visual analysis of cell activity. Simultaneous staining of 4T1
cells with calcein-AM and PI resulted in green fluorescence being
observed in living cells and red fluorescence in dead cells. When
4T1 cells are incubated with CuNC or CGP alone at pH 7.4, rare red
fluorescence signals are observed (Fig. 4d), indicating that damage
may be absent under neutral conditions. In contrast, at pH 6.0, sig-
nificantly increased red signals appear in 4T1 cells treated with
CGP, suggesting the acidic conditions promote the ROS production
of the CGP cascade system for inducing cell apoptosis. Moreover,
pushed by laser irradiation, almost no surviving cells are observed

in the group of CGP+Laser at pH 6.0, proving cancer cells can
be efficiently destroyed by the designed CGP cascade system un-
der CDT/PTT/starvation triple therapy. The CLSM results are further
confirmed by the MTT assay of 4T1 cells with the same treatments
(Fig. S19 in Supporting information).

To demonstrate the practicality of CGP NRs in antitumor appli-
cations, we conduct investigations using 4T1 tumor-bearing mice.
All the animal experiments were approved by an ethical commit-
tee of Medical College, Wuhan University of Science and Technol-
ogy (2024136). The experimental procedure is outlined in Fig. 5a,
where tumor-bearing mice are first established. Prior to interven-
tion, Cy7-labeled CGP NRs are intravenously injected into tumor-
bearing mice to explore the biodistribution of CGP NRs in vivo. The
fluorescent signals are captured using a live animal imaging sys-
tem. As illustrated in Fig. 5b, significant fluorescent signals grad-
ually cluster at the tumor site over time, which can be ascribed
to the enhanced permeability and retention (EPR) effect. Subse-
quently, major organs and tumors are collected, and their fluores-
cent signals are captured for fluorescence intensity analysis. The
fluorescence intensity accumulated at the tumor is higher than
that in other organs, except for the kidney, demonstrating the effi-
cient retention of CGP NRs at the tumor site (Fig. S20 in Support-
ing information). Moreover, the biodistribution of CGP NRs is also
tracked by determining the Cu content using inductively coupled
plasma mass spectrometry (ICP-MS). After 48 h, the Cu content in
the liver is higher than that in the other main organs and tissues
(Fig. S21 in Supporting information), proving that the system can
be metabolized through the liver and ensuring the safety of treat-
ment. Notably, the Cu content in tumors ranks second only to the
liver, indicating the targeted aggregation of CGP NRs in the tumor.
Additionally, Fig. S22 (Supporting information) investigates the in
vivo photothermal capacity of CGP NRs. After tumor-bearing mice
are injected with CGP NRs and treated with laser irradiation, their
temperature changes in the tumor region are monitored. Compared
with the temperature of tumors injected with PBS, the temperature
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Fig. 5. (a) Diagram illustrating the experimental methodology used to assess the anti-tumor activity of CGP NRs. (b) The in vivo biodistributions of Cy7-labeled CGP NRs at
various time points post intravenous injection. (c) The weight and (d) tumor growth curves of mice in different groups (n=4). (e) Photos of the 4T1 tumor-bearing mice after
different treatments for 18 days. (f) H&E, Ki-67, and TUNEL assay with stained tumor slices in different groups. Data are expressed as mean values + standard deviations

(***P < 0.001).

of tumor sites treated with CGP NRs shows a noticeable increase
and over 50 °C within 4 min, which is sufficient to cause the cell
death of tumors.

To investigate the tumor inhibition ability of CGP NRs in vivo,
tumor model intervention experiments are conducted. The tu-
mor volume and body weight were measured every other day.
As shown in Fig. 5¢, mice body weights show no significant ab-
normalities during the treatment, indicating the biosafety of CGP
NRs. Concurrently, Fig. 5d monitors changes in tumor volume. In
contrast to the control group, tumor proliferation in the CGP NRs
group is significantly inhibited, which may be ascribed to glucose
depletion by GOx and augmented efficiency of the CDT. Further-
more, in synergy with laser irradiation, tumor growth is further
suppressed. The result demonstrates that the combination of PTT,
CDT and glucose depletion can effectively destroy tumors for aug-
mented cancer therapy. Representative and dissected tumor images
are collected at the end of the intervention (Fig. 5e). Compared
with other groups, the tumors in the CGP+Laser group are smaller
because the CGP NRs integrated with laser irradiation can effec-
tively eliminate tumors.

To further evaluate therapeutic performance through tumor-
pathological analysis, hematoxylin and eosin (H&E) staining, Ki-67
immunohistochemistry, and terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end labeling (TUNEL) fluorescence
staining was used. H&E staining of tumor tissue slices from the
group of CGP NRs reveals sparsely arranged tumor cells and a lot of
apoptotic cells with extensive nuclear shrinkage compared to the
control group (yellow arrow, Fig. 5f). Notably, the nucleus crum-
pling is further exacerbated under laser irradiation, indicating CGP
NRs plus laser lead to the most severe damage to tumor cells.
For Ki-67 immunostaining, extensive brown-positive areas are ob-

served in the control group. However, rare positive signals are ob-
served in the CGP+Laser group, reflecting tumor cell proliferation
is significantly reduced after the intervention. The TUNEL assay
also confirms the potent antitumor ability of CGP NRs under an
808 nm laser, in which the strongest green apoptotic signals are
observed in the treatment of CGP NRs and laser irradiation.

The biocompatibility of nanodrugs remains a critical concern.
To investigate the toxicity of CGP NRs, an ex vivo hemolysis assay is
performed. The result in Fig. 6a demonstrates the good blood com-
patibility of CGP NRs. Additionally, the blood biochemical analysis
further confirms the biosafety of CGP NRs. As depicted in Figs. 6b-f,
there are no significant differences in the blood biochemical anal-
ysis between the intervention groups and the control group, and
all of the hematological parameters remained within normal levels.
Moreover, pathological examination of dissected major organs’ tis-
sue slices using H&E staining reveals no noticeable organ damage
or inflammation (Fig. 6g). The results demonstrate the biosafety of
CGP NRs in vivo.

In summary, we have successfully constructed a CGP hybrid
cascade system based on the TME to enhance cancer therapy by
combining PTT/CDT/starvation therapy. The excellent POD-like ac-
tivity of CuNC SANs achieves efficient cancer CDT via catalyzing
intracellular H,0, to produce poisonous "“OH. The CDT efficiency
is further amplified by immobilizing GOx on CuNC SANs, where
the constructed CGP hybrid cascade systems can consume glucose
at the tumor site to achieve cancer starvation therapy and pro-
duce H,0, in situ. The produced H,0, with elevated concentra-
tion is further catalyzed by CuNC SANs to increase the amount of
*OH after the cascade reaction, promoting oxidative damage to can-
cer cells. Additionally, the photothermal properties of CuNC SANs
not only accelerate the cascade reaction for high-efficiency CDT
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Fig. 6. (a) Hemolysis analysis of CGP NRs with different concentrations. (b-f) Hematological parameters of mice administrated with different treatments for 18 days (n=3),
including aspartate aminotransferase (AST), alanine aminotransferase (ALT), albumin (ALB), alkaline phosphatase (ALP) and creatinine (CREA). (g) H&E assay of major organs

from mice.

but also enable synergistic treatment by cancer PTT. Therefore, this
work provides a promising strategy for high-efficiency cancer ther-

dapy.
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