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1. Introduction

Cancer management has been going
through an era of coexisting advances and
challenges. On the one hand, various
targeted, molecular, and immune drugs
with remarkable antitumor capability have
been under research and applied to clinical
practice, which bring about tremendous
improvement on the prognosis of cancer
therapy.[1] On the other hand, the conven-
tional strategies of medication with intrinsic
toxicity and off-target effects are still consid-
ered as insurmountable barriers.[2] In this
context, novel TME-specific therapies with
reduced side effects and improved antitu-
mor performance have inspired great
research interest in the scientific commu-
nity.[3] TME is characterized by mild acido-
sis and elevated H2O2 level as the result of
the acceleratedmetabolism of cancer tissues
and inadequate blood supply, reducing con-
dition since the intratumor glutathione
(GSH) level is about fourfold that in normal
tissues.[4] Such unique TME properties
enable specific chemical/medical antitumor

reactions in situ, avoiding off-target effects of traditional medicine,
which provide a novel concept on cancer management.[5]

The representative strategy taking advantages of TME features
is the nanozyme-mediated catalytic therapy on the basis of
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Nanozyme has been experiencing rapid development in biomedical applications
involving biosensors, immunoassays, and antitumor agents in recent years due to its
tunable catalytic performance and desirable biocompatibility. Since the first explo-
ration of nanozyme-based Fenton reaction for nanocatalytic therapy (NCT) against
tumor, a variety of Fenton (and Fenton-like) nanozymes, such as Fe3O4, transition
metal ions (Co2þ, Cu2þ, and Mn2þ), and metal–organic frameworks (MOFs), have
been proved as desirable candidates for tumor therapy, and the modulation of the
tumor microenvironment (TME) is determined to be a feasible approach to improve
the catalytic efficiency for in situ tumor suppression. At present, increasing studies
have focused on improving the therapeutic efficiency of NCT by formulating mul-
tifunctional nanozyme-based systems to satisfy the demand for versatile and opti-
mized applications. Herein, updated insights into the novel strategies of 1) achieving
highly effective nanocatalytic reactions, including the modification of nanocatalysts
and TME-modulating approaches, are provided and 2) the design and formulation of
multifunctional nanozyme-based systemswhich achieve targeted, synergistic therapy,
and theranostic applications are analyzed and concluded. Concise and concentrated
comments and outlooks are illuminated at the end to outline the perspectives and the
remaining challenges for the next-step explorations on further biomedical translation
of NCT.
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functional nanomaterials.[6] Since the first demonstration of
peroxidase-like (POD) activity of Fe3O4 nanoparticles (NPs) in
2007,[7] numerous NPs (nanozymes) have been proved to own
intrinsic enzyme-like abilities.[6c,e,f] Among them, a variety of
Fenton (and Fenton-like) nanozymes have been utilized for che-
modynamic therapy (CDT) or NCT.[8] These nanozymes intrin-
sically possess excellent catalytic performance, small sizes, and
large surface areas, facilitating the catalytic chemical reactions
with the exposure of active sites.[9] Owing to the specific TME
with overproduced Hþ and H2O2, the nanozyme would trigger
reactive oxygen species (ROS) in situ, inducing necrosis and
apoptosis of tumors.[10] Since the initial application of Fe3O4

NPs for NCT in 2016, the investigation and progress of NCT
could be summarized in following steps in recent years:
1) exploration of a variety of biocompatible high-performance
nanocatalysts for NCT, such as transition metal ions (Co2þ,
Cu2þ, and Mn2þ)[11] and metal–organic frameworks
(MOFs)[12] which share parallel catalytic properties of Fe3O4

and 2) modulating TME conditions to maximize the catalytic
reaction and generate elevated ROS for the improvement of
NCT effects.[13] 3) At current stage, besides the investigations
on the above two aspects, increasing studies have focused on
improving the therapeutic efficiency of NCT by formulating
multifunctional nanozyme-based systems to satisfy the demand
for versatile applications, including targeted delivery of catalytic
nanosystems[14] and synergistic therapy combining latest

immune,[15] gene editing,[16] and molecular medicine.[17]

Moreover, accurate theranostic nanoplatforms were success-
fully constructed to achieve real-time detection of the antitumor
effect of NCT[18] (Scheme 1).

There are several high-quality reviews summarizing the char-
acteristics and progress of NCT on biomedical applications.[8a,19]

Yang et al[8a] first proposed the concept of “nanocatalytic
medicine” defined as “catalytic reaction-based diagnosis and
therapy using biocompatible nanomaterials”. Following reviews
by Tang et al.[19e] and Zhang et al.[19b] concluded the various types
of nanocatalysts for tumor therapy, and the TME-modulating
approaches were also listed and analyzed. Though comprehen-
sive summary and progress of feasible nanocatalysts utilized
for NCT have been mentioned in previous reviews, there were
no conceptual updates on novel strategies of optimized NCT.

The review would provide updated insights into the novel
strategies of 1) achieving highly effective nanocatalytic reactions,
including the modification of nanocatalysts and TME-
modulating approaches. 2) Furthermore, the design and formu-
lation of multifunctional nanozyme-based systems which
achieved targeted, synergistic therapy, and theranostic
applications would be analyzed and concluded. Concise and
concentrated comments and outlooks are illuminated at
the end to outline the perspectives and the remaining
challenges for next-step strategies for further biomedical trans-
lation of NCT.

Scheme 1. Schematic illustration of the various strategies for the enhanced NCT against cancer. Highly-effective Nanoenzyme: Reproduced with
permission.[29] Copyright 2020, Wiley-VCH; TME Modulation: Reproduced with permission.[36] Copyright 2020, American Chemical Society; Targeted
Therapy: Reproduced with permission.[43] Copyright 2020, the American Association for the Advancement of Science; Stimuli-enhanced:
Reproduced under the terms of the CC-BY 4.0 license.[48] Copyright 2020, The Authors, published by Springer Nature. Synergistic Therapy:
Reproduced with permission. Copyright 2020, Wiley-VCH.[53] Theranostic Application: Reproduced with permission.[59] Copyright 2021, Wiley-VCH.
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2. Development of the Highly Effective
Nanocatalytic Reaction

2.1. The Innovation and Modification of High-Performance
Nanocatalysts

Fe3O4 NPs were the first nanozymes explored to perform dual
enzyme-like activity both in vitro and in vivo in a pH-dependent
manner.[20] They presented catalase-like (CAT) activity decom-
posing H2O2 into nontoxic H2O and O2 under neutral pH
conditions, while showing POD activity under acidic condition
disproportionating H2O2 into extremely toxic ROS─•OH.[21]

Up to date, several nanozymes with parallel nanocatalytic perfor-
mance of Fe3O4 NPs (Co

2þ, Cu2þ, Mn2þ, and MOFs) have been
discovered, but there were still amounts of challenges in imple-
menting nanocatalytic medicine toward clinical applications
such as poor biocompatibility, biodegradability, and unsatisfied
in vivo catalytic efficiency.[22] Recently, with the deepening
research of advanced nanozyme, more biocatalysts that break
the shackles of traditional nanozymes have emerged, which were
mainly represented by the surface modification, 2D morphologi-
cal engineering, and the application of single-atom catalysts
(SACs) for improved biocompatibility and NCT effect against
tumor.

2.1.1. Surface Modification of the Nanocatalysts

Though quite a few nanomaterials were proved as efficient cata-
lysts, their poor biodegradability and unclear biocompatibility
made the great challenge for medical applications. As a result,
the modification of the surface chemistry turned out to be the
prerequisite for the in vivo experiments.[23] Yang et al.[24]

reported that silk fibroin (SF) with abundant surface area which
exhibited excellent aqueous stability could be applied as the min-
eralization inducer and sacrificial template to synthesize

bimetallic nanozyme AuPt@SF (APS) through one-step reaction
(Figure 1A). The as-designed APS presented desirable biocom-
patibility and tumor accumulation in vivo; more importantly, it
provided exceptional catalytic stability by the coating of SF.
The SF-coated nanozyme could easily convert the adsorbed O2

and intratumoral H2O2 into •OH and superoxide radicals
(•O2�), respectively, by mimicking the functions of POD and
oxidase. The anticancer process of elevated ROS production
and glucose consumption via catalytic reaction effectively inhib-
ited tumor growth, achieving irreversible oxidative stress destruc-
tion and deleterious tumor starvation. As a result, the study
demonstrated the SF-modified bimetallic nanozyme with favor-
able biosafety could induce considerable inhibition rate on tumor
growth both in vitro and in vivo.

2.1.2. Catalytic Application of 2D Nanosheets

In recent years, 2D nanosheets have gained great interest in vir-
tue of their extraordinary 2D-structured physical and chemical
superiority compared with the conventional 3D nanomateri-
als.[25] Gong et al.[26] lately synthesized novel FeWOX nanosheets
with highly efficient POD-like property via a thermal decompo-
sition method (Figure 1B). Owing to the 2D structure advantages
in maximally exposed Fe atoms and the high distribution of oxy-
gen vacancies (catalytic sites) on its surface, the FeWOX nano-
sheets showed desirable catalytic activity in decomposing
H2O2 into •OH. Therefore, the as-synthesized 2D nanozyme
was proved to accelerate the catalytic efficiency than previously
reported 3D nanozymes.

2.1.3. Design of Single-Atom Nanocatalyst for Cancer Therapy

SACs with preferable catalytic chemistry have been applied as
nanozymes in the latest studies.[27] SACs possessed excellent

Figure 1. Surface modification and 2D engineering for enhanced nanocatalytic effect against cancer. A) The synthetic process of APS bimetallic nano-
zyme. Reproduced with permission.[24] Copyright 2021, IVYSPRING. B) The synthetic process of FeWOX nanosheets. Reproduced with permission.[26]

Copyright 2020, Wiley-VCH.
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catalytic performance with the maximization of metal utilization,
which could achieve desirable cancer suppression with relatively
low metal concentrations.[28] Inspired by the excellent properties
of SACs as nanozyme, Lu et al.[29] designed a hollow N-doped
carbon sphere doped with a single-atom copper species
(Cu-HNCS) that could directly decompose both O2 and H2O2

to ROS without external stimuli, thus inducing an improved
cancer-inhibiting effect (Figure 2A). It should be noted that
the turnover frequency of Fenton reaction by Cu-HNCS was
�5000 times higher than commercial Fe3O4 NPs. Moreover,
the experimental outcomes on tumor-bearing mice revealed that
Cu-HNCS nanozyme could significantly inhibit tumor growth
and improve the survival rates. Importantly, the satisfying
therapeutic outcomes realized by relatively low metal concentra-
tions indicated the further biomedical application of SACs for
cancer therapy.

Given that the efficacy of Fenton reactions suffered from the
unsatisfactory Fe3þ to Fe2þ conversion kinetics, Yang et al.[30]

developed a cocatalytic concept in catalytic therapy by introducing
a 2D MoS2 nanosheet atomically dispersed with Fe species.
Taking the advantages of SACs and 2D nanosheets, Fenton
reactions could be triggered by active sites of the single-atom
Fe species, while the abundant sulfur vacancies generated on
the nanosheet facilitated electron capture by H2O2 for elevated
•OH production (Figure 2B). More importantly, under the sup-
port of the cocatalyst 2D MoS2, the conversion of Fe3þ to Fe2þ

could be accelerated by the oxidation of active Mo4þ sites to

Mo6þ, thereafter improving the whole catalytic efficiency
(Figure 2C). In vitro and in vivo experiments exhibited a signifi-
cantly enhanced anticancer effect of 2D conanocatalysts, imply-
ing great prospects in the strategy of 2D nanosheets and SACs for
the enhancement of NCT.

2.2. Updated TME-Modulating Approaches for the
Enhancement of NCT

Experiments highlighted that Fenton catalysts gained better per-
formance under acidic environment (pH 3.0–5.0), and the pro-
duced ROS were liable to be consumed by excessive GSH in the
TME.[31] In addition, the enzymatic performance of nanocatalytic
reaction was influenced by intrinsic H2O2 as the catalytic sub-
strate.[32] As such, the modulation of the TME condition through
increasing H2O2 levels, lowering pH, and reducing GSH concen-
tration was the potential strategy to optimize the catalytic effect.

2.2.1. Elevating the Levels of H2O2

Theoretically, the nanozyme could decompose the H2O2 into
ROS continuously to induce necrosis and apoptosis of malignant
cells; however, in practical terms, intracellular H2O2 level of
tumor was not adequate to generate a high enough amount of
•OH to trigger satisfactory catalytic effect against cancer.[33]

Previous studies have achieved elevated H2O2 levels to facilitate

Figure 2. Design and construction of SACs and cocatalysis. A) The synthetic process of SACs (Cu-HNCS) by organic coating, carbonization, and silica
etching. Reproduced with permission.[29] Copyright 2021, Wiley-VCH. B) Chemical mechanism of cocatalysis induced single-atom Fenton reaction.
C) Schematic illustration of antitumor effect of the cocatalyst. Reproduced with permission.[30] Copyright 2022, Wiley-VCH.
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ROS generation by sequential chemical reactions of coloaded
glucose oxidase (GOD) or Au NPs.[32b,34] Nevertheless, several
issues remained to be resolved. First, glucose consumption
was an oxygen-dependent process; given the relatively hypoxic
TME condition, the generation of H2O2 might be inhibited. In
addition, lack of targeting modification would also enable the
exogenous enzyme to react with glucose in normal tissues,
reducing the selectivity of the reaction. As such, latest studies
proposed updated strategies on elevating the levels of H2O2 by
constructing novel nanocomposites without introducing addi-
tional substances.

Yang et al.[35] fabricated supramolecular NPs utilizing plati-
num (IV) complex-modified β-cyclodextrin–ferrocene conjugates
as supramolecular monomers via a facile one-step self-assembly
process (Figure 3A). The supramolecular NPs could dissociate
efficiently under the exposure of H2O2 in TME and thereafter
generate platinum (IV) prodrugs and •OH in situ.
Intriguingly, the level of H2O2 would be significantly elevated
when the platinum (IV) was reduced into cisplatin in the tumor
tissue. As such, the as-described supramolecular nanozyme was
expected to overcome the limitation of the exogenous enzyme-
enabled cascade reaction and drug release. In addition, metabolic
assays proved that the dissociated supramolecular NPs excreted
via renal clearance, which may be desirable for long-term
biocompatibility of the nanocomposites.

Inspired by the metabolic balance of H2O2 in TME, Sang
et al.[36] designed and constructed a nanozyme-based
homeostasis disruptor of H2O2 for enhanced NCT
(Figure 3B). With highly SOD-like and CAT-inhibiting activities,
the disruptor could accelerate the generation and restrict the
elimination of H2O2 by interfering with H2O2 homeostasis,
inducing elevated levels of H2O2 in TME (Figure 3C). As a result,
a Fenton-like reaction could be further triggered and produce

more harmful •OH to induce intracellular oxidative stress for
enhanced NCT.

2.2.2. Modulating the Levels of pH and GSH to Maximize the
Catalytic Activity

To further maximize the catalytic activity by regulating the levels
of pH and GSH, Fu et al.[37] established a novel nanosystem
based on hollow CoO@AuPt nanozyme (Figure 4A). Utilizing
Co NPs as sacrificial templates, the as-synthesized
CoO@AuPt was expected to protect the tiny Au/Pt nanosatellites
from exposure and gain excellent stability during long-term cir-
culation. In addition, the penetration depth could increase in
solid tumors once the structure of CoO@AuPt was disintegrated
by acid environment. Free Co2þ could trigger the generation of
ROS in the presence of HCO3

�/H2O2 as a highly efficient
Fenton-like agent, and the disintegrated Au/Pt nanosatellites
thereafter promoted multiple enzymatic activities. The TME reg-
ulation of the nanosystem was mainly reflected in the following
aspects. First, Au/Pt nanosatellites could convert GSH into GSH
disulde (GSSG), which notably decreased ROS consumption by
GSH. Second, an increased amount of intracellular H2O2 was
decomposed into •OH and O2 via POD- and CAT-like activities
by the nanocomposites, respectively. Third, the intrigue
GOD-mimic activity of Au/Pt nanosatellites could consume
the intratumoral glucose in the presence of O2 and produce
an elevated level of H2O2, which in turn promoted the generation
of ROS species (Figure 4B). The highly efficient anticancer effect
of the NCT-based hollow CoO@AuPt NPs was confirmed both
in vitro and in animal studies (Figure 4C,D), building up novel
and promising therapeutic mechanisms by regulating the unique
TME conditions.

Figure 3. H2O2 elevating strategies to promote catalytic process for enhanced antitumor effect. A) Schematic illustration of the H2O2-responsive
supramolecular nanoassemblies for self-augmented NCT. Reproduced with permission.[35] Copyright 2021, Wiley-VCH. B) Schematic illustration of
the synthesis of PZIF67-AT and C) the augmented antitumor mechanism and process of PZIF67-AT. Reproduced with permission.[36] Copyright
2020, American Chemical Society.
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CeO2 was recently acquired close attention in the field of
nanocatalytic reactions owing to its unique mixed-valence states
of Ce3þ and Ce4þ and oxygen vacancies.[38] Compared with nat-
ural enzymes, CeO2 could exhibit a Ce3þ-dependent enzymatic
activity as POD over a wide range of temperature and pH.[39]

Consequently, regulating the Ce3þ/Ce4þ ratio and obtaining
more oxygen vacancies could maximize the POD-mimic activity
of CeO2. Moreover, CeO2 nanozymes could also perform CAT-
like activities due to their special properties in reversibly switch-
ing from Ce4þ to Ce3þ in mildly acidic environment. Given the
as-described distinctive characteristics of CeO2, Dong et al.[40]

reported the establishment of a nanocomposite called PEG/
Ce-Bi@DMSN (Figure 4E), which was demonstrated to exhibit
POD- and CAT-mimicking activity, in addition to GSH depletion
ability under TME (Figure 4F). In detail, the ultrasmall CeO2 in
the nanocomposite functioned as a highly efficient Fenton-like
agent to generate toxic ·OH in specific acidic TME status.
Meanwhile, the nanozymes could destroy the antioxidant
defenses of tumor so as to increase its vulnerability to ROS.
Notably, Bi2S3-based photothermal (PTT) effect under laser irra-
diation significantly strengthened the above-described catalytic

activities, and in vitro and in vivo experiments achieved an
enhanced tumor suppression by the nanocomposite (Figure 4G).

3. Development of Multifunctional Nanozyme-
Based Systems

3.1. Targeted Nanosystems of NCT

Previous nanodeliveries of NCT were mainly based on the pas-
sive enhanced permeability and retention (EPR) effect of nano-
zyme, which inevitably caused undesirable tumor aggregation
and side effects in normal tissues. Recently, a growing number
of researchers have designed tumor-specific targeting delivery
nanosystems according to tumor biological characteristics, utiliz-
ing cellular and subcellular targeting receptors. The targeting
engineering of nanozyme not only increased tumor selectivity
and local aggregation, but also reduced side effects on normal
tissues, which was of great importance for further biomedical
translation.

Figure 4. Enhanced nanocatalytic anticancer effects by modulating pH and GSH levels. A,B) Schematic illustration of the synthetic procedure of hollow
CoO@AuPt NPs and its catalytic mechanisms. C) Mitochondrial damage of 4T1 cells following 8 h treatment with CoO@AuPt NPs measured by JC-1
assay kit. JC-1/M and JC-1/A indicated the monomer and aggregated forms of JC-1, respectively. D) Tumor growth curve of 4T1 tumor-bearing BALB/c
mice after receiving saline, DOX, or CoO@AuPt (inset: photos of dissected tumors on 15-day treatment). Reproduced with permission.[37] Copyright
2020, Elsevier Ltd. E) Schematic illustration of the successive synthetic procedures of the PEG/Ce-Bi@DMSN nanozymes. F) Schematic illustration of
dual enzyme-mimic catalytic activities and GSH depletion. G) Proportion of tumor weight in various groups relative to that in untreated mice
obtained after 20 days of treatment. 1) control (saline), 2) 1064 nm laser, 3) PEG/Bi2S3@DMSNþ 1064 nm laser, 4) PEG/Ce-Bi@DMSN, and
5) PEG/Ce-Bi@DMSNþ 1064 nm laser. Reproduced with permission.[40] Copyright 2020, Wiley-VCH.
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3.1.1. Targeting Effect of Extracellular Vesicles (EVs)

Our work[41] recently discovered EVs collected from hepatocellular
carcinoma (HCC) cells as an effective targeted carrier for NCT. As
natural lipid bilayer membranes secreted by living cells, EVs were
endowed with optimal biocompatibility and degradability.[42] In
addition, EVs as a nanocarrier were expected to promote the
intracellular endocytosis of EV–membrane fusion and facilitate
targeted therapy via unique membrane-targeting capability. The
work illustrated that EVs-loaded GOD could serve as the initiating
enzyme to produce H2O2 by catalyzing the intracellular
glucose (Figure 5A). The downstream ultrasmall iron oxide NPs
(ESIONs) thus transformed the excessive H2O2 to ·OH via

Fenton-like reaction within the HCC region, triggering mitochon-
dria damage of HCC cells (Figure 5B). Especially, the active target-
ing capability of EVs could achieve more efficient NCT by gathering
increased amounts of sequential nanocatalysts into theHCC region.
The targeted performance of EV-engineered nanozyme presented
highly efficient HCC inhibition in vitro and in vivo, broadening
versatile bioapplications of EVs as a promising carrier for NCT.

3.1.2. Targeting Effect of Tumor-Homing Penetration and Tumor
Vascular Normalization

To formulate nanozyme that precisely produces ROS within
tumor tissue and decreases the off-target destruction to adjacent

Figure 5. Targeted engineering of nanozyme-based systems to facilitate enhanced NCT. A) Schematic diagram for the fabrication of GE@EVs. B) Bio-
TEM images of intracellular organelles after different treatments. The white arrow indicated the normal cell shape, and white dotted line circle indicated
the swollen and deformed mitochondria and golgi bodies. Reproduced with permission.[41] Copyright 2021, IVYSPRING. C) Schematic illustration of the
designed Ag2S@Fe2C-DSPE-PEG-iRGD core–shell heterojunctions. D) Schematic illustration of targeted NCT with tumor vascular normalization. E) Real-
time NIR-II fluorescence images of 4T1 breast cancer-bearing mice after intravenous injection of Ag2S@Fe2C-DSPE-PEG/-iRGD. Ex vivo fluorescence
images of heart (1), kidney (2), spleen (3), liver (4), lung (5), and tumor (6) (48 h after injection). F) The fluorescence intensities of the tumor after
intravenous injection of Ag2S@Fe2C-DSPE-PEG/-iRGD. Reproduced with permission.[43] Copyright 2020, the American Association for the Advancement
of Science.
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normal tissues, Wang et al.[43] reported a “TME-unlocking” par-
adigm through the combination between targeting-engineered
nanozyme and tumor vascular normalization to combat tumor
growth (Figure 5D). They first synthesized monodispersed core–
shell Ag2S@Fe2C heterogeneous NPs (Figure 5C). Next, to
achieve tumor-targeting effects, a nanosystem (Ag2S@Fe2C-
DSPE-PEG-iRGD) was established by surface conjugation of a
tumor-homing penetration peptide-modified distearoyl
phosphoethanolamine-PEG-iRGD peptide (DSPE-PEG-iRGD).
The iRGD-modified nanozyme exhibited better targeting perfor-
mance in vivo (Figure 5E,F).Notably, a more favorable anticancer
effect was observed in 4T1 breast cancer-bearing mice by the
targeted NCT combined with the bevacizumab-based tumor
vascular normalization.

3.2. Stimuli–Responsive Nanosystems for Enhanced Antitumor
Effect

Several nanomaterials with distinct catalytic functions possessed
great response to laser/ultrasound (US)/magnetism at the same

time, such as the PTT and photodynamic (PDT) process.[44]

Previous studies have proved the combinational effect of NCT
and PTT/PDT triggered by laser irradiation. Nevertheless, the
stimuli-responsive process and antitumor effect were not well
illustrated. This part would take the representative recent studies
to illustrate the enhanced antitumor effect of NCT under various
external stimulus.

3.2.1. Photoresponsive NCT

To explore the impact of PTT effect on NCT, Liu et al.[45] inves-
tigated the contributing factors of catalytic performance by sur-
face engineering of nonmetallic atom doping and laser
irradiation (Figure 6A,B). As the experiment indicated, POD
reactivity of the Ti-based nanozyme was significantly enhanced
via nitrogen doping (TiN). In addition, owing to the excellent PTT
effect of TiN induced by near-infrared (NIR) adsorption, its enzy-
matic performance could be further improved by laser irradiation
(Figure 6C). As a result, they successfully synthesized a
TME- and laser-responsive nanozyme: TiN-coated liposomes

Figure 6. Schematic illustration of the construction and catalytic process of cascade TLGp. A) Effect of nitrogen doping in TiO2 NPs on their POD activity.
B) Synthetic process of TLGp nanosystem. C) The factors affecting the POD activity of Ti-based nanozymes and pH-responsive/mild PTT-mediated
cascade NCT of TLGp nanosystem. Reproduced with permission.[45] Copyright 2021, Wiley-VCH.
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connecting PEG-modified GOD with pH-responsive manners.
The integration of coloading GOD to achieve self-supply of
H2O2, nitrogen doping, and the photoresponsive property of
TiN NPs enabled a satisfied tumor inhibition with minimal side
effects in vivo.

3.2.2. US-Triggered NCT

Though various approaches have been attempted to increase the
accumulation of nanomedicine at tumor site, it still remained a
great challenge in animal experiments considering the largely
blocked intratumoral infiltration. Wu et al.[46] designed an
US-triggered dual-size/charge-switchable nanozyme (labled as
Cu-LDH/HMME@Lips) (Figure 7A), which was expected to
break the limitations for the treatment of deep solid tumors.
Liposomes acted as a carrier to codeliver enzymatic copper-doped
layered double hydroxide (Cu-LDH) and HMME, a sonosensi-
tizer. The surface advantages in large area and negative electricity
endowed the nanozyme with long-period blood circulation for
tumor accumulation. After entering tumor tissues, it could rap-
idly disassemble themselves to release the size-reduced Cu-LDH
nanosheets upon US irradiation; simultaneously, the dissembled
sonosensitizer HMME could mediate the generation of 1O2

species (Figure 7B). Consequently, upon US irradiation, the
Cu-LDH nanozyme was expected to infiltrate deeply into the
tumor tissue, thus producing highly toxic •OH by the NCT

process, and the associated generation of 1O2 by HMME could
achieve a synergistic ROS effect, significantly suppressing the
tumor growth in vivo. Such promising outcomes provided a pros-
pect on the US-responsive nanozyme to improve NCT
efficacy against solid tumors.

3.2.3. Magnetic-Triggered NCT

Magnetic hyperthermia therapy (MHT) was a novel minimally
invasive management for cancer which has been applied in clin-
ical practice.[47] Among the various agents of MHT, iron oxide
nanocomposites (IONs) were under widespread application
due to their biocompatibility and unique magnetic property.
Endowed with excellent capability as an MHT agent and nano-
zyme, studies have investigated the possibility of magnetic-
enhanced NCT based on IONs. Zhang et al.[48] developed a facile
and efficient strategy via a green biomineralization procedure for
the synthesis of encapsulin-produced magnetic IONs (eMIONs)
(Figure 8A). With �100% crystallinity of Fe3O4, eMIONs were
featured with preferable magnetic saturation and significantly
improved the energy dissipation rate to promote the magnetic-
to-thermal conversion capacity. More importantly, eMIONs
presented as intrinsic CAT-like nanozymes and achieved
improved enzymatic performance under alternative magnetic
field (Figure 8B). The magnetic-responsive magnetocatalytic
synergistic therapy showed remarkable suppression on tumor

Figure 7. A) Schematic illustration of the synthesis of Cu-LDH/HMME@Lips. B) Schematic illustration of the intracellular antitumor effect of dual-size/
charge-switchable Cu-LDH/HMME@Lips that transported in poorly permeable solid tumor models and the mechanism of ROS generations under US.
Reproduced under the terms of the CC-BY 4.0 license.[46] Copyright 2021, The Authors, published by Wiley-VCH.
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growth of orthotopic HCC-bearing mice and almost doubled
their survival time.

3.3. Multifunctional Nanosystems for Synergistic Cancer
Therapy

Nanosystems with synergistic therapeutic capabilities have been
under extensive investigation lately, where it was highly desirable
to design multifunctional nanosystems with the integration of
multitherapeutic agents into one nanoplatform.[49] Several stud-
ies have integrated chemodrugs into nanozyme-based systems to
achieve synergistic therapy with improved antitumor effect. With
the development of tumor molecular biology, the targeted,
immune, and gene-editing drugs with excellent tumor selectivity
have emerged and broken the limitations of inherent nonspeci-
ficity and side effects of chemotherapy. Recent frontier
researches have also focused on the synergistic NCT and molec-
ular tumor therapy by developing multifunctional nanosystems.

3.3.1. Synergistic Gene Editing and Catalytic Therapy

Liu et al.[50] developed a facile approach to synthesize hybrid
nanostructures containing Cu2þ and DNAzyme with extremely
high loading capacity (Figure 9A,B). The Cu-DNAzyme nanosys-
tem enabled favorable codelivery of Cu2þ and DNAzyme into
tumor tissues for synergistic catalytic therapy. The disintegrated
Cu2þ could be reduced to Cuþ by GSH and subsequently

catalyzed intratumoral H2O2 to ·OH for the inhibition against
cancer; meanwhile, the 10-23 DNAzyme induced the catalytic
cleavage of VEGFR2mRNA and activated gene silencing for gene
therapy (Figure 9C,D). The as-described nanosystem
Cu-Dzy@TA was demonstrated to improve the local accumula-
tion of Cu2þ and DNAzyme, thus achieving excellent anticancer
outcomes by dual-enzyme-induced catalytic therapy in vivo
(including intracellular GSH depletion, Cuþ-based Fenton-like
reaction, and DNAzyme-triggered gene silencing).

3.3.2. Synergistic Immune and Catalytic Therapy

Though the predominance of NCT against cancer has been
revealed by recent studies, its therapeutic outcomes were still
impeded by several factors of TME, such as immunosuppressive
and hypoxia microenvironment,[51] which provided the great pos-
sibility of synergistic NCT and immunotherapy. It was reported
that tumor-associated macrophage (TAM) could be influenced by
TME. Frequently, TAM expressed M2 phenotype, and it pre-
sented immunosuppressive activities. In contrast, the polariza-
tion to M1 macrophage could relieve the immunosuppression
so as to increase intratumoral H2O2 level to potentially
strengthen catalytic performance of nanozymes.[52] As such,
Xu et al.[53] designed an immunomodulation-enhanced strategy
of NCT, which for the first time attained the synergism between
TME regulation and nanozyme. The strategy was defined as the
formulation of a H2O2-responsive iron manganese silicate NP
(IMSN) nanozyme and the subsequent loading of TGF-β

Figure 8. Schematic illustration of the magnetic-triggered NCT. A) Schematic of an encABC and its biomimetic mineralized procedure. B) eMIONs
accumulated in tumor sites and suppressed tumor growth effectively. The retaining of eMIONs in the tumor region promoted O2 production, decreased
the expression of HIF-1α, and VEGF. Afterward, magnetic hyperthermia and improved the catalytic efficacy could be achieved under alternative magnetic field,
represented asmagnetocatalytic therapy. Reproduced under the terms of the CC-BY 4.0 license.[48] Copyright 2020, The Authors, published by Springer Nature.
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inhibitor (TI) into PEGylated IMSN (IMSN-PEG-TI) for Fe-based
catalytic therapy (Figure 9E). IMSN with mixed-valance
conditions was proved to possess high POD- and CAT-like
performance under acidic environment. In particular, TI was
loaded to promote polarization of macrophage from M2 to
M1, which could effectively regulate TME through overcoming
tumor hypoxia and increasing the ratio of M1 to M2 macro-
phages, CD4þ/CD8þ T to Treg cells. As a result, the nanozyme
combined with immunomodulation paradigm via IMSN-PEG-TI
nanocomposites remarkably decreased the expression of gluta-
thione peroxidase (GPX4) in cancer cells (Figure 9F), showing
favorable antitumor performance against CT26 tumor xenograft
mice models with the tumor suppression rate of 87.5%.

Recently, chimeric antigen receptor (CAR) T-cell therapy has
aroused great potential for the therapy of non-small cell lung can-
cer in preclinical studies.[54] However, it remained a formidable
challenge for suppressing solid tumors given the heterogeneous
and immunosuppressive TME.[55] Considering that nanozyme
has been confirmed to exhibit advantages in regulating the
immunosuppression of TME,[56] Zhu et al.[57] developed a

nanocomposite (HA@Cu2-XS-PEG PHCN) achieving synergistic
NCT and CAR-T therapy to facilitate enhanced antitumor effect
against solid tumors (Figure 10A). Experiments showed that
nanozyme-mediated PTT effect could disrupt the extracellular
matrix and increase blood perfusion of tumor tissues, which pro-
mote the infiltration of CAR-T cells. Meanwhile, ROS generated
by NCT weakened tumor immune resistance and made it more
vulnerable to CAR-T cells. Furthermore, the release of tumor-
specific antigens by PTT process also triggered the recruitment
and activation of antigen-specific CAR-T cells in solid tumors
(Figure 10B). The complementary superiorities of NCT and
immunotherapy enabled them as promising synergistic
candidates for enhanced efficiency against solid tumors.

3.4. Design of Multifunctional Theranostic Nanosystems

Multifunctional theranostic nanosystem integrating multimodal
diagnostic and therapeutic agents to facilitate theranostic appli-
cations has inspired widespread interest in the past few years.[58]

Considering the process of NCT was hard to detect and evaluate

Figure 9. Construction of nanozyme-based nanosystems for synergistic therapy. A,B) Schematic illustration of the synthesis of Cu-Dzy@TA and the use
of Cu-Dzy@TA for dual-catalytic tumor therapy. C) Western blot analysis of VEGFR2 protein in 4T1 cells after different treatments. D) Viability of 4T1 cells
after incubating with different samples for 24 h. Reproduced with permission. Copyright 2021, Wiley-VCH.[50] E) Schematic illustration of tumor therapy
for IMSN-PEG-TI; (F1-3) Immunofluorescence images of macrophages distribution in MCTS (red: M1 macrophages, green: M2 macrophages, blue:
nuclei); HIF-1α (red: HIF-1α, blue: nuclei); and GPX4 (green: GPX4, blue: nuclei). Reproduced with permission. Copyright 2020, Wiley-VCH.[53]
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in vivo, there is an urgent need to develop theranostic nanosys-
tems to achieve real-time monitoring of NCT. Several studies
have attempted to enable the NCT with various types of diagnos-
tic modes by the establishment of multifunctional theranostic
nanosystems, which would further promote the clinical
applications of NCT.

3.4.1. NIR-II Fluorescence-Monitored NCT

To overcome the deficiency of nanozyme which warranted
specific pH to maintain activity and became inactivated by
GSH chelation, Chen et al.[59] presented a catalytic microenviron-
ment-tailored nanoreactors (CMTN), formulated by surface con-
jugation of MoO4

2� catalyst and alkaline sodium carbonate
(ACS). MoO4

2�exhibited superior catalytic performance to yield
1O2 from H2O2 at pH 10.0–11.0. Given the impermeability of
liposomal lipid membrane to ions and GSH, catalytic microen-
vironment-tailored nanoreactors (CMNTs) involving confined
MoO4

2� catalyst and ACS in the aqueous cavity of liposomes
could provide an optimal catalytic pH to MoO4

2� and prevent
GSH chelation-induced catalyst inactivation (Figure 11A).
Such a tailored TME associated with free diffusion across the
liposomal membrane of reactant H2O2 and product 1O2, enabled
the CMNTs with superior nanocatalytic efficacy. In addition,

ROS-sensitive IR1061 with NIR-II fluorescence was incorporated
into the CMTNs to real time monitor the generation of 1O2 cata-
lyzed by MoO4

2�. The as-synthesized nanocomposites not only
proposed a versatile strategy to reinforce the enzymatic perfor-
mance by forming a TME-tailored reaction, but also confirmed
the great potential of NIR-II fluorescence-guided NCT for tumor
theranostic in vivo (Figure 11B,C).

3.4.2. Multimodel Optical Imaging-Monitored NCT

Diagnostic imaging in the NIR-II biowindow has emerged as a
novel strategy for highly precise tumor detection in latest
researches. Zheng et al.[60] lately developed a NIR-II photoacous-
tic (PA)/NIR-II fluorescence imaging-monitored nanozyme
(HSC-2) to guide precise synergistic PTT-catalytic antitumor
therapy (Figure 11D,E). Due to the adsorption capacity of ionic
liquid, the electronic structure of the zeolite nano-Beta could be
turned from the indirect bandgap to direct bandgap via doping
carbon in the framework, thus endowing it with remarkable per-
formance in NIR-II fluorescence emission. As the experiment
indicated, HSC-2 also possessed PTT and POD-like capability
under 1064 nm NIR irradiation, which could achieve a synergis-
tic effect of ROS and hyperthermia, realizing satisfactory sup-
pression on tumor growth. Especially, such a synergistic

Figure 10. Schematic illustrations of the A) preparation procedure of PHCNs. (B) Nanozyme-mediated PTT effect of enhanced infiltration and effector
function of CAR-T cells in solid tumors. Reproduced with permission.[57] Copyright 2021, Wiley-VCH.
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therapeutic process was guided by real-time adjustable PA/
fluorescence imaging in NIR-II window (Figure 11F). The novel
cancer theranostic by formulating all-in-one nanozymes in this
work would open up a new dimension in cancer management
by expanding the applications of multimodal optical imaging
in NIR-II biowindow.

3.4.3. 3D Multispectral PA-Monitored NCT

To achieve noninvasive visualization of dynamic molecular
events of NCT in real time, Lei et al.[61] formulated a dual

enzyme-driven cyclic reaction nanosytem which could apply
3D multispectral PA molecular imaging to monitor NCT in vivo.
The nanosystem was composed of a 2D Pd-based nanozyme
connected with GOD, which could arouse the variation of the
PA signal via endogenous molecules. Inspired by the nanozyme-
responsive PA imaging, the study mapped the 3D PA signals of
dynamic endogenous and exogenous molecules associated
with the catalytic process, thus achieving a real-time noninvasive
visualization of NCT (Figure 12). Consequently, the study
presented the favorable prospect in imaging-guided
(3D multispectral PA imaging) theranostics especially in
feedback-looped cascade NCT.

Figure 11. Establishment of theranostic nanosystems for real-time monitoring of the antitumor effect of NCT. A) Schematic illustrating the application of
CMTNs to efficiently generate 1O2 in dark hypoxia for NIR-II ratiometric fluorescence-monitored tumor NCT. B) In vivo NIR-II fluorescence images of
MCF-7 tumor-bearing mice after intravenous injection with CMTNs@IR1061/DCNPs or C) liposomes@IR1061/DCNPs. Reproduced with permission.[59]

Copyright 2021, Wiley-VCH. D,E) Schematic illustration of the synthesis of HSC-2 and adjustable PA/fluorescence imaging-guided PTT/catalytic therapy in
NIR-II window. F) PA images of tumor in mice at different time points after intratumor injection of HSC-2 under 808 nm laser (0.3W cm�2) irradiation
(1064 nm) and NIR-II fluorescence images of 4T1 tumor-bearing mice after systemic administration of HSC-2 (1000 LP and 100ms). Reproduced with
permission.[60] Copyright 2021, Wiley-VCH.
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4. Conclusion and Outlook

As Fe3O4 NPs were found to possess catalytic activity which could
produce toxic ROS for NCT against cancer, numerous nanoma-
terials with unique catalytic activity have been developed, open-
ing up a new chapter in tumor catalytic therapy.[62] With the
deepening insight into the NCT, the research focus has also
extended from the discovery of high-performance catalysts
to the fields of TME-modulating and multifunctional
nanosystem-based NCT for enhanced antitumor performance.
Meanwhile, the novel nanocatalysts have gained more favorable
biocompatibility, endowed with high chemical activity with
relatively lower dosage, developing faster toward clinical
application.[63]

Several researchers have made comprehensive summary on
the progress of NCT in the past few years. Qiao and co-
workers.[19b] provided a preliminary summary of the selection
of Fenton/Fenton-like nanozyme for NCT, while Zhang and
co-workers.[19d] presented the approaches of modulation of
TME which could improve the catalytic efficiency of nanozymes.
With the in-depth researches of NCT, the multifunctional cata-
lytic nanosystems for biomedical applications emerged. Huo
et al.[19c] and Jia et al.[19a] summarized the progress of NCT cate-
gorized by various nanozymes and modified nanosystems; the
common and unique characteristics of these nanozymes were
discussed to facilitate their biomedical application. Although
detailed and elaborate information of NCT has been concluded

by these reviews, the updated overview of the strategies on
improving the effect of NCT was not well illustrated.

The present review provided updated insights into the novel
strategies for optimized NCT. The comparisons of primary and
updated strategies on NCT are illustrated in Table 1. We summa-
rized these strategies into two basic parts. Part 1 shows the
improvement on the catalytic reaction, including high-
performance nanocatalysts and TME-modulating approaches.
Part 2 shows the design and construction of multifunctional nan-
systems for enhanced NCT against tumor, including targeting-
engineering, stimuli-enhanced, synergistic, and theranostic
applications. Part 1 is considered as the core of NCT, and the
previous studies have dedicated to innovate desirable nanozymes
and favorable TME for improved effect of NCT. In comparison,
Part 2 is the extension of part 1 which is expected to be the focus
in the next-step research of NCT. It should be noted that although
NCT was based on the in situ chemical reactions to kill cancer
cells, it has limitations on nontargeting delivery, relatively low
catalytic efficiency, and undetectable therapeutic process in vivo,
which surmounted its further biomedical translation. The for-
mulation of the multifunctional nansystemsmay tackle the above
limitations and promote the further development of NCT. For
example, with the development of molecular imaging, studies
have achieved the real-time monitoring of the NCT process by
constructing nanozyme-based systems. Upon the accurate diag-
nostic approaches involving high-resolution PA, fluorescence,
CT, and MRI imaging, clinicians would get timely feedback

Figure 12. Schematic illustration of the preparation and application of cyclic cascade catalytic systems of PMNSG for NCT under the navigation of 3D PA
imaging. Reproduced under the terms of the CC-BY 4.0 license.[61] Copyright 2022, The Authors, published by Springer Nature.

www.advancedsciencenews.com www.small-science-journal.com

Small Sci. 2022, 2, 2200024 2200024 (14 of 18) © 2022 The Authors. Small Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.small-science-journal.com


on the therapeutic process and effect, which have gained great
potential for further clinical application.

On the other hand, although the present NCTs have exhibited
remarkable antitumor outcomes, there are several obstacles to be
addressed. 1) First, the biocompatibility, biodegradability, and
metabolism of nanozymes in vivo are still intrinsic barriers for
biomedical translation of NCT.[64] Metal ion release of most
nanozymes is considered as the possible factor to induce side
effects in normal tissues due to the metal overload, which
may produce ROS via Fenton/Fenton-like reactions that destroy
the biomacromolecules and necluic acids in normal tissues.[19c]

The recent studies proposed the strategy of surface modification
to improve the biocompatibility of the nanozymes, which could
also be excreted out of body by rapid kidney clearance, providing
a feasible way to this issue.[35] Full-scale assessment of

pharmacokinetics and metabolism of the nanozymes in vivo
should be addressed in the next-step research to ensure the
biocompatibility and biosafety of NCT. 2) Second, the antitumor
mechanism of NCT is preliminarily proved to be the apoptosis
and necrosis of tumor cells induced by elevated ROS in TME.
However, with the participation of metal ions, it becomes com-
plicated to evaluate the deep-seated mechanism of NCT on tumor
cells, and the relevant research is lacking. Especially, with the
emerging concept of ferroptosis[10c] and cuproptosis,[65] the
completely new understandings of the antitumor mechanism
of Fe/Cu ions were established. As such, the in-depth studies
of the molecular mechanism of NCT combating tumor cells
should also be highlighted, which would promote the develop-
ment of NCT on pharmacological research, targeted therapy,
and further clinical application. 3) Third, the process of

Table 1. Summary of primary and updated strategies on optimizing NCT against tumors.

Basic Parts of NCTa) Primary strategies Ref. Updated strategies Ref.

Catalytic reaction Nanozyme Fe, Cu, Mn, Ce, MOF-based
nanocomposites

[11] Surface modification [24]

Morphological (2D) nanozyme [26]

SACs [29]

TME modulating Co-loaded catalysts to promote
sequential catalytic reactions

[32b,34] Self-amplified H2O2 level [35,36]

Improving the GSH/pH condition [37,40]

Construction of
multifunctional
nanosystems

Synergistic therapy NCTþchemotherapy [13] NCTþstimuli–responsive therapy [45-48]

NCTþ PDT/ PTT [44] NCTþgene-editing therapy [50]

NCTþimmumotherapy [53,57]

Targeted therapy / Vehicle mediated [41]

Surface ligand mediated [43]

Theranostic applications / Fluorescence imaging-guided NCT [59]

PA-guided NCT [61]

Multimodal imaging-monitored NCT [60]

a)MOF, metal–organic framwork; TME, tumor microenvironment; NCT, nanocatalytic therapy, PDT, photodynamic therapy; PTT, photothermal therapy; PA, photoacoustic.

Figure 13. Summary of the development and current applications of nanozyme in cancer therapy, and future prospects of in-depth research for further
potential clinical translation.
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nanocatalytic reaction could be fully verified in vitro by enzymatic
dynamic estimations. However, in vivo experiments, the charac-
teristic parameters of NCT such as the reaction rate and concen-
trations of reactants, could not get timely recorded. The process
and effect of NCT in vivo could only be preliminarily evaluated by
the ROS-responsive fluorescence imaging which is not favorable
for the real-time monitoring and controllability of the overall
reaction. Novel accurate probes targeted to the nanocatalytic reac-
tions were highly warranted to make the catalytic reaction mea-
surable and controllable in vivo. 4) Last but not the least, at
present, the majority of in vivo experiments of NCT utilized sub-
cutaneous tumor models, with intratumoral or intravenous injec-
tion of nanozymes. The orthotopic tumor model in preferable
accordance with clinical applications (biological, pathological
and pharmacological features) should be established to further
evaluate the effect and side effects of NCT. Moreover, it would
be more favorable to explore targeted therapy and real-time
monitoring of NCT using orthotopic tumor model with higher
reliability and tumor specificity, which may be of great
value to facilitate clinical translation of NCT in the future
(Figure 13).
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