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Superoxide dismutases (SODs) are a group of metalloenzymes that catalyze the dismutation of
superoxide radicals (O,*") into hydrogen peroxide (H,O;) and oxygen (O,). As the first line of defense
against reactive oxygen species (ROS)-mediated damage, SODs are expected to play an important role
in the treatment of oxidative stress-related diseases. However, the clinical applications of SODs have
been severely limited by their structural instability and high cost. Compared with natural enzymes,
nanozymes, nanomaterials with enzyme-like activity, are more stable, and economical, can be easily
modified and their activities can be adjusted. Due to their excellent characteristics, nanozymes have
attracted widespread attention in recent years and are expected to become effective substitutes for
natural enzymes in many application fields. Importantly, some nanozymes with SOD-like activity have
been developed and proved to have a mitigating effect on diseases caused by oxidative stress. These
studies on SOD-like nanozymes provide a feasible strategy for breaking through the dilemma of SOD
clinical applications. However, at present, the specific catalytic mechanism of SOD-like nanozymes is
still unclear, and many important issues need to be resolved. Although there are many comprehensive
reviews to introduce the overall situation of the nanozyme field, the research on SOD-like nanozymes
still lacks a systematic review. From the structure and mechanism of natural SOD enzymes to the
Received 1st April 2021, structure and regulation of SOD-like nanozymes, and then to the measurement and application of
Accepted 27th May 2021 nanozymes, this review systematically summarizes the recent progress in SOD-like nanozymes. The
DOI: 10.1039/d1tb00720¢ existing shortcomings and possible future research hotspots in the development of SOD-like nanozymes
are summarized and prospected. We hope that this review would provide ideas and inspirations for
rsc.li/materials-b further research on the catalytic mechanism and rational design of SOD-like nanozymes.
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1. Introduction

Reactive oxygen species (ROS) are formed from incomplete
reduction of oxygen molecules. As shown in Fig. 1, excessive
production of ROS leads to oxidative stress, a harmful process
that acts as an important mediator of cellular structural
damage, especially lipid peroxidation and membrane damage,
and protein and DNA oxidative damage." Oxidative damage is
a double-edged sword. On the one hand, it damages normal
tissues and cells as mentioned above, while on the other hand,
oxidative damage is able to induce cell senescence and apop-
tosis, which may be used for anti-tumor and antibacterial
applications. Therefore, reasonable regulation of ROS is a
promising strategy to treat a variety of redox related diseases.
There are three main forms of ROS: superoxide radical (0,* "),
hydrogen peroxide (H,0,), and hydroxyl radical (*OH). Among
them, O,°", the addition of an electron to dioxygen, is the
principal one." 0,°” is produced in the mitochondria of cells
mainly through metabolic processes or physical irradiation to
“activate” oxygen, which further interacts with other molecules
to produce “secondary” R0OS.*® 0,*~ is converted to H,O, by
superoxide dismutase (SOD), and then some transition metals
(such as Fe**, Cu”, etc.) may decompose H,O, into highly toxic
*OH (Fenton reactions).>' Therefore, regulating the amount of
0,°" in vivo is very important for the treatment of ROS and
oxidative stress-related diseases.

SOD has the ability to scavenge O,°*~,** which catalyzes the
dismutation of 0,°” to produce O, and H,0, as shown in

eqn (1)-(3):
M 40,07 » MM + 0, (1)
Mn+ + 0207 (+ 2H+) N M(n+1)+ + H,0, (2)
Overall: 0,°~ + 0,°” + 2H" — O, + H,0, 3)

Here, M"Y represents the oxidized form of the metal and M"*
represents the reduced form of the metal. This mechanism is
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Fig. 1 Cellular antioxidant machinery and oxidative stress.® Reproduced
with permission. Copyright 2009, The Royal Society of Chemistry.

also known as the ping-pong effect because it involves the
sequential reduction and oxidation of the metal centers.**
Although natural enzymes have high catalytic efficiency,
there are some limitations to their applications, including the
high cost of preparation and purification, harsh reaction
conditions, poor stability and so on. Based on this, a series of
artificial enzymes have been developed to replace natural
enzymes. Among them, nanozymes, a new generation of artificial
enzymes, are currently a hot research topic. Nanozymes are a type
of nanomaterial with intrinsic enzyme-like activity, which have
unique characteristics compared with natural enzymes, such as
low cost, high stability, easy production and preparation, easy
tuning, etc. Table 1 compares the advantages and disadvantages of
natural enzymes and nanozymes in detail. Fe;0, magnetic nano-
particles were reported to have peroxidase-like activity in 2007,
which was the first reported nanozyme.*® Since then, the field of
nanozymes has developed rapidly. Based on our statistical analysis
of nanozyme-related publications from the Web of Science
database, by January 2021, more than 1000 kinds of nanozymes
have been reported, the composition of which involves 51
elements. There are more than 300 scientific researchers from
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Table 1 Comparison of natural enzymes and nanozymes

Natural enzymes Nanozymes
Stability Limited High
Cost High Low
Production Complex Easy
Storage Short term Long term
Recyclable No Yes
Environments Only mild Could be harsh
Catalytic activity Very high High
Biocompatibility Good Limited
Selectivity High Limited
I total publication number

5 SOD nanozyme publication number
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Fig. 2 The total publication number and SOD-like activity publication
number of nanozymes. Statistics based on Web of Science until January
2021. Keywords: “nanozyme*" or ['nano*" and ("*ase-like" or “*ase-mim*"
or “enzyme mim*” or "enzyme like”)] not "DNAzyme*". We manually
screened all the statistical studies and obtained these data.

31 countries exploring this field. Most nanozymes exhibited
redox-related enzyme-like activities, mainly including the activities
of oxidase, peroxidase, catalase and SOD. Among them, SOD-like
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nanozymes are the earliest discovered, but the least studied. There
were more than 3000 nanozyme-related studies reported totally by
January 2021, while there were only less than 200 studies related to
SOD-like activity (Fig. 2). It is evident that, compared with other
nanozymes, the development of SOD-like nanozymes was defi-
cient. In addition, although there are some reviews that system-
atically summarize nanozymes, almost no specific review of SOD-
like nanozymes has been reported. Considering the important
prospects and practicality of SOD-like nanozymes in biomedical
applications, it is necessary to make a comprehensive summary of
its research to clarify its development and challenges. Thus, we
summarize the advances of SOD-like nanozymes in the following
sections. First, the structure and activity mechanism of natural
SODs is briefly introduced. Then, based on the research of natural
SODs, the catalytic mechanism and regulatory factors of the SOD-
like activity of nanozymes are expounded. After that, the measure-
ment methods and applications of SOD-like nanozymes in various
fields are summarized. Finally, the challenges and prospects in the
current development are put forward. We hope to deepen the
understanding of the SOD-like activity of nanozymes and promote
future research through this review (Scheme 1).

2. Structure and catalytic mechanism
of natural SOD enzymes

Natural SODs, which are generally composed of proteins and
metal cofactors, are considered to be necessary for aerobic
cells. Natural SODs exist in most prokaryotic cells and some
eukaryotic cells, and are widely present in various organelles.
Based on different cofactors, natural SOD enzymes are divided
into four types: copper-zinc SOD (CuZnSOD), manganese
SOD (MnSOD), iron SOD (FeSOD), and nickel SOD (NiSOD).
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Scheme 1 Natural SOD guides the design, regulation and application of SOD nanozyme.
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The structure and mechanism of these natural SOD enzymes
are briefly introduced below.

2.1 Copper-zinc superoxide dismutase (CuZnSOD)

As shown in Fig. 3, the structure of natural CuZnSOD is
composed of two subunits linked by histidine, each of which
has an active center composed of metal atoms, Cu and Zn. In the
active center, Cu acts as the catalytic site, while Zn maintains the
stability of the enzyme.>” During the catalytic reaction, Cu is
alternatively reduced and oxidized in continuous encounters with
0,°", changing between +2 and +1 valence states. As shown in
eqn (4) and (5), Cu**Zn”>*SOD first adsorbs and binds 0,*~ and
then mediates its oxidation. In this process, Cu>*Zn**SOD turns
into Cu'Zn®>*SOD with slight changes in the structure while
oxidizing O, to O,. Then, Cu*Zn**SOD combines with another
molecule O,°~, reducing it to H,O, and returning to the original
form of Cu**Zn>*SOD.?® In this process, copper must be exposed
to the solvent outside the enzyme so that it can bind with the
0,°” to initiate the reaction.?*!

Cu*Zn**SOD + 0,°” — Cu"Zn**SOD + O, (4)
Cu'Zn*'SOD + 0,*~ (+2H") —» Cu*'Zn*'SOD + H,0, (5)

The rate of catalytic reaction is related to the electrostatic
attraction of negatively charged O,°*~ into the positively charged
active center. Positively charged arginine near the active site
greatly enhances electrostatic guidance. Once this arginine
is mutated to uncharged isoleucine or negatively charged
glutamic acid or aspartic acid, the catalytic efficiency (kca:) of
CuzZnSOD decreases.*” Another study showed that site-specific
mutants that increase local positive charge such as changing
negatively charged glutamic acid to glutamine near the active
site produced more efficient enzymes than wild-type enzymes.*®
The role of zinc-bridging imidazole in CuZnSOD is to maintain
the geometry of the copper coordination sphere, allow the rapid
dissociation of the combined peroxide, and make CuZnSOD
pH-independent.** Once the Zn is removed, the second
reduction reaction (eqn (5)) in the dismutation reaction of
Cu”**apoSOD becomes pH-dependent.

2.2 Manganese superoxide dismutase (MnSOD)

Despite catalyzing a similar reaction, the active center structure
of MnSOD is different from that of CuZnSOD. MnSOD has
both dimer and tetramer structures. For prokaryotes (such as
bacteria), MnSOD is in the dimer form, while the MnSOD of

Fig. 3 Schematic illustration of CuZnSOD. (a) The structure and (b) active
sites of human CuZnSOD (pdb ref: 1pu0). Picture created with PyMOL.
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Fig. 4 Schematic illustration of MnSOD. (a) The structure and (b) active
sites of human MnSOD (pdb ref: 1n0j). Picture created with PyMOL.

eukaryotic cells is usually in the tetramer form. Take the human
MnSOD structure as an example (Fig. 4). There is one manganese
active site in each subunit, and each manganese is coordinated
with four protein ligands (three histidine residues and one aspartic
acid residue) and a single-oxygen-containing molecule (H,O or
OH"). Fig. 4(b) shows the inner sphere of the active center that
interacts directly with manganese. The outer shell of the active
center includes His30, Tyr34, Phe77, Trp78, Trp123, Gln143,
Trp161, and Glu162, which are key residues to the highly efficient
enzymatic activity.>> The substrate is diffused to the active site
through His30 and Tyr34 and binds with manganese ions.
Phe77, Trp78, Trp123 and Trp161 form a hydrophobic cage to
promote the interaction between the substrate and manganese
ions. As shown in Fig. 5, manganese is caved in the lumen of
the active site and forms a hydrogen bond network with the
surrounding side chain residues such as Tyr34 and GIn143 and
with two single-oxygen-containing molecules at the opening of
the cavity.*® The role of the hydrogen bond network is probably
to promote proton transfer in the process of O, reduction to
H,0,, and maintain the stability and catalytic activity of
MnSOD. Like other SODs, the catalytic mechanism of MnSOD
involves a cycle between Mn®" and Mn>", However, due to the
complexity of the structure, the catalytic mechanism of MnSOD
involves more steps than other SODs and involves a series of
proton transfers (eqn (6)-(9)).>*>°

Mn**SOD(OH™) + 0,*~ (+ H") - Mn*'SOD(H,0) + 0,  (6)

Mn”>*SOD(H,0) + O, (+ H) - Mn**SOD(OH ) + H,0,  (7)

Fig. 5 Hydrogen bond network and superoxide-dependent proton trans-
fer mechanism (pdb ref: 1n0j). Picture created with PyMOL.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1tb00720c

Published on 28 May 2021. Downloaded on 6/22/2024 2:57:09 AM.

Journal of Materials Chemistry B

Fig. 6 Schematic illustration of FeSOD. (a) The structure and (b) active
sites of E. coli FeSOD (pdb ref: lisa). Picture created with PyMOLA

Mn**SOD(H,0) + O,*~ — Mn*'SOD(H,0) — 0,>~  (8)

Mn**SOD(H,0) — 0,>” (+ H) » Mn*'SOD(OH ) + H,0,

©)

2.3 Iron superoxide dismutase (FeSOD)

FeSOD was first discovered in prokaryotes, of which the structure
is similar to that of MnSOD. As shown in Fig. 6, FeSOD is a dimer
and each monomer has an iron-centered active site that contains
a single iron binding three histidines, an aspartic acid and a
water molecule. Although the active sites of FeSOD and MnSOD
are similar in structure, the substitution of their metal ions with
each other results in reduced activity.”” The overall catalytic
mechanism of FeSOD also relies on the conversion between
Fe** and Fe®" in a ping-pong manner.”**’

2.4 Nickel superoxide dismutase (NiSOD)

NiSOD was discovered in recent years. The structure of NiSOD
is a homohexamer, with a Ni binding hook formed by the
combination of Ni and some amino acid residues in the center
of each monomer (Fig. 7). Unlike other SODs, in addition to
histidine and aspartic acid, NiSOD has a large number of
cysteine residues linked to the active center Ni via S-Ni bonds.
However, the metal-bound cysteines are highly oxidation-
sensitive and susceptible to damage. Studies have shown that
all Ni related redox enzymes contain cysteine or redox non-
harmless ligands. How NiSOD avoids the oxidative damage of
S-Ni bonds and the catalytic mechanism of NiSOD are still
being explored. However, it is certain that the mechanism of
catalytic disproportionation is related to the transformation
between Ni** and Ni**.*®

In summary, this section briefly introduces the active center
of natural SODs and their catalytic mechanism. The active

Fig. 7 Schematic illustration of NiSOD. (a) The structure and (b) active
sites of Streptomyces coelicolor NiSOD (pdb ref: 1t6u). Picture created
with PyMOL.

This journal is © The Royal Society of Chemistry 2021
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centers of the above four common natural SODs have similar
structures, that is, usually containing histidine and metal ions
that are always coordinated with the nitrogen in the amino acid
residues in the catalytic microenvironment. Besides, these
natural SODs all have their own unique structures, which are
mainly reflected in the use of hydrogen bond network, hydro-
phobic, and electric charge interactions, coordination with
special amino acids and so on. These special structures make
natural enzymes different in their substrate affinity, proton
transfer efficiency, and redox reactivity, which ultimately lead to
their different catalytic efficiencies. We hope that the summary
of the structure and mechanism of natural SOD enzymes can
provide references and inspirations for future research, so that
SOD-like nanozymes will more closely simulate the natural
enzymes, so as to exhibit a more potent catalytic performance.

3. The development and mechanism
of SOD nanozymes

On the basis of the research on the structure and mechanism of
natural SODs, various types of nanozymes have been gradually
developed.

3.1 Classification of SOD-like nanozymes

In 1985, Kroto et al. reported that Ce, exhibited superoxide
radical scavenging activity, which is an early proof that materials
may simulate SOD-like activity, but the concept of nanozymes had
not yet been proposed.®® Since then, various SOD-like nanomater-
ials have been gradually developed. Up to now, about 100 kinds of
nanozymes have been found to exhibit SOD-like activity, most of
which consist of transition metals (e.g. Fe, Co, etc.) and elements
such as carbon, nitrogen, oxygen, sulfur, etc. The following is a
brief introduction of the most-studied nanozymes with SOD-like
activity and their catalytic mechanism.

3.1.1 SOD-Like activity of cerium oxide nanoparticles. Cerium
oxide nanoparticles are currently the most commonly used nano-
zyme with SOD-like activity due to their high biocompatibility and
low toxicity. The SOD-like activity of cerium oxide nanoparticles was
first reported by Korsvik et al. in 2007.'° The SOD-like activity of
cerium oxide nanoparticles is mainly related to the transformation
between Ce®" and Ce™". Due to the change of the valence of cerium
oxide, cerium oxide forms oxygen vacancies or defects in the lattice
structure by losing oxygen and electrons. These oxygen vacancies
are the key structural features for cerium oxide nanoparticles to
exert SOD-like activity. This rapid formation and disappearance of
oxygen vacancies provide the ability to store and release oxygen.
The oxygen vacancies cause the cerium oxide to release oxygen on
the surface and stabilize the formation of linear oxygen vacancy
clusters, which are the main defect structures on strongly reduced
surfaces.”® The size of nanoparticles has a great influence on the
SOD-like activity of cerium oxide nanoparticles. On the one hand,
the reduction of the size increases the specific surface area; on
the other hand, the reduction of the size exposes more oxygen
vacancies on the surface of cerium oxide nanoparticles.’® In
addition, the Ce®'/Ce*" ratio on the material surface also affects

J. Mater. Chem. B, 2021, 9, 6939-6957 | 6943
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the enzyme-like activity of cerium oxide nanoparticles, which
may be related to the structure of oxygen vacancy. Each oxygen
vacancy center is a Ce** surrounded by Ce*', so increasing the
ratio of Ce®" also increases the vacancy abundance, thus
increasing the SOD-like activity.*!

The synthesis methods of cerium oxide nanozymes include
the oxidation of Ce(NOj3);-6H,0O with an oxidizing agent, such as
hydrogen peroxide, ammonium hydroxide or NaOH."*™** Another
method is to induce a reaction between (NH,),Ce(NO;)s and
CH;COONa.*

3.1.2 The SOD-like activity of carbon materials: fullerenes.
Fullerenes are the first reported materials to exhibit SOD-like
activity.® Fullerene has been called as free radical sponge
because of its unique chemical reaction with free radicals. To
solve the issue of the insolubility of fullerene, Dugan et al.
modified fullerene with hydroxyl to enhance its solubility. They
found that the modified fullerene still maintained the SOD-like
activity.*® Another study by them on Cg-C; materials showed
that the SOD-like activity of fullerene was caused by superoxide
dismutation, rather than stoichiometric scavenging. The
Ce0—C;3 surface electron defect regions promote the adsorption
of 0,*” and dismutate them with the help of protons from
carboxyl groups and water molecules. They also found that the
molecular symmetry of the material helped to increase the
SOD-like activity, which is related to the polarity of the material.
The specific catalytic mechanism is shown in Fig. 8(a).* In
addition, the SOD-like activity of this material is also related to
the number of carboxyl groups on fullerenes.*’

Fullerenes used in studies are mostly obtained through
purchase and are usually modified by various chemical methods.
The synthesis of other carbon materials involves more diverse
and complex chemical reactions and involves more steps. For
example, in a study a pyrolysis method was used to mix mela-
mine and formalin/phenol together using a Pluronic F127 soft
template as the nitrogen and carbon sources, respectively, to
prepare N-doped porous carbon nanospheres.*® In another study,
aniline and colloidal silica were mixed together, then the aniline
was polymerized and carbonized, and the silica was removed to
synthesize N-doped sponge-like carbon spheres.*’

3.1.3 Other nanozymes with SOD-like activity. Some other
metals such as Pt,*® Au,>* Cu,**> Mn,*® Ni,** Co,*® Mo,’® Rh,”’ Fe,?
and V°® and their oxides, carbides, nitrides and sulfides were also
found to exhibit SOD-like activity. The main mechanism of their
SOD-like activity includes the protonation of O,*~ and the adsorp-
tion and rearrangement of HO,® on the metal surface. An inves-
tigation of the SOD-like activity mechanism of various metal
nanoparticles showed that O,° can easily capture protons in
water to form HO,®* and OH . HO,* adsorption on the surface
of Au, Ag, Pd and Pt is a highly exothermic process that is likely to
occur. As shown in Fig. 8(b) and (c), HO,* has very low potential
energy profiles for rearrangement on Au and Pt surfaces. This
means that, once HO,* is adsorbed on the surface, it can easily
convert to O,* and H,0,*. After that, O,* and H,0,* turn into O,
and H,0,.°

At the same time, some materials composed of two or more
metals such as Au and Pt or Fe and Cu,’”*® some polymers such

6944 | J Mater. Chem. B, 2021, 9, 6939-6957
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Fig. 8 Different kinds of nanozymes and their mechanism exploration.
(a) Schematic representation of the catalytic interaction of Cs and O,°* .
Chemical bonds colored in red are associated with electron-deficient
areas. The incoming superoxide ions and the oxygen atoms derived from
them are colored in purple. Broken lines represent the hydrogen bonding
between oxygen and hydrogen atoms and hyphenated lines are used to
represent the electrostatic attraction between negatively charged oxygen
atoms and electron-deficient areas on the Cgg moiety. In the proposed
mechanism, Cs is suggested to electrostatically drive superoxide anions
toward electron-deficient areas on its surface until a second O,*~ arrives
to undergo dismutation with the help of protons from carboxyl groups
and/or surrounding water molecules.* Reproduced with permission.
Copyright 2004, Elsevier. (b and c) Potential energy profiles for rearrange-
ments of two HO,* groups on the (111) facets of (b) Au and (c) Pt°
Reproduced with permission. Copyright 2015, American Chemical Society.
(d and e) Calculated reaction energy profiles corresponding to the SOD-
like activity of (d) FesO4 and (e) (Fez04)..2* Reproduced with permission.
Copyright 2019, American Chemical Society.

as PLGA,®" PEG,** and hydrogels®® and materials with different
shapes such as graphitic carbon nitride nanosheets** and NiO
nanoflowers®® have been developed. However, the current
research on the catalytic mechanism is not in-depth. Several
new methods for exploring the mechanisms are being developed.
For example, density functional theory (DFT) and microkinetic
modeling are used to determine the reaction route. The team of

This journal is © The Royal Society of Chemistry 2021
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Guo used this method to evaluate whether the catalytic mechanism
of a range of nanomaterials resembles Langmuir-Hinshelwood
(LH) or Eley-Rideal (ER) processes.'* Taking (Fe;0,), as an example,
they listed various intermediate transition states in two reaction
routes, LH and ER, respectively, and calculated the reaction energy
profiles of the reaction generated in each transition state (Fig. 8(d)
and (e)). Then, they evaluated the heat release of the potential
energy surface of the two mechanisms and finally proved that both
Fe;0, and (Fe;0,), reacted through the LH route. In addition, they
also evaluated a series of kinetic parameters in the reaction process
by means of microkinetic modeling, which further proved that both
Fe;0, and (Fe;0,), reacted through the LH pathway."* In a
similar way, their team also evaluated the SOD mechanism of
(C030,4), nanozymes and Co,Fe;_,0, (n = 1-2) nanozymes. The
results showed that, unlike (Fe;0,),, (C03;0,), was catalyzed
through the ER pathway and that CoFe,O, exhibited a better
SOD-like activity than Co,Fe0,.>*°

There are many metal nanozymes, and their synthesis
methods are also diversified. Some metallic elemental nano-
particles are usually prepared by reduction methods. For example,
in a study, ethanol was used as the reducing agent to prepare
nano-Pt by reducing H,PtCl, and PVP as the protective reagent to
control the size of Pt nanoparticles.”® Some metal oxides are
usually prepared by the oxidation or reduction of metal-
containing salts. For example, in a study Co;0, was formed
through the oxidation of Co (NOj3),-6H,O by ammonia and
hydrogen peroxide.>® In another study, Mn;0, was prepared by
adding oleic acid into KMnO, and then calcining the mixture in
air.*® The hydrothermal method is also used in the synthesis of
Mn;0, by adding Mn(OAc),-4H,0 and anhydrous ethanol
together.®”

3.2 The regulation of the SOD-like activity of nanozymes

There are many factors affecting the SOD-like activity of nano-
zymes, including the physical and chemical properties of nano-
materials such as size, shape, composition, external modification
of nanomaterials, and different reaction systems. This section
briefly describes the factors and regulation methods of SOD-like
activity.

3.2.1 Size and morphology. The relative specific surface
area is an important factor affecting nanozyme activity, which
is closely related to the size and morphology of nanomaterials.
Nanozymes with a larger specific surface area expose more active
sites on the surface, thus tending to exhibit a more significant
catalytic activity. Baldim et al. measured the SOD-like activity of
cerium oxide nanoparticles with different particle sizes and
found that the SOD-like activity was almost inversely proportional
to the particle size of cerium oxide nanoparticles (Fig. 9(a)).” Yang
et al. measured the SOD-like activity of cerium oxide nano-
particles with different shapes. They found that, at the same
ceria concentration, the SOD-like activity of ceria nanochains
(CNHs) was the strongest, followed by ceria nanoclusters (CNLs)
and finally ceria nanoparticles (CNPs) (Fig. 9(b)). The differences
in SOD-like activity were attributed to the different specific sur-
face areas among the samples.'" Similarly, the SOD-like activity of
Mn;0, nanoparticles with different shapes was also measured.
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The SOD-like activity of flower and flake structures was much
higher than that of cubes, polyhedrons and hexagonal plates
(Fig. 9(c)) because the nanoflower structure contains larger pores
as active site pockets similar to natural enzymes.

3.2.2 The quantity and valence of the active site. Although
the relative specific surface area has a great influence on the
enzyme-like activity of nanozymes, it is not the only factor.
Studies have shown that the SOD-like activity of cerium oxide
nanozyme was closely related to Ce*"/Ce*", and the Ce®" part
plays a dominant role in the SOD catalytic process of cerium
oxide nanoparticles.®® In a study, He et al. proved this point in
more detail. They synthesized two cerium oxide nanoparticles
by different methods and heated for 15 min, 2 h and 8 h during
synthesis. They found that, although the particle size of cerium
oxide nanoparticles synthesized by microwave irradiation
(CNPs-M) is only slightly larger than that of cerium oxide
nanoparticles synthesized by convective heating (CNPs-C), the
SOD-like activity of the former is much higher than that of the
latter. The Ce®*/Ce*" ratio of each material was measured by an
X-ray photoelectron spectroscopy (XPS) experiment. The results
showed that the Ce®*/Ce*" ratio of CNPs-C was slightly higher at
a heating time of 15 min, while it was lower at 2 h and 5 h,
which was not completely consistent with their ROS scavenging
efficiency (Fig. 9(d) and (e)), suggesting that the key factor of the
SOD-like activity of cerium oxide nanoparticles was not the
total Ce** concentration, but the surface Ce** concentration of
the material. Then, they further verified the level of Ce** on the
surface of the cerium oxide nanoparticles by oxidizing the
surface with a strong oxidant. The absorbance change was
measured to determine the amount of Ce** on the surface. It
was found that the absorbance of oxidized CNPS-M changed
greatly, proving that the surface contained more Ce®* after
oxidation (Fig. 9(f))."* In addition to cerium oxide nanoparticles,
a study on manganese oxide nanoparticles showed that the SOD-
like activity of Mn®>" and Mn** valence mixed Mn;0, was much
higher than that of MnO, with single valence because the
circulation and conversion of oxidized Mn*" and reduced Mn**
are very important to the SOD-like activity."

3.2.3 Cladding and modification. In addition to the nature
of the material itself, other additional components of the
material may also affect the SOD-like activity of nanozymes.
San et al. coated PtNPs in the same crystalline states with PepA,
DegP, and ClpP proteins, respectively, and found that different
proteins exhibited different effects on the SOD-like activity of
nanoparticles. As shown in Fig. 9(g), PepA-PtNPs exhibited the
highest SOD-like activity, followed by ClpP-PtNPs, and it was much
lower for DegP-PtNPs, which was not inversely proportional to the
size of the nanoparticles. Further investigation revealed that the
coated protein possessed a solvent channel in the middle affecting
the access of substrates to the catalytic surface. The channel of
DegP was relatively narrow, so their activity was the lowest. The
physical and chemical properties and the inner shape of the
protein shell also affected the SOD-like activity to some extent,
but the chemical interaction between the protein and nano-
particles was not well understood.”” In addition, some coating
materials such as PEG protected the cerium oxide from deactivation
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Fig. 9 Effects of different regulation methods on the SOD activity of nanozymes. (a) Effect of size on the enzyme activity of cerium oxide nanoparticles
with sizes of 4.5 nm, 7.8 nm, 23 nm, and 28 nm.® Reproduced with permission. Copyright 2009, The Royal Society of Chemistry. (b) Effect of morphology
on the enzyme activity of ceria nanochains (CNHs), ceria nanoclusters (CNLs) and ceria nanoparticles (CNPs).** Reproduced with permission. Copyright
2017, American Chemical Society. (c) Effect of morphology on the enzyme activity of MnsO,4 nano-cubes, nano-polyhedrons, nano-hexagonal plates,
nanoflakes and nanoflowers.*? Reproduced with permission. Copyright 2018, John Wiley and Sons. (d) ROS scavenging efficiency of CNPS-M and CNPS-
C. (e) The Ce®*/Ce* ratio of the material was characterized by XPS. (f) The change of absorbance before and after oxidation.** Reproduced with
permission. Copyright 2017, Elsevier. (g) Effects of different coated proteins on the superoxide anion quenching ability and the SOD-like activity of
PtNPs.'” Reproduced with permission. Copyright 1991, The Royal Society of Chemistry. (h) SOD-like activity of CNPs synthesized using different
precursors, cerium(in) acetate (CNPs-Ac), cerium(iv) ammonium nitrate (CNPs-AmN), cerium(i) chloride (CNPs-Cl), cerium(m) nitrate (CNPs-N), and
cerium(in) sulfate (CNPs-S). Absorbance of WST-1 formazan dye at 440 nm in a 96-well plate plotted against the time course of the reaction. (i) The
percent of antioxidant capacity of CNPs correlates with the SOD-like activity of CNPs.2® Reproduced with permission. Copyright 2017, American
Chemical Society.

by forming cerium phosphate in phosphoric acid.*® However, PEG
did not affect the SOD-like activity under normal conditions.®’
There are also some materials such as Au-core CeO,-shell
NP-based nanozyme that may be inactivated by cladding such as
mercaptoundecanoic acid (11-MUA).”®

Besides the cladding component, some modified compo-
nents also affect the SOD-like activity of nanozymes. A study
modified cerium oxide nanoparticles with different anions of
the precursor salt counterions. The results in Fig. 9(h) and (i)
showed that cerium(m) nitrate (CNPs-N) and cerium(i) chloride
(CNPs-Cl) exhibited a higher SOD-like activity, followed by
cerium(m) acetate (CNPs-Ac), while cerium(u) sulfate (CNPs-S)

6946 | J Mater. Chem. B, 2021, 9, 6939-6957

and cerium(iv) ammonium nitrate (CNPs-AmN) did not show
significant SOD-like activity because of their low dispersion
stability. The surface of CNPS-N presents more Ce*", resulting
in a higher SOD-like activity. Although the Ce®" concentration
on the surface of CNPS-Cl is low, the presence of Cl™ changes
the catalytic antioxidant performance of CNPS-Cl because it
indirectly alters the surface chemistry, which decreases the
oxidation potential. The transformation of Ce*" to Ce*" is more
likely to occur in the presence of CI” ions, thus improving SOD-like
activity.'® In addition, studies have shown that silicon dioxide NPs
modified by imidazole, carboxyl and phenol exhibited SOD-like
activity.”* Modification of cerium oxide nanoparticles with some
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ligands such as triethyl phosphite (TEP) mediated redox reactions
and regulated SOD-like activity by increasing the ratio of Ce** and
Ce*" on the material surface.”

3.2.4 Biologically relevant conditions and environments.
The pH of the system regulates the enzyme activity of nano-
materials. It has been reported that the removal of O,*" by
PtNPs is carried out under neutral and alkaline conditions, but
the activity is negligible under acidic conditions.”* Phosphate
may significantly reduce the SOD-like activity of cerium oxide
nanoparticles by forming cerium phosphate with Ce®*.”* In
addition, adding enzyme inhibitors (e.g. 3-amino-1,2,4-triazole
(3AT)) to the system inhibits the activity of the Pt-apoferritin
(Pt-apo) nanozyme.””

In summary, a series of SOD-like nanozymes have been
developed on the basis of the natural enzyme elements and the
mechanism of active sites. In addition, the activity mechanism and
regulation mode of these SOD-like nanozymes have been gradually
explored. However, the research on the mechanism of SOD-like
nanozymes is still relatively shallow. Some new exploratory
techniques and methods also urgently need to be developed.
We hope that the summary of this section can inspire further
mechanism research, so as to develop SOD-like nanozymes
with a higher activity, more explicit active sites and a better
coordination between the active sites and framework structure.

4. Methods for measuring the
SOD-like activity of nanozymes

Compared with peroxidase, oxidase and catalase, the character-
ization method for the SOD-like activity of nanozymes was not
standardized yet. At present, the method for measuring the
SOD-like activity of nanozymes is limited to qualitatively comparing
the activities between nanozymes, and there are few quantitative
studies on the specific activity and kinetic parameters. In fact,
compared with the other enzyme activities that can be directly
measured, the determination of SOD is relatively difficult. This may
be due to the fact that the catalytic substrate of SOD, O,*, is a
transient product and extremely unstable. Thus, the SOD-like
activity is mostly determined by an indirect method. This section
summarizes the current commonly used methods for the determi-
nation of SOD-like activity, hoping to provide some references for
the development of more suitable methods for the determination of
SOD-like activity in the future.

At present, most of the commonly used methods for the
determination of the SOD-like activity of nanozymes are modified
from the natural SOD activity assays. The key reagents in these
methods are usually composed of two parts: the first part is used
to produce O,*" and the second part is used to detect O,* . In
most cases the principle is as follows. First, O,*" are generated
through the first part of the reagent. These O,* cause color or
fluorescence changes in detection reagents such as chromogenic
agents, and the amount of total O,*~ produced in the system can
be detected by these changes. When the nanozyme with SOD-like
activity is added to the detection system, the production of O,* " is
reduced, thereby inhibiting the changes in the detection reagent.
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By comparing the color/fluorescence change of the detection
reagent before and after adding the nanozyme, the SOD-like
activity of the nanozyme can be calculated.

The first method used to measure the SOD-like activity of the
nanozyme was the detection system containing hypoxanthine,
xanthine oxidase and cytochrome c. This method was first
proposed by Korsvik et al. to detect the SOD-like activity of two
different cerium oxide nanoparticles at different concentrations.*®
Singh et al. also used this method to determine the SOD-like
activity of cerium oxide nanoparticles at different pH values.”*
Briefly, the mechanism is that xanthine oxidase catalyzes the
hypoxanthine to produce O,°", and then O,° oxidizes cyto-
chrome ¢, resulting in the production of reduced cytochrome
¢ with ultraviolet absorption at 550 nm. When a SOD-like
nanozyme is added, it competes with cytochrome ¢ for O,°",
thus inhibiting the reduction of cytochrome ¢ and reducing the
change of absorbance. By measuring the changes of absorbance
at 550 nm before and after nanozyme addition within a certain
period of time, the SOD-like activity of different types and
concentrations of material were determined. Using this method,
the SOD-like activity of cerium oxide nanoparticles at different
concentrations was compared (Fig. 10(a) and (b)). In some cases,
excess catalase is added to the system to remove the product
H,0,. Xanthine is also used in some methods instead of
hypoxanthine.”®

Except for using xanthine and xanthine oxidase, there are other
methods for O,*” production. Examples include the use of ribo-
flavin under light illumination,'" riboflavin and methionine,”” and
the direct production of O,*~ ”® from KO,, which is rarely used due
to its extreme instability and toxicity.

With the development of the above methods, cytochrome ¢
was found to be not sensitive and stable enough, and some
other colorimetric reagents were used to replace cytochrome c,
such as nitro blue tetrazolium (NBT),>* water soluble tetrazolium
salts (WST),’ etc. Using these methods, a number of kits for the
determination of SOD-like activity have also been developed.” In
addition to colorimetric reagents, some other reagents have been
used to detect O,*", such as lucigenin, which is detected by
chemiluminescence,® and hydroethidine, an O,*~ fluorescent
probe.®’ In addition, electron paramagnetic resonance (EPR) or
electron spin resonance (ESR) is also used to detect the amount
of 0,°”. The ESR spectrum in Fig. 10(c) shows the enzyme
activity of natural SODs and the PtRu nanozyme at different
ratios of Pt and Ru."®

Some other methods are also used to measure SOD-like activity,
and some reagents are able to change color while producing O,° ",
such as the pyrogallol autoxidation method. Pyrogallol produces
0O,°” by autoxidation under alkaline conditions and further pro-
duces colored products such as o-hydroxy-o-benzoquinone with an
ultraviolet absorption peak at 325 nm. In the presence of SOD, the
colored products formed by pyrogallol reacting with O,*” are
inhibited, and the SOD-like activity is determined by the inhibition
rate.®” By controlling the presence of FePOs and the presence of
pyrogallol, it is proved that the autoxidation of pyrogallol is able to
measure the SOD-like activity of FePOs (Fig. 10(d) and (e)).”>
Similarly, the epinephrine autoxidation method uses epinephrine
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Fig. 10 Different methods to characterize the SOD activity of nanozymes. (a and b) The SOD-like activity of two different cerium oxide nanoparticles
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Copyright 2019, American Chemical Society.

autoxidation to produce O,*~ and then produces adrenochrome
with an ultraviolet absorption peak at 480 nm, which is inhibited
in the presence of SOD-like nanozymes.*

In addition to the qualitative comparison of the activity of
nanozymes, there are also a few studies using specific activity
and enzyme reaction kinetic parameters and other methods
to quantify the SOD-like activity. For example, Damle et al.
reported that, in the xanthine, xanthine oxidase and NBT
systems, the production rate of O, was regulated by adjusting
the concentration of xanthine oxidase to fix the absorbance
change value at 550 nm of NBT to 0.025 per minute. SOD-like
activity is detected as the percentage of absorbance increase
inhibited at 550 nm, also known as the inhibition rate. The unit
of enzyme activity is defined as the amount of enzyme that
inhibits the change of NBT by 50% per minute, namely ICs.
The corresponding specific activity is measured by normalizing
the amount of nanozyme. As shown in Fig. 10(f), they used this
method to measure the SOD-like activity of cerium oxide
nanoparticles in various layer materials.>> Moreover, Dashtestani
et al. used the pyrogallol autoxidation method to explore the
kinetic parameters of enzyme reactions, such as ICso and k¢, Of
NACu-Cys, which consists of the Cu-Cys complex and nano-
albumin (NA), through the Michaelis-Menten equation.®>

Some common methods for the determination of SOD-like
activity of nanozymes is shown in Table 2. In present, the SOD-
like nanozyme activity determination method still faces some
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challenges. The most important one is that the enzyme activities
of different materials in different studies could not be compared
due to the inconsistency of the substrate and sensitivity of
different determination methods. Liu et al. compared various
determination methods and evaluated the advantages and dis-
advantages of each method. They used the xanthine/xanthine
oxidase method and the irradiation of riboflavin method
to produce O,*”, and employed hydroethidine (HE), NBT,
iodonitrotetrazolium chloride (INT), WST, cytochrome ¢, and
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) (EPR) to detect O,°".
Finally, they came to several conclusions: (1) the HE probe may
be disturbed by the oxidizing nanozymes; (2) the NBT probe has
limited sensitivity due to the poor water solubility of its
products; (3) the sensitivity of WST is higher than those of
NBT and INT; (4) the method of producing O,*~ by riboflavin
irradiation may be disturbed by the electron accepting ability of
nanozymes; (5) EPR is sensitive and both the quality of DMPO
and incubation time are important factors for the EPR
measurement.®® In addition, there is another problem that
deserves attention. Most of the current measurement methods
have been derived from the method of determination of natural
SOD enzyme activity, which might not be very suitable for
inorganic nanocomposites. Other components in the system
may cause disturbance to the measured results, for example,
various kinds of buffer may result in gathering or breakdown of
the nanozyme, and the Ethylene Diamine Tetraacetic Acid (EDTA)
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Table 2 Different methods for the determination of the SOD-like activity of nanozymes

Nanozymes Reagent/enzyme activity determination methods Representative methods Ref.
Ceo-PLGA Hypoxanthine, xanthine oxidase enzyme, DMPO EPR 85
Ceo, C70 Xanthine, xanthine oxidase, cytochrome ¢ ) (O 86
CeO,_, NPs and GdYVO:Eu®" NPs” Epinephrine autoxidation Inhibition ratio 87
Cerium oxide nanoparticles SOD assay kit UV absorbance 88
Mn-NPs Riboflavin, methionine, NBT Inhibition ratio 89
MnO NPs Xanthine, xanthine oxidase, cytochrome ¢ Inhibition ratio, ksop 90
Cerium oxide Hypoxanthine, xanthine oxidase, cytochrome ¢ UV absorbance; specific activity: U 91
Biogenic magnetic nanoparticles Pyrogallol autoxidation Specific activity: U 92
Mn-MPSA-PCC* KO, Cyclic voltammetry 93
MnO, Xanthine, xanthine oxidase, BMPO ESR 94
Gd@Cg, Xanthine, xanthine oxidase, lucigenin Chemiluminescence 95
CuTA Xanthine, xanthine oxidase, INT UV absorbance 96
Ce-MGBs* WST assay kit UV absorbance 97
NiO nanoflowers Pyrogallol autoxidation; KO, UV absorbance; ICs, 54

% GAYVO,:Eu®* NPs: Gd(0.7)Y(0.2)EU(0.1)VO4; Mn-MPSA-PCC: melamine-phytic acid-super molecule-aggregation modified on the surface of PCC
through the assembly of amino groups, phosphate groups and oxygen-containing groups on PCC; Ce-MGBs: mesoporous bioactive glasses (MBGs)

modified with cerium ions.

in the system may complex the metal ion components which
determines the SOD-like activity, and so on. Therefore, better
assay methods for detecting the SOD-like activity of nanozymes
need to be established.

5. Antioxidant applications of SOD-like
Nnanozymes
5.1 As antioxidants to protect cells

Utilizing the ROS scavenging ability, SOD-like nanozymes have
been widely used to reduce the oxidative stress of the cell. For
example, Bhushan et al. delivered cerium oxide nanoparticles
into cells by coating with albumin, improving biocompatibility
without reducing the antioxidant activity of cerium oxide
nanoparticle nanozymes. Semi-quantitative RT-PCR analysis
confirmed that albumin modified SOD-like nanozymes success-
fully defended against free radicals and alleviated oxidative
damage to cells, while biocompatible albumin-encapsulated
cerium oxide nanoparticles protected the antioxidant defense
system of cells and protected cells from oxidative stress-mediated
apoptosis.*”> Kamada et al. demonstrated that UV-induced
DNA damage was inhibited by Ce-doped titanate nanosheets
(CE-TNS).® 1t has also been found that cerium oxide nano-
particles eliminated ROS and prevented cell apoptosis by reducing
the level of Caspase 3/7 and the loss of mitochondrial membrane
potential. In addition to reducing ultraviolet A ray-induced
fibroblast death, cerium oxide nanoparticles also promoted cell
migration and proliferation.”

However, the use of SOD-like activity alone is not sufficient
to eliminate all kinds of ROS. Therefore, nanozymes with the
advantage of multi-enzyme activities are designed to further
exert their antioxidant effects through cascade reactions. In the
study of Singh et al., a Mn;O, nanozyme with the activities of
catalase, glutathione peroxidase (GPx) and SOD was constructed.
The multi-enzyme activities of these materials depend on many
factors, such as morphology, specific surface area, pore size and
redox properties. The cascade reactions could occur between

This journal is © The Royal Society of Chemistry 2021
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Fig. 11 MnzO4 nanozyme exerted antioxidant effects in cells through
cascading reactions. (a) Multi-enzyme mimetic MnzO,4 nanoflowers (Mp)
modulated the redox state of mammalian cells without altering the cellular
antioxidant machinery under oxidative stress conditions. (b and c) ROS
scavenging activity of Mp was evaluated in mammalian cells. (b) Relative
mean DCFDA fluorescence intensity of cells left untreated (UT) or pre-
treated with variable concentrations of Mp prior to H,O, treatment. (c) The
H,0O, scavenging ability of Mp was confirmed using a H,O, specific dye,
Amplex Red.® Reproduced with permission. Copyright 2009, The Royal
Society of Chemistry.

these enzymatic activities (Fig. 11(a)). In detail, the MnzO,
nanozyme captured O,° and produced oxygen and H,O,
through SOD-like activity. Then, through catalase and GPx
activities, the generated H,0, was further converted into water
and oxygen. As shown in Fig. 11(b) and (c), the Mn;0, nano-
zyme greatly reduced the level of ROS in mitochondria and
cells. Thus, SOD-like nanozymes provide significant protection
against ROS mediated protein oxidation, lipid peroxidation and
DNA damage.®
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In all, SOD-like nanozymes have the ability to eliminate ROS
and therefore protect cells from oxidative stress such as DNA
damage, protein oxidation and lipid peroxidation. Through the
cascade of SOD-like activity and other activities such as catalase
and glutathione peroxidase, the antioxidant function of nano-
zymes could be further promoted.

5.2 Treatment of oxidative stress related diseases

5.2.1 Treatment of sepsis. The antioxidant function of SOD
is also used to treat a series of antioxidant-related diseases,
among which the most common one is inflammation-related
diseases. Sepsis is a systemic inflammatory response syndrome
caused by a local infection. Due to the lack of effective treatment,
sepsis exhibits the characteristics of high morbidity and mortal-
ity. Excessive production of reactive oxygen and nitrogen species
(RONS) due to inflammation plays a crucial role in the patho-
physiology of sepsis. Cao et al. eliminated ROS through a
catalase, GPx and SOD cascade reaction of a single Co atom
nanozyme, which also magically eliminated *NO by coordinat-
ing Co-porphyrin centers (Fig. 12(a) and (b)). Proinflammatory
factors such as TNF-o and IL-6 (Fig. 12(c) and (d)) and free
radicals such as RNS and ROS (Fig. 12(e) and (f)) are all
significantly decreased after treatment with the Co nanozyme,
indicating the anti-inflammation and antioxidant ability of the
Co SOD-like nanozyme. These therapeutic effects ultimately
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increased the survival rate of septic mice treated with the Co
nanozyme (Fig. 12(g)).?

5.2.2 Treatment of Alzheimer’s disease. Alzheimer’s disease is
a neuroinflammatory disease. Excessive continuous stimulation of
ROS, inflammatory cytokines, and A activates pro-inflammatory
M1 microglia, ultimately leading to irreversible neuron loss. The
SOD-like activity of nanozymes eliminates ROS, reduces inflam-
mation and thus treats Alzheimer’s disease. Ren et al. constructed
the (3-carboxypropyl)triphenyl-phosphonium bromide functiona-
lized molybdenum disulfide quantum dot (TPP-MoS, QD) nano-
zyme to treat Alzheimer’s disease. This TPP-MoS, QDS nanozyme
possesses the activities of catalase and SOD, which scavenged ROS
and down-regulated various pro-inflammatory cytokines. With the
help of TPP, the TPP-MoS, nanozyme successfully escaped from
lysosomes and targeted mitochondria. In addition, the TPP-MoS,
QD nanozyme stimulated the transition of microglia from
inflammatory M1 phenotype to anti-inflammatory M2 pheno-
type, which degraded AP deposition, thus realizing the protection
of neurons.'® To precisely target the site of the lesion, some
AB-targeting ligands, such as KLVFFAED (KD8), were also modified
on the nanozyme such as N-MCNs to increase their accumulation
in the AB deposition site (Fig. 13).° Since nanozymes possess multi-
functional properties, including their enzymatic activity and
potential to be used as nanocarriers. Thus, SOD-like nanozymes
also acted as gene drug delivery systems, e.g. siSOX9 and retinoic
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CyS/KDS@N-MCNs

Fig. 13 KD8@N-MCNs nanozyme was used to treat Alzheimer’s disease.
(@) Schematic diagram of KD8@N-MCNs synthesis and the mechanism of
action of KD8@N-MCN:s. (b) In vivo imaging of 3xTg-AD mice administered
with Cy5@N-MCNs or Cy5/KD8@N-MCNs.® Reproduced with permission.
Copyright 2020, American Chemical Society.

acid (RA) co-delivered with ceria-doped MIL-100(Fe). siSOX9 down-
regulated the expression of Sox9, thereby inhibiting gliogenesis,
while RA up-regulated the expression of neuronal genes, which
synergistically promotes the differentiation of neural stem cells
like neuronal cells, thus treating Alzheimer’s disease.'" In
conclusion, through modification and co-delivery methods,
SOD nanozymes have a good prospect in the treatment of
Alzheimer’s disease.

5.2.3 Treatment of oral ulcers. Oral ulcers are often accom-
panied by the production of large amounts of ROS, which causes
inflammation and accelerates the disease. Gu et al. modified VB,
on iron oxide nanoparticles for the treatment of oral ulcers. VB,
enhanced the SOD-like activity of iron oxide nanoparticles and
facilitated iron oxide nanoparticles to remove ROS for cell
protection. The iron oxide nanozyme also exhibited antibacterial
activity against Streptococcus mutans, Staphylococcus aureus and
Escherichia coli."*>

5.2.4 Treatment of cardiovascular disease. Cardiovascular
disease is a serious disease threatening human life. One of
the most effective treatment strategies is the continuous
administration of a mild, controlled supply of NO to protect
the cardiovascular system from injury. Gold nanorods exhibit
SOD-like and nitric oxide synthase (NOS) enzyme-mimic
activity. Li et al. used gold nanorods to catalyze the oxidation
of NADPH to produce O,*" and then to produce H,0, through
SOD-like activity, and finally H,O, mediates the oxidation of
arginine to produce NO, thus simulating the activity of nitric
oxide synthase, which is used in the treatment of cardiovascular
disease.'”

This journal is © The Royal Society of Chemistry 2021
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5.2.5 Treatment of COVID-19. COVID-19 has been an unpre-
cedented global health crisis since 2019. COVID-19 would lead to
acute respiratory distress syndrome (ARDS), systemic inflammation,
and finally serious pulmonary fibrosis. Therefore, it is an effective
treatment approach to control the occurrence and development of
inflammation by eliminating ROS. Prince et al. found that cerium
oxide nanoparticles exhibited the antioxidant activity of SOD
and catalase, and had the ability to inhibit NFkB, MAPKs and
TGF- signaling pathways, and therefore can be used to improve
respiratory function during infection.'%*

5.2.6 Treatment of inflammation and injury. In the research
conducted by Chen et al., they delivered the CeO,/Pt nanozyme
into monolayer cross-linked zwitterionic vesicles (cZVs) to
construct an artificial organelle (peroxisome) for the treatment
of ear inflammation."®® The SOD-like activity of nanozymes was
also used to treat other antioxidation-related diseases, including
enteritis,"*® lung injury,’® psoriasis,'®” etc.

In all, SOD-like nanozymes are used in the treatment of a
large series of antioxidant diseases such as sepsis, Alzheimer’s
disease and almost all kinds of inflammation based on their
ability to eliminate ROS. SOD-like nanozymes would achieve a
better therapeutic effect by coating, modifying or co-loading
other drugs.

5.3 Other applications

In addition to the treatment of diseases, SOD-like nanozymes have
been widely used in other fields. Li et al. developed a method for
in vivo encapsulation of MnO, nanozyme shells on the surface of
living yeast cells. The nanozyme shell not only enhanced the
tolerance of cells to severe physical stressors, including dehydration
and lyase, but also kept the cells alive after prolonged exposure to
high levels of toxic chemicals. In addition, these coated cells were
fully restored to growth and function by simple biomolecular
stimulation to remove their shells. This strategy has the potential
to be applied to a wide range of living cells.'*

In the process of winemaking, with the accumulation of
alcohol and changes in pH, temperature and osmotic pressure,
yeast may produce a large amount of ROS, thus reducing the
vitality and fermentation efficiency of yeast. Zhou et al. used FeCo-
PBA NPs to scavenge ROS, thus greatly improving the tolerance of
yeast to ethanol and reactive oxygen species, improving the meta-
bolic activity of yeast, and increasing alcohol production.?' ROS is
an important cause of cell and organism senescence. Kim et al.
constructed nano-Pt and treated nematodes. The results showed
that nano-Pt significantly reduced the accumulation of lipofuscin
and ROS induced by paraquat, and the lifespan of nematodes was
significantly enhanced after treatment, proving that the Pt nano-
zyme has an anti-aging effect.>® In addition, some nanozymes are
also used as sperm cryopreserved protectants to combat the
oxidative stress caused by ROS production during sperm cryopre-
servation, thus reducing apoptotic necrosis and enhancing the
activity.'® Some other applications such as the detection of 0,*~
also use the SOD-like activity of nanozymes.''®

Although the SOD-like activity of nanozymes is mainly used
for antioxidant therapy, due to the multi-enzyme activities of
nanozymes, they sometimes also cascade with peroxidase
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Fig. 14 Antitumor study of zeolitic imidazole framework-67 (ZIF-67) nanozyme as a H,O, homeostasis disruptor for intensive chemodynamic therapy.
(a) Preparation of PZIF-67-AT nanoparticles. (b) Intensive chemodynamic therapy induced by PZIF-67-AT nanoparticles. (c) Photographs of the dissected
tumors treated with four samples for 14 days. (d) Weights of the tumors. (e) Changes in tumor volumes. (f) Tumor tissue staining by H&E and TUNEL.”

Reproduced with permission. Copyright 2021, Elsevier.

activity or Fenton regents to promote the generation of hydroxyl
free radicals, thereby being used to treat tumors by promoting
oxidation. By modifying the small-molecule inhibitor 3-amino-
1,2,4-triazole (3-AT) and PEG on zeolitic imidazole framework-67
(Z1F-67) nanoparticles, PZIF67-AT was prepared by Sang et al.
(Fig. 14(a)). As shown in Fig. 14(b), the SOD-like activity of
ZIF-67 was used to convert O,*” into H,0,, and then chemo-
dynamic therapy (CDT) was used to convert H,0, into more *OH
through Fenton reaction. In addition, ZIF-67 could also
deplete glutathione to inhibit the conversion of H,0, into a
non-toxic form. Moreover, 3-AT inhibited the enzymatic activity
of catalase, thus inhibiting the decomposition of H,0,. Based
on this, the PZIF67-AT nanozyme enhanced the production of
*OH to destroy the tumor. After treatment with the PZIF67-AT
nanozyme, the size, weight and volume of the tumor were
significantly reduced (Fig. 14(c)-(e)). Moreover, the level of
apoptosis in tumor tissues also increased after PZIF67-AT nano-
zyme treatment as shown by the TUNEL staining in Fig. 14(f).""*
In another way, as shown in Fig. 15, Kang et al prepared
speckled RuTe hollow nanorods (RuTeNRs) which exhibited
the multiple activities of peroxidase/SOD/catalase. Through the

6952 | U Mater. Chem. B, 2021, 9, 6939-6957
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Nanozymatic
» Photothermal
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Fig. 15 Schematic illustration of RuTeNR synthesis and their nonrecurring
circuit nanozymatic enhancement for hypoxic cancer phototherapeutic
application.? Reproduced with permission. Copyright 2020, American
Chemical Society.
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Table 3 Applications of SOD-like nanozymes

Nanozyme (drugs used together) Types of enzyme activity Application/disease Ref.
Pt@PCN222-Mn“ SOD/catalase Inflammatory bowel disease 112
ZIF-67/Cug 76C0, 240, NSs® Peroxidase/SOD/GPx/laccase-like activities Real-time detection of living neurotransmitters 113
Cus 4O USNPs® SOD/catalase/GPx Acute kidney/liver injury, wound healing 114
CeNPs (PTEN plasmid) SOD Prostate cancer 115
MnTPP/ERGO/GCE* SOD Real-time monitoring of O,*~ from breast cancer cells 116
Single-atom Pt/CeO, SOD/catalase/peroxidase/GPx Bandage for brain trauma and reducing neuroinflammation 117
CTMDs" SOD/GPx-like Alleviating endotoxemia 118
Cerium oxide nanoparticles SOD Restraining cerulein induced acute pancreatitis 119
MoO;_, nanodots Catalase/SOD Treatment of amyloid induced neurotoxicity 120
Cu,O nanoparticle clusters Peroxidase/SOD/catalase/GPx Ameliorating Parkinson’s disease 121
PGNPNF“ SOD Wound healing applications 122
Mn;0, nanozymes SOD/catalase Protecting ear-inflammation 67
FePO, SOD Real-time detection of O,°~ 123
Pt-NPs SOD/catalase Alleviating apoptosis 124
Pt NPs SOD Treating vascular diseases such as atherosclerosis 125

“ Pt@PCN222-Mn: Mn(m)porphyrin and Pt NP within a nanoscale Zr-based MOF, PCN222; ZIF-67/Cuy 76C0, 5,04 NSs: “raisin pudding”’-type ZIF-67/
Cug.76C0,.2404 nanospheres; Cus O USNPs: ultrasmall Cus,O nanoparticles; MnTPP/ERGO/GCE: manganese(m) tetraphenyl porphine/electro-
chemical reduced graphene oxide/glassy carbon electrode; CTMDs: Cu-TCPP MOF nanodots; PGNPNF: cerium oxide nanoparticle functionalised

polycaprolactone (PCL)-gelatin nanofiber.

cascade of these activities, oxygen and ROS (*OH) were
abundantly produced, which on the one hand alleviated the
hypoxic environment of the tumor and on the other hand were
combined with photodynamic and photothermal therapy to
destroy the tumor.”

Table 3 gives some more examples of the application of
SOD-like nanozymes. This covers almost all the applications
of SOD-like nanozymes to date. We hope that the summary of
various applications of SOD-like nanozymes can provide some
inspiration for future research and applications. We also hope
that SOD-like nanozymes can be applied to more and more
suitable fields.

6. Conclusion and prospects

As a new generation of artificial enzymes, SOD-like nanozymes
have great potential to replace natural SODs in removing ROS,
protecting cells from oxidative damage, reducing tissue inflam-
mation and anti-aging, and effectively solving the limitations of
natural SODs.

In the development process of this field, the exploration of
mechanism is the most important and difficult process. There-
fore, this paper reviews the structure and activity mechanism of
several natural SODs, in order to summarize the mechanism of
SOD-like nanozymes and provide a direction for their design
and regulation.

Due to the development of different kinds of nanozymes
with high enzyme activity, methods for the characterization of
enzyme activity have been gradually developed. At the same
time, the abundant species and high enzyme activity make the
application of SOD-like nanozymes gradually diversified. Based
on their ability to remove O,°*" in ROS, the SOD-like activity of
nanozymes is mainly used in antioxidant therapy. Due to the
unique multi-enzyme activity characteristics of nanozymes, the
cascade of multi-enzyme activities helps nanozymes to remove
more kinds of ROS, thus greatly improving the antioxidant

This journal is © The Royal Society of Chemistry 2021

treatment efficiency of nanozymes. In addition, nanozymes
modified with other ligands, such as some proteins, plasmids,
inhibitors, etc., can achieve more functions.

Although the activity of SOD-like nanozymes has developed
rapidly in recent years and the number of publications has
increased rapidly, there still exist many problems. First, the
catalytic mechanism of nanozymes to exert SOD-like activity is
still unclear. At present, the development of SOD-like nanozymes
mostly relies on random synthesis and screening, and few high-
activity nanozymes are directly synthesized through rational
design. Therefore, it is necessary to develop new methods and
techniques to further explore the mechanism and active sites of
nanozymes. Second, the activity of current SOD-like nanozymes is
not satisfactory. To date, there are almost no nanozymes that can
match the activity of natural SODs. Natural SOD enzymes
enhance their substrate affinity through their fine structural
regulation, so as to have high catalytic efficiency. However,
although the structure of some nanozymes imitates the active
sites of natural enzymes, their activity cannot exceed that of
natural enzymes, and their structure-activity relationship is still
not very thorough. Through in-depth exploration of the mecha-
nism, nanozymes with a higher enzyme activity are expected to be
developed. Third, the SOD-like activity determination method is
not perfect. So far, the methods of SOD-like activity measurement
are not uniform, and there is no uniform quantitative standard.
Only qualitative comparison of several materials in the same
study can be realized, and the activity of materials in different
studies cannot be directly compared. Due to the different
chemical nature of natural enzymes and nanozymes, some
methods are not completely applicable to nanozymes although
they are applicable to natural SODs. Therefore, new SOD-like
activity determination methods and uniform measurement units
for SOD-like nanozymes are expected to be established. In
addition, due to the unknown active sites of nanozymes, most
of the current methods are based on the weights of the
materials, and the catalytic efficiency of each active site cannot
be measured. Fourth, the application of SOD-like nanozymes
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is limited. To date, the application of SOD-like nanozymes
mainly focuses on the treatment of diseases in the antioxidant
field, and some new suitable applications are expected to be
explored. Fifth, some common problems of nanozymes remain
to be solved, such as the specificity of enzyme activity, toxicity,
metabolic problems and so on. At present, the most commonly
used methods for the study of the biocompatibility and biosafety
of nanozymes include histopathological staining, blood routine
and blood biochemical testing to evaluate the potential impact
of nanoparticles on body tissues. The results of animal experi-
ments showed that cerium oxide,* carbon materials*® and other
nanozymes'*® exhibit good biocompatibility. In addition, a
number of ultra-small nanozymes that can be cleared by the
kidney have been designed.'* However, the biocompatibility of
most nanozymes is still a problem to be studied in depth. Most
studies have not effectively evaluated the metabolic pathways of
nanozymes. The potential effects of nanozymes on body tissues
mainly include the following: firstly, after entering the organism,
nanozymes may interact with biological components in the
blood or cell fluid to form protein crowns, which may affect
the catalytic activity of nanozymes on the one hand, and may
cause biological safety issues on the other hand. Secondly, many
nanozymes exhibit toxic peroxidase-like activity under acidic
conditions, so some seemingly safe nanozyme materials may
become toxic after entering the acid vesicles of cells. Thirdly,
nanozymes may also interact with intracellular components
such as proteins, nucleic acids and small biological molecules
to disrupt their normal physiological functions. At present, there
are few comprehensive studies on the biocompatibility mecha-
nism of nanozymes, and further development of indicators for
measuring their biocompatibility is needed.

In addition to the existing strategies for improving various
existing nanozymes, it is a very promising strategy to directly
create high-activity SOD-like nanozymes by imitating the active
sites of natural enzymes. At present, there have been some studies
on nanozymes imitating the natural enzyme active sites. For
example, Patriarca et al inserted a series of metal-center com-
plexes into different kinds of mesoporous silica junctions, as
shown in Fig. 16. For the 1 and 2 imidazolate complexes, the
silica channels limited the geometry of the p-imidazolate-Cu(w),
core and changed the relative orientations of the two copper
coordination planes, resulting in a higher enzyme activity. Unlike
imidazole bridging compounds, however, the insertion of 3 in
mesoporous silica caused the hybrid material to become less
stable, showing partial release into aqueous solution and
dissociation, where the enzymatic activity of 3 is low. This
was determined by the positional relationship between the

0OCIO; OCIOJ

N N_
/ZD\N/\N/’\((‘I:—\ o, </ C“\N/\_\/»/ \;7 clog C§: ;@
L/ 0cI0; 0ci0,

1 2 3

Fig. 16 Different metal-centre complexes were developed.! Reproduced
with permission. Copyright 2020, Elsevier.
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active centers. This result was demonstrated by encapsulation
with two different silica structures."'*” Another experiment
combined different metal active center complexes into boehmite
nanoparticles (BNPs). It was found that binuclear Cu®>" complexes
showed a significant increase in SOD-like activity. This is
because BNPs have positive (-potential, which helps drive
0,°” to the active centers, consistent with the active sites of
natural enzymes."*® However, there are few studies on the use
of natural enzyme active centers to guide the activity of nano-
zymes, and we look forward to the review of this article to
provide more ideas for future. For example, the active centers of
SOD are mostly composed of metal ions coordinated by C, N, O
and other elements of surrounding amino acids. According to
these coordination principles, nanozymes with SOD-like active
center structures can be designed, such as some single atom
nanozymes synthesized with MOFs and other materials as
precursors. Some features of the catalytic microenvironment
near the SOD active site may also be used to optimize nano-
zymes, such as cave shape, hydrophilicity, hydrophobicity,
and charge properties. Moreover, the catalytic performance of
SOD-like nanozymes may also be improved based on the
simulation of the flexible metal-free frame architecture of the
SOD active site.

Although there are still some problems in the development
of SOD-like nanozymes, their advantages in replacing natural
enzymes are nonnegligible. Nanozymes with SOD-like activity
have wide application prospects. This review briefly introduces
the development of SOD-like nanozymes, summarizes their
mechanism, enzymatic activity and applications, and discusses
their deficiencies in the current development, hoping to serve
as a reference for future research. We expect that more SOD-like
nanozymes with high activity will be developed and applied in a
wider range of aspects.
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