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Composite nanozymes are composed of enzymes with similar or different catalytic capabilities and have
higher catalytic activity than a single enzyme. In recent years, composite nanozymes have emerged as
novel nanomaterial platforms for multiple applications in various research fields, where they are used to
produce oxygen, consume glutathione, or produce toxic reactive oxygen species (ROS) for cancer
therapy. The therapeutic approach using composite nanozymes is known as chemo-dynamic therapy
(CDT). Some composite nanozymes also show special photothermal conversion effects, enabling them
to be combined with pioneering cancer treatments, such as photodynamic therapy (PDT), photothermal
therapy (PTT) and sonodynamic therapy (SDT), and enhance the anti-cancer effects. In this study, the
classification and catalytic performances of composite nanozymes are reviewed, along with their
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1. Introduction

The incidence and mortality rates of cancer are rising, with
close to 20 million newly diagnosed cases and 9.7 million
deaths recorded in 2022." This data represent a significant
increase of 41.84% and 18.29%, respectively, compared to the
14.1 million cases and 8.2 million deaths reported in 2012.”
Cancer has emerged as a grave threat to human life and well-
being, ranking as the second leading cause of death world-
wide.* Conventional therapies, such as surgery, radiotherapy
(RT), and chemotherapy (CTx), exhibit notable side effects,
often encounter drug resistance, and frequently fall short of
achieving the desired outcomes.* Consequently, researchers
have been exploring novel cancer treatment methods, with
nanotechnology emerging as one of the most promising
approaches.®

The specificity of tumors makes their treatment difficult. The
pro-angiogenic factors secreted by tumor cells lead to the
formation of an abnormal tumor vascular network, which is
disorganized, immature and poorly permeable, leading to poor
tumor perfusion. At the same time, owing to the rapid growth of
tumor tissues, a large amount of oxygen and nutrients are
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treatment of cancers are emphasized, and the prospective challenges in the future are discussed.

getting consumed, eventually leading to hypoxia in the tumor
microenvironment (TME).® However, in an anoxic environment,
tumor cells alter the expression of glycolytic related proteins,
such as GLUT1, GLUT3, LDHA, and PKM2, increasing glucose
uptake to promote their growth, and an anoxic environment
also induces epithelial-mesenchymal transformation, thereby
increasing the production of matrix metalloproteinases
(MMPs), which promote aggressive metastasis.”

The hypoxic tumor microenvironment not only promotes
tumor growth, metastasis and the evasion of immunosuppres-
sion but also inhibits the efficacy of various oxygen-dependent
therapies. For instance, the efficacy of radiotherapy is sup-
pressed mainly because of hypoxia. In addition, most non-
invasive new cancer therapies that have attracted much atten-
tion in recent years, such as PDT and SDT, are based on oxygen.
Changing the anoxic microenvironment of the tumor is an
effective prerequisite strategy to treat tumors.

The content of ROS in solid tumors is higher than that in
normal cells (from 100 pM to 1 mM), especially for H,O,, which
is the most prevalent and stable non-free radical ROS in cancer
cells, and these ROS promote the occurrence and development
of tumors as well as promote the metastasis of tumors.®? On the
one hand, using endogenous H,0, to generate oxygen and
change the hypoxic microenvironment of tumors can improve
the treatment efficiency of various oxygen-dependent therapies,
which is conducive to overcoming cancer. On the other hand,
the use of H,0, to generate other types of ROS that cause fatal
damage to cancer cells, such as hydroxyl radicals (-OH), can
significantly enhance the oxidative damage to tumors and
induce the apoptosis of cancer cells. In addition, some
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nanozymes can convert O, into superoxide anion free radicals
(-O,7) or H,0,, and some can convert -O," into H,0,, so as to
supplement H,0, and improve treatment efficiency.

Since the initial discovery of ferromagnetic nanozymes (Fe;O0,
NPs) exhibiting peroxidase (POD) activity in 2007, nanozyme
technology has been continuously developed, with many new
nanozymes reported. Nanozymes are artificial enzyme that have
a high enzyme-like catalytic activity and can regulate biochemical
reactions. Nanozymes include several categories, such as metal-,
metal oxide-, MXene-, carbon-, and metal-organic framework
(MOF)-based nanozymes.' They have attracted significant
attention due to their high operational stability, work efficiency
under extreme conditions, and resistance to protease digestion.
Nanozymes can effectively replace natural enzymes in catalytic
reactions, as they closely resemble natural enzymes in their active
sites. Table 1 summarizes the advantages and limitation of
nanozymes and conventional enzymes." For instance, most
nanozymes can mimic the activities of oxidoreductases, such as
POD,” oxidase (OXD), catalase (CAT),"* and superoxide dis-
mutase (SOD).* Additionally, the nanomaterial characteristics of
nanozymes provide them with enhanced stability surpassing that
of natural enzymes. Moreover, their unique nanoscale dimen-
sions facilitate efficient distribution within organisms and
enable their accumulation at tumor sites through an enhanced
permeability and retention (EPR) effect.”® Fig. 1 and Table 2
summarize the types of nanozymes and their principle functions
and characteristics in cancer therapy.

Nanozymes of a specific class may exhibit a spectrum of
catalytic activities; for instance, copper nanoparticles (Cu NPs)
typically possess POD and OXD activities. However, under
specific conditions, such as variations in pH, particle size and
morphology, or ion valence states, these nanozymes often
manifest a single catalytic capability. To emulate the concate-
nated enzymatic reactions observed in natural systems, the
development of composite nanozymes has been pursued as
a feasible strategy.*® For instance, Hao et al. synthesized clusters
of copper oxide nanoparticles (Cu,O NPs), comprising a mixture
of CuO and Cu,O, and demonstrated that these composite
nanozymes could serve as antioxidants by functioning concur-
rently as CAT, GPx, and SOD analogs.** Similarly, Ling et al
fabricated copper@copper(i) oxide aerogel networks (Cu@Cu,0)
and identified their dual enzymatic mimicry, exhibiting activities
analogous to both horseradish peroxidase (HRP) and NADH

Table1 Comparison between nanozymes and conventional enzymes
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peroxidase.* It is thus evident that the amalgamation of two or
more nanozymes with analogous functionalities can result in an
enhanced catalytic potency compared to the individual constit-
uents of the nanozymes alone. For instance, Boruah et al
synthesized a composite nanozyme comprising Fe;0,, TiO,, and
reduced graphene oxide (rGO), and observed that the POD
activity of the resulting composite enzyme was significantly more
robust than the intrinsic POD activities of the individual
components, namely Fe;O, NPs, TiO, NPs, and rGO.*

There are many reviews that have extensively covered the
topic of nanozymes;'*'>*” however, there is a lack of literature
specifically summarizing the application of composite nano-
zymes in cancer treatment. Consequently, in this article we
review the catalytic activity and therapeutic mechanisms of
common nanozymes in cancer treatment. We also examine the
classification and benefits of composite nanozymes, present
various synthesis methods for these composite nanozymes, and
describe their applications in combination with different ther-
apeutic approaches for various cancers. The discussion
concludes with an exploration of the remaining challenges and
future directions for composite nanozymes.

2. Introduction to composite
nanozymes

In order to improve the catalytic efficiency of nanozymes and
optimize therapeutic outcomes, composite nanozymes have
been proposed. These composite nanozymes can incorporate
a combination of nanozymes with the same or different catalytic
functions, including inorganic enzymes and organic enzymes,
and artificial enzymes and natural enzymes. In addition to
augmenting specific catalytic abilities or enabling multifunc-
tional catalysis, some enzymes are also endowed with other
properties after being made into composite nanozymes, such as
magnetism, or photothermal properties, that were not origi-
nally available. Fig. 2 summarizes the composition and appli-
cation of composite nanozymes in different fields and their
various advantages.

2.1 Classification of composite nanozymes

Composite nanozymes can be categorized into artificial
enzymes and artificial-natural enzyme complexes in terms of

Nanozymes

Enzymes

Advantages High stability, resistant to protease digestion

Enters the tumor through an EPR effect

Large specific surface area for surface modification and bioconjugation

Simple synthesis method, low cost
High stable biocatalytic activity
Limitations

Limited species of catalytic activity

Toxicity in some nanozymes
Low activity

© 2025 The Author(s). Published by the Royal Society of Chemistry

Low specificity, accelerate the production of harmful free radicals in normal tissues

Highly selective about the targets
Mild conditions
Environmentally friendly

High cost

Low yield and storage challenges
Poor stability

Substrate restriction

Catalytic activity is easily inhibited
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Fig. 1 Schematic indicating the different catalytic activities of common nanozymes, including POD enzyme and a typical POD enzyme
(glutathione peroxidase, GPx), OXD enzyme and a typical OXD enzyme (glucose oxidase, GOx), CAT enzyme and SOD enzyme. It introduces the
principles of action of these nanozymes with diverse activities in tumor therapy, including the induction of apoptosis through ROS generation
and adjustment of the TME to collaborate with other therapeutic strategies in facilitating cell demise.

Table 2 Nanozymes and their application in cancer therapy

Type Catalytic reaction Example Application in cancer therapy
POD Catalyze H,O, into H,O and -OH, or Fe,0;;'¢ iron challcogenides;17 PB;'® POD-like nanozymes can convert
H,0 and GSSH in the presence of MOF;"® and metallic compounds hydrogen peroxide into hydroxyl
GSH containing Pt, Ce,** V, Zn,*' Co,”! free radicals (-OH) and water;
Mn, Mo,”* W, Cu,** Au,” Ag,*® hydroxyl free radicals are the most
Pd,” Ir,*® 0s,° Ru*° toxic ROS, which can kill tumor cells
through chemokinetic treatment,
thus treating cancer
CAT Catalyze H,0, into H,0 and O, Carbon-based nanomaterials;*'** CAT-like nanozymes can use
Fe;0,;%¢ Ce0,;*® Mn;04;** C050,;%° endogenous H,0, to generate O,,
and metallic compounds relieve hypoxia at the tumor site,
containing Au,*® Ag,*” pt,*® pd*’ and improve the therapeutic effect
of RT, CTx, PDT, and SDT*’
OXD Catalyze O, into H,O, or -0, Ce0,;* and metallic compounds OXD-like nanozymes can use oxygen
containing Cu, Au, Ag, Pt, Ir"® in tumors to resynthesize H,0, for
recycling or to produce toxic
superoxide anion free radicals
(-O57) to further kill cancer cells
SOD Catalyze -O,” into H,0, and O, Ce0,;"" NiO;** metallic compounds SOD-like nanozymes can catalyze

containing Cu, Zn, Fe, Mn

their composition. Composite nanozymes can be classified as
either purely synthetic metal-based enzymes, including metal-
oxidases and monoatomic enzymes, MXene-based enzymes, or
carbon-based enzymes, or as complexes that integrate both
artificial and natural enzymes. Two notable natural enzymes in
this context are GOx***° and HRP.

In the study by Ma et al., MoS, nanosheets (NSs) were
decorated with Au NPs, and subsequently, Pt NPs were in situ
grown on these nanosheets to create core-shell structured
MoS,-Au@Pt NPs.”” DNA probes were then linked to the

1228 | Nanoscale Adv., 2025, 7, 1226-1242

O, produced by OXD-like
enzymes into H,0, and O,. On the
one hand, H,0, can generate more
toxic -OH, and on the other hand, it
can alleviate tumor hypoxia

composite nanozyme through mercaptan groups, with HRP
assembled into the composite nanozyme at the DNA probe
level. This composite nanozyme was demonstrated to be
capable of the ultra-sensitive electrochemical detection of
gastric cancer-related microRNA. The presence of HRP
increased the electrochemical signal of the MoS,~Au@Pt NPs by
approximately 10.46 times. Cui et al. prepared Ce and Gd dual-
rare earth-doped carbon dots (Ce-Gd@CDs) using a one-step
hydrothermal method, and then conjugated these with GOx
through an amine reaction to form the Ce-Gd@CDs-GOx

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Composition and application of composite nanozymes in
different fields and their advantages.

complex nanozyme.** This composite nanozyme possessed CAT
activity for alleviating hypoxia in the tumor microenvironment.
It could also generate highly toxic -OH, inducing apoptosis or
necrosis in cancer cells, and with GOx catalyzing the conversion
of glucose into gluconic acid and H,0,, it could deprive cancer
cells of glucose, leading to the starvation of cells and ultimately
cancer cell death.

There have been extensive studies on entirely synthetic
composite nanozymes.>>* For instance, Wang et al. revealed that
ZnMn,0O, NPs exhibited only SOD activity, while lithium-doped
LiMn,0, NPs possessed multiple enzyme activities, notably
enhanced SOD activity, along with concurrent CAT and GPx
activities.*® In Zhang et al.'s study, platinum was deposited onto
gold bipyramids (Au NBPs) using two distinct approaches: tip-
specific deposition to form ATP and full-body deposition to
form ACP.”” They observed that ATP exhibited higher POD and
CAT activities compared to ACP. Liu et al. fabricated N/P co-doped
graphene quantum dots (NPGQDs) as metal-free nanozymes,
which demonstrated POD activity exceeding that of traditional
graphene quantum dots and graphene oxide by an order of
magnitude.®® Yang et al. synthesized advanced composite nano-
zymes of FeSA-Ir@PFNSs through the conjugation of single-atom
iron (FeSA) with strained-lattice iridium metallene nanoislands.*
The FeSA-Ir@PFNSs leveraged the POD activity of the FeSA and
the photothermal effect of iridium to simultaneously generate
-OH and '0,, while also showing enhanced CAT activity.

2.2 Advantages of composite nanozymes

2.2.1 Higher activity than single enzymes. When composite
nanozymes are composed of enzymes with the same catalytic
function, their catalytic effect is often better than that of single
enzymes. Prussian blue (PB) is a drug approved by FDA, and
mesoporous Prussian blue (HPB) is often used to build cancer
treatment nanodrugs.'® Shen et al. found that after binding with
Au NPs and Pt NPs, the CAT activity of APHPB NPs was higher
than that of HPB NPs alone.®® Also, as the concentration
increased, the activity of the APHPB NPs also increased. When
the concentration reached 100 pg mL ™", their activity was nearly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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45 times that of HPB NPs. After reacting with H,O, for 10 min,
the oxygen production of APHPB was more than twice that of
HPB. In Wang's study, PA@TiO,, formed by binding Pd NSs and
TiO,, produced 6 mg L ™" oxygen in 45 s, whereas Pd NSs needed
135 s to produce the same amount.*”

2.2.2 Multiple activities of composite nanozymes. When
composite nanozymes are composed of enzymes with different
catalytic functions, they can achieve multiple enzyme activities or
cascade catalytic effects. Taking CeO, as an example, which itself
has CAT and SOD activities. Wang doped Cu into CeO, NPs, and
increased the Ce®*"/Ce*" ratio of CeO,. Subsequently, the POD
activity of the composite nanozyme was found to be increased,
resulting in better cancer inhibition rates and reduced toxicity to
healthy tissues.>® RuCu NSs synthesized by Yang not only
demonstrated POD activity to produce -OH, but also SOD and
GPx activities.*® - O, radicals were converted into H,O, under the
catalysis of RuCu NSs, increasing the concentration of H,O, in
the TME, and leading to the production of more -OH. At the
same time, the nanosheets consumed GSH to prevent -OH from
being consumed by GSH. The cascade catalytic reaction with
multiple enzyme activities resulted in a much higher efficiency of
the composite nanozyme in catalyzing the Fenton reaction than
the single enzyme and natural enzyme (Keo/K = 83.3 m™ ' s 7).

2.2.3 Combination with other cancer treatment strategies.
In addition to improving catalytic ability, composite nanozymes
have also been given other abilities that can be used in
combination with other therapies. For instance, PB alone has
aweak photothermal conversion ability, but He et al. found that
PB NPs doped with Co** and La®" exhibited stronger photo-
thermal ability, and the solution could be heated to 43 °C within
10 min, resulting in a photothermal conversion rate of 30.0%.
This nanozyme was then used in combination with PTT to
greatly inhibit tumor growth in mice. Some composite nano-
zymes are also given magnetism, which can be used for
magnetic targeting or magnetic resonance imaging (MRI) to
achieve integrated diagnosis and treatment. There are reports
that PB NPs can be used as a T1 weighted contrast agent for
MRI, but its ability to judge tumors is still weak. Nie et al.
engineered a Cu,sMn, sFe,0, (CMF) nanozyme that was char-
acterized by an abundance of catalytically active sites on its
surface, which possessed both GPx and POD activities. This
nanozyme could dismantle the antioxidant defenses of tumors
and generate a substantial quantity of ROS. In addition, its CAT
and OXD activities facilitated the continuous generation of
oxygen and superoxide anions, leading to an overproduction of
ROS. Leveraging the superparamagnetic properties of Mn and
Fe, this nanozyme demonstrated superior T1-T2 dual-mode
MRI capabilities both in vivo and in vitro, enabling the precise
delineation of tumor regions.®

Other than the aforementioned advantages, some composite
nanozymes can also allow reducing production costs, such as
doping non-noble metal nanoparticles (Cu, Mn) into precious
metal nanozymes (Au, Ru). This approach not only lowers raw
material expenses, but can also improve catalytic efficiency.
Furthermore, some composite nanozymes can reduce the
toxicity of single nanozymes and have higher levels of biosafety
and bioavailability.

Nanoscale Adv., 2025, 7, 1226-1242 | 1229
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3. Synthesis of composite nanozymes

Composite nanozymes can be synthesized through solvent/
hydrothermal doping, chemical deposition, covalent bonding,
in situ growth, and other methods. Due to their excellent cata-
Iytic performance and other endowed properties, composite
nanozymes are usually designed for use in combination with
other treatment methods, such as PDT, PTT, SDT, ST, or CTx.
In addition, composite nanozymes have also been designed as
imaging probes or nano-platforms for diagnosis and treatment.
However, this article is only focused on the application of
composite nanozymes in cancer treatment. Table 3 summarizes
and provides examples of the commonly used synthesis
methods and the design of nanozymes in this field.

3.1 One-step solvent/hydrothermal synthesis

One-step solvent/hydrothermal synthesis is a simple and effective
synthesis method that involves doping metal-based nanozymes

View Article Online
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into composite nanozymes with more catalytic capabilities. Yin
et al. used a one-step solvent method to dope Ce into ZnCo,O,
NPs.** The oxygen vacancies, superoxide radicals, and electron
transfer of Ce/ZnCo,0, jointly promoted the enhancement of the
POD and OXD activities. Based on the dual enzyme-like activity of
Ce/ZnCo,0,4, H,0, and GSH could be quickly and conveniently
detected. Zhong et al. synthesized uniform PtCu; nanocages
using a one-pot solvothermal method (Fig. 3A).** After PEG
synthesis, the synthesized PtCuz-PEG nanocages could not only
serve as a new sound sensitizer to generate ROS under ultra-
sonication (US), but could also serve as POD nanozymes to
catalyze the decomposition of H,0, into -OH. At the same time,
PtCu; PEG nanocages, as GSH-Px nanozymes, could accelerate
the process of GSH depletion in the presence of oxidizing mole-
cules (H,0,, O,). Wang et al. designed a simpler and environ-
mentally friendly one-pot method to synthesize a Au,Pt
nanozyme at room temperature (Fig. 3B).> Here, 1-proline was
introduced as a chelating agent to slow down the kinetics of the

Table 3 Summary of the design and synthesis of composite hanozymes

Composite nanozyme Enzyme/enzyme mimic Combination
Synthesis method system Enzyme mimic activity therapy
Solvent/hydrothermal synthesis cccs* Cu-CeO, POD, CAT, SOD CTx
Solvent/hydrothermal synthesis Ce/ZnCo,0, ** Ce/ZnCo,0, POD, OXD —
Solvent/hydrothermal synthesis Ox-POM@Cu?** Ox-POM@Cu GSH-PX, CAT PTT, CDT
Solvent/hydrothermal synthesis PtCu,-PEG* PtCu; POD, GSH-PX SDT, CDT
Solvent/hydrothermal synthesis Cu-CuFe,0,/DOX* Cu-CuFe,0, POD, GSH-PX SDT, CDT, CTx
Solvent/hydrothermal synthesis RuCu NSs* RuCu POD, SOD, GSH-PX CDT
Solvent/hydrothermal synthesis MnWOx-PEG®® MnWOx POD, GSH-PX SDT
Solvent/hydrothermal synthesis PtFe@Fe;0, *’ PtFe@Fe;0, POD, CAT PTT
One-step synthesis Au,Pt-PEG-Ce6 *° Au,Pt POD, CAT PTT, PDT, CDT
Solvent/hydrothermal synthesis and coat Co/La-PB@MOF-199/ Co/La-PB@MOF-199 POD, CAT, GOx PTT, CDT
GOx*!
Solvent/hydrothermal synthesis CMO-R@4T1 ** CMO (Cu-doped POD, OXD, NADH-oxidase PTT,
MoOx) immunotherapy
Chemical deposition Au NBP/Pd® Au NBP/Pd POD PTT, PDT
Chemical deposition CuS@CeO, "° CuS@CeO, CAT PTT, RT
Liquid-phase deposition PTZCs*’ PA@TIO, CAT PTT, PDT
Vacuum metal sputter deposition Pt-CuS-P-TAPP”" Pt-CuS CAT PTT, SDT
Vacuum metal sputter deposition and HPT-DOX"? Pt-TiO, CAT SDT
reduction
In situ growth Ce6-Au-Pt@HPBs®® Au-Pt@HPBs CAT PDT
In situ growth and thermal decomposition MnFe,0,@MOF@PEG’® MnFe,0,@MOF GSH-PX, CAT PDT
In situ growth MnO,@PtCo”* MnO,@PtCo CAT, OXD —
In situ growth HAMF”® HMSN@Au@MnO, CAT, OXD PDT
In situ growth Pt-carbon”® Pt-carbon CAT PTT, PDT
In situ growth ICG/Au/Pt@PDA-PEG’”  Au-Pt POD, CAT, OXD PTT, PDT, ST
In situ growth and adsorption P@Pt@P-Au-FA”® P@Pt@P-Au CAT, OXD PDT, ST
In situ growth and template method PDAP-ICG-Pt™® PDAP-Pt GSH-PX, CAT PDT
CM-MMNPs® MOF-MnO, CAT PDT
In situ growth and etching Ti;C,Tx-Pt-PEG®? Ti;C,Tx-Pt POD PTT
Solvent and hydrothermal synthesis, in situ ~ FAB NPs>® Fe;0,/Ag/Bi;M0oOs  POD, GSH-PX, CAT, SOD PTT, PDT, CDT
growth
Template method HMCGP*? HMCu0,-GOD CAT, GSH-PX, OXD PTT, PDT, ST
Template method and reduction Pt@HCS-Ce6 NPs** Pt@HCS POD, OXD PDT
Template method FePc/HNCSs®* FePc/HNCS POD, CAT PTT, PDT
Solvothermal galvanic replacement Os-Te NRs>® Os-Te POD, CAT, SOD PTT, PDT
Inverse microemulsion polymerization RONS® Fc@Gox OXD, GOx CDT
Thermal decomposition CFS@PF-CPT"’ CuFeS, POD, CAT, GSH-PX PTT, PDT, CDT,
CTx
Loading and etching DFMC?¢ Fe;0,~Mn POD, GSH-OXD CDT
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Fig.3 A) Schematic of the synthesis of PtCuz-PEG. This figure has been adapted/reproduced from ref. 64 with permission from WILEY, copyright
2019. (B) Schematic of the synthesis of Cu—CuFe,O,4/DOX. This figure has been adapted/reproduced from ref. 25 with permission from
ELSEVIER, copyright 2020. (C) Schematic of the synthesis of AuPt-PEG-Ce6. This figure has been adapted/reproduced from ref. 65 with

permission from ELSEVIER, copyright 2022.

reduction reaction. Through the interaction of thiol groups with
Au and Pt atoms, SH-PEG-NH, was coupled to the surface of
Au,Pt. Finally, Ce6 was connected to the surface of Au,Pt PEG-
NH, through an acylation reaction. After combining with Ce6, the
nanozymes could not only simulate POD and CAT enzymes, but
also combine with PTT and PDT to achieve better therapeutic
effects. Similarly, Gong et al. synthesized a Cu-doped MOF (Cu-
CuFe,0,) using a one-step hydrothermal method (Fig. 3C) and
loaded this with the chemotherapy drug DOX and sonosensitizer
agent Ce6.” The nanozyme, while also possessing a catalytic
function, could be combined with SDT and CTx for anti-cancer
application.

3.2 Deposition

The deposition method is an effective synthesis method for
obtaining composite nanozymes, and the deposition position of

1
32
| &)

A

@

Pailadesm nanooartxie Giycol chitosan

Au NBP

Fig. 4

nanoparticles can also be selected. Yu et al. selectively deposited
Pd NPs onto the tip of Au NBPs (Fig. 4A), and synthesized well-
defined anisotropic photonanozymes, which exhibited
peroxidase-like properties that were enhanced by 1.5 times
under light excitation.®® At the same time, Au and Pd NPs
exhibited strong PDT and PTT abilities. Liang et al. synthesized
partially Pt deposited CuS Janus NPs through a vacuum metal
sputter deposition method.” The addition of Pt increased the
temperature of CuS NPs by 30 °C after being irradiated with
808 nm laser. The hollow structure and negative surface
potential of the Pt-CuS Janus NPs promoted the loading of the
sound-sensitive agent tetra-(4-aminophenyl)porphyrin (TAPP).
Triggering of the TAPP release mode by US was found to be
particularly helpful for the cavitation effect of US (Fig. 4B), while
at the same time, O, could be generated in situ to promote PTT
and SDT to kill cancers.

" N p—
—’.o Sonosensitizer Loading ?

o P1.CuS Janus Q Pt-CuS-P-TAPP

TAPP .~ POEGMA-cO-MEMA)

(A) Schematics of Au NBP/Pd synthesis, and in vitro plasma photo nuclease therapy for cancer based on POD activity and photothermal

effect under near-infrared light irradiation. This figure has been adapted/reproduced from ref. 69 with permission from ELSEVIER, copyright
2021. (B) Schematics of Pt—CusS Janus NPs synthesis, and the CAT-like activity and the combination of PTT and SDT for cancer treatment. This
figure has been adapted/reproduced from ref. 71 with permission from the American Chemical Society, copyright 2019.
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3.3 In situ growth

Metal nanoparticles, especially Au and Pt NPs, can be combined
in larger nanoparticle platforms by reducing metal salt solutions
in mixed solutions. Cold NaBH, is often used to synthesize
composite nanozymes in the in situ growth method. For example,
Shen et al.*® mixed HAuCl,-4H,0 and H,PtCls- 6H,0 with etched
HPB NPs, and then slowly added cold NaBH, solution to the
mixture. After stirring, APHPBs with Au NPs and Pt NPs on the
surface were synthesized. APHPBs loaded with Ce6 could catalyze
H,0, to generate oxygen, which in turn generated 'O, under the
action of Ce6, enhancing the therapeutic effect of PDT. Similarly,
in Chen et al's study,”” HAuCl, was adsorbed on the surface of
pre-synthesized mesoporous silica nanoparticles (HMSNs) with
the help of cold NaBH, and then grown into AuNPs. Subse-
quently, the MnO, shell was covered by the in situ reduction, and
finally, 4-FM, a TADF fluorescein derivative, was connected to the
surface of the nanozyme through an amide reaction. It was found
that H,0, could be catalyzed into O, by MnO, in the HAMF
nanozyme to alleviate TME hypoxia. Meanwhile, glucose was
oxidized into gluconic acid and H,O, by Au to promote cell
starvation treatment and H,O, circulation. At the same time, the
generation of O, could enhance PDT (Fig. 5A).

Polydopamine (PDA) has excellent photothermal conver-
sion efficiency and multifunctional reactivity, making it often
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selected as a photothermal agent (PTA). At the same time, PDA
can serve as a carrier for nanozymes and photosensitizers. In
the work of Ciou et al., PDA was used as both a carrier for
nanozymes and as a reducing agent, as it can form complexes
with metal ions.”” HAuCl, and K,PtClg were reduced to Au NPs
and Pt NPs attached to the surface of PDA. Meanwhile PEG was
connected to Au/Pt@PDA NPs through covalent interactions,
and ICG was subsequently connected to the Au/Pt@PDA-PEG
NPs through w-7 interactions (Fig. 5B). The Pt NPs in the final
synthesized nanozymes possessed the catalytic abilities of
POD and CAT, catalyzing H,0, into hydroxyl radicals and
oxygen, respectively, and then glucose was oxidized into glu-
conic acid by O,, while H,0, could be re-generated under the
OXD activity of Au NPs, thereby allowing H,0, circulation to be
achieved. Under an NIR laser, a large amount of was heat
generated for photothermal therapy, because of the ICG and
PDA. In addition, singlet oxygen was generated in large
quantities under the action of ICG, which, together with the
hydroxyl radicals, induced cell apoptosis and promoted
photodynamic therapy.

3.4 Template method

Hollow materials are usually synthesized through the template
method, whereby nanozyme layers (such as metal oxides or
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(A) Schematic of the synthesis process of HMSN@Au@MnO,-FM NPs and the mechanism for relieving cancer hypoxia and improving PDT

by nanozyme-catalyzed cascade reactions. This figure has been adapted/reproduced from ref. 75 with permission from WILEY, copyright 2021.
(B) Schematic for the proposed mechanism of ICG/Au/Pt@PDA—-PEG NPs for the cooperative effect of ST/PTT/CDT. This figure has been
adapted/reproduced from ref. 77 with permission from the American Chemical Society, copyright 2021. (C) Schematic of the synthesis of
HMCGP and the mechanism of HMCGP for the starvation therapy-promoted alleviation of cancer hypoxia and combined photothermal-
catalytic therapy by cascade enzymatic reactions. This figure has been adapted/reproduced from ref. 82 with permission from the American

Chemical Society, copyright 2022.
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carbon nanolayers) are deposited or reduced on hard templates
(Si0, is often used as a template), and then sacrificed by etching
or by applying a high-temperature method to leave mesoporous
nanozyme particles. Other active nanozymes may then be con-
nected to them through different methods to form composite
nanozymes.

Polystyrene NPs were used as a template by Wang and
colleagues,® where, due to their opposite charges, CuO was
adsorbed and reduced on the surface of the polystyrene NPs,
followed by calcination at 500 °C to form HMC NPs. GOD was
then loaded into the cavities and mesopores of HMC NPs to
obtain GOD-CuO (HMCG) nanocomposites. Finally, PDA was
coated on the surface of HMCG to improve its biosafety and
bioavailability (Fig. 5C). After entering the cancer site, the
nanozymes could be released under laser irradiation, playing
the roles of CAT and OXD, respectively, and producing oxygen to
alleviate TME hypoxia, while consuming glucose to promote
starvation treatment, replenishing H,0,, or producing toxic
ROS, and oxidizing GSH to prevent ROS from being dis-
proportionated. Thus, the therapeutic effect of CDT could be
greatly improved, and then combined with PTT to kill cancer
cells.

3.5 Other methods

GOx was used as a template by Liu et al., and a nanozyme
containing arginine and ferrocene was synthesized by reverse
microemulsion polymerization.*® This nanozyme could
consume glucose, produce nitric oxide and highly toxic hydroxyl
radicals and superoxide anions. Then, a peroxynitrous acid
radical anion was generated through the reaction between NO
and -O, ", thus stimulating reactive oxygen species and nitrogen
(RONS) radical storms to effectively eradicate cancer cells in
vitro and in vivo. Os is one of the group 8 elements, and nano-
structures based on Os may have potential in various applica-
tions, including biomedical fields. However, it is difficult to
synthesize Os NPs using traditional Ag nanotemplates under
any conditions, thus Kang et al. tried to use TeNRs as templates
to conduct solvothermal current displacement, and were able to
finally successfully prepare OsTeNRs with both POD, CAT, SOD,
and OXD activities.”

4. Factors affecting the catalytic
activity of nanozymes

The catalytic efficacy of nanozymes is influenced by a multitude
of parameters, including but not limited to, the morphological
attributes, dimensional characteristics, elemental constituency,
surface functionalization, and environmental perturbations,
such as photic irradiation, sonication, thermal variations, and
pH fluctuations.'** These factors can exert a significant
control over the catalytic behavior of nanozymes and must be
meticulously considered in the strategic design and fabrication
of composite nanozyme systems to optimize their performance
in biomedical applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.1 Dimensions

The dimensions of nanoparticles significantly influence their
catalytic activity due to the direct correlation between the
particle size and the number of surface-active sites. The distri-
bution and density of these sites on the nanoparticle's surface
are pivotal in determining the catalytic activity. Nanoparticles
with smaller sizes demonstrate enhanced catalytic activity
owing to their increased surface-area-to-volume ratio, which
escalates the likelihood of substrate interaction. Precise
synthetic manipulation of the diameter of nanoparticles allows
fine-tuning their catalytic properties. In the case of CeO, NPs, it
has been established that a reduction in nanoparticle size is
accompanied by an enlargement of the specific surface area,
leading to an increased exposure of active sites and a height-
ened probability of substrate contact. Additionally, the down-
sizing of nanoparticles is linked to a higher density of surface
oxidation vacancies, which can effectively accelerate Ce**/Ce**
redox cycling, thereby augmenting the catalytic activity.** For
this reason, Tang et al. integrated ultra-small CeO, NPs with
core—shell-structured Au@Pt NPs to fabricate CeO,/Au@Pt-PEG
composite nanozymes, which demonstrated enhanced POD
enzyme activity and augmented the generation of ROS and the
efficacy of CDT in tumor therapy.®

4.2 Morphology

The catalytic activity of nanozymes is influenced by their
morphology. Varying shapes, such as nanorods, nanowires,
nanospheres, and nanofibers, possess distinct crystal facets,
exposing different dangling bonds and atomic arrangements,
which may increase the number of active sites, thereby
enhancing the activity of the nanozymes. Qian et al. synthesized
three morphologically distinct magnetite nanozymes (MNZs):
spherical (SMNZ), ellipsoidal (EMNZ), and flaky (FMNZ). They
observed that FMNZ exhibited the highest POD activity under
weakly acidic conditions (pH 5.0), with a specific activity
reaching 2.376 U mg ™', significantly outperforming SMNZ and
EMNZ. Moreover, FMNZ demonstrated a faster and greater
release of iron ions across all pH conditions, contributing to its
enhanced POD activity. Similarly, FMNZ showed higher GPx
activity compared to the other two MNZs tested. The flaky
morphology also facilitated better internalization of the nano-
zyme by cancer cells. In vivo experiments revealed that FMNZ
accumulated more in tumor tissues than SMNZ and EMNZ
did.”*

4.3 Composition

The composition of nanozymes is a critical factor influencing
their activity. Composite nanozymes often exhibit higher cata-
Iytic activity than their single counterparts. Luo et al. con-
structed an Au@Pd composite nanozyme, which demonstrated
a K, slightly higher than that of natural HRP, while its V., was
significantly higher than that of both HRP and Au NPs.”> When
the same nanozyme base was doped with different metal
elements to form composite nanozymes, their catalytic effi-
ciencies varied. Nguyen et al. doped various metal elements into

Nanoscale Adv., 2025, 7, 1226-1242 | 1233


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00924j

Open Access Article. Published on 28 gennaio 2025. Downloaded on 01/03/2026 20:51:36.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

cerium oxide nanoparticles, creating M-CeO, NPs (where M
represents a metal element, including Fe, Co, Ni, Cu, and Zn).
They calculated the peroxidase activity of the different NPs and
found significant differences in their catalytic activity depend-
ing on the doped element. Notably, Co-CeO, NPs showed the
highest enzyme activity, which was 627.5 times greater than that
of CeO, NPs.” Changes in the valence state of the same metal
nanozyme can also lead to alterations in catalytic action. For
example, Zeng et al. synthesized four vanadium oxide nano-
zymes (Vnps-I, Vnps-II, Vnps-III, Vnps-IV) using a simple
method, with the primary distinction among these Vnps being
the ratio of V** to V>*. Vnps-III, containing a lower vanadium
valence state (V**), exhibited good POD and OXD activities,
while Vnps-1, containing a higher vanadium valence state (V°*),
possessed CAT activity.*

4.4 Surface modification

The surface modification of nanozymes can enhance their
biocompatibility or enable them to achieve targeted localiza-
tion. Since the majority of catalytic reactions occur on the
surface of NPs, surface modification can not only improve the
biocompatibility, aqueous dispersibility, and biological target-
ing capabilities of nanozymes but also influence their catalytic
activity. Surface alterations encompass the incorporation of
functional groups, inorganic ions, minute particles, and poly-
mers, thereby modulating the characteristics of the nanozymes
through the modification of their surface chemistry. For
instance, He et al. synthesized Pt NPs decorated with carbox-
ymethyl chitosan (CC-Pt NPs) and observed that these CC-Pt
NPs exhibited a superior dispersion and maintained stable
catalytic activity across a broader range of temperatures and pH
values. Moreover, they demonstrated stronger ascorbate oxidase
activity compared to unmodified Pt NPs.*

4.5 Environmental factors

The catalytic activity of nanozymes is not only determined by their
intrinsic properties but may also be influenced by environmental
stimuli, including exogenous and endogenous factors. Exogenous
stimuli, such as light irradiation, ultrasound, temperature, and
magnetism, can modulate the activity of nanozymes. Extensive
research has revealed that certain noble metal nanozymes exhibit
excellent photothermal conversion efficiency. Under NIR-II irra-
diation, such nanozymes convert light energy into heat, whereby
the subsequent increase in temperature enhances the catalytic
activity of the nanozymes.*” For instance, Au NPs are widely
studied nanozymes with photothermal properties.>*****” Carbon-
based nanozymes also possess photothermal characteristics.
Feng et al. developed a mesoporous carbon nanozyme (MC-PEG)
and observed that under NIR-II irradiation, it significantly
increased the temperature of tumor cells and generated more
-OH, thereby demonstrating more effective and sustained gluta-
thione GPx activity and more potent POD activity compared to
graphene oxide nanoparticles.”® In another investigation, Sar-
avanan et al. linked photothermal 2D material MoS, nanoflowers
with CeO, NPs. Upon NIR-II irradiation, the temperature rose,
which enhanced the POD enzyme activity of the CeO, NPs.”
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Recently, Dong et al. reported that US could significantly enhance
the POD simulated catalytic activity of CaF, nanozymes, and by
increasing the collisions and interaction probability between
H,0, and the catalytic center, they could finally achieve efficient
anti-tumor effects in 4T1 breast cancer and H22 liver cancer
animal models."®

Endogenous stimulation, primarily referring to pH and ROS
within the TME, can play a significant role in modulating the
activity of nanozymes. Among the four vanadium oxide nano-
zymes discussed above in Section 4.3, Vntp-III and VNTP-IV
displayed heightened POD activity under acidic conditions
(pH 6.0), effectively generating ROS for tumor treatment. Vnps-I
exhibited more robust CAT activity than the other nanozymes
tested under standard conditions and could maintain this
activity across both pH 7.4 and pH 6.0, aiding amelioration of
the hypoxic solid tumor environment.* In a related study, Chen
et al. illustrated that iron oxide nanoparticles (IONPs) presented
POD activity under acidic conditions and CAT activity under
neutral conditions (pH 7.4). They also demonstrated that these
nanozymes retained high catalytic activity in the TME while
being non-toxic to healthy tissues.'™

5. Application of composite
nanozymes in cancer treatment

Composite nanozymes fight cancer by producing oxygen,
producing different reactive oxygen species, consuming
glucose, or their cascades, or in combination with other thera-
pies to overcome cancer. Table 4 summarizes some applications
of composite nanozymes in different cancer treatments.

5.1 Different approaches to the treatment of cancer

5.1.1 Composite nanozymes as nanomedicines for cancer
therapy. The POD or OXD activity of composite nanozymes
enables them to generate toxic ROS, which can lead to apoptosis
in cancer cells and inhibit tumor growth. Enzymes with GPx
activity can consume GSH, thereby reducing the quenching of
ROS and promoting apoptosis in cancer cells. This therapeutic
approach is often referred to as CDT. Composite nanozymes
with GOx activity can deplete glucose in the tumor region,
reducing the tumor's energy supply, leading to tumor “starva-
tion”. Therefore, nanozymes with such catalytic activities can be
used directly as nanomedicines for cancer treatment. Li et al
synthesized a bismuth-manganese core-shell-structured
nanoflower loaded with glucose oxidase (BDS-GOx@MnOx
NPs), whose MnOx shell could react with H,0,, reduce Mn*" to
Mn**, and generate -OH through a Fenton-like reaction, which
can destroy tumor cells. Subsequently, Mn*" was reduced to
Mn>* by GSH, while consuming GSH and leading to the accu-
mulation of GSSG, further weakening the antioxidant capacity
of tumor cells. Concurrently, the release of GOx enhanced the
ST effect. Due to the presence of Bi and Mn, this nanozyme
could also be used to enhance CT and MR imaging for
improving the diagnostic accuracy of tumors.”® Dong et al.
constructed a transition metal-doped hollow ceria nanozyme
(PHMZCO-AT NPs) that could disrupt the homeostasis of H,0,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Application of composite nanozymes in different cancer treatments

Cancer type In vitro In vivo Nanozyme Applications
Breast cancer 4T1 4T1 BDS—GOx@MnOx48 CDT, ST
Breast cancer 4T1 4T1 PHMZCO-AT*? CDT

Breast cancer 4T1 4T1 APHPBs®° PDT

Breast cancer 4T1 4T1 Co/La-PB@MOF-199/GOx"* CAT, PTT, ST
Breast cancer 4T1 4T1 CMO-R@4T1 *® PTT, immunotherapy
Breast cancer 4T1 4T1 FAB NP*® CDT, PDT, PTT
Breast cancer 4T1 4T1 P@Pt@P—Au—FAm PDT, ST

Breast cancer 4T1 4T1 PtCu;-PEG'*? CDT, SDT
Breast cancer 4T1 4T1 RuCu NSs*° CDT

Breast cancer 4T1 4T1 FePc/HNCSs®* PDT, PTT
Breast cancer 4T1 4T1 NC@GOX63 CDT, PTT, ST
Breast cancer MCF-7 4T1 Fe;0,@MnO, *** ST, RT

Breast cancer MCF-7 MCF-7 PDAP-ICG-Pt™® PDT, PTT
Breast cancer MCF-7 — Cu-CuFe,0, CDT, SDT, CTx
Breast cancer MDA-MB-231 MDA-MB-231 cces™ CAT, CTx
Cervical cancer HeLa U14 Au,Pt-PEG-Ce6 *° CDT, PDT, PTT
Cervical cancer HeLa U14 HMCGP®? CDT, PTT, ST
Cervical cancer HeLa — CM-MMNPs*° PDT

Cervical cancer HeLa 4T1 MnFe,0,@MOF”> PDT

Cervical cancer HelLa 4T1 PTZCs?*” PDT, PTT
Colon cancer CT26 CT26 Au,Pd; ** CDT

Colon cancer CT26 CT26 PCPT’* PTT, SDT
Colon cancer CT26 CT26 HCS@Pt-Ce6 ** PDT

Colon cancer CT26 CT26 Pt-carbon’® CDT, PDT
Colon cancer CT26 CT26 DFMC?® CDT
Melanoma B16F1 — ICG/Au/Pt@PDA-PEG”” CDT, PDT, PTT
Melanoma B16F1 — CFS@PF"” CDT, PDT, PTT, CTx
Liver cancer HepG2 HepG2 MnO-N/C'*® CDT, PTT
Liver cancer RIL-175 RIL-175 OsTeNRs?® CDT, PDT, PTT, CTx, immunotherapy
Liver cancer HepG2 HepG2 CuS@Ce0, "° PTT, RT
Glioblastoma US7MG Us7 MG Au NBP/Pd®® CDT, PTT
Glioblastoma US7MG — MnFe,0,/C*°° PTT

Pancreatic cancer SW1990 SW1990 PtFe@Fe;0, ¢’ CDT, PTT
Non-small cell lung cancer A549 A549 Arg/Fc@GOX/HA® CDT, ST

within tumor cells by modulating SOD activity, POD activity,
and inhibiting CAT activity, thereby enhancing the efficacy of
CDT.'” Meng et al. developed composite nanozymes with
varying Au/Pd ratios that could mimic neutrophil activity,
generating highly oxidative species, such as hypochlorous acid
(HCIO) and 'O,, through a cascade reaction of SOD and mye-
loperoxidase (MPO), to kill microbes or tumor cells. In their
study, they found that Au,Pd; NPs exhibited the highest SOD
and MPO activities, inhibiting tumor growth through the SOD-
MPO cascade catalytic reaction.'””

5.1.2 Combined treatment by composite nanozymes and
light-based therapy. Phototherapy has emerged as a significant
focus in recent cancer treatment research due to its direct tar-
geting capability and non-invasive nature. PDT is a form of
phototherapy where three parameters directly influence the
therapeutic outcome: light exposure, photosensitizer, and
oxygen. Consequently, the substantial hypoxia in tumor tissues
significantly limits the efficacy of PDT. However, the CAT
activity of nanozymes can generate oxygen from H,O, in the
TME, which can alleviate hypoxia and enhance the tumor-
killing effect of PDT.' Based on this principle, Han and
colleagues developed a composite nanozyme (MnFe,0,/C@Ce6
NPs) loaded with the photosensitizer Ce6. This nanozyme

© 2025 The Author(s). Published by the Royal Society of Chemistry

exhibited significant CAT enzyme activity, and under hypoxic
conditions, it was found to generate a substantially higher level
of ROS than Ce6 alone, leading to a remarkable killing effect on
cancer cells.'*®

PTT is an alternative modality of phototherapy, in which
photosensitizers convert light energy into heat, leading to
increased blood circulation in the tumor region. This temper-
ature elevation enhances the penetration and effectiveness of
nanozymes and can cause the demise of cancer cells due to
hyperthermia. The combination of PTT with nanozymes to
generate ROS for tumor treatment is a promising therapeutic
approach. In the study by Hu et al, a manganese oxide/
nitrogen-doped carbon composite nanozyme (MnO-N/C NPs)
with photothermal conversion capability was developed. Upon
irradiation with an 808 nm near-infrared laser, the POD, OXD,
and CAT activities of MnO-N/C NPs were accelerated. The high
temperature, in conjunction with the production of multiple
ROS, led to apoptosis in cancer cells. Moreover, these nano-
zymes possessed T1-weighted MRI capabilities, enabling the
MRI-guided efficient photothermal and enhanced catalytic
synergistic treatment of tumors in mice.'*

5.1.3 Combined treatment by composite nanozymes and
SDT. Given the limited penetration depth of light and the
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potential for irreversible damage to surrounding normal tissues
due to the high temperatures, US, which possesses a greater
penetration depth and higher safety, has attracted much
attention for its use in SDT for treating tumors. Similar to PDT,
the efficacy of SDT is contingent upon three core elements:
ultrasound, sonosensitizers, and oxygen. Consequently, SDT is
typically employed in conjunction with nanozymes that exhibit
CAT or SOD activity to alleviate hypoxia in the TME, thereby
enhancing the therapeutic outcome of SDT. Furthermore, SDT
can be integrated with other active nanozymes.'* For instance,
Zhou et al constructed a PdPt composite nanozyme
(PdPt@GOx/IR780 NPs) that was conjugated with both GOx and
the sonosensitizer IR780. This nanozyme could not only
generate oxygen to ameliorate hypoxia but also consumed
glucose, cyclically producing H,0,, leading to an enhancement
in the efficacy of SDT while also promoting the effects of ST.**

5.1.4 Combined treatment by composite nanozymes with
RT and CTx. RT and CTx are conventional modalities for cancer
treatment. Radiotherapy (RT) is a tumor-treatment method
based on the direct interaction of X-rays with cellular DNA,
which can cause damage or indirectly react with H,O, to
generate ROS. However, the efficacy of RT is often reduced by
tumor hypoxia and radioresistance, while it can also show
pronounced adverse side effects, thus prompting the need to
modify and improve traditional therapeutic approaches. In this
regard, Yin et al. engineered a composite nanozyme (BMBs),
possessing POD, GPx, and NADPH dehydrogenase activities. By
depleting GSH and NADPH, they found that the BMBs could
attenuate the ferroptosis defense system within tumor cells,
suppressing the activity of GPX4 and FSP1 in particular.
Concurrently, excessive ROS production could disrupt the redox
equilibrium of tumors, triggering death mechanisms. The Bi
component within the BMBs nanozyme, characterized by its
high atomic number, could effectively absorb X-rays, enhancing
the energy deposition of X-rays and further augmenting the
cytocidal effects of radiotherapy on tumors.'*

DOX is a potent and highly popular chemotherapeutic agent;
however, it is commonly associated with cardiotoxicity. To
mitigate the cardiac side effects of this drug, Xing et al. devel-
oped a novel auric ruthenium (AuRu) bimetallic cluster nano-
zyme conjugated with atrial natriuretic peptide (ANP), termed
ATBMzyme. In co-administration studies, this enzyme has been
shown to target the heart, demonstrating robust antioxidant
activity within cardiomyocytes, as well as being able to effec-
tively scavenge free radicals, and reduce DOX-induced ferrop-
tosis in cardiac cells. Additionally, ATBMzyme has been
observed to alleviate DOX-induced hepatotoxicity and nephro-
toxicity without compromising the therapeutic efficacy of DOX
against tumors.'"

5.2 Application of composite nanozymes for the treatment
of different cancers

5.2.1 Breast cancer. Breast cancer has replaced lung cancer
as the most common cancer in the world. The number of
patients suffering from breast cancer accounts for 12.5% of the
total number of cancer patients and 25% of the total number of
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women suffering from cancer.'*® The current treatment for
breast cancer includes targeted therapy, hormone therapy,
radiation therapy, and surgery."* Common CTx drugs for breast
cancer include cyclophosphamide, paclitaxel, doxorubicin,
gemcitabine, 5-fluorouracil, and cisplatin.'*> However, due to
their typically high hydrophobicity, high drug resistance, and
low tumor specificity, these chemotherapy drugs have low
bioavailability, limited therapeutic effects, and serious side
effects. Nanomedicine has shown promise in the treatment of
breast cancer, both passive targeting based on the EPR effect
and active targeting based on overexpressed biomarkers in
tumor cells, and can greatly improve the bioavailability of
drugs."® At present, there is almost a constant stream of
research studies reported on composite nanozymes for breast
cancer treatment. The following are some key examples of
composite nanozymes schemes investigated and reported for
breast cancer treatment.

Liu et al. developed a cascade catalyzed composite nanozyme
with the formula P@Pt@P-Au-FA, in which the Pt nanoparticles
in the interlayer and Au nanoparticles on the surface could
function as effective catalase mimics and glucose oxidase
mimics, respectively, to provide oxygen for PDT, recycle H,O,,
and consume glucose to promote cancer cell starvation treat-
ment.” In the hypoxic environment, after 8 min light exposure,
the nanoparticles reduced the survival rate of the mouse breast
cancer cell 4T1 line to 40% (Fig. 6A), and the detection results
for live and dead cells in Fig. 6B also well showed the good
inhibition rate of NPs on cancer cells. It can be intuitively found
from Fig. 6C and D that in the 4T1 breast cancer mouse model,
P@Pt@P-Au-FA NPs combined with laser irradiation signifi-
cantly inhibited the growth of tumors, in which the inhibition
rate even reached 90.88%, while it was also clear that Au NPs
could play a vital role in the starvation therapy of cancers.

Lyu et al. developed Fe;0,@MnO, nanoparticles that inte-
grated MR imaging and treatment capabilities, which could be
used in combination with GOx and RT.*** The core Fe;O, of this
core-shell-structured nanozyme could trigger the Fenton reac-
tion and generate a large amount of ROS. At the same time,
Fe;0,4 has a good magnetic targeting ability and could be used
for T2 weighted MRI. The MnO, in the shell has the ability to
consume the GSH in the TME, which can not only consume the
generated ROS but may also limit the RT effect. Meanwhile,
Mn*" could be used for T1 weighted MRI. Within the test
concentration range, the inhibition rate of Fe;0,@MnO,
combined with GOx and RT on the human breast cancer cell
line MCF-7 was 59% and 48.1% higher than that of GOx
combined with RT and RT alone, respectively.

5.2.2 Cervical cancer. Even though the incidence of cervical
cancer in high-income countries has been reduced by more
than half in the past 30 years, mostly through better prognosis
through effective screening and timely treatment, cervical
cancer still ranks seventh globally in incidence and ninth in
mortality among all cancers. HeLa cells are immortalized
cervical cancer cells that are derived from cancer cell samples
taken from a patient in 1951 and that are still thriving today,
and are often used in tumor-related research.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Wang et al. designed a composite biomimetic nanozyme
called HMCGP. They loaded GOD into the cavity of hollow
mesoporous copper oxide, and reported the system could ach-
ieve the combined treatment of ST, CDT, and PTT through
a cascade enzyme method.*” This nanozyme could catalyze the
conversion of endogenous H,0, to O,, alleviate the problem of
TME hypoxia, which then improved the effectiveness of GOD in
catalyzing glucose decomposition. The Cu’ produced by HMC
could catalyze the oxidation of endogenous GSH and promote
the CDT effect and produce ROS to kill tumors. It was reported
that when HMCGP was added to H,0,, oxygen quickly appeared
from the liquid surface and produce more -OH in a slightly
acidic environment at 55 °C. Within the experimental concen-
tration range tested, the HMCGP nanozyme alone showed no
significant toxicity to normal mouse fibroblasts. However, after
1064 nm laser irradiation, it was found that the highest
concentration of the HMCGP nanozyme could reduce the
activity of HeLa cells to 11.6%. Through staining, it was also
found that the mitochondria in most cells treated by HMCGP
combined with laser irradiation were damaged, with 40.5% of
the HeLa cells experiencing apoptosis. In U14 tumor-bearing
mouse experiments, the tumor volume of the mice treated
with the HMCGP nanozyme combined with laser irradiation
was the smallest, and the tumors even disappeared in some
mice. The tumor volume was the second smallest in the HMCG

© 2025 The Author(s). Published by the Royal Society of Chemistry

nanozyme combined with laser irradiation group, which was
thanks to the cascade catalytic effect of the GOD and nanozyme
combination.

5.2.3 Colorectal cancer. Colorectal cancer is the third most
common cancer in the world, with a mortality rate as high as the
second highest globally. Yang et al. designed a composite
nanozyme that combined Pt NPs and carbon NPs for colorectal
cancer.”® Integration of the Pt NPs significantly improved the
catalase-like activity of carbon NPs and oxygen production,
which promoted oxygen-dependent PDT, while also enhancing
the photothermal properties of carbon NPs. In the colon cancer
model mice, the anti-tumor rate of the Pt-carbon nanozyme was
greater than 90%, significantly higher than that of the carbon
nanozyme alone (54%).

The Pt-CuS Janus nanozyme (named PCPT) mentioned in
Section 3.2 above not only had the function of catalase to
promote the efficacy of SDT and PTT, but could also be used for
photoacoustic imaging and near-infrared thermal imaging.” It
is worth mentioning that under US, the 'O, production effi-
ciency of the nanozyme was 1.85 times higher than that under
650 nm light irradiation (Fig. 7A). However, in cell experiments,
the cell survival rates of the (PCPT + US) group and (PCPT +
laser) group, respectively, were decreased to 59.5% and 40.1%
(Fig. 7B). The combined treatment by US and laser irradiation
could reduce the survival rate of CT26 cells to 19.8%, while in
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the CT26 tumor-bearing mice model, there were particularly
significant reductions in the tumor volume and weight in the
combined treatment group, indicating that the PCPT nanozyme
plays an important role in inhibiting cancer (Fig. 7C and D).

5.2.4 Liver cancer. The global incidence rate of liver cancer
ranks fifth, but its degree of malignancy is high, and its
mortality rate ranks third. It was predicted that from 2020 to
2040, the number of new liver cancer cases and deaths may
increase by over 55%."” Although traditional HCC treatment
strategies, such as surgical resection and TACE, can control the
growth of HCC and prolong the survival time of patients, they
cannot meet the needs of most patients. Therefore, it is neces-
sary to find a more effective treatment method to improve the
quality of life of patients.

Jiang et al. designed a CuS@CeO, nanozyme with a special
fusiform shape that could enhance the tumor-penetration
ability, combining self-supplied oxygen, a good photothermal
conversion ability, and that was RT sensitive and could be used
in cancer therapy.”” When combined with PTT and RT, more
than 80% of Hep-G2 cells were killed. After different treatments,
the Hep-G2 tumor-bearing mice in the control group experi-
enced rapid tumor growth, while the tumors of the group with
CuS@CeO, NPs-assisted RT/PTT combined treatment did not
appear to have grown, and tumor regression was obvious. This
design not only allows reducing the RT dose, but more impor-
tantly, enables the entire tumor to be treated without

1238 | Nanoscale Adv., 2025, 7, 1226-1242

recurrence. The Os-Te nanozyme mentioned in Section 3.5
above could combine with PDT/PTT for the treatment of liver
cancer.” Under hypoxic conditions, it was found that the Os-Te
nanozyme greatly improved the therapeutic efficiency of PDT,
and the survival rate of RIL-175 cells after treatment was
decreased to 10.7%, with a therapeutic efficiency 2.4 times that
of Ce6.

5.2.5 Other cancers. Melanoma is the most serious skin
cancer in the world, accounting for about 1/5th of skin cancers.
Melanoma has been a rare disease in history, but the incidence
rate of melanoma has been rising in recent years, especially in
Europe and North America."*® ICG/Au/Pt@PDA-PEG NPs,
mentioned in Section 3.3 above, were designed by Ciou et al. to
target melanoma.” After NIR laser irradiation (808 nm), the
viability of mouse melanoma cells (B16F1 cells) was reduced to
34.5% at the lowest level.

Lung cancer is the malignant cancer with the highest
mortality rate, with a mortality rate close to twice that of colo-
rectal cancer, which ranks second. Lung cancer is mainly
divided into non-small cell lung cancer and small cell lung
cancer, of which 85% of cases are non-small cell lung cancer.
The A549 cell line belongs to the typical non-small cell lung
cancer. Liu et al. prepared a kind of nanozyme that was formed
by absorbing various monomers with GOx as the core, including
acrylamide, arginine-acrylamide (Arg), ferrocene-acrylate (Fc)
and N,N'-bis(acryloyl)cystamine (BAC). Subsequently, Arg/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fc@GOx nanozymes were formed by an interfacial free radical
polymerization.*® This composite nanozyme utilized the accel-
eration of enzymes and chemical reactions to induce intracel-
lular RONS (reactive oxygen species and nitrogen) free radical
storms, induce cancer cell apoptosis, inhibit tumor growth, and
prolong survival rate. During the 17 days observation period,
the Arg/Fc@GOx/HA nanozyme showed the most significant
tumor inhibition, and in the subsequent 61 days survival
experiment, the survival rate of this group of mice was also the
highest, reaching 77.8%.

6. Conclusions and perspectives

Since their discovery, nanozymes have developed rapidly. Over
the past decade, a variety of nanozymes with different catalytic
activities have been developed, such as oxidoreductase
including POD, CAT, OXD, and SOD, and hydrolases, including
phosphatase, nuclease, esterase, and protease. Nanozymes are
applied in various fields, such as anti-cancer, anti-bacterial,
anti-biofilm, sensing, environmental governance, and antioxi-
dant. In the pursuit of achieving better results, composite
nanozymes have been developed, and a large number of studies
have reported that composite nanozymes have better catalytic
and therapeutic effects than individual nanozymes.

This work summarizes and provides examples of the classi-
fication, advantages, and synthesis methods of many nano-
zymes, as well as their applications in cancer treatment. The
anti-tumor principle of composite nanozymes can be summa-
rized as follows: (1) reliance on CAT enzyme activity to consume
endogenous H,0, or on SOD enzyme activity to produce O,,
thereby improving the hypoxia of TME and making other
oxygen-dependent therapies feasible; (2) reliance on POD
enzyme activity to consume H,0, and produce toxic ROS; (3)
reliance on GPx enzyme activity to consume endogenous GSH to
prevent the consumption of generated ROS; (4) reliance on GOx
enzyme activity to consume glucose and generate H,O, for
recycling, while achieving the effect of starvation therapy; (5)
use in combination with other therapies, such as PDT, PTT,
CTx, SDT, ST, and RT, where there is a significant synergistic
effect that makes combined therapy much better than single
therapy.

As mentioned before, composite nanozymes have already
played a significant role in various cancers, but there is still
a long way to go before the clinical implementation of
composite nanozymes can be realized, including:*****

(1) The therapeutic efficacy of nanozymes is contingent upon
their in vivo stability and activity. Despite the superior catalytic
efficiency and stability of composite nanozymes in vitro, their
performance within the complex tumor microenvironment may
be compromised. A profound understanding of the bio-
distribution and interaction profiles of nanomaterials within
biological matrices is essential for the precise quantification of
nanozymes' catalytic reactions in vivo, thereby facilitating the
optimization of nanosystem designs to augment their thera-
peutic potency.

(2) In vivo safety research on nanozymes is inadequate,
necessitating a meticulous and systematic dissection of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanozyme pharmacokinetics, encompassing their absorption,
distribution, metabolism, and excretion, alongside the dosing
regimens necessary for achieving an effective therapeutic impact.
It is imperative to scrutinize the toxicity profile of nanozymes
under these conditions, including potential hemolytic and coag-
ulation effects, as well as adverse effects on non-target organs and
tissues. The strategic incorporation of targeted action in nano-
zyme design is paramount for enhancing their tumor-specific
accumulation. To bridge the gap between preclinical and clin-
ical realms, an expansion of pharmacodynamic and toxicological
investigations into larger animal models is imperative, tran-
scending the current reliance on murine studies.

(3) Cancer cells possess a plethora of metabolic pathways,
posing a great challenge for rapid metabolic reprogramming.
The metabolic regulatory capabilities of extant synthetic nano-
zymes for oncological applications are relatively circumscribed,
predominantly centered on oxidoreductases and often predi-
cated on H,0,. Given the potential toxicity of H,O, in excess,
there is an urgent need to diversify the armamentarium of active
nanozymes for cancer therapy, with particular emphasis on
those independent of H,0,, such as transferases, isomerases,
lyases, and synthases, to broaden the metabolic modulation
spectrum of nanozymes in oncological interventions.

(4) The exploration of catalytic kinetics and mechanisms in
composite nanozymes is currently lacking. The construction of
a holistic theoretical framework for diverse nanozymes, one
that amalgamates theoretical computations with empirical
validations and harnesses sophisticated characterization
methodologies, is imperative for elucidating the molecular
underpinnings of nanozyme-cell interactions. This multidi-
mensional approach is pivotal for unraveling the complex
functional dynamics of nanozymes within biological systems
and for laying the groundwork for the evolution of nanozyme-
based therapeutics. By employing omics and single-cell analyt-
ical techniques, researchers can probe the molecular intricacies
of nanozyme-cell interactions, thereby enhancing the precision
and efficacy of nanozyme-mediated therapies. Despite all the
challenges that lie ahead, it is strongly believed that through
continuous in-depth research, composite nanozymes can be
developed that will show excellent performance in clinical
applications.
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