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With high catalytic activity and stability, nanozymes have huge advantage in generating or eliminating
the reactive oxygen species (ROS) due to their intrinsic enzyme-mimicking abilities, therefore attracting
wide attention in ROS-related disease therapy. To better design nanozyme-based platforms for ROS-
related biological application, we firstly illustrate the catalytic mechanism of different activities, and then

introduce different strategies for using nanozymes to augment or reduce ROS level for the applications in
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cancer therapy, pathogen infection, neurodegeneration, etc. Finally, the challenges and future
opportunities are proposed for the development and application of nanozymes.
© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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1. Introduction

Natural enzymes participate in the processes of life activities via
biocatalysis, such as tissue repair [1], cell metabolism [2], anti-
inflammation [3] and detoxification [4,5]. Essentially, most natural
enzymes are made of proteins or RNA [6]. For realizing engineered
applications, the natural enzymes are complicated to purification,
costly to use, hard to store, unable to modify and sensitive to the
environmental conditions (e.g., pH and temperature), which leads
to the restriction in applications. Very recently, nanomaterials with
biocatalytic performances have been discovered and explosively
developed as possible substitutes for natural enzymes for a train of
bioapplications [7]. The term “nanozymes” was firstly proposed by
Scrimin and coworkers in 2004 [8]. Nanozymes refer to those
artificial nanomaterials that can mimic the activity of natural
enzymes. Specifically, in 2007, Yan’s group had done pioneered
work of discovering the intrinsic peroxidase-like activity of Fe304
nanoparticles [9]. Since then, considerable achievements have
been made in this area with the rapid advances of nanotechnology
and nanomaterials. Compared with those natural enzymes,
nanozymes have their irreplaceable advantages such as high
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stability, low cost, tunable catalytic activity, and convenient
modification. These superiorities endow nanozymes with enor-
mous application potentials in biosensors [10], pollutant removal
[11], anti-bacteria [12], antioxidant [13], cancer therapy [14] and
tissue regeneration [15].

Reactive oxygen species (ROS) are natural byproducts of cellular
metabolism. ROS can be divided into two categories: free radicals,
including singlet oxygen ('0,), hydroxyl (HO"), superoxide (0,),
hydroperoxyl (HO,"), and nonradicals, such as hydrogen peroxide
(H20-) and hypochlorous acid (HOCI). Most of the intracellularly
generated ROS come from mitochondria [16], and the other main
sources are endoplasmic reticulum (ER), peroxisomes, micro-
somes, etc. [17]. Under normal physiological conditions, the
endogenic ROS level is regulated by a series of antioxidant
enzymes, keeping it in a dynamic equilibrium. ROS with a
moderate level plays multiple roles in body, especially in cellular
signal transduction [18]. However, if the ROS concentration is
above a normal concentration, it may interfere the normal cell
signaling or cause oxidative stress to damage the cells [17]. In cells,
the main targets of ROS are nucleic acids, proteins, lipids and
sugars [19]. Researches have proved that the intracellular oxidative
stress is related to a number of diseases, such as cancer [20], aging
[21,22], inflammation [23], diabetes [24,25] and neurodegenera-
tion [26]. Thus, how to control the balance of ROS level in cells and
tissues is an urgent challenge to maintain the redox homeostasis.
On the other hand, due to their highly toxic nature [27], ROS can be

1001-8417/© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



Y. Dai et al.

applied to kill pathogens or cancer cells, in which an increase in
ROS concentration over the threshold could directly kill the
detrimental cells. For recent years, with the development of
nanotechnology and advances in ROS-relevant nanomaterials,
many ROS-mediated therapeutic modalities have emerged to treat
the infectious diseases and cancers, such as photodynamic therapy
(PDT) [28], sonodynamic therapy (SDT) [29], chemodynamic
therapy (CDT)[30], and radiotherapy (RT)[31]. Therefore, augment
or reduction of ROS with nanotechnology and nanomaterials is
emerging strategy to treat different diseases.

Nanozymes, with the intrinsic properties to mimic natural
enzymes, have great promise for modulating the intracellular ROS
level. On the one hand, some nanozymes with the activities of
catalase (CAT) [32], superoxide dismutase (SOD) [33] and
glutathione peroxidase (GPx) [34] can efficiently act as antiox-
idants to scavenge the excessive amount of ROS. On the other hand,
nanozymes with oxidase (OXD) [35] and peroxidase (POD) [36]
activities can catalyze the generation of ROS as products or
intermediate products to elevate ROS level for disease treatment.
Recently, several reviews have comprehensively illustrated the
construction and application of nanozyme based systems [37,38].
However, few review papers have been devoted to discussing the
strategies of establishment of nanozyme-based nanoplatforms
toward the regulation of ROS for disease therapy. To highlight the
significance of nanozymes in modulating ROS level for therapeutic
purpose, this review aims to elaborate how to design nanozymes
for increasing or decreasing ROS at a desired location. First, the
type and mechanism of frequently used nanozymes is discussed in
detail. Then, the strategies for upregulation and downregulation of
ROS with engineered nanomaterials are introduced, including the
nanozymes along strategies and synergetic nanozyme strategies.
This review also summarizes current challenges and proposes
future perspectives for the development of nanozymes for disease
therapy. We believe it would provide some inspiration for future
design and application of nanozymes.

2. Catalytic mechanism of nanozymes

Although the exploitations and applications of nanozymes have
been widely explored for recent years, their kinetics and
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mechanisms still remain unclear. The understanding of mecha-
nisms from an atomic or molecular level is critical to catch on the
essence of catalytic processes, as well as the screening, designing,
optimization and application of the nanozymes. To better disclose
the nature of nanozymes, increasing researches have been done to
discuss the detailed mechanisms [39-41]. As the catalysis often has
complicated chemical environment and the reaction intermediates
are difficult to capture and analyze, it is difficult to figure out the
exact processes and mechanisms. Therefore, most of the theoreti-
cal researches are based on first-principal method [42,43], which
does not require empirical parameters but calculate the molecular
energy according to the interaction principle between nuclei and
electrons [44]. Density functional theory (DFT) calculation is one of
the most popular methods to conduct theoretical research of
nanozymes [44]. This part summarizes the mechanisms of typical
nanozymes in terms of different types of nanozymes.

2.1. Peroxidase (POD)

POD-mimicking nanozymes are a group of artificial enzymes
that can catalyze the oxidation of substrate in the presence of
peroxide. 3,3',5,5'-Tetramethylbenzidine (TMB) and hydrogen
peroxide (HO,) are the popular combination that used as
substrates to detect the peroxidase activity. In general, one H,0,
absorbed on the surface of a nanozyme could generate two
hydroxyl (—OH) species. Then the hydrogen donor TMB provides a
hydrogen atom from its amino group to react with the hydroxyl
species [39], during which the colorless TMB is oxidized into blue
oxidized TMB (oxTMB). This process is illustrated in Fig. 1a. Other
researches also point out that the —OH species could be converted
into O species to form a peroxidase-O-TMB coordination complex
[45]. After donating electrons to the O species, TMB is oxidized,
whereas peroxidase-O-TMB is reduced to peroxidase—OH-TMB
[46]. Next, the oxTMB desorbs from the peroxidase—OH and
another TMB reacts with —OH to recover the nanozyme surface. In
this process, free radicals, primarily HO" and also along with HO,
[47], are produced to endow the highly oxidizing ability of the
biomimic peroxidase.

Some other reduced substrates could also be applied to
implement a chromogenic reaction, such as: di-azo-aminobenzene
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Fig.1. (a) The proposed mechanism of POD-mimetic catalysis of iron-oxide slabs. Reprinted with permission [39]. Copyright 2020, American Chemical Society. (b) Proposed
sub-processes responsible for the oxidation of TMB to oxTMB with the (001) facet of ABO3 as a peroxidase mimics. (c) Specific peroxidase-like activities of perovskite TMOs
plotted as a function of e; occupancy. Reprinted with permission [45]. Copyright 2019, Nature Publishing Group.
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(DAB), o-phenylenediamine (OPD) and 2,2'-azino-bis-(3-ethyl-
benzthiazoline-6-sulfonic acid) (ABTS) [48]. To overcome the poor
substrate selectivity and specificity, Liu's group employed molec-
ularly imprinted polymers to create substrate binding pockets on
the surface of Fe;0, nanozymes [49]. With the decoration of
imprinted charges-enhanced monomers as specific binding pock-
ets to recognize the substrates, the selectivity of Fe304 NPs was
increased for 100 folds than reported before.

For recent years, a large variety of nanomaterials have been
reported to have the catalytic ability of natural enzymes. However,
most nanozymes were selected through a trial-and-error strategy.
There was no exact indicators or parameters to search for
nanomaterials with the specific enzyme-like property. In 2019,
Wei's group initially identified that the e; occupancy (i.e., the p-
electron population of the e, () anti-bonding orbitals associated
with the transition metal sites) could serve as a descriptor for
selecting the transition metal oxides (TMO)-based peroxidase
mimics (Fig. 1b) [45]. According to the DFT calculations, they
concluded that the perovskite TMOs with an eg occupancy of 1.2
exhibited the highest peroxidase activity, while those with 0 or 2
had a negligible activity (Fig. 1c). Recently, Gao’s group also used
DFT calculation to indicate the peroxidase activity of nanoparticles
[39]. Their calculation showed that both E,; (the reaction energy of
step 1 in Fig. 1a) and E.gson (the surface adsorption energy of
hydroxyl radical) could act as the descriptors. The nanomaterials
would have a POD-like activity when their E,; is in the energy
range from —3.6eV to —0.3 eV or the E 450 is from —3.5eV to
—1.6 eV, and their maximum catalytic activity could be achieved
when E;; = —2.1eV or E,gs0n = —2.6 €V, respectively.

2.2. Oxidases

Natural oxidases can catalyze the redox reaction between
dissolved oxygen and a substrate to produce H,O or hydrogen
peroxide. The family of oxidases has many members, such as
glucose oxidase (GOx), sulfite oxidase (SuOx), lactate oxidase
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(LOx), uric acid oxidase (UOx), amino acid oxidase (AAO), etc.
Different kinds of oxidases target different substrates. For example,
GOx catalyzes p-p-glucose into gluconic acid and H,0, [50], and
SuOx converts toxic sulfite into bio-safe sulfate [51]. The produced
H,0, is a member of ROS family and plays an important role in cell
metabolism and signal transduction. It is much more stable than
some free radicals and can easily pass cell membrane to react with
free ferrous ions in the cells via Fenton reaction for generating
more active radicals to kill the cells [52,53].

In 2004, Rossi et al. unveiled the intrinsic oxidase activity of
naked gold nanoparticles [54]. Whereafter, they proposed the
mechanism of glucose oxidation with the Au NPs (Fig. 2a) [55]. In
detail, hydrated glucose anion reacted with the surface atoms on
gold NPs to form electron-rich gold species. These gold species
formed a bridge intermediate Au*-0,~ or Au?*-0,2~, and two
electrons were transferred from glucose to oxygen to generate
gluconic acid and H,0,. Another research based on the oxidase
mechanism of noble metal NPs extracted the reactions as the
following Eqs.1 and 2 [56]: Namely, metal NPs decomposed O, into
two O* adatoms, which had a strong ability to abstract hydrogen
atoms from the substrate (S) to yield H,O, and oxidize the
substrate.

0, = 20° (1)

0" +S — H,0" + Sox (2)

2.3. Catalase (CAT)

Catalase-mimick nanozymes can directly decompose H,0, into
H,0 and O, (Eq. 3). Both peroxidase and catalase take H,0, as a
substrate. However, catalase decomposes H,0, without producing
toxic ROS, which means it could effectively serve as an antioxidant.
Up to now, many metal and metal oxide nanomaterials have been
found to possess catalase activity, such as Ir [57], Pt [58], CeO, [59],
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Fig. 2. (a) The oxidase catalytic mechanism of Au NPs. Reprinted with permission [55]. Copyright 2006. John Wiley and Sons. (b) A model of the reaction mechanism for the
complete dismutation of hydrogen peroxide. Reprinted with permission [64]. Copyright 2011 Royal Society of Chemistry. (c) Catalytic mechanisms for the SOD-mimetic
activity of nanoceria. Reprinted with permission [41]. Copyright 2019 Royal Society of Chemistry. (d) Proposed catalytic cycle of glutathione peroxidase (GPx) for the reduction
of hydrogen peroxide and regeneration of glutathione (GSH) using glutathione reductase (GR). Reprinted with permission [84]. Copyright 2015, John Wiley and Sons.
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Mn304 [60]
2H,0, — 0, + 2H,0 3)

Among various catalase nanozymes, nanoceria is widely
explored due to its high biocompatibility and antioxidant property
[61]. Pirmohamed’s group identified that the catalase-mimetic
activity of nanoceria was dependent on the redox-state ratios of Ce
[62]. Further researches acclaimed that a low Ce3'/Ce?" ratio
subserved nanoceria’s CAT activity whereas a high Ce®*/Ce?" ratio
subserved SOD activity [63]. Ghibelli et al. illustrated the detailed
mechanism of catalase-like nanoceria (Fig. 2b). That is, H,O, first
binds to the oxygen vacancy sites on the Ce*" surface that then
reduces the vacancy to release O, and form Ce®*. Subsequently,
another H,0, attaches to the oxygen vacancy again to oxidize Ce>*
and regenerate Ce** and produce H,O [64]. With a high
concentration of H,0,, hydroperoxo/peroxo species may appear
due to the chelating between Ce>* and H,0, [65]. However, those
peroxide species are chemically stable and would not cause a
damage to cells/tissues/bodies like that induced by hydroxyl
radicals [66]. This process could be summarized in Eqgs. 4-7 [67]:

2Ce3t 4+ Hy0, + 2H" — 2H,0 + 2Ce** (4)
Ce** + H,0, — Ce>* + H' + HOO® (5)
Ce*t + HOO® — Ce3* + 0, + H* (6)
2Ce*t + Hy0, — 2Ce3t 4+ 0, + 2H* (7)

From DFT calculation and micro-kinetic modeling, Guo et al.
proposed three possible CAT catalytic mechanisms of Fe;04
nanoparticles (Table 1) [46]: the base-like dissociative mechanism,
the acid-like dissociative mechanism, and the bihydrogen peroxide
associative mechanism. Their results showed that the acid-like
dissociative mechanism was the energetically favorable pathway.

2.4. Superoxide dismutase (SOD)

Superoxide dismutase catalyzes the disproportionation of
superoxide radicals to generate H,O, and O,. Natural SOD
enzymes, mainly taking Fe/Mn/Co/Ni as the active sites [68], exit
in different counterparts of cells (e.g., mitochondria, cytosol, and
peroxisomes) [69] to maintain the intracellular redox equilibrium
[70]. Therefore, many metal ions-included nanozymes are
designed to mimic SOD [71,72].

SOD catalyzes substrate through a Ping-Pong mechanism with
0, alternately reducing the oxidized metal ions and then
oxidizing the reduced metal ions [73]. O, is easy to catch a
proton from water to produce a protonated HO," (Eq. 8). The HO,'
acts as both a one-electron reductant and an oxidant. So two HO,’

Table 1
CAT catalytic mechanisms of Fe;04 nanoparticles.
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react to generate H,0O, and O, (Eq. 9). The SOD catalytic process of
nanoceria could be divided into two steps (Fig. 2c) [41]. (1) The first
HO, absorbs on the nanoceria surface. (2) After electrons
transferring from Ce3*, the second HO," reacts to produce H,0,
and O.. Self and coworkers proved that a decrease in the Ce>*/Ce*
ratio directly resulted in the loss of SOD activity [74].

05 + H,0 = HOj + OH~ (8)

HOS + HOS — H,0,+0, 9)

To illustrate the role of SOD nanozymes, Gao et al. revealed that
the adsorption and rearrangement of protonated HO, on the
surface of metal-based SOD nanozymes was critical to the catalysis
[56]. Once two HO," groups rearranged on the surface, the
activation energy barriers became very low, which facilitated the
conversion of HO, into O, and H,0,.

2.5. Glutathione peroxidase (GPx)

GSH is an abundant endogenous thiol and serves as a reductant
in cells [75,76]. Natural GPx is known to manipulate the redox
homeostasis by reducing excessive H,O, or organic hydroperoxide
to H,0 [77,78]. GPx includes 8 types (GPx 1-8) and distributes in
different cellular compartments, for example, GPx1 in cytosol and
mitochondria, GPx2 in intestinal epithelium, and GPx3 in
cytoplasm [79]. Recent researches show that GPx4 is an important
participant in ferroptosis, because it can inhibit lipid peroxidation
to protect cell membrane [80,81].

The active center of natural GPx is selenocysteine [82]. Thus, Se-
based nanozymes are excellent candidates for anti-oxidants
[34,83]. The specific mechanism of natural selenium GPx has
three steps (Fig. 2d) [84]: (1) H,0, reacts with the selenol moiety
(Enz-SeH) to form a selenenic acid (Enz-SeOH); (2) This selenenic
acid then reacts with GSH to form a selenenyl sulfide (E-Se-SG); (3)
At last, a second GSH cleavages the selenium-sulfur bond and
recovers the selenol moiety. In the third step, the NADPH-
dependent glutathione reductase (GR) is needed to maintain the
GSH level by reducing glutathione disulfide (GSSG) back to GSH.

The catalysis of GPx nanozymes can be divided into two steps: an
oxidative half-reaction and a reductive half-reaction. Qu et al.
illustrated the mechanism of graphene oxide-based selenium (GO-
Se)nanozyme [85]: First, nanoselenium reacted with H,O, to obtain
a selenium oxide intermediate. Then, this intermediate returned to
its original state by oxidizing GSH to GSSG. Except for selenium,
Mn304 [86] and vanadia can also mimic GPx. Mugesh and co-
workers analyzed the mechanistic details about the interaction of
GSH on a V surface [87]. They also found that the size, morphology,
and surface-exposed crystal facets of nanomaterials can influence
the GPx activity of V,05 [88]. Besides, the activity of GPx was closely
related to the valence ratio. That is, Mn304 with a higher Mn*/Mn?*
ratio exhibited a higher GPx activity [86].

Base-like dissociative mechanism

Acid-like dissociative mechanism

Associative mechanism

Hy0, (g) + *— H20"

H,0, (g) + *— OH" + HO*

20H" + * H,0 (g) + O*

H,05 (g) + O* + *—» OOH* + HO*

OOH* + HO" + * — 03 (g) + H20 (g)
00" - 0, (g) +~

H* + OH* — H0 (g)

H,0s (g) +*— OOH* + H*
OOH* + H* + * 0" + H,0 (g)
H,0; (g) + 0" -0H,0,"
OH,0," + * ~OHOO" + H*
OHOO* + * -OH* + 00*

2H,0, (g) + 2* — OH* + HOO* + H,0 (g)
HOO* + * — H* + 00* (g)

00" - 0, (g) +*

OH* + H* - H,0 (g)

Reprinted with permission [46]. Copyright 2019, American Chemical Society.
*Refers to an adsorption site.
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3. Nanozymes upregulating ROS for disease therapy

Due to the strong oxidizing property, the augment of ROS has
been broadly employed in removing tumors and eliminating
pathogens. Nanozymes are talented candidates in constructing
ROS generating nanoplatforms as they are capable of transferring
chemical energy into internal energy of ROS [89]. For instance,
both the product of oxidase (H,O,) and the intermediate of
peroxidase (HO") are toxic ROS. Consequently, nanozymes can be
directly used to enhance ROS production. However, owing to the
limited amount of substrates, it is not easy to achieve the desired
effects with mere one kind of enzymatic activity. As a result, many
nanoplatforms with multi-enzyme activities have been designed
to assist to increase ROS. Besides, nanozymes with synergetic
therapeutic effect are also widely applied for ROS generation to
amplify therapeutic effects. In this part, we highlight the
representative strategies for composing ROS-upregulating nano-
platforms. These strategies are significant to supply sufficient ROS
for a therapeutic purpose, especially for cancer and pathogen
infectious disease.

3.1. Single-enzyme-like strategy

Due to the chemically active substrates and intermediates,
nanozymes have fascinating intrinsic properties to regulate ROS.
Oxidase-mimic nanozymes catalyze oxygen to produce H,0,. As a
redox metabolite, H,0, is recently unveiled to be a central hub in
regulating oxidative stress and redox signaling [90,91]. Compared
with other reactive species, H,0, is relatively long lived and can freely
cross cytomembranes and diffuse in cellular compartments [92].
Thus, it is easy to react with other intracellular enzymes or metallic
sub-ions (e.g., Fe?") to generate more toxic free radicals. As a result,
oxidase can efficiently increase the ROS level by producing H,0,.

Dong and co-workers fabricated a single-atom nanozyme with
carbon nanoframe-confined FeNs active centers (FeNs SA/CNF) to
mimic oxidase [93]. The structure of the active sites was similar to
the axial ligand-coordinated heme of natural cytocrome P450.
Besides, DFT calculation showed that the FeNs SA/CNF had the
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highest calculated adsorption energy and farther O-O distance of
the adsorbed *O, due to the electron pushing effect of the axial-
coordinated N, which made the FeNs SA/CNF had a 70-times higher
catalytic rate constant than the commercial Pt/C nanomaterials.
The enhanced oxidase activity of the FeNs SA/CNF could seriously
destroy the cell membrane of Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) to promote wound healing of
the infected tissues.

Apart from oxidase, peroxidase can also up-regulate ROS by
producing HO" as an intermediate. With a +2.8V oxidation
potential, HO" possesses excellent ability to catch electrons and
thus serves as a powerful oxidant [94]. Liu and co-workers
presented a peroxidase-like single-atom nanozyme (PMCS) by
using a ZIF-8-derived Zn-N-C single-atom nanocatalyst (Figs. 3a
and b) [95]. They compared PMCS under three different temper-
atures (600 °C, 800 °C, and 1000 °C) and found that PMCS under
800 °C pyrolysis had the highest Zn-N percentage (16.24%) (Fig. 3¢c)
and highest POD activity. Through DFT calculation and extended X-
ray absorption fine structure (EXAFS) fitting, they concluded that
the maximum and average coordination number of single Zn sites
in PMCS was 5 and 4.6, respectively, while only the PMCS with an
unsaturated four-coordinated structure was active. It could
significantly promote wound healing by inhibiting the growth of
P. aeruginosa up to 99.87% (Figs. 3d and e).

Besides, Liang’s work showed that peroxidase-like Fe3O4
nanoparticles could significantly suppress tumor growth by a
new type of cell lethality, called nanoptosis [96]. According to the
research, nanoptosis had morphological and biochemical differ-
ence from other types of programed cell death. Quantitative
proteomics and RNA sequencing analysis showed that this process
was regulated by ATP-citrate lyase (ACLY)-dependent rat sarcoma
viral oncogene (RAS) signaling pathway.

Although oxidase and peroxidase nanozyme can directly
generate ROS, the limited endogenous oxygen and H,0, resources
result in the restricted catalytic efficiency. As a result, it is not easy
for applying this kind of single-enzyme mimic nanozyme to
acquire enough amount of ROS for efficient therapy. It usually
needs extra addition of H,O, [95] or other auxiliary effect [97].
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Fig. 3. (a) Model steady-state kinetic assay of the PMCS for TMB. (b) ESR spectra demonstrating HO" generation by H,0,. (¢) High-resolution N 1s XPS spectra for c-ZIF-1000, c-
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3.2. Muti-enzyme-like strategy

To solve this problem, abundant nanomaterials with multi-
enzyme-like properties have been explored with two or more enzyme
activities, simultaneously. Due to the cascade reaction between
different enzyme activities, the product of one reaction could direct act
as the substrate of another reaction, so the catalytic process could be
prolonged and amplified to generate more ROS. Besides, the synergistic
effect between different enzyme activities can also promote the ROS
generation. For the past several years, multi-enzyme-like nanozymes
are widely investigated for diverse biological applications.

On the one hand, some nanozymes intrinsically have two or
more enzyme activities, simultaneously, for example, Au mimick-
ing POD and OXD [98,99], Co/PMCS mimicking GPx, CAT and SOD
[100], nitrogen-doped carbon nanozyme mimicking POD, OXD,
CAT and SOD [101]. On the other hand, multi-enzyme-like
nanomaterials can be achieved by integrating different compo-
nents with different enzymatic activities into a multifunctional
platform. Qu’s group firstly constructed a multi-enzyme-like
platform (V,05@pDA@MnO,) to mimic an intracellular antioxidant
defense system by using dopamine to assemble V,05 nanowires
(mimicking GPx) and MnO, nanoparticles (mimicking SOD and
CAT) [102] together.

To construct nanozymes with an enhanced ROS generation
ability, the most common strategy is to fabricate nanozymes with
glucose oxidase and peroxidase activity, as both of them could
directly produce ROS. Glucose oxidase can generate H,0,, which
provides more substrate for peroxidase. In addition, glucose
oxidase also catalyzes the generation of gluconic acid. It induces a
more acidic environment to improve the activity of peroxidase, as
the optimal pH for peroxidase is around 4. For example, Wang’s
group prepared a CuWS, nanocrystals with both oxidase and
peroxidase properties, having a high anti-bacterial activity for
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wound treatment [103]. Moreover, Qu’s group also constructed a
MOF-based hybrid nanocatalyst by adsorbing natural glucose
oxidase on a peroxidase-like two-dimensional (2D) MOF (2D Cu-
TCPP(Fe)) nanosheet for in vivo wound healing [104].

The combination of oxidase and catalase is also a good strategy
to enhance the generation of ROS. Hypoxia is one of the typical
characteristics of tumor microenvironment, which greatly limits
the therapeutic effects of photodynamic therapy (PDT) and
sonodynamic therapy (SDT) that consume O,. Oxidase depends
on oxygen to produce H,0,, which also provides substrate for
catalase to generate more O, back for oxidase. Hence, through the
synergetic effects between oxidase and catalase, tumor hypoxia
could be vastly relieved to make the therapeutic system be
unconstrained by O, and H,0,. Qu et al. developed a biomimetic
MnO,@PtCo nanoflower based on the self-assembly of oxidase-
mimicking PtCo with catalase-mimicking MnO, [105]. This
composite nanozyme could not only relieve hypoxia condition
but also induce a ROS-mediated cell apoptosis, which resulted in a
remarkable inhibition of tumor growth.

Inspired by natural neutrophil lysosomes, Wang's group
integrated SOD and chloroperoxidase (CPO) into a cascade nanogel
system (SCNG) for enzyme dynamic therapy (EDT) (Fig. 4a) [106].
CPO is also a peroxidase with the ability to catalyze chloride with
H,0, to dominantly produce singlet oxygen. Generally, SOD
converted O, to H,0,, which provided more substrates for
CPO to generate a large amount of '0,. This nanozyme system built
a '0,-elevating strategy for hypoxic tumor therapy. What is more,
they also prepared a metal coordinated polymeric nanogels (MPGs)
with SOD and POD activities for ROS-responsive fluorescence
imaging [107]. The SOD activity converted the excessive O, in
tumors into H,O,, which was further applied as fluorescent
substrate of POD to realize efficient H,O,-responsive fluorescence
imaging.

Blood Vessel

Inhibition of
cell migration

Biological catalysis
Glucose+0,+GOx—H,0,

GOx

, + Glucose r\HZO

Fig. 4. (a) Scheme of the responsive EDT mechanism and preparation of SCNGs. Reprinted with permission [106]. Copyright 2019, Nature Publishing Group. (b) Schematic
illustration of the cycle-like nanosystem IrRu-GOx@PEG NPs including catalyzing glucose depletion, O, cycle-like support and starvation therapy for enhanced oxidation
therapy in a hypoxic tumor microenvironment. Reprinted with permission [108]. Copyright 2020, Elsevier. (c) Butterfly effect in cancer cells after the introduction of IrOx-
GOD NPs into the chaotic tumor system. Reprinted with permission [109]. Copyright 2020, John Wiley and Sons.
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Apart from the double-enzyme-mimic nanozymes, nanoplat-
forms with three kinds of enzyme activities are also widely
explored. Liu et al. synthesized a multi-enzyme nanoreactor (IrRu-
GOX@PEG NPs) by loading GOx on IrRu nanoparticles with the
surface modification of polyethylene glycol (PEG) to undergo the
GOx, CAT and POD activities (Fig. 4b) [108]. At first, GOx degraded
glucose to generate H,0,, and then POD and CAT-like IrRu NPs not
only converted mildly toxic H,O, into highly toxic ROS, but also
catalyzed the formation of O, to assist glucose consumption. This
nanosystem synergistically combined starvation therapy with
oxidation therapy to inhibit breast tumor growth and metastasis.

Nanosystems with 4 kind of enzymes are also reported. Jiang
et al. loaded GOx on iridium oxide nanoparticles (IrOx) to create a
four-enzyme expressed nanozyme (IrOx-GOD) (Fig. 4c): CAT, GOx,
OXD, and POD [109]. Firstly, CAT-like activity decomposed the
over-produced H,0, into O, and then O, reacted with glucose to
produce glucose acidic and H,0, again, which ensured the
continuous supply of O, and H,0, and provided an acidic
environment to unlock the OXD and POD activities. Next, OXD
and POD activities accumulated abundant HO™ and O, to cause
serious oxidative stress. More importantly, by the self-cyclic
valence alternation of Ir'¥ and Ir'", IrOx could also consume GSH to
prevent the anti-oxidation defense. This designed IrOx-GOD
reactor leads to a “butterfly effect” to break the self-adaption of
cancer cells and eliminate tumors by continuous ROS oxidative
stress and starvation therapy.
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3.3. Synergy with other therapeutic modalities

3.3.1. PTT-enhanced synergetic therapy

Due to the diversity and complicity of tumor environment, it
is hard to generate enough ROS to eliminate tumors without any
external assistance. Under this situation, synergetic therapy has
been well developed to achieve an enhanced catalytic and
therapeutic effect. Photothermal therapy (PTT) has emerged as
an effective and non-invasive strategy by selectively converting
an incident light into heat with the assistance of photothermal
conversion nanomaterials. Specifically, reports have showed
that PTT could produce intracellular ROS through direct
interaction between shockwaves and surrounding molecules
[110], or indirect cellular stress [111]. The heat stress caused
from high temperature could also induce oxidative damage by
disturbing the mitochondrial homeostasis [112]. Most impor-
tantly, light irradiation could significantly promote the enzyme
activity and accelerate the enzyme reaction through the
photothermal effect [113]. It can generate cytotoxic HO" and
0, through direct electron transfer and photothermal-en-
hanced Fenton reaction [114,115]. For the above reasons,
catalysis with synergetic PTT has great potentials to increase
intracellular ROS level. Many nanozymes (e.g., Au [116], Cu [117],
and Fe;0,4 [118] NPs) are outstanding PTT candidates due to their
strong optical absorption property and high photothermal
conversion efficiency.

—PtFe@Fe 0 -NIR
—PtFe@Fe,0,

T T T T

10 20 30 40 50
Time /s

—H,0,
~—H,0,+PtFe@Fe O,
—H,0,+PtFe@Fe 0 -NIR

2 4 6 8 10 12 14 186
Time / Days

Fig. 5. (a) Schematic of the photo-enhanced tumor catalytic therapy based on the PtFe@Fe;0,4 nanozyme. (b) Irradiation time-dependent absorbance changes at 652 nm. (c)
H,0, consumption in NaAc buffer in the presence of PtFe@Fe3;0, NRs and ammonium molybdate. (d) Tumor region at 3 days interval in different groups. (e) Tumor volume of
mice in different groups during 15 days of treatments. (f) Body weight of mice in different groups during 15 days of treatments. Reprinted with permission [119]. Copyright

2019, John Wiley and Sons.
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Liu and coworkers reported a PtFe@Fe30,4 nanorods (NRs) with
photo-enhanced peroxidase and catalase activities (Fig. 5a) [119].
They also disclosed the photo-enhanced synergetic catalytic
mechanism. As a noble metal, Pt could efficiently convert NIR
light into heat because of the surface plasmon resonance (SPR)
effect. The SPR effect of PtFe NRs could enhance the electric near-
field in the vicinity. Therefore, they hypothesized that the SPR
effect of PtFe in PtFe@Fe3O, NRs could inhibit the rapid
recombination of photoexcited electron-hole pairs and boost the
excitation of electron-hole pairs in Fe30,4, thereby helping H,0,
accept electrons easily to enhance the catalytic efficiency. The
results indicated that both the SPR effect and thermal effect could
accelerate the catalytic reaction. The POD and CAT activity of the
PtFe@Fe50,4 could be significantly improved under the 808 nm NIR
laser irradiation (Figs. 5b and c). Owing to the O, generation by the
CAT activity, this nanozyme could notably overcome tumor
hypoxia and reach a tumor inhibition rate of 99.8% towards deep
pancreatic cancer (Figs. 5d-f).

Zhang et al. also fabricated a transformable hybrid semicon-
ducting polymer nanozyme (HSN) with a 98.9% photothermal
conversion efficiency under the NIR II light irradiation [120]. The
photothermal transduction could not only trigger cytotoxicity but
also potentiate Fenton reaction to increase cellular oxidative stress.
Lin’s group developed a bacteria-like nanozyme (PEG/Ce-
Bi@DMSN) with a satisfactory absorption in the second near-
infrared (NIR-II) window [121]. The photothermal conversion
efficiency (1) was 36.2% at 1064 nm, which could efficiently
convert light into heat to enhance the POD activity, CAT activity,
and GSH depletion capability for efficient nanocatalytic cancer
therapy.

3.3.2. Photodynamic therapy (PDT)-enhanced synergetic therapy
PDT is one of the most developed ROS-generating treatment
method and has been successfully used in clinical applications
[28]. After photo irradiation, photosensitizers are activated to react
with tissue oxygen, rendering cytotoxic ROS to induce cell death
[122,123]. However, tumor hypoxia limits the oxygen resources,
which restricts the produce of ROS [124]. Under this situation, to
relieve the tumor hypoxia becomes an urgent requirement.
Nanozymes with catalase activity can directly decompose H,0,
into O,, which makes it a potential candidate for solving hypoxia.
Moreover, some specific nanozymes, such as MOF-based nano-
zymes, are intrinsic photosensitizers [125] or have strong loading
capacity for photosensitizers, which guarantee their photodynam-
ic effect. In addition, nanozymes with multiple enzyme activities
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could produce ROS. Therefore, the combination of nanozymes with
PDT is an optimal choice in cancer therapy.

Zhao and coworkers developed a single-atom nanozyme
(OxgenMCC-r SAE) by using catalase-mimicking Ru ions to
partially substitute the metal ions in MOFs [126]. The prepared
OxgenMC-1 SAE had a high chlorin e6 (Ce6) loading capacity due to
the intrinsic porous structure of MOFs. The high utilization
efficiency of active sites ensured the high H,0, catalytic ability
and durability, which allowed it to generate abundant endogenous
oxygen for further generating '0, and inducing cell apoptosis. This
multifunctional nano-catalyst could successfully relieve the
hypoxia condition and reduce the tumor volume of 4T1 tumor-
bearing mice.

Besides catalase, other kind of enzyme activities also play a vital
role as a synergetic way to enhance ROS generation together with
PDT. For example, Wu et al. used porous porphyrin metal-organic
frameworks (PCN) as both a photosensitizer and a substrate to
embed catalase-mimicking Pt NPs and glucose oxidase-mimicking
Au NPs [14]. Followed by tethering folic acid (FA) on the outer shell,
they presented a unique and rationally designed nanoreactor,
P@Pt@P-Au-FA (Fig. 6a). The Au NPs could not only deplete glucose
to accelerate starving therapy but also provide the substrate H,0,
for catalase. Pt NPs were able to catalyze H,0, to generate O, for
enhancing the O,-dependent PDT efficiency (Fig. 6b) and
potentially accelerate the depletion of intratumoral glucose by
the Au NPs (Fig. 6¢). Hence, this PCN-supported dual-nanozymes-
mimicking nanoreactor showed practically remarkable strength-
ened antitumor efficiency based on the catalytic cascade reaction
(Figs. 6d-f).

3.3.3. Sonodynamic therapy (SDT)-enhanced synergetic therapy

Another noninvasive therapeutic treatment, SDT, employs
ultrasound to trigger sonosensitizers for the generation of toxic
ROS. Different from phototherapy, SDT has a deeper penetration
depth without phototoxicity [29], which makes it a promising
therapeutic strategy over PDT [127]. However, the clinical
application of SDT is mainly impeded due to the low performance
of sonosensitizers [128], tumor hypoxia [129] and high concentra-
tion of intracellular GSH [130]. In tumor microenvironment,
insufficient oxygenation would directly cause poor production of
singlet oxygen. Meanwhile, abundant GSH would consume the as-
produced singlet oxygen to protect cells from oxidative damage
[130]. Under these circumstances, nanozymes show their special
superiority, as catalase could generate oxygen while glutathione
peroxidase could reduce GSH [131].
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Fig. 6. (a) Schematic illustration of the catalytic cascades-enhanced synergistic cancer therapy driven by dual inorganic nanozymes-engineered porphyrin metal-organic
frameworks (PCNs). (b) PDT efficacy of PCN or P@Pt@P under three different conditions upon a 671 nm laser exposure. (c) Glucose oxidase mimicking ability of P@Pt@P-Au
determined by UV-vis-NIR spectroscopy. (d) Tumor growth curves, (e) body weight changes and (f) tumor volume picture of the 4T1 tumor-bearing mice. Reprinted with

permission [14]. Copyright 2019, American Chemical Society.
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Many kinds of nanozymes have been developed to boost the
therapeutic effect of SDT. For example, Chen’s group constructed
an intelligent nanoplatform by using hollow mesoporous organo-
silica nanoparticles to load sonosensitizers and catalase-like MnOx
[132]. The MnOx could decompose H,0, to alleviate tumor hypoxia
and oxidize GSH to protect the generated '0,. Recently, Yang’s
group firstly reported PtCus nanocages as a sonosensitizer with
efficient ROS generation property (Figs. 7a and b) [133]. The as-
prepared PtCus nanocages also acted as both horseradish peroxi-
dase and glutathione peroxidase. On the one hand, its peroxidase
activity could catalyze H,0, to produce HO" for CDT (Fig. 7c),
increasing the cellular oxidative stress. On the other hand, its GPx
activity could deplete GSH (Fig. 7d), further weakening the ROS
scavenging capacity of the tumor cells. Moreover, due to the high
absorption in the near-infrared region and strong X-ray attenua-
tion ability, PtCus nanocages could realize photoacoustic/comput-
ed tomography dual-modal imaging during therapy. This
multimodal imaging-guided SDT had an excellent performance
for curing deep-seated tumors (Figs. 7e-g).

Interestingly, nanozymes could enhance the SDT effect, and
meanwhile US could switch on-off the enzyme activity (Fig. 7h).
Zheng et al. designed a US-switchable nanozyme to augment SDT
effect [134]. The nanoplatform (Pd@Pt-T790) was acquired by
modifying organic sonosensitizer mesotetra (4-carboxyphenyl)
porphine (T790) onto the Pd@Pt nanoplates, which could block
their catalase activity. After the US irradiation, the catalase activity
was efficiently recovered to generate oxygen for the enhancement
of SDT efficiency (Figs. 7i-k). With the assist of photoacoustic
imaging and magnetic resonance imaging, the Pd@Pt-T790 SDT
nanosystem was successfully applied to eradicate methicillin-
resistant S. aureus (MRSA)-induced myositis. This controllable
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“blocking and activating” strategy had particularly important
meanings to reduce the potential toxicity and side effects of the
nanozymes on normal tissues.

3.3.4. Chemodynamic therapy (CDT)-enhanced synergetic therapy

As mentioned above, both PDT and SDT need exogenous stimuli
such as light or ultrasound. In contract, CDT does not require any
external intervention. As a local TME-responsive therapeutic
modality, CDT is driven by endogenous chemical reaction to
promote ROS generation for specific therapeutic outcome [135].
The most common method to achieve CDT is the Fenton reaction
between nanomaterials containing Fe?'/Fe>" and overproduced
H,0, in tumor [136]. Besides, other transition metals, such as Mn,
Cu, Ni, and Co, could also perform a Fenton-like reaction to trigger
CDT [137]. Unfortunately, Fenton reaction excessively relies on
H,0,, but the intratumoral H,O, concentration (around
50—100 x 10~® mol/L) is too low to generate sufficient ROS
[138]. Another question is that the optimal pH for Fe ion mediated
Fenton reaction is pH 2-4, while pH in tumor microenvironment is
in the range of 6.5-7 [139], which restricts the reaction rates.
Moreover, to maintain the homeostasis, the overproduced ROS in
the tumor microenvironment often results in the concentration
elevation of antioxidant components, such as GSH, to consume
H,0,. Thus, increase of the local H,0, and the acidity in tumor is
one of the pathways to promote Fenton reaction efficiency for
increasing CDT therapeutic effect.

In order to promote H,0, generation and inhibit H,0,
elimination, Ren’s group devised a nanozyme-based H,0, homeo-
stasis disruptor for intensive CDT (Fig. 8a) [140]. The disruptor
PZIF67-AT was manufactured by coating the CAT inhibitor 3-
amino-1,2,4-triazole (3-AT) and PEG on zeolitic imidazole
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framework-67 (ZIF-67) nanoparticles. For H,O, generation, this
system could mimic SOD activity to convert O, ~ into H,0, (Figs. 8b
and c). For H,0, accumulation, the CAT inhibitor 3-AT could be
released to inhibit the activity of CAT and weaken the decomposi-
tion of H,0,. In addition, PZIF67-AT was able to deplete GSH to
avoid the H,0, consumption caused by GPx or GSH (Figs. 8d and e).
The elevation of H,0, could enhance the Fenton reaction for the
generation of more HO' to induce cellular oxidative damage and
eradicate tumors (Figs. 8f-h).

Glucose oxidase activity is also a candidate to enhance CDT, as it
can elevate the H,0, concentration and slightly lower the local pH
through the generation of gluconic acid. Based on this principal,
many nanoplatforms have been designed to improve the CDT. Chen
et al. integrated a biodegradable dendritic mesoporous silica
nanoparticles (DMSNs) with natural glucose oxidase (GOD) and
ultrasmall FesO4 NPs to form a composite GOD-Fe;0,@DMSNs
nanocatalyst (GFD NCs) [141]. GOD catalyzed glucose into
abundant H,0,, which was further catalyzed by Fe304 NPs to
liberate toxic ROS and induce tumor cell apoptosis. Recently, based
on the similar mechanism, Han’s group also designed a Co-
ferrocene metal-organic framework (Co-Fc NMOF) with the
incorporation of glucose oxidase, named (Co-Fc@GOx) [142]. Co-
Fc acted as the Fenton-like agent to generate HO™ with the
assistance of GOD, enabling an amplified CDT efficiency. The
glucose oxidase could also be replaced by oxidase-mimicking
nanozymes, such as gold NPs for realizing a similar therapeutic
outcome [143].

3.3.5. Other multimodal synergistic therapy

Because of the complicated TME, tumors are easy to proliferate
and metastasize, which makes it hard to eradicate tumors via a
monotherapy. Consequently, “all in one” therapeutic nanoplat-
forms with multiple synergistic therapies are coming out to
achieve improved therapeutic effects. For example, Lin et al.
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designed a hollow mesoporous Cu,MoS, (CMS) loaded with
glucose oxidase (GOx) [144]. The CMS exhibited Fenton-like,
catalase-like, and glutathione (GSH) depletion activities because of
the multivalent elements (Cu'*/?*, Mo**/%*). When been internal-
ized into the tumor, CMS can generate HO through Fenton reaction
for CDT, while the GOx can deplete glucose to realize a starvation
therapy. Meanwhile, the high photothermal conversion efficiency
(n=63.3%) under 1064 nm laser irradiation allowed CMS to have an
excellent O, generation capability. Besides, CMS was further
combined with anti-cytotoxic T-lymphocyte antigen-4 (CTLA4)
checkpoint blockade to elicit robust immune response for tumor
therapy. This multifunctional cascade bioreactor combined cancer
CDT, PTT, PDT, starvation therapy and immunotherapy all together,
receiving a remarkably enhanced efficacy to remove tumor and
inhibit cancer metastasis. Xing and coworkers also constructed a
synergetic Au,Pt-PEG-Ce6 nanoformulation [145]. The Au,Pt
nanozymes possessed CAT and POD activities, which not only
alleviated tumor hypoxia for enhanced PDT, but also produced HO
for CDT. With a high photothermal conversion efficiency (n =
31.5%), this nanoformulation was able to realize photoacoustic (PA)
and photothermal (PT) imaging guided PTT. In a word, the Au,Pt-
PEG-Ce6 integrated multimodal imaging-guided synergistic PTT/
PDT/CDT together for a reinforced tumor therapy.

4. Nanozymes downregulating ROS for disease therapy

Under the normal physiological conditions, appropriate ROS is an

important kind of messenger in regulating multiple cellular
signaling pathways [ 146]. However, excessive ROS especially highly
toxic species may disrupt the cellular redox homeostasis and damage
the antioxidant defense system [147], which would destroy the
structure and function of organisms and then lead to a series of
diseases, such as neurodegenerative diseases (Parkinson’s and
Alzheimer’s diseases), inflammation and aging. Nanozymes with

C
2.0
= control with UV —MB
—— 50 pug mL"' PZIF67-AT 164180,
= control without UV @  |=—MB+PZIF6T-AT
e ———MB+PZIF67-AT+H,0, (H,0)
8 1.24 e MB+PZIF67-AT+H,0,
=
0.8
<
04
) ) €oeg
0ee0ee o’ $ (( 4 L
w‘_u.z‘;j{‘{uatf-“f“ (1'5} < ‘;!y gy 0.0 00
A dosomal L T, o 400 500 600 700 800 400 500 600 700 800
,.p‘ esacpe X @ = d - Wavelength (nm) e Wavelength (nm)
- V' released 3-AT T —onyms 32—
£ . &) —— OmMGSH —— MB+PZIF67-AT+H,0,
o \, “H.0, \/ 5 ] 161 —osmmasH © 2.44 —MB+PZIF87-AT»H:O:#GSH
~=27 sopdike - Fenton-like ~—_~ £1.2] — ;:: g:: § —— MB+PZIF67-AT+H,0,+CAT
activity reaction 2 —— 4mMGSH 8 4.6 — MB+PZIFE7-AT+H,0,+GSH+CAT
- 208 — 6mMGSH e
7 A a —— 8mM GSH a
A\ V4 1 GP)gSG:H L D, & < 4] —r0mmasH <3
GSH depletion (or ) CAT inhibition ~ z
0.0 4
H20 | H20+0z | - - . . 0.0{= - - -
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
g control  3-AT  ZIF-67 PZIF67-AT h control f

0 day

AES [t
X L

4

14 day

-]

"lo% 04| "[o% 14%|  "[o% 0.8%| 0% 41%

control 3-AT ZIF-67 PZIF67-AT

& i o o @ & o : @ a = @ @
) aw 15.9%| 1%7 19.7%| ny 324%| . [4.2% f 91.7%
» v g

- - - “»)

$ 0 ; i 9 3 9 ‘ol “aaar ] d - Banr |

- PN -l ® ”

Annexin V-FITC

Fig. 8. (a) Schematic representation of PZIF67-AT nanoparticles to induce intensive CDT. (b) SOD-mimicking activity of PZIF67-AT. (c¢) Degradation of MB by the PZIF67-AT-
mediated Fenton-like reaction. (d) Impact of different GSH concentrations on MB degradation (mM: mmol/L). (e) Influence of GSH and CAT on the MB degradation. (f)
Fluorescein-annexin V and PI staining assays of HeLa cells. (g) Photos of the tumor-bearing mice before and after 14 days of treatments. (h) Photographs of the dissected
tumors after treatments for 14 days. Reprinted with permission [140]. Copyright 2020, American Chemical Society.

2724



Y. Dai et al.

a OH

V3

X

fEFFEF

A“'E \
(H0)

GSSG

X=CH;, OH X Rate

"o
X Rate ';“q:: X=H
won

CH;1.12 X Rate

OH 0.90 . . L) '

>

Anti-inflammation therapy &5
4

Br 147 |
GPx-mimicking
MIL-47(V)-X

PMA |Nanozyme
induced - treated

- 1

DSS | Nanozyme'.,

treated

induced -

° Macrophage ¥ H,0,

@ MnsO, growth
on CeO,

Chinese Chemical Letters 32 (2021) 2715-2728

ansile strain =

%

Total Body
Irradiation

. z; B Gostrointestinal

)
\,jf\

Ce0,Mn;0,
pretreatment

@

.
CoorinD, ——Pp
[

Enhanced
S0D/Catalase activity

1 \&,-‘ A
LN\ e
\ \ 4z / /
& 1] i | /
il \N/

- Hsmaloposw
ARS

N
Bone marrow cell ~ —
Protection

Fig. 9. (a) lllustration of the synthesis of GPx-mimicking MIL-47(V)-X MOF nanozymes for anti-inflammation therapy. Reprinted with permission [150]. Copyright 2020, John
Wiley and Sons. (b) Schematic illustration of highly catalytic CeO,/Mn30,4 nanocrystals preventing acute radiation syndrome. (c) Atomic resolution STEM images of CeO,/
Mns04 nanocrystals. Reprinted with permission [151]. Copyright 2020, John Wiley and Sons.

CAT or SOD activities are able to eliminate toxic H,O, and O,
respectively, and GPx can also consume H,0,. In another word,
nanozymes could directly down-regulate excessive ROS and relieve
local oxidative stress. Metallic oxide nanozymes, such as manganese
oxide [148], cerium oxide [72] and vanadium oxide [149] have
attracted great attention for their antioxidant properties.

4.1. Single-enzyme-like strategy

GPx is a critical antioxidant enzyme that could convert H,0, to
nontoxic H,0. Wei's group developed a GPx nanozyme by using
metal-organic frameworks (MOF) to rationally modulate the
enzyme activity though a ligand engineering strategy [150]. They
used 1,4-benzenedicarboxylicacid (BDC) with different substitu-
ents to construct MIL-47(V)-X (MIL stands for Materials of Institute
Lavoisier; X =F, Br, NH,, CH3, OH, and H) MOFs (Fig. 9a). The GPx-
mimicking activity was from the vanadium nodes of the MOFs,
while the substitution of BDC could tune the electronic properties
to modulate the final enzyme activity. Among the six MOFs,
MIL-47(V)-NH, was found to exhibit the highest GPx activity
because its V species were less oxidized, which made it react with
H,0, more easily to enhance the GPx activity. This MOF GPx
nanozyme was efficiently applied to both ear inflammation and
colitis.

Nanozymes with SOD activity can convert superoxide to less-
oxidizing hydrogen peroxide and oxygen to relieve oxidative stress.
In mammalian cells, there are three kinds of SOD, cytosolic SOD
(SOD1 or Cu-Zn-SOD), mitochondrial SOD (SOD2 or Mn-SOD) and
extracellular SOD (SOD3 or Cu-Zn-SOD), which regulate the
organelle-specific activity and redox signaling. Recently, Mugesh’s
group reported a cerium vanadate (CeVO,4) nanorods to precisely
function as SOD1 and SOD2 [151]. After being treated with CeVOy,,
neuron cells with gene silencing of SOD1 and SOD2 can improve
the level of pro-survival B cell lymphoma 2 (Bcl-2) family proteins,
and restore the mitochondrial integrity to increase the ATP level
under oxidative conditions, respectively. This nanozyme can fully
substitute natural enzyme to treat mitochondrial dysfunction.
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4.2. Multi-enzyme-like strategy

Nanozymes with both SOD and CAT activity could perform as a
cascade reaction system to exhibit synergistic ROS-scavenging
activity. Recently, Hyeon’s group constructed CeO,/Mn304 nano-
crystals with enhanced SOD and CAT catalytic reactivity (Fig. 9b)
[152]. A Mn30,4 nanolayer was formed on the surface of CeO,
nanocrystals by a seed-mediated growth process. Because of the
large lattice mismatch (13%) between CeO, {200} and Mn30,4 {004}
(2.71 and 2.36 A, respectively), Mn;0,4 experienced a tensile strain
to expand lattice (~2.55A) (Fig. 9c). The strained Mn30, layer
increased oxygen vacancies in the CeO, phase, which significantly
raised the oxygen adsorption efficiency of the nanocrystal surface.
As a result, the SOD and CAT activity of the heterostructured CeO,/
Mn30,4 nanocrystals was greatly improved, allowing it to scavenge
ROS with a lower dose and inducing slighter side effects. This
powerful ROS scavenger was efficient enough to protect the
regenerative capability of intestinal stem cells and increase the
survival rate of mice after a lethal dose of irradiation.

Wei et al. designed an integrated SOD/CAT cascade nanozyme
(Pt@PCN222-Mn) by introducing Mn(III) porphyrin and Pt within a
Zr-based MOF(PCN22) [153]. Mn(IIl) porphyrin functioned as the
SOD-like moiety while Pt served as the CAT-like moiety. Compared
with PCN22 doped with only Mn(Ill) porphyrin or only Pt, the
cascade nanozyme Pt@PCN222-Mn exhibited improved SOD and
CAT activities due to the synergistic effect between Mn(III)
porphyrin and Pt NPs. The synergistic effect was attributed to
the pore confinement effect of PCN22 MOF. High dense Pt NPs were
constrained in PCN22 without the aggregation to lose their activity,
which greatly enhanced the CAT property. As for the SOD activity,
the generated H,0, would interact with Mn nuclei to occupy the
active sites and block the combination with a new O, . Thus, the Pt
NPs confined near Mn sites could consume H,O, to accelerate the
reaction rate. The synergistic ROS-scavenging capacity of this
cascade nanozyme endowed it with superior therapeutic efficacy
toward two forms of inflammatory bowel disease (IBD), i.e.,
ulcerative colitis and Crohn’s disease.
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Further researches combined SOD, CAT and GPx three kinds of
enzyme activities all together to exhibit the maximal synergetic
ROS-scavenging effects. Ren et al. reported a nitrogen-doped
carbon supported single-atom catalysts (SACs) with atomically
dispersed Co-porphyrin centers (Co/PMCS) (Fig. 10a) [100]. Due to
the coordinatively unsaturated active metal centers similar with
metalloenzymes, Co/PMCS could successfully mimicked CAT, SOD
and GPx to eliminate H,0,, O,"~ and HO" (Figs. 10b-e). Additionally,
they demonstrated that NO" could react fast with SACs via the
coordination with the Co-porphyrin centers. This Co/PMCS
provided a powerful elimination ability of reactive oxygen and
nitrogen species (RONS) for alleviating the systematic inflamma-
tory response and reducing multiple organ dysfunction in the LPS-
induced sepsis and bacteremia mice (Figs. 10f-i).

Lately, Chen et al. used Cu?" and L-ascorbic acid (AA) to fabricate
ultrasmall Cus40 nanoparticles (Cus40 USNPs) with the above
three kinds of enzymes (SOD, CAT and GPx) activities to realize a
broad-spectrum ROS scavenging [154]. The prepared Cus 40 USNPs
with an average diameter of 3.5-4nm had an excellent
biocompatibility and a high renal clearance ability. Importantly,
the remarkable ROS scavenging efficiency allowed it be applicable
to AKI (acute kidney injury), ALI (acute lung injury), and diabetic
wound pathological conditions. Its ultrasmall size guaranteed an
extremely low working concentration to reduce the side effects
(about 25 ng/mL in vitro and 2 pg/kg for acute kidney injury in
vivo), which was at least two orders magnitude lower than the
other reported antioxidant nanozymes.

Other nanozymes could also remove reactive nitrogen species
(RNS) (e.g., NO"and ONOO-). RNS is also a kind of free radicals with
strong oxidative ability. Zhang et al. developed a trimetallic (triM)
nanozyme using Pt, Pd and Mo [155]. Because of the lattice
distortion and exposure of active sites, the triM nanozymes with
POD and CAT activities possessed an enhanced antioxidant
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property for removing ROS and RNS. Besides metal and metal
oxide, Tian et al. also produced a hollow Prussian blue nanozymes
(HPBZs) with multi-enzyme-like activities (POD and SOD) though a
Bi®* assisted, template-free synthetic strategy. The hollow
structure and large surface area of HPBZs endowed it with high
adsorption of RONS, which notably improved its RONS scavenging
ability for the ischemic injury treatment [156].

5. Challenges and future opportunities

As potential substitutes of natural enzymes, nanozymes from
rationally engineered nanomaterials have gained increasing
attentions over the past decade. Remarkable achievements have
been made for the design and application of nanozymes in therapy
of over ten kinds of disease. Based on the rapid developments and
innovations, this review summarizes the typical catalytic mecha-
nisms of engineered nanomaterials as nanozymes and highlights
the representative strategies on how nanozymes can modulate
ROS level for therapy of different kinds of diseases. The related
diseases include these that could be destroyed from ROS
generation such as cancer and pathogen infection, and those that
could benefit from ROS scavenging such as inflammation and
neurodegeneration. Although with bright prospects, this newly
emerging field still has numerous challenges to be tackled.

First, the catalytic activity and substrate specificity of current
nanozymes are still far from optimal. Compared with natural
enzymes, the performances of these two nanozymes characters are
relatively low. Only with an excellent catalytic ability, the dose of
nanozymes could be reduce and relieve the possible side effects.
Due to their lack of surface binding pockets, nanozymes usually
have a class instead of only one specific substrate, which greatly
hinders their molecular recognition function. Rational design and
functionalization of the nanomaterials should be further explored

3

6 9
Days elapsed

Fig.10. (a) Schematic illustration of the formation of Co/PMCS and their application as multi-antioxidant SAzymes for sepsis management. (b) NO'-scavenging activity. (d-f) A
comparison of the SOD-like, CAT-like, GPx-like activities of Co/PMCS with other antioxidative materials. (f) [llustration of the in vivo LPS-induced sepsis model. (g) TNF-a and
(h) IL-6 in vivo in different groups. (i) Survival curves of the two groups observed for 14 days. Reprinted with permission [100]. Copyright 2020, John Wiley and Sons.
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to improve the catalytic performance. To solve these problems,
surface modification is a pathway to enhance the catalytic
performance. By coating functional elements, the binding affinity
with substrate and the contact between nanozymes and substrates
could be improved. Moreover, it is also feasible to build specific
binding pockets to increase the catalytic specificity through
surface modification.

Second, the catalytic mechanisms need to be fully recognized.
Although the functions of nanozymes are widely investigated,
their specific catalytic mechanisms have not been clearly under-
stood yet. The catalytic mechanisms of different nanomaterials are
also different. To date, only a few catalytic processes of nanozymes
have been detailedly reported and the synergistic mechanisms
between multi-enzyme-like activities are rarely studied. Thus, it is
imperative to systematically establish a complete theoretical
system of nanozymes. Currently, the combination of theoretical
calculation and experimental verification is a compromised but
effective pathway to understand the kinetics and mechanisms. For
example, DFT investigation is a popular method to predict the
electronic structure and energy transition.

Third, nanozymes with more types of catalytic activities should
be designed and fabricated for broader biological and biomedical
applications. Up to now, most nanozymes are oxidoreductases and
hydrolases, while other kinds of enzymes, such as transferases and
lyasesare still lack. As a result, it is essential to develop
nanomaterials that could mimic more kinds of natural enzyme
activities. Thus, broader applications of these nanomaterials could
be realized. The unique properties make nanozymes for both in
vitro and in vivo applications. A few years ago, the applications of
nanozymes mainly focused on detection and environmental
remediation. Recently, in vivo diagnosis and treatment become
the new hot topic. However, there are still a lot to be done, not only
in biomedicine and environment, but also in food health and
agriculture. Besides, the development in existing fields should also
be further expanded, such as applications in tissue engineering
[72], drug screening [157] and regenerative medicine [158].

Last but not the least, the biological effect and biosafety of the
nanozymes should be thoroughly evaluated. Unlike natural
enzymes, nanozymes might have potential toxicity due to the
nanosized effect and the included toxic components. As a result,
the biological fates of the nanozymes should be monitored before
possible clinical transformation, including cytotoxicity, immuno-
genicity, pharmacokinetics, metabolism and in vivo biodistribu-
tion.
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