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a  b  s  t  r  a  c  t

Nanozymes  are  nanoparticulated  structures  with  the  inherent  enzymatic  activities,  which  their  advances
in bio/nanomedicine  field  are  progressively  growing  regarding  their  exceptional  properties,  such  as
nano-size,  irregular  shape,  rich  surface  chemistry,  low  cost  production,  etc.  These  features  enable  nanos-
tructures  to  mimic  the  cellular  antioxidant  enzymes  as  novel  candidates  for  treatment  of  oxidative
stress-induced  disorders.  Oxidative  stress  reflects  principally  an  imbalance  between  generation  of reac-
tive  oxygen  species  (ROS),  such  as hydroxyl  and  superoxide  radicals,  and the  level  of  antioxidant  defense
eywords:
eactive oxygen species
xidative stress
ntioxidants

system,  so  that  this  imbalance  can  lead  to harsh  pathological  conditions.  Here  we  present  prevalent
nanozyme  antioxidants  as  well  as  their  therapeutic  concerns  from  diverse  points  of  view  including
bio/cytocompatibility  and  cellular  uptake,  biomolecular  corona,  effect  of  pH and  temperature  on  enzy-
matic function,  and  in  vivo  analysis,  which  are  of  paramount  importance  for  reducing  the  bench-to-clinic
anozymes gap.

ntroduction

In the case of augmentation of reactive oxygen species (ROS)
oncentration to reach the levels beyond normal, they produce
etrimental effects to cellular components, such as proteins, lipids,
nd DNA resulting in severe clinical conditions including can-
er, diabetes, neurological disorders, atherosclerosis, hypertension,
cute respiratory distress syndrome, asthma, etc. (Supplementary
nformation (SI), Fig. S1) [1–3]. Overall, oxidative stress is referred

o a condition in which the balance between the production of ROS
nd antioxidant defense system of the body is disrupted [4].
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A broad spectrum of antioxidants have been commonly used
to curb and combat oxidative stress related pathological con-
ditions which fall into two  main categories of non-enzymatic
and enzymatic antioxidants [5,6]. Non-enzymatic antioxidants
include dietary and non-dietary antioxidants (SI, Table S1) [4].
Superoxide dismutase (SOD), glutathione peroxidase (GPx), cata-
lase (CAT), and glutathione S-Transferase (GST) are examples of
enzymatic antioxidants, and N-acetylcysteine (NAC) is recognized
as an enzyme-related antioxidant (SI, Fig. S2) [5,7]. Despite the
widespread applications of the conventional antioxidants, there
are still some serious constraints, such as prooxidant function of
dietary antioxidants [8], low bioavailability of flavonoids [9], inca-
pability of passing blood brain barrier [10], and being neutralized
in cell culture media [11].

Contrary to conventional antioxidants, nanozyme antioxidants,

as nanomaterial-based enzyme mimetics, possess excellent prop-
erties including inexpensiveness, flexibility for manipulation, high
stability, large-scale production, etc. [12]. According to the lit-
erature reviews, several in vitro and in vivo studies have been
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ig. 1. Nanomaterials showing enzyme-mimetic features, known as Nanozymes, w
ave  been evaluated in vitro/in vivo and introduced as a new generation of antioxid

onducted to evaluate nanozymes [13–15]; nevertheless, many
spects concerning the specific characteristics of nanozymes as
anobiomaterials and their behavior in biological media are still
nknown owing to lack of characterization analysis from differ-
nt biological points of view. To address these challenges, herein
e have reviewed some of the recent research with the focus on

our major factors, i.e.,  bio/cytocompatibility and cellular uptake,
iomolecular corona, the effect of pH and temperature on enzy-
atic function, and in vivo analysis to draw a big picture of the

urrent status of surveys in this field which may  be profitable for
he scientists to ameliorate their research (Fig. 1).

anozymes as antioxidants

Nanozymes have drawn a lot of attention owing to their above-
entioned merits and also their wide range of applications from

ombined diagnostic and therapy (i.e., theranostics) and environ-
ental safety to biomedical analysis and imaging [12,16]. Table

2 presents some of the recent published reports (since 2009) on
anozyme antioxidants, which are generally categorized accord-

ng to their catalytic function, e.g.,  CAT-, SOD-, GPx-, NAC-, or
eroxidase-like activity and •OH-, •DPPH-, or •NO-scavenging
ctivity. Fig. 2 depicts some common features among the stud-
ed antioxidant nanozymes in terms of elemental content, size,
hape, and surface charge which impact key factors, such as cellular
ptake, biomolecular corona, cytotoxicity, clearance, etc. [17,18].
lso, it is noteworthy that size and morphology of nanozymes have
rofound impact on their enzyme-mimetic function [19–22]. For

nstance, Hao et al. reported that 65 nm spherical phenylalanine-
onjugated CuxO nanoparticle clusters (NCs) (CuxO-Phe) showed
he highest activity (≈88%) in comparison with ellipsoids, i.e.,
86 nm tyrosine (Tyr)-conjugated and 105 nm aspartate (Asp)-
onjugated CuxO (≈43% and ≈70%) and rods, 212 nm glutamate
Glu)-conjugated CuxO (≈73%). It was also concluded that the
orous structure of CuxO-Phe (61 m2. g−1) was favorable for its cat-
lytic function as compared to CuxO-Tyr (70 m2. g−1), CuxO-Asp

37 m2. g−1), and CuxO-Glu (34 m2. g−1). Lower activity of CuxO-
yr was ascribed to the effect of Tyr on enzymatic function of CuxO,
hough its larger size and surface area were considered in favor of
nzymatic activity [19].
rious structures, such as nanoparticles, nanowires, nanorods, hollow spheres, etc.
ith SOD-, CAT-, GPx-like activities, mostly, for cytoprotection applications.

Bio/cytocompatibility and cellular uptake

While recent research depict the potential application of
nanomaterials against cellular oxidative stress, it is much more
interesting to hinder sudden oxidative damage to normal cells [23].
Since increased levels of ROS are commonly observed upon endo-
cytic internalization of nanoparticles (NPs) into a cell, professional
knowledge creation is important for improving the biocompatibil-
ity of nanomaterials by introducing anti-oxidative properties [24].
Table S3 presents some of the investigated nanozymes regarding
cellular uptake mechanisms.

For instance, intracellular tracking of Pt NPs demonstrated that
they possess strong antioxidant properties and high cellular uptake
with compartmentalization within the endo/lysosomal vesicles
in size and cell type dependent manners. Authors reported that
Pt NPs were resistant to the acidic environment of late endo-
some/lysosome hybrids and the primary size of NPs was not altered
by cellular uptake in these organelles after 24 h. The cytocompat-
ibility of Pt NPs could also be attributed to their resistance to the
acidic corrosion within lysosomes as compared to other metal con-
taining NPs which release ions that enhance the amount of cell
death [25].

Unlike the traditional use of “inert” coating, the novel approach
of “active” modification holds high promise of designing long-term
biocompatible materials with unique versatility. Biocompatible
Ceria NPs (CNPs) encapsulated in albumin NPs (BCNPs) were devel-
oped as potential candidates against ROS induced diseases. The
cellular uptake results depicted that the encapsulation of CNPs
inside the albumin NPs increased the cellular uptake of CNPs and
thereby BCNPs pretreatment markedly protects cells against cyto-
toxicity induced by H2O2 (SI, Fig. S3) [26].

Biomolecular corona

It is of paramount importance to appraise the formation of
biomolecular corona on the surface of nanomaterials in vitro and

in vivo and study the consequent impacts on the desired func-
tion of nanomaterials, such as antioxidant activity [27]. Among the
thirty one papers we reviewed, only two  had discussed protein
corona. Moglianetti et al. incubated Pt NPs in a culture medium
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Fig. 2. Common features among studied antioxidant nanozymes in 

nd observed the conspicuous agglomeration of NPs resulted from
rotein corona formation using small angle X-ray scattering (SAXS)
nalysis [25]. Clark et al. incubated CeTiO2 NPs in a culture medium
nd observed no noticeable change in their CAT-like activity in
omparison with the NPs not exposed to culture medium [28].
ence, there is a vivid lack of biomolecular corona assessments for
anozymes which would definitely lead to a yawning gap between

aboratory and clinical studies, so more research are needed to
ocus on in vitro and in vivo investigations regarding the impact of
iomolecular corona on the factors concerning antioxidant activity
f nanozymes, e.g., clearance, cellular uptake, stability, etc.

ffect of pH and temperature on enzymatic function

Several studies have shown the tangible impact of pH and tem-
erature alterations on enzymatic activity of antioxidants [29–31].
owever, there is not a particular guideline which could be applied

or most of the antioxidant enzymes to explain the pH and tem-
erature effects on their activity. Therefore, it is of paramount

mportance that every antioxidant nanozyme should be appraised

arefully from this viewpoint. In this regard, we reviewed all of the
iscussed papers and realized that only six of them have inves-
igated the effect of pH on antioxidant activity of the introduced
anozymes, and merely one of them has discussed the impact of
of (A) elemental content, (B) size, (C) shape, and (D) surface charge.

temperature. Thus, it is of great importance to meticulously exam-
ine the effect of pH and temperature changes on the activity of every
synthesized nanozyme distinctly. For instance, Su et al. assessed
the impact of pH and temperature on the antioxidant function of
Polyvinylpyrrolidone-stabilized iridium NPs (PVP-Ir NPs) (SI, Fig.
S4), so that it was  revealed that CAT-like activity of PVP-Ir NPs
increased with a rise in pH and temperature values [32].

In vivo analysis

Albeit in vitro studies provide salutary information about
the biocompatibility of nanomaterials, in vivo analysis are yet
momentous to learn about bio distribution, clearance, hematol-
ogy, serum chemistry, and histopathology features associated with
nanozymes [33]. Also, in vivo assessments are of crucial importance
to understand absorption, distribution, metabolism, and excre-
tion of nanomaterials before conducting clinical trials. Among the
reviewed papers, only five had carried out in vivo analysis [34–38];
hence, it goes without saying that studies on nanozymes noticeably
suffer from lack of in vivo assessments leading to a widening bench-

to-clinic gap. For example, Ju et al. prepared a novel nanozyme
through the integration of ZnO NPs and CeOx NPs into hollow
microspheres (ZnO/CeOx HMS) with the ability of scavenging ROS
induced by UV irradiation on skin tissue [34]. They appraised the
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Fig. 3. (A) Schematic representation of ZnO/CeOx HMS  function as ROS scavenging nanozymes on the surface of skin upon UV irradiation. ZnO/CeOx HMS, in their void space,
could  catalyze UV-induced ROS into safe molecules, while ZnO NPs alone induce ROS production. (B) Histological examination of dorsal mouse skin upon diverse treatment
c nscre
m UV ex
o Ref. [3

p
U
t
n
m
t
i
i
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i
s
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t
a
o
b

onditions. (a) normal skin, (b) skin exposed to UV, (c) skin treated by ZnO NPs su
ixture with UV exposure, and (e) skin treated by ZnO/CeOx HMS sunscreen with 

f  the dorsal skin in corresponding (a–e) pictures. Reprinted with permission from 

otential ability of ZnO/CeOx HMS  to protect the skin tissue against
V-induced ROS on mouse dorsal skin, so that ZnO/CeOx HMS

reated skin was comparable to normal skin control (Fig. 3). It is
oteworthy that in an ex vivo study, dextran coated iron oxide
agnetic nanoparticles (MNPs) were applied to study a new his-

ochemical approach to picture unlabeled MNPs in mice organs,
.e., liver, spleen, lung, kidney, lymph node, and thymus, via their
nnate peroxidase-like activity which leads to generation of a color
eaction at the location of MNPs. Hence, through this approach, it
as possible to determine bio-distribution and clearance of MNPs

n the organs both qualitatively and quantitatively, which demon-
trated higher sensitivity as compared to traditional Prussian blue
ssay (Fig. S5) [39].

It is worth mentioning that only Onizawa et al. [38] have inves-

igated the bio-distribution of their prepared nanozyme and also its
ccess and associated probable toxic impacts to important organs
f the body in vivo. And merely Ju et al. [34] have performed sta-
ility study and reported that their nanozyme was able to keep its
en with UV exposure, (d) skin treated by sunscreen based on ZnO and CeOx NPs’
posure. Yellow circles indicate obvious nuclear fragments. (f) Epidermal thickness
4]. Copyright (2017), John Wiley and Sons.

integrity and avoid leaching of metal ions. None of these five stud-
ies have assessed the momentous terms of clearance, hematology,
serum chemistry, and excretion in vivo.

Conclusion and perspective

There are an adequate number of research which have focused
on design and development of novel antioxidant agents based on
nanozymes. Reviewing thirty one published studies since 2009, we
gathered that several nanozyme antioxidants with diverse struc-
tural features and SOD-, CAT-, GPx-, or NAC-like activities have
been designed and evaluated mostly in vitro and less in vivo.
Diverse pathological conditions, such as smoke induced oxidative
stress, Alzheimer’s disease, UV induced skin damage, etc. have been

addressed. Nevertheless, albeit the performed analysis concern-
ing bio/cytocompatibility and antioxidant activity of nanozymes
are kind of sufficient, some serious points, such as biomolecular
corona, stability in biological media, impact of pH and tempera-
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ure alterations on the function of nanozymes, and precise behavior
f the nanozymes in the body including antioxidant activity, bio-
istribution, adsorption, metabolism, clearance, excretion, etc. have
een missed in most of the papers. Therefore, the following con-
erns are to be addressed: (1) the impact of nanozyme structure
n its catalytic mechanism needs to be evaluated, and in this
egard, an optimized synthesis methodology should be designed
nd developed via both experimental and computational methods
o reach the highest possible efficacy. (2) Selectivity and efficacy
f conventional enzymes are dependent to their native microenvi-
onment (e.g., lipid membrane), so the effect of this factor should
e also studied for nanozymes. (3) There are several routs for
etoxification of ROS, yet most of the studied nanozymes func-
ion in one or two of them (see Table S2); thus, there is a need
o develop multifunctional nanozymes to achieve an enhanced
ntioxidant activity. (4) Detailed biological analysis concerning
he aforementioned momentous factors, e.g., pharmacodynamics,
harmacokinetics, immunogenicity, clinical toxicity, analysis of
onjugates on both cytotoxicity and catalytic activity, etc. need
o be conducted in vitro and in vivo to improve the research and
hus lessen the bench-to-clinic gap. (5) Standardized analysis are
o be developed to measure antioxidant activity of nanozymes,
hich will lead to far more reliable results and noticeably facilitate

esearch in this field. In sum, nanozymes are likely to play a key role
s promising antioxidants for clinical applications, such as treat-
ent of stress-mediated diseases like Alzheimer’s disease (AD),

arkinson’s disease, pulmonary inflammation caused by cigarette
moke, etc. in a foreseeable future.
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