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Editorial on the Research Topic

Nanozymes: From Rational Design to Biomedical Applications

As the next generation of artificial enzymes, nanozymes are functional nanomaterials that are
able to mimic the catalytic function of enzymes. Like natural enzymes, nanozymes can effectively
catalyze the conversion of enzyme substrates under mild conditions and exhibit similar catalytic
efficiencies and reaction kinetics. Moreover, in certain applications, compared with natural
enzymes, nanozymes show several advantages, including multifunctionality, tunability of catalytic
activities, low cost, scalable production, and high stability. So far, more than 900 nanozymes have
been reported from 350 laboratories in 30 countries, and their applications have been extended to
the fields of biology, medicine, agriculture, and environmental governance. In this special issue, we
compiled 13 papers from 72 authors on the latest advances in nanozymes and their applications.

As an important advance in the field, the development of nanozyme-based probes for sensing
important targets has become one of the hot topics in this research area. For example, the trimetallic
PdCuAu nanozyme (Nie et al.) was used as a difunctional probe for temperature monitoring and
molecular detection. The thermosensitive property of PdCuAu nanozymewas used for temperature
sensing, and the peroxidase-like activity was applied to detect H2O2 and glucose. In another work,
Long et al. decorated Au@Pt@Mesoporous SiO2 nanozyme with antigens to detect mumps virus.
The core–shell structure with Au@Pt nanozymes and mesoporous SiO2 guaranteed the interaction
of Au@Pt nanozymes and substrates, as well as prevented antigen molecules from blocking the
active nanozyme core. In another study, Nguyen et al. designed a nanozyme-based test strip by
utilizing the special color change property of cerium oxide nanozymes. The cerium oxide nanozyme
and cholesterol oxidase were immobilized on the strips. When cholesterol was introduced, it
was catalyzed by cholesterol oxidase to produce H2O2, leading to the color change of cerium
oxide nanozymes from white to yellow. This work developed a point-of-care testing method for
cholesterol without requiring an additional chromogenic substrate. The authors also reported a
method to quantify the results of nanozyme-strip by a smartphone.

It has been reported that enzyme-like activities of nanozymes can be selectively regulated
by specific molecules. Therefore, many nanozyme-based molecular detection strategies are also
developed based on this property. Platinum nanozymes exhibiting robust oxidase-like activity
were synthesized and modified using sodium alginate (SA-PtNPs) (He et al.). As an antioxidant,
oligomeric proanthocyanidin inhibited the oxidase-like activity of platinum nanozymes, resulting
in a reduction of color change intensity. Besides antioxidants, dopamine can suppress the catalytic
activities as well. Yang et al. developed a novel method to synthesize Fe2O3 nanozyme, which was
deposited on the surface of carbon nanotubes obtained by atomic layer deposition. By this way, the
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size of Fe2O3 nanozymes was precisely controlled within 1 nm,
leading to the excellent peroxidase-like activity. When the hybrid
nanozymes were used to detect dopamine, the limit of detection
was as low as 0.11 µM.

In spite of multiple applications, it is worth noting that
only few investigations have focused on understanding the
mechanisms of inhibition on the enzymatic activities of
nanozymes. In this context, Liang et al. pointed out that the
specific complexation between salicylic acid and Fe3+ in the
active center of MIL-53(Fe) induced the inhibition effect of
the peroxidase-like activity. Then the rapid colorimetric sensing
platform was constructed with high selectivity and sensitivity
to salicylic acid. Apart from that, Mo et al. carried out a
detailed study about the inhibition of iron oxide nanozymes
(IONzyme) caused by guanidine chloride (GuHCl), a commonly
used protein denaturant. In this research, Guanidine chloride
disturbed the peroxidase-like activity of IONzymes and resulted
in nanoparticle aggregation, which was found as not the foremost
reason for the nanozyme inactivation. The results of electron spin
resonance spectroscopy revealed a change in unpaired electrons,
based on which, the authors attributed the suppression of activity
to the interaction of GuHCl with iron atoms. By analyzing
the Michaelis-Menten model, they concluded that the GuHCl
competed with the substrate H2O2 and bound to IONzymes.

In addition to a number of original research outputs
reported in this special issue, several excellent reviews provide
us with a comprehensive understanding of recent progress
made in different aspects of nanozymes research. For instance,
the intrinsic enzyme-like activity of IONzymes has been
exploited for decades. Sutrisno et al. has nicely summarized
the previous clinical exploitations of IONzymes for cancer
therapy while placing special emphasis on major factors
impacting upon their catalytic efficiency and therapeutic
performance, as well as outlining representative studies to
overcome certain limitations. Yuan et al. highlighted the
most recent methods of nano iron sulfide synthesis, including
modifications and characterizations. Strikingly, nano-sized
iron sulfides demonstrate versatile physicochemical properties,
enzyme-like catalysis, high stability and biocompatibility, which
facilitates their biomedical applications.

Several other kinds of nanozymes have also been gradually
developed. Zhang et al. discussed the enzymatic attributes
and biomedical applications of gold clusters. Gold cluster
nanozymes possess multiple enzyme-like activities, which are
affected by different loading materials, or environment. In regard
to applications, ion detection is a common utilization of gold
cluster nanozymes, on account of their high susceptibility to
heavy metal ions and anions. Further, the luminescence of
gold cluster nanozymes is in favor of combing imaging and
therapy for in vivo theranostics. Finally, challenges including
biodistribution and reaction mechanisms of gold nanoclusters
need further study. Cai and Yang summarized a wider category
of nanozymes—two-dimensional nanomaterials (2D NMs). The
top-down and bottom-up methodologies are commonly used
methods to synthesize layered and non-layered 2D NMs.
The multiple enzyme-like properties are affected by the type
of material and the synthesis method. As for application,

the authors emphasized the importance of toxicology studies,
noting that the biocompatibility of these materials may be
related to several structural/compositional parameters and
physicochemical properties. Modifying these materials with
biocompatible molecules may offer a viable solution for their
applications. Tian et al. directed our attention to the rational
design of antioxidant nanozymes. Nanozymes with SOD-
and catalase-like activities were highlighted as appropriate
candidates for antioxidant application. Ways to regulate the
antioxidant activities of nanozymes were summarized, and
the applications of anti-aging study, inflammation treatment,
neurological diseases, and other biological applications were
introduced. Huang et al. noticed that inorganic nanomaterials
play a role in modulating biomimetic catalytic performance,
including those of traditional artificial enzymes and nanozymes.
For traditional artificial enzymes, inorganic nanomaterials may
interact with active molecules, which may enhance their
catalytic efficiency and induce special attractive features. When
modulating nanozymes, inorganic nanomaterials regulate the
stability and activity of nanozymes and influence multiple
catalytic systems. Rational design strategies and in-depth
investigation of potential applications are likely to bloom the field
of this hybrid nanotechnology.

Despite the remarkable progress made in nanozyme research,
there are still many challenges that remain to be addressed. The
range of catalytic functionalities of nanozymes need to be further
expanded to other enzyme classes, and the catalytic activity and
specificity of nanozymes need to be improved. In contrast to
natural enzymes that are typically highly selective not only for
specific reactions but also to a single or selected few substrates;
nanozymes tend to show a much wider substrate scope, and
in certain cases multiple enzyme-like activities. Deciphering the
mechanism of catalytic action of nanozymes will help us to
better understand these differences. The nanozyme community
needs to query the distinctness of nanozymes that set them
apart from catalysts and bring them a step closer to the natural
enzymes. Until these aspects are clearly addressed, some in
the community are likely to see the rapidly emerging field of
nanozymes with an iota of apprehension. Irrespective of these
scrutinies and fundamental questions whether “nanozyme” is
a true enzyme-mimic, it remains beyond a doubt that these
types of materials offer remarkable potential for a variety
of applications. In the context of biomedical applications of
nanozymes, more efforts are needed to balance the surface
modification strategies and optimum enzymatic activity of
nanozymes with an emphasis to regulate the multi-enzymatic
activities of nanozymes. In addition, the safety concerns of
nanozymes for in vivo applications also need to be managed, as
is a common practice with any foreign material introduced in
the body.

We hope that this special issue will be able to share the latest
advances in the field, provide current investigators with some
food for thought, and inspire researchers with sparkling ideas to
further advance the field of nanozymes. Last, but not the least, we
would like to thank all the authors, reviewers, and the Frontiers in
Chemistry development team for their great efforts in producing
this special issue.
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In recent years, the rapid development of nanoscience and technology has provided

a new opportunity for the development and preparation of new inorganic enzymes.

Nanozyme is a new generation of artificial mimetic enzyme, which like natural enzymes,

can efficiently catalyze the substrate of enzyme under mild conditions, exhibiting

catalytic efficiency, and enzymatic reaction kinetics similar to natural enzymes. However,

nanozymes exist better stability than native enzymes, it can still maintain 85 % catalytic

activity in strong acid and alkali (pH 2∼10) or large temperature range (4∼90◦C). This

provides conditions for designing complex catalytic systems. In this review, we discussed

the enzymatic attributes and biomedical applications of gold nanoclusters, including

peroxidase-like, catalase-like, detection of heavy metal ions, and therapy of brain and

cancer etc. This review can help us understand the current research status nanozymes.

Keywords: gold nanoclusters, nanozyme, enzyme-like properties, cancer therapy, bio-detection

INTRODUCTION

The natural enzyme is a kind of biocatalyst that is closely related to many life activities (Arnold
et al., 2001). Similar to other catalysts, the presence of natural enzymes can greatly speed up
the reaction and sometimes participate in the reaction, but the enzyme itself does not change
before or after the reactions (Wilhelmová, 1996). In addition, it exhibits high catalytic efficiency,
mild reaction conditions and high specificity (Sheldon, 2007). However, lots of natural enzymes
are proteins, which are susceptible to high temperature, acidic or alkaline, causing loss of
catalytic activity (Chang, 2013). In addition, natural enzymes presented in living organisms are
difficult to purify, relatively expensive, and not easily transported and stored (Scopes, 2013).
To overcome the limitations of instability and high cost for natural enzymes, researchers are
looking for different ways to prepare mimetic enzymes to replace natural enzymes (Chen et al.,
2010; Yang et al., 2016). Until now, different types of mimic enzymes have been designed and
used in many biological fields, such as immunoassay (Lequin, 2005), glucose detection (Song
et al., 2010), heavy metal ion detection (Kim et al., 2001), free radical protection (Barzegar
and Moosavi-Movahedi, 2011), and tissue engineering (Griffith and Naughton, 2002). Host-
guest chemistry (Wan et al., 2006) and supramolecular chemistry (Steed and Atwood, 2013)
lay an important theoretical foundation for mimic enzyme. In essence, the basic meaning
of host-guest chemistry comes from the interaction between enzyme and substrate, which
is embodied in the complementary spatial and electronic arrangement of the binding site
between the subject and the guest (Spichiger-Keller, 2008). This host-guest complementarity is
similar to the combination of the nanozymes and the substrate. Based on non-covalent bond
interactions, such as electrostatic interactions, hydrogen bonding and van der Waals forces
(Pasternack et al., 1998; Wei andWang, 2013), supramolecules are produced by the combination of
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substrate and receptor (Geim and Grigorieva, 2013). When
receptors combine with complex ions or molecules, a
supramolecule with stable structure and properties is formed,
which has the functions of molecular recognition, catalytic
and selective output. Host-guest chemistry and supramolecules
chemistry are important theoretical weapons for the simulation
of artificial enzymes.

At present, the ideal traditional enzyme systems include
cyclodextrin (Del Valle, 2004), cyclophane (Gleiter and Hopf,
2006) and cyclic aromatic hydrocarbons (Tsipis and Tsipis, 2003).
The chemical composition of traditional mimic peroxidase-like
activation enzyme is non-protein, but these enzymes have similar
catalytic performance to natural enzymes (Meeuwissen and
Reek, 2010). These traditional mimetic enzymes are superior to
natural enzymes in thermal stability and acid-base resistance, but
their shortcomings, such as too-complex structure, difficulties
in separation, single catalytic active sites, and low catalytic
efficiency, still stunt their development progress (Liu Q. et al.,
2017). With the development of nanomaterials, the researches
on the catalysis of nanomaterials have also achieved many
new results (Yin and Talapin, 2013). Nanozymes have the dual
identities of enzymes and nanomaterials (Roduner, 2006). Unlike
natural enzymes or traditional artificial enzymes, nanozymes
(Wang et al., 2013; Li et al., 2015; Zhou et al., 2017; Fan
et al., 2018; Qu et al., 2018; Chen et al., 2019; Huang et al.,
2019a,b; Jiang et al., 2019; Liang and Yan, 2019; Liu et al.,
2019; Mu et al., 2019a,b; Wu et al., 2019; Xu et al., 2019;
Yan et al., 2019) have many physical and chemical properties,
besides their catalytic functions (Senanayake et al., 2013). For
example, Fe3O4 and CdS nanoparticles not only have the catalytic
functions of peroxidase and superparamagnetic activities, but
also have the property of luminescence (Liu et al., 2011). The
enzymatic activity of nanozymes is not only related to its
composition, crystal form and structure, but also to its surface
properties (Lin et al., 2014a). Take gold nanoclusters (Au NCs)
as an example, the combination of certain small molecules with
Au NCs can change the surface microenvironment, resulting
in changes in the catalytic activities of Au NCs (Jin, 2010).
Wang et al. found that the surface modification of Au NCs
can affect its catalytic activity (Yuwen et al., 2014). The Au
NCs were modified with amino and citric acid respectively to
make positive and negative charges on the surface, and then
catalytically oxidize ABTS (Erel, 2004) (negatively charged) and
TMB (Ding et al., 2018) (positively charged) to detect its catalytic
activity. The amino and citric acid modified Au NCs were found
to have high affinity to the substrates ABTS and TMB. Not
only small molecules can be combined with Au NCs, inorganic
nanoparticles, metal ions and biomacromolecules (such as DNA,
RNA) can also be combined with it to change the surface
microenvironment of Au NCs, thereby changing its catalytic
activity. Compared with other nanomaterials with simulating
peroxidase, gold nanoclusters have the advantages of small size,
good stability, good biocompatibility, and are more prominent in
the application of biological analysis. However, the potential of
Au NCs as enzyme mimics is easily limited by the low catalytic
activity at neutral environment. In addition, since the surface
atom is the key catalytic sites for gold clusters, modification of

nanozymes with various coating molecules may block their active
sites, reducing or inhibiting their enzymatic activity. This review
details the enzymatic properties of gold nanoclusters and their
applications in biomedicine in recent years.

ENZYME-LIKE ACTIVITY OF GOLD

CLUSTERS

Peroxidase-Like Property of Gold Clusters
Peroxidase (Gao et al., 2007) is a kind of natural enzyme
that have catalytic oxidation effects on hydrogen peroxide. The
establishment of an analytical method involving H2O2 is of great
significance in analytical chemistry and clinical medicine. In
recent years, Au NCs have been reported to have peroxidase-
like properties and are used in the fields of bionics, biosensing,
and biomedicine (Feng et al., 2017; Liao et al., 2017). First,
H2O2 can be adsorbed on the surface of gold nanomaterials, and
the O–O bonds of H2O2 may be decomposed into dihydroxy
radicals; at the same time, the generated hydroxyl radicals may
be stabilized by gold nanomaterials through partial electron
exchange interactions. This may contribute to their catalytic
capabilities. Figure 1 shows the adsorption and decomposition
of H2O2 on Au(111) under different pH conditions (Li et al.,
2015). Under neutral conditions, H2O2 adsorbed on the surface
of Au (111) can undergo acid decomposition and alkali
decomposition. According to the principle of lowest energy,
alkaline decomposition ismore inclined under neutral conditions
(Figure 1A) (He et al., 2012). It is worth noting that under
these conditions, the adsorbed O∗ cannot generate O2 under the
high energy barrier of 1.42 eV (Wu et al., 2019). Under acidic
conditions, the decomposition pathway of H2O2 is similar to the
decomposition of alkalis under neutral conditions. First, OH∗ is
generated and then O∗ and H2O

∗ are generated. The generated
O∗ can extract H from the substrate. Therefore, under acidic and
neutral conditions, Au (111) has peroxidase activity (Figure 1B).
Ding et al. used 3, 3′, 5,5′-tetramethylbenzidine (TMB) as a
substrate and found that histidine-modified gold clusters (His-
Au NCs) have peroxidase-like activity. When H2O2 is present,
peroxidase can catalyze the oxidation of TMB. Reaction, when
His-Au NCs is mixed with H2O2 and TMB, the solution rapidly
changes from colorless to blue, and the maximum absorption
wavelength of the mixture is 652 nm. This is due to the TMB
is oxidized to oxTMB and the solution is blue. These results
indicated that His-Au NCs are capable of oxidizing TMB to
develop color and have peroxidase-like properties (Liu Y. et al.,
2017). Lin et al. compared the catalytic activity of unmodified
Au NCs and studied the effect of amino-modified gold clusters
(NH2-Au NCs) and citric acid-modified gold clusters (itrate-Au
NCs) on the substrates ABTS and TMB. It was found that the
surface unmodified Au NCs has the highest peroxidase activity.
NH2-Au NCs have higher catalytic activities for ABTS than
citrate-Au NCs, while NH2-Au NCs have lower catalytic activity
for TMB than itrate-Au NCs. For the surface modified by Au
NCs has different charges, it exhibits different variation, and the
ability to adsorb the oxidized substrate is different, thus showing
the difference in catalytic activity. The biocompatibility of Au
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FIGURE 1 | Calculated reaction spectrum (unit: eV) of H2O2 decomposition on Au surface: (A) neutral, (B) acidic, (C) basic [reproduced from Li et al. (2015) with

permission from The Elsevier].

NCs was adjusted by selecting different ligands (Liu et al., 2016).
Wang’s team prepared bovine serum albumin (BSA) modified
Au NCs. In order to improve the peroxidase- like activity of
Au NCs (Wang et al., 2011). Wen et al. used the horseradish
peroxidase properties of gold nanoclusters to detect H2O2 (Wen
et al., 2011). Jiang et al. discovered and applied precious metal
nanoclusters. They report that gold chains of ferritin iron (Au-Ft)
can produce a blue reaction by catalyzing the oxidation of TMB
by H2O2. Compared to the native enzyme, Au-Ft exhibits higher
activity and pH, temperature range, and the catalyzed reaction
follows typical Mie kinetics. The lower Km value (0.097µM)
was exhibited by the Au-Ft kinetic parameters, and the specific
activity for TMB oxidation exceeded HRP. According to these
findings, Au-Ft was used as a peroxide mimic enzyme to perform
glucose spectrometry. Photometric analysis the system exhibited
acceptable repeatability and high specificity (Liu J. et al., 2017).

Catalase-Like Property of Gold Clusters
Catalase is an important enzyme that prevents oxidative damage
of cells by reactive oxygen species (Glorieux and Calderon, 2017).
For Au NCs, Au2+ is first reduced by a H2O2 to form Au+,
which is accompanied by the production of protons and O2.
After that, another H2O2 can be combined with oxygen vacancies
to oxidize Au+ to Au2+ and release H2O. This completes
the simulation of hydrogen peroxide. Most nanomaterial-based
peroxidase mimetics typically exhibit enzymatic activity under
alkaline conditions rather than under physiological conditions
(Góth et al., 2004; Glorieux and Calderon, 2017). Under the basic
conditions of OH pre-adsorption, H2O2 first transfers one H∗

to the pre-adsorbed OH to form HO∗

2 and H2O
∗; then, HO∗

2
gives one H to the other H2O2 and finally produces H2O

∗ and
O2

∗ (Figure 1C). Therefore, hydrogen peroxide-based activity
can be observed under alkaline conditions (Li et al., 2015).
He et al. (2013) demonstrated the intrinsic catalase activity of
Au NCs using electron spin resonance spectroscopy combined

with spin trapping and spin labeling. Under normal and basic
conditions, Au NCs exhibit inherent catalase catalytic activity
because Au NCs can convert H2O2 to H2O and O2. However,
under acidic conditions, the catalase-like activity of Au NCs is
significantly reduced, and once trapped in organelles, such as
endosomes (pH≈5.5) and lysosomes (pH≈4.8), hydroxyl groups
are produced. Free radicals (·OH) can easily induce apoptosis.
Therefore, the catalase-like activity of Au NCs is limited (He
et al., 2013). To change this situation, Liu et al. studied amine-
terminated macromolecularly encapsulated gold nanoclusters
(Au NCs-NH2). Au NCs-NH2 exhibits good catalase activity
at physiologically acidic pH values (Liu C. P. et al., 2017).
Figure 2A is a schematic diagram showing the enzymatic activity
of Au NCs-NH2, which can catalyze the production of O2 by
H2O2 by catalase activity. They changed the different groups
of dendrimers, added Au NCs-OH and Au NCs-COOH, and
studied the relative H2O2 consumption of Au NCs-NH2, Au
NCs-OH and Au NCs-COOH under different solution pH
values. A comparison of the amounts, they still have significant
catalase-like activity at pH 4.8-7.4 (Figure 2B). By comparing
the catalytic activities of Au NCs-NH2, Au NCs-OH and Au
NCs-COOH at various concentrations of H2O2 at pH 4.8 and
pH 7.4, the effect of Au NCs-NH2 was significantly better
(Figure 2C). Fan et al. synthesized a derivative protein (apoFt)
as a nanoreactor to obtain Au-apoFt with adjustable size and
uniform dispersion. The catalytic activity of both was observed
at pH and temperature compared to natural catalase. As the
pH and temperature increase, the enzyme activity of Au-apoFt
increases. The increase in pH may be due to the presence of
OH- which promotes the dehydrogenation step of water in the
catalytic reaction, showing an increase in enzyme activity. With
rising of temperature, the increase in the enzyme activity of Au-
apoFt may be due to an increase in the rate of molecular motion,
which allows more H2O2 to adsorb to the surface of the Au
nanoclusters, showing an increase in catalytic activity. Liu et al.
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FIGURE 2 | Catalase-like of gold clusters (A) Au NCs-NH2 can catalyze H2O2 to produce H2O and O2 through catalase-like activity. (B) Consumption of H2O2 by Au

NCs-NH2, Au NCs-OH and Au NCs-COOH at the same concentration (0.02 × 10−3 M). (C) The catalytic activities of different concentrations of Au NCs-NH2, Au

NCs-OH and Au NCs-COOH on H2O2 (0.1 × 10−3 M) at pH 4.8 and 7.4 [reproduced from Liu C. P. et al. (2017) with permission from The Small]. (D) Effects of

different concentrations of Ag+ on catalase activity of BSA-Au NCs. Red BSA-Au NCs [reproduced from Chang et al. (2016) with permission from The Elsevier]. (E)

And blue BSA-Au NCs. (F) Catalyze TMB under different conditions: (a) under visible light, (b) in the presence of Au NCs, (c) in the presence of Au NCs under visible

light [reproduced from Wang et al. (2015) with permission from The Elsevier].

found that bovine serum albumin-protected gold nanoclusters
(BSA-Au NCs) can sensitively measure H2O2 concentration
(Figure 2D). Red BSA-Au NCs have no catalytic activity for
TMB in the presence of oxygen but no light, and have catalytic
activity in the presence of oxygen and light (Figure 2E); blue
BSA-Au NCs have a slight catalytic activity for TMB in the
presence of oxygen but no light, and have strong catalytic activity
when oxygen and light coexist (Figure 2F). The experiment
shows that light can stimulate the catalytic activity of Au NCs
(Wang et al., 2015).

Glucose Oxidase-Like Property and

Superoxide Dismutase-Like Property of

Gold Clusters
Glucose oxidase (GOD) is widely distributed in animals
and plants and microorganisms, and can specifically catalyze
the production of glucose into gluconic acid and hydrogen
peroxide under aerobic conditions (Gibson et al., 1964; Wilson
and Turner, 1992; Bankar et al., 2009; Luo et al., 2010).
At present, the application fields of GOD are constantly
expanding, and the demand in domestic and foreign markets
has increased dramatically. Low yield, low enzyme activity, and
complex detection methods are the limiting factors for GOD
industrialization. A lot of work has been done at home and

abroad and significant progress has been made. Recent studies
have proved that gold clusters have excellent GOD-like enzyme
activity. Luo et al. reported an interesting autocatalytic, self-
limiting system that controls the controlled growth of Au NCs
with GOD-like (Luo et al., 2010). In this system, Au NCs can
serve as both seeds and catalyst, that is, the Au NCs catalyzed
glucose oxidation in situ produced H2O2, and induced the
Au NCs seeds in the presence of gold chloride ions. More
importantly, the growth of Au NCs is internally regulated by two
negative feedback factors, the reduced size-dependent activity
of Au NCs and the glucose-induced surface passivation of the
products, leading to rapid self-limiting systems. Pandey et al.
(2007) used chemical synthesis to covalently combine GOD
with the surface of gold nanoclusters to form a GOD-Au NCs
complex, which improves the catalytic activity of GOD, improves
stability, and enhances the enzyme response temperature and pH
durability (Xia et al., 2013). However, this method only improves
the performance of the enzyme and does not fundamentally
solve the problem. The activity of the enzyme is still restricted
by a series of factors, and other substances are introduced
into the reaction system, which makes the entire system more
complicated. Rossi et al. found that in the presence of O2, glucose
can be catalyzed by “bare” gold nanoclusters to produce gluconic
acid and H2O2 (Pina et al., 2011). Based on the promotion of
alkali and the production of H2O2, they proposed themechanism
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FIGURE 3 | Glucose oxidase-like and superoxide dismutase-like of gold clusters (A) Catalytic mechanism of GOD-like enzymes of Au nanoparticles [reproduced from

Lin et al. (2014a) with permission from The Wiley-VCH]. (B) The oxidative decomposition of glucose into gluconic acid, absorbance at 505 nm. (1) Glucose only (2)

EMSN-Au NPs alone (3) Glucose and EMSN-Au NPs (4) Glucose and EMSN-Au NPs. (C) In the presence of different concentrations of EMSN-Au NPs, glucose is

oxidative decomposed into gluconic acid, the absorbance at 505 nm. (D) Typical photo of methyl red solution of glucose and EMSN-Au NPs [reproduced from Lin et al.

(2014a) with permission from The Elsevier]. (E) Au NPs scavenge SOD-like activity of superoxide [reproduced from He et al. (2013) with permission from The Elsevier].

of molecular activated gold catalysis (Figure 3A). The surface
of the gold atom interacts with the hydrated glucose anion to
form electron-rich gold, which effectively activates molecular
oxygen through nucleophilic attack. O2 and gold intermediates
Au2+ + -O2−

2 or Au + -O−

2 can act as a bridge for the
conversion of electrons from glucose to hydrogen peroxide.
Thereby the final reaction product is formed. Lin et al. studied
mesoporous silica-encapsulated gold nanoclusters (EMSN-Au
NPs) with GOD properties through UV-Vis (Figures 3B,C) (Lin
et al., 2014a). First, the GOD mimicking activity of EMSN-
Au NPs in solution was evaluated. Glucose is catalyzed by
them in the presence of O2 to produce gluconic acid. During
the experiment, they used methyl red to detect the change
in pH of the solution, as shown in Figure 3D. The results
further confirmed that gluconic acid was indeed produced in
the reaction catalyzed by EMSN-Au NPs. Superoxide dismutase
(SOD) is a kind of antioxidant metal enzyme in vivo. It
can catalyze superoxide anion free radical disproportionation
to generate hydrogen peroxide and oxygen, which is very
important in anti-oxidation. Gold nanoclusters decompose O2−

into molecular oxygen (O2) and hydrogen peroxide (H2O2)
through a cyclic redox electron transfer mechanism, thereby
eliminating O−

2 activity. Weiwei et al. verified the SOD activity
of Au NPs through ESR experiments (Figure 3E) (He et al.,
2013).

Effect of Support and Particle Size on Gold

Cluster Activity
The enzymatic activities of nanomaterials are related to size
(Mavrikakis et al., 2000; Lopez et al., 2004; Molina and Hammer,
2005; Miller et al., 2006; Zhou et al., 2010; Brodersen et al.,
2011). It is possible to regulate the activity of nanomaterials
by controlling their size, which has been confirmed in many
studies. For gold nanomaterials as an example; the enzyme-
like activity of gold nanoclusters is stronger than that of gold
nanoparticles. Li et al. compared the enzyme-like activities of
gold nanozymes with different structures and morphologies,
including Au nanoclusters, Au nanoparticles, and Au nanotubes.
At the same specific surface area, the Au nanoclusters had the
strongest enzyme-like activity, while the Au nanotubes had the
weakest enzyme-like activity. Through the study and analysis,
they concluded that the differences in the enzyme-like activity
of materials may be related to the differences in the crystal
planes (Li et al., 2015). Corma et al. supported gold atoms on
functionalized carbon nanotubes and explored their catalytic
properties for phenol. They have catalytic activity equivalent
to that of thiol oxidase. The catalytic activity also decreases
with the increase of the size of the gold cluster, until it almost
disappeared. According to theoretical calculations, smaller gold
clusters can activate thiophenol and O2 and are therefore active,
while larger nanoparticles are inactivated by alkoxides and
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FIGURE 4 | Effect of support and particle size on gold cluster activity (A) Catalytic performance of different supported gold nanoclusters for CO. (B) Turnover

frequency of glucose oxidation [reproduced from Ishida et al., 2008 with permission from The Wiley-VCH]. (C) Relationship between conversion rate and particle size

[reproduced from Comotti et al. (2010) with permission from The Wiley-VCH]. (D) Relationship between the catalytic activities of Au: PVP clusters for the aerobic

oxidation of hydroxybenzyl alcohol and the nuclear size [reproduced from Tsunoyama et al. (2006) with permission from The Elsevier]. (E) Graph of reduction rate as a

function of R-Au particle size. (F) Relationship between different volumes and reaction rates [reproduced from Panigrahi et al. (2007) with permission from The

American Chemical Society].

lose their activity (Corma et al., 2013). Tamao et al. tested
the catalytic performance of gold nanoparticles on CO under
different loads (Figure 4A). Compared with ZrO2, TiO2 and
CeO2, Al2O3 has a lower catalytic activity (Ishida et al., 2008).
Oxygen vacancies can be formed at the peripheral interface
of the Au particles. When gold nanoclusters are deposited on
carbon materials and polymers, they lose their catalytic activity
at temperatures above 120◦C In the CO oxidation reaction, the
catalytic activity of glucose oxidation observed on Au catalysts
is more affected by Au particle size than by carrier properties,
and is related to the turnover frequency (TOF) of Au atoms
on the surface (Figure 4B). Rossi et al. studied the effect of
particle size on the catalytic activity by using gold clusters (3–
10nm) dispersed in water (Comotti et al., 2010). According to
their research, the catalytic activity of glucose oxidase increases
with decreasing particle size (Figure 4C). They first showed
that gold nanoclusters (Au NCs) can catalyze the oxidation of
glucose in the presence of O2 to produce gluconic acid and
H2O2. In contrast, other metal nanomaterials tested, such as Cu,
Ag, Pd, and Pt, did not show significant oxidase-like activity
under similar conditions (Comotti et al., 2010; Quan et al.,
2015). Lin et al. compared the CAT activity of several clusters
experimentally, and the results showed that the CAT activity
of Pt and Pd was better than that of Au and Ag. Otherwise,
the SOD-like and CAT-like activity of Au and Pt nanozymes

increased under alkaline conditions and decreased under acidic
conditions (Lin et al., 2014b). Tsunoyama et al. prepared a
group of monodisperse gold clusters (Au: PVP) through seed-
mediated growth in the presence of polyvinylpyrrolidone (PVP)
(Tsunoyama et al., 2006). The catalytic activity of Au: PVP
clusters on hydroxybenzyl alcohol decreases with increasing
core size (Figure 4D). Panigrahi et al. studied a core-shell
Nano composite (R-Au) (Figure 4E) and derived the relationship
between reduction rate and gold nanoclusters size (Panigrahi
et al., 2007). The reaction rate decreases with increasing particle
size. When the particle size is increased to 32 nm, as the particle
size increases, the decline rate tends to be gentle. They believe
that as the particle size increases, the decrease in catalytic
performance is due to the increase in particle surface roughness.
Therefore, the smaller the particle size, the higher the catalytic
activity (Figure 4F).

APPLICATION OF GOLD CLUSTERS

Detection of Heavy Metal Ions
At present, heavy-metal contamination has caused great threats
to the human health and our living environment. It is of
great significance for the detection of heavy metals, with high
selectivity of heavy metals (Bhan and Sarkar, 2005; Gallardo
et al., 2014; Martin and Griswold, 2018). It is well-known
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FIGURE 5 | Detection of heavy metal ions (A) Schematic diagram of Hg2+ detection principle. (B) The effect of different metal ions on the peroxidase like activity of

BSA-Au NCs. (C) The inhibition of Hg2+ on the activity of BSA-Au NCS peroxidase under different conditions [reproduced from Zhu et al. (2013) with permission from

The Elsevier]. (D) Hg2+ can specifically interact with Au+ and inhibit enzyme activity [reproduced from Chang et al. (2016) with permission from The Elsevier]. (E) Effect

of different concentrations of copper ions on the absorption strength of solution. (F) A/A0 plot plotted at the concentration of Cu2+. A and A0 are absorbance at

652 nm with and without copper ions [reproduced from Liu Y. et al. (2017) with permission from The Elsevier].

that mercury is a toxic heavy metal and widely found in the
environment (Ercal et al., 2001). Mercury ion (Hg2+) is the most
common heavy metal ions. Even at very low concentrations,
its destructive properties can affect the brain, god system and
kidney (Bhan and Sarkar, 2005). Therefore, it is necessary to
establish a fast, simple and sensitive method to detect Hg2+ in
the environment. Zhu et al. found that Hg2+ has a selective
inhibitory effect on the peroxidase activity of BSA-Au clusters
(Zhu et al., 2013). The effect of common metal ions on the
catalytic activity of BSA-Au was investigated using fluorescence
quenching (Figure 5A). At the same concentration, Na+, Fe3+,
Co2+, Ag+, Mg2+, Al3+, K+, Ca2+, Cr3+, Ni2+, Cu2+, Zn2+,
Cd2+, Pb2+ to BSA-Au NCs have no effect on peroxidase-like
activity. Hg2+ can inhibit the peroxidase-like activity of BSA-
Au NCs and hardly catalyze the color reaction of TMB and
H2O2 (Figure 5B). Similarly, the absorption spectrum of the
reaction solution at 652 nm can also indicate that Hg2+ can
inhibit the catalytic activity of BSA-Au NCs (Figure 5C, curve 2).
Chelation of EDTA with Hg2+ can reduce the inhibitory effect of
Hg2+ on the catalytic activity of BSA-Au NCs (Figure 5C, curve
3). Because mercury is easily complexed with sulfur, mercury
ions (Hg2+) can combine with cysteine through Hg-S bond to
form Hg-Cys complex. The affinity of cysteine to Hg2+ was
significantly higher than that of other metal ions. Based on this
mechanism, Ding et al. constructed fluorescence quenching of
citrate-modified Au NCs to detect Hg2+ in tap water (Ding
et al., 2012). Then, Qi et al. reported a probe that can paper-
based visualization of Hg2+ based on conjugates of Tb3+/BSA-Au

NCs. The probe can be highly complexed with Hg2+ via Hg-
S bonds, and therefore has excellent selectivity. The method is
simple and easy to operate, with only a ultraviolet lamp needed,
which can be greatly promoted in practical applications (Qi et al.,
2015). Using similar sensing mechanism, Lin et al. constructed a
method to detect Hg2+ and methylmercury in seawater based on
Lys protected Au NCs probe, and Xu et al. also used lysozyme-
modified Au NCs to visually detect Hg2+ in water by visual
and fluorescent colorimetry (Xu et al., 2015). The Zhu working
group provided us with a colorimetric method that can detect
Hg with high sensitivity and selectivity. They also detected of
different working fluids and the influence of common metal ions
on the catalytic activity. Finally, Hg2+ can specifically interact
with Au+ to inhibit enzyme activity (Figure 5D) (Zhu et al.,
2013). Liu et al. combined the peroxidase-like nanozymes activity
of gold nanoclusters with the double-stranded nature of amino
acids, and proposed a simple, sensitive and selective method
for the detection of Cu2+ and histidine (His). The addition of
different concentrations of Cu2+ can inhibit the peroxidation
of histidine-gold nanoclusters (His-Au NCs) to varying degrees
(Figure 5E). The absorbance of the solution at 652 nm gradually
decreases with increasing Cu2+ concentration, so this method
can be used to detect the concentration of Cu2+ in the solution.
According to this calibration curve, Cu2+ can be measured
with high sensitivity (Figure 5F) (Liu Y. et al., 2017). Although
gold nanocluster probes with enzyme activity have been widely
developed in recent years, many problems still need to be solved.
First, most of the probes with enzyme activity controlled by
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metal ions are POD activity, while few probes are available
for other types of enzyme activities. In addition, the sensor
mechanism of the probes is relatively single, and more types of
mechanisms need to be developed to design the probes. Finally,
there is little research on the application in biological matrix or
in vivo, which is very important for the biological application of
enzyme activity.

Anion Detection
Inorganic anions are widely present in ecosystems, but it should
be noted that most inorganic anions have two-sided effects on
the ecological environment and human health (Velizarov et al.,
2004). Shojaeifard et al. tested environmental water and CN in
human serum based on a combination of Au NCs and copper
(II)-phthalocyanine complexes. Under the condition of CN−, the
binding of Au NCs to the copper (II)-phthalocyanine complex is
destroyed, so the fluorescence of the copper (II)- phthalocyanine
complex quenched by Au NCs is restored, thus forming a stable
[Au (CN)2]

−. The method has good selectivity, high sensitivity
and is suitable for popularization (Shojaeifard et al., 2016). Liu
et al. also constructed a method based on Au NCs to detect CN−

in environmental water samples, and successfully used to detect
CN− in food sand samples and biological samples (Liu et al.,
2010). Xiong et al. synthesized BSA-Au NCs and successfully
detected Cl− in tap water with a detection limit of 0.50 µmol/L
(Xiong et al., 2015). Wang et al. used glutathione-coated Au NCs
as probes to construct a method for detecting I− in water with
a detection limit of 400 nmol/L. This method can selectively
identify I− from 12 common anions such as F−, Cl−, Br− (Yang
et al., 2014). At the same time, Chang group used DNA as
template to synthesize gold/silver nanozymes. Clusters were used
to detect S2− in hot spring and seawater samples. This method
specifically recognized S2− from Au3+, Ag+ and DNA in the
presence of NaBH4. The quenching mechanism is that S can
interact with gold and silver atoms, thus resulting in changes in
the conformation of the template DNA (Chen et al., 2011). At
present, gold clusters have been used to detect anions in vitro
more thoroughly and sensitively, but few studies have been done
in combination with organisms. The biological environment is
more complex, so anion detection in vivo will be a challenge.
In addition, the role of gold clusters in organisms should not
only be a function of detection, but also require us to develop
more properties of gold clusters for the diagnosis and treatment
of organisms.

Biological Application of Gold Clusters
Tumor Treatment

Nanoprobe with enzymatic properties have been attracting
increasing attention in early screening and diagnosis of cancer
(Schaller and Graf, 2004; Spichiger-Keller, 2008; He et al., 2010;
Chi et al., 2012; Li and Xiaogang, 2015). In order to achieve
the specificity and high accuracy of tumor detection, it was
necessary to design and prepare an enzyme-simulated nanoprobe
with tumor targeting, high enzyme activity and containing
luminescent properties. Hu et al. described the folate receptor
based gold nanoclusters (NCs-FA), which are novel luciferase
mimic nanoprobes with high stability, low cytotoxicity and

high enzyme activity. O-Phenylenediamine (OPD), 3-amino-9-
ethylcarbazole (AEC), 5-aminosalicylic acid (5ASA) and 3,3,5,5-
tetramethylbenzidine (TMB) can be used NCs-FA catalyzes to
produce red, brown, brown, and blue. Experiments prove that
NCs-FA nanoprobe has peroxidase activity (Figure 6A). To
visualize the uptake of NCS-FA nanoprobes by cells, MCF-7 and
HepG2 cells were stained with NCs-FA nanoprobes (NC) and
observed under a focused lasermicroscope (Figure 6B) (Hu et al.,
2014). The probes (NC) stainedMCF-7 andHepG2 tumor tissues
and observed them by fluorescence microscopy (Figure 6C). It
confirmed that NCs-FA nanoprobes target tumor cells via FR.
Au NPs have low anticancer activity and are widely used in drug
carriers, biological imaging, and other fields. The new selenium-
containing molecule (EGSE-TME) has low anticancer activity,
but the combination of NCs-FA and EGSE-TME has produced
a system with good anticancer activity. Li et al. synthesized Au
NP/Se. In order to explore its cytotoxicity, tumor mice were
injected with PBS, Au NP/citrate, EGSe-tMe, and Au NP/Se on
day 0 and 8, respectively. Compared with the tumor volume of
the control group, mice treated with Au NP/ citrate, EGSe-tMe
had less obvious tumor growth inhibition effect, and however,
mice treated with Au NP/Se showed tumor growth strong
inhibitory effect (Figure 6D). There was no significant cha of
mice treated with Au NP/Se (Figure 6E). And photographs of
mice after administration of different drugs on day 10 were
observed, which showed that the systemic toxicity of Au NP/Se
was low (Li et al., 2016). However, there are still some problems
in the development of nanoprobe for tumor microenvironment.
Further binding to ligands may help to reduce toxicity and guide
targeting, but can affect the catalytic activity and subsequent
metabolism of the nanozymes, as well as the microenvironment
of the organisms. Although nanoprobes have achieved good
results in animal experiments, the differences between animals
and humans are huge, and their clinical applications need to be
further developed and utilized.

Brain Therapy

The toxicity of nanozymes has caused widespread concern
(Zhang et al., 2018). Liu et al. found that amino-terminated
gold nanoclusters (Au NCs-NH2) have low cytotoxicity and can
protect primary neurons from oxidative damage (Liu et al., 2016).
The peroxidase-like activity of Au NCs-NH2 is inhibited by the
polymerized 3-amines, and thus exhibits catalase-like activity,
which decomposes H2O2, thereby providing neurons with
protection against oxidative damage (Figure 7A) (Mukherjee
et al., 2010). Compared to the control, H2O2 excitation resulted
in significant cell death and less red fluorescence. Neuronal cells
were pre-treated with Au NCs-NH2 and showed red fluorescence
similar to that of the control group after challenge with H2O2.
The same is true for neurons treated with Au NCs-NH2 alone,
further demonstrating the low cytotoxicity of Au NCs-NH2

(Figure 7B) (Wang et al., 2013). Cell viability in different
treatment groups was determined by MTT assay and treatment
with H2O2 alone (100 × 10−6 or 200 × 10−6 M) resulted in
a significant decrease in neuronal cell viability. Pretreatment
with Au NCs-NH2 followed by challenge with H2O2, the cells
remained viable and the results were similar to the untreated
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FIGURE 6 | Gold clusters for tumor treatment. (A) NCs-FA and HRP catalyze the color contrast of OPD, AEC, 5ASA, DAB, and TMB. (B) MCF-7 cells and HepG2

cells were stained with NCs-FA under a confocal laser microscope [reproduced from Hu et al. (2014) with permission from The Ivy Publisher]. (C) Fluorescence

imaging of NCs-FA stained MCF-7 and HepG2 tumor tissues. (D) Relative tumor volume of mice after different drug treatments. (E) Body weight changes in mice after

different drug treatments [reproduced from Li et al. (2016) with permission from The American Chemical Society].

controls. This indicates that pretreatment of primary neuronal
cells with Au NCs-NH2 have resistance to H2O2 induced toxicity
(Figure 7C) (Huang et al., 2004). The catalase-like activities
of Au NCs-NH2 and Au NCs-OH prepared from different
end groups of dendrimers were not affected at different pH,
but the catalytic performance of Au NCs-NH2 for H2O2 was
significantly better than that of Au NCs-OH (Figure 7D) (Jao
et al., 2010). The level of H2O2 in cells after H2DCFDA staining
was quantified by flow cytometry, and the protective effect of
NCs-NH2 in H2O2 treated neurons was obtained (Figures 7E,F).
The fluorescence intensity of neurons pretreated with Au NCs-
NH2 was significantly increased compared to the control (Graf
et al., 2004). Although the catalytic activity of nanozymes is
closely related to their surface properties, the mechanism of
enzymelike activity of its surface coating is poorly understood.
Once the nano-enzyme loses its surface accessibility, its catalytic
performance will be inhibited, thus affecting its application in
brain therapy and other aspects. Currently, biomedical research
on gold nanoclusters without surface coating is limited due to
concerns about their toxicity and stability.

CONCLUSION

In this article, we attempt to give a comprehensive overview based
on gold nanoclusters. We have summarized the characteristics of

enzymes such as glucose oxidase, peroxidase, catalase, superoxide
dismutase, etc. The applications of gold nanoclusters in ion
detection, tumor treatment and brain treatment were analyzed.
This enzymatic property of gold clusters is derived from
the functional groups present on the gold itself or on the
surrounding monolayer. Although the development of gold
clusters catalysts has made encouraging progress, the overall
performance of these artificial catalytic systems is often not
comparable to natural catalysts. To this end, the following aspects
are awaiting implementation:

(1) In recent years, with the development of nanotechnology,
we can control the size and shape of nanoparticles
by including hydrogen reduction, self-assembly, porous
support matrix and surfactant assisted methods to adjust
their catalytic activity. Because of the size dependence of
gold nanomaterials, this allows us to conduct directional
manipulation of surface properties. Because the surface
charge and other parameters have great influence on the
cell adhesion behavior, the preparation of gold nanoclusters
enzyme with atomic precision is a promising method to
affect the biological activity. In addition, catalysts with
atomic precision are more conducive to revealing the
relationship between electronic structure and properties. At
the same time, the sources of catalytic activity of functional
groups, and the future work may continue to focus on
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FIGURE 7 | Gold clusters for brain disease treatment. (A) Au NCs coated with dendrimers have the effect of detoxifying H2O2 to protect neurons from oxidative

damage. (B) The H2O2 challenge resulted in significant cell death, with less red fluorescence than the control. (C) Cell viability of neurons pretreated with AuNCs-NH2

under H2O2. (D) The catalytic activities of G4NH2, Au NCs-OH and Au NCs-NH2 on H2O2 were compared at pH 4.8 and 7.4, respectively. (E) Changes in DCF

fluorescence intensity in neurons pretreated with Au NCs-NH2. (F) Confocal fluorescence images of neuronal cells treated with Au NCs-NH2 for 24 h [reproduced from

Liu et al. (2016) with permission from The Small].

changes in functional groups present at catalytic sites,
resulting in highly active catalysts. More importantly, we
hope to open up new strategies to significantly improve
catalytic performance and biosafety through the regulation
of three changes in atomic accuracy, catalytic sites and
functional groups.

(2) Although rapid progress has been made in the development
of nanomaterials with enzyme mimicking activity, it is
unclear how widely these materials are used in vivo and
clinically. So far, it is uncertain whether gold nanoclusters
with enzyme-like activity can significantly replace many
naturally occurring enzymes. All endogenous enzymes in our
bodies are as a whole system and work interdependently.
Any artificial substitutes, including nanoclusters, may not
be suitable for the system and may cause serious side
effects. During the expression of enzyme-like functions,
nanoclusters can generate free radicals, causing toxicological
effects. Therefore, it is worthy of further study to make full
use of the beneficial effect of the enzyme-like activity of the
nanoclusters and explore their application in vivo.

(3) Although many researchers have demonstrated the
therapeutic effects of nanozymes systems through cell
and animal experiments, it is still difficult to explain the
mechanism of nanozymes systems in vivo through these
biological experiments. For example, quantifying reaction

kinetics in vivo is not an easy task, although the available
evidence supports the ultimate therapeutic outcome of
these nanozymes. We can only know the results, but not
the processes in the body. In recent years, multifunctional
optical probes have been widely developed to detect the
concentration and distribution of specific biochemical
substances in the biological environment. Therefore, we may
need to develop multifunctional nanometer enzyme probes,
such as using the luminescence of gold clusters for imaging
or sensing (Such as detecting markers of neurological
disease), and then combining its enzyme-like properties
for treatment, which can achieve the purpose of combining
diagnosis with treatment, providing powerful help for
the study of the distribution and mechanism of action of
nanomaterials in living organisms. These diagnostic reagents
are expected to help accurately characterize the catalytic
process in vivo, and ultimately comprehensively clarify the
relationship between the composition, structure, and in vivo
properties of nanozymes drugs.
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The design of palladium-based nanostructures has good prospects in various

applications. This paper reports a simple one-step synthesis method of PdCuAu

nanoparticles (PdCuAu NPs) prepared directly in aqueous solution. PdCuAu NPs have

attracted much attention owing to their unique synergistic electronic effect, optical

and catalytic performance. As temperature sensor, PdCuAu NPs are sensitive to the

fluorescence intensity change in the temperature range of 4–95◦C, which is due

to its unique optical properties. The prepared PdCuAu NPs have excellent catalytic

performance for peroxidase-like enzymes. It can catalyze TMB rapidly in the presence

of hydrogen peroxide and oxidize it to visible blue product (oxTMB). Based on its unique

peroxidase-like properties, this study used PdCuAu NPs colorimetric platform detection

of hydrogen peroxide and glucose. The linear ranges of hydrogen peroxide and glucose

were 0.1–300µM and 0.5–500µM, respectively, and the detection limits (LOD) were 5

and 25 nM, respectively. This simple and rapid method provides a good prospect for the

detection of H2O2 and glucose in practical applications.

Keywords: trimetallic alloyed nanoparticles, temperature-sensitive, sensor, peroxidase-like activity, colorimetric

system

In recent years, the research on the preparation and application of nano-device mainly focuses
on the preparation and application of polymetallic nanomaterials (Dubau et al., 2015; Xia et al.,
2015; Luo and Shen, 2017; Yang et al., 2017; Tang et al., 2018). Because of their unique physical
and chemical properties, polymetallic nanomaterials have been widely used in optics, chemical
reactions, fuel cells, sensors and catalysts (Huang et al., 2014; Khan et al., 2015; Tang et al., 2018;
Wang et al., 2018). At present, Pt-based nanomaterials are the most widely used catalysts because
of their high catalytic activity in cathodic and anodic reactions (Khan et al., 2015; Wang et al.,
2018). Consequently, tri-metallic Pt-based alloys for instance Pt-Ni-Cu (Tang et al., 2018), Pt-Ni-Co
(Huang et al., 2014; Sriphathoorat et al., 2016), Pt-Pd-Cu (Yin et al., 2012; Tian et al., 2017),
Pt-Pd-Co (Cho et al., 2014; Song et al., 2015), Pt-Fe-Ni (Li and Chan, 2013), Pt-Fe-Co (Hwang
et al., 2011), and Pt-Pd-Au (Li et al., 2018) aroused the attention of many studies. However, due
to the low cost and high catalytic activity of Pd-based catalysts, there are few studies on Pd-based
catalysts (Guo et al., 2014; Jiang et al., 2015; Xu et al., 2015; Yousaf et al., 2017a), therefore, Pd-
based catalysts are the most promising substitute for Pt-based catalysts (Xu et al., 2015; Yousaf
et al., 2017a; Wang et al., 2018). Many researchers have done a lot of work on Pd-based catalysts
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to improve the catalytic performance of palladium catalysts
(Wang X. et al., 2015; Xue et al., 2017; Yousaf et al., 2017b).
Wang et al. reported a very simple method to synthesize
trimetal PdCuAu nanoparticles (NPs) with branched structure,
so the PdCuAu NPs have excellent catalytic performance,
durability and methanol oxidation resistance (Wang et al.,
2018). Huang et al. proposed to prepare an ordered PdCu-
based NPs (PdCuCo, and PdCuNi) by colloidal chemistry.
PdCuCo NPs have excellent stability and activity in redox
reaction because of their intermetallic phase and composition
advantages (Jiang et al., 2016). Yang’s group reported that the
CuPd alloy with controllable shape was preparation of oleylamine
by electric substitution reaction. Put Cu in Pd could reduce
the bond intensity among the intermediate and palladium,
cause the enhancement of lattice shrinkage, thus improving
the electrocatalytic performance of redox reaction (Chen D.
et al., 2017). Consequently, the Pd-based alloy nanomaterials
are considered as a promising catalyst with enhanced catalytic
performance. However, Pd-based alloy nanomaterials are seldom
used in the field of sensors. In this paper, the application of
Pd-based alloy nanomaterials in sensors is studied.

In recent years, thermosensitive materials have shown
significant activity due to their possible applications in nanoscale
temperature measurement (Zhou et al., 2018). Though, many
temperature sensitive materials have a single signal response,
and the fluorescence stability and contrast are poor. Dong group
studied a novel dual fluorescence temperature sensor based on
DNA- template Ag NCs. It has two fluorescence peaks and can
be used for sensitive detection of temperature changes from
15 to 45◦C (Zhou et al., 2018). Oemrawsingh studied that the
single emitter fluorescence of Ag NCs increased 5-fold when

SCHEME 1 | Synthesis of PdCuAu NPs and their application as temperature sensors and colorimetric detection of H2O2 and glucose with enzyme mimic.

the temperature dropped from 295 to 1.7 K (Oemrawsingh
et al., 2012). Chen et al. reported a hairpin-like Ag NCs with
DNA template. The Ag NCs exhibited reversible fluorescence
properties between 25 and 66◦C due to the loosening and
compacting of the four-stranded template structure (Zhao
et al., 2015). A one-step synthesis method for prepared high
fluorescence bimetallic Cu-Au nanoclusters (Cu/Au BNCs) was
proposed by Ai group. The fluorescence signals of Cu/Au
BNCs exhibited reversible response and good sensitivity in
the temperature range of 20–70◦C (Nie et al., 2018). The Pd-
based alloy nanomaterials have been successfully applied to
temperature sensing in this paper.

Peroxidases are an important biocatalyst in organism,
which can catalyze many kinds of biochemical reactions
effectively, for example, they can deactivate toxic substances,
oxidize fatty acids, regulate oxygen concentration and so
on. Because of their incredible efficiency and high substrate
specificity, they are of great importance in diagnosis and
analysis (Guo et al., 2018). In recent years, nanozymes have
attracted much attention due to their endogenous mimic
enzymes similar to natural enzymes, it can catalyze substrate
reaction (Yan et al., 2018). Compared with natural enzymes,
nano-enzyme production process is simple and economical,
and it has excellent robustness and stability. In the past,
researchers have found that various nanomaterials possess
catalytic properties of peroxidase-like enzymes. Among many
nanomaterials, inorganic nanomaterials have also attracted
attention, including metal oxides V2O3 (Han et al., 2015),
NiO (Liu et al., 2015), CuO (Wang et al., 2013; Chen
M. et al., 2017), CeO2 (Liu et al., 2017a; Sun et al.,
2017; Ge et al., 2019; Yang et al., 2019), and sulfides ZnS
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(Liu et al., 2017b), CdS (Liu et al., 2014), CuS (Zhang et al.,
2017a) etc. Compared to the analytical methods including
electrochemistry (Niu et al., 2013), fluorescence (Hu et al.,
2014; Shan et al., 2014), chemiluminescence (Luo et al., 2015),
mass spectroscopy (Chen et al., 2012), colorimetric detection
method has the advantages of low cost, high selectivity and
strong practicability, and is favored by researchers. In addition,
because the color change of the substrate does not require
any complicated instrument, it is easy to observe with the
naked eye, so it has a wide range of applications in many
fields (Ding et al., 2017).

Herein, we report a one-step synthesis of trimetallic PdCuAu
nanoparticles (NPs) in aqueous phase without any intermediates.
The sensitive fluorescence signals of PdCuAu NPs are reversible
and recyclable in the range of 4–95◦C. The prepared PdCuAu
NPs show superior catalytic activity and sensitive in answer to the
chromogenic substrate TMB, it can catalyze TMB in the presence
of H2O2. So, the flow chart for the preparation of PdCuAu NPs
and the application of PdCuAu NPs as temperature sensors and
peroxidase-like enzymatic reactions are described in Scheme 1.

RESULTS AND DISCUSSION

Optimization and Characterization of the

Synthesis Conditions of PdCuAu NPs
This is a very simple and easy to operate synthesis process:
take 355µ L H2PdCl4 solution (56.4mm), 1ml Cu (NO3)2
solution (0.1M), and 412µ L HAuCl4 solution (48.6mM) and
mix them evenly, and then add 500µ L HCl (10%), 100mg
KBr and 50mg PVP into them after ultrasonic degradation,
and then add 2ml ascorbic acid (AA) (0.1M) After heating
the mixed solution in a water bath at 95◦C and stirring for
2 h, the primary product PdCuAu NPs is obtained after natural
cooling. The primary product PdCuAu NPs is centrifuged at
a centrifugal rate of 5,000 rpm for 15min, and then the
supernatant and sediment are centrifuged. The purified final
product is stored in 4 In the environment of ◦C, it is used
for the following analysis and characterization experiments, i.e.,
ultraviolet spectrum analysis, fluorescence spectrum analysis,
transmission electron microscopy test, infrared spectrum test,
XRD and XPS test.

The reaction mixture was heated for 2 h by simple heat
treatment at 95◦C in a water bath. The obtained tri-metallic
PdCuAu NPs were canary yellow in water phase (see Figure 1,
inset, left). The pale blue fluorescence was observed in the
PdCuAu NPs solution under UV illumination at 365 nm (see
Figure 1, inset, right), and the PdCuAuNPs are excited at 358 nm
and emit at 443 nm. Typical magnification transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) images
of the as-prepared product are shown in Figure 2. Their particles
are distributed between 10 and 25 nm, with an average particle
size of 13 nm (see Figures 2a,b). Since the measured lattice
distance of PdCuAu NPs are 0.2106 nm, the lattice fringes of
PdCuAu NPs are assigned to the (111) plane of the Fourier
filtering image (see Figures 2c,d).

FIGURE 1 | Fluorescence spectra of PdCuAu NPs. [Insets, the left panel was

shown in visible light, and the right was viewed under UV radiation (365 nm)].

The crystal structure of PdCuAu NPs is measured by XRD. As
shown in Figure 3A, the representative diffraction peaks at 38.18,
40.12, 44.39, 64.58, and 77.55◦ are assigned to the (111), (111),
(200), (220), and (311) planes of PdCuAu NPs, respectively.
The peak positions of PdCuAu NPs are all situated between the
homologous peaks of pure Au (JCPDS card no. 04-0784) and
Pd (JCPDS card no. 46-1043), which confirm the formation of
PdCuAu alloy. Both the HRTEM pattern (see Figures 2c,d) and
from the XRD analysis (see Figure 3A), we can see that PdCuAu
NPs show good crystallinity. The surface properties of PVP and
CuAu, PdAu, PdCu, and PdCuAu NPs were characterized by
FT-IR spectrometer. Exactly as shown in Figure 3B, the peak
at 3,445 and 1,075 cm−1 were the characteristic absorption
peak of the N-H stretching vibration of PVP, 2,955 cm−1 for
the C-H stretching vibration of aromatic ring, 2,141 cm−1 for
the stretching vibration of C-H outside the surface, 1,660 and
1,441 cm−1 for the C-C stretching vibration of aromatic ring
skeleton, 1,294 cm−1 for the C-N stretching vibration of aromatic
hydrocarbons. By comparison, the peak at 2,955 and 2,141
cm−1 disappeared in PdCuAu NPs, it indicates the breakup of
C-H bond and the formation of new copper compounds. As
determined by the TEM-EDS analysis, the atomic percentage of
Pd in these nanocrystals is 42.14% and Au in these nanocrystals
is 55.62%, the atomic ratio of Pd/Au in the as-prepared sample
is ∼1:1 (see Figure S1). Among the TEM-EDS pattern (see
Figure S1), FT-IR pattern (see Figure 3B) and XPS pattern (see
Figure 3C) show that the formation of copper compounds. The
surface chemical composition and valence state of PdCuAu NPs
were further studied by X-ray photoelectron spectroscopy (XPS).
As shown in Figure 3C, the Pd 3d region of the sample can
be divided into two pairs of doublets. Two Pd 3d peaks are
located at 335.6 and 340.9 eV, corresponding to the Pd 3d5/2
and Pd 3d3/2 states of metallic Pd, respectively. The binding
energies at 932.4 and 952.3 eV correspond to Cu 2p3/2 and Cu
2p1/2 by fitting these peaks, which are assigned to Cu+ and
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FIGURE 2 | (a) TEM images of the PdCuAu NPs. (b) The size distribution of PdCuAu NPs. (c) HRTEM image of the PdCuAu NPs. (d) The lattice fringes in the square

area in (c) and the inset displays the corresponding FFT pattern.

Cu2+, respectively. Similarly, the peaks at 83.8 and 87.5 eV are
attributed to Au 4f7/2 and Au 4f5/2 by fitting these peaks, it is
proved that Au3+ is reduced to Au0. Therefore, Pd and Au are the
main species of PdCuAu NPs, so PdCuAu NPs have the potential
to be effective catalysts.

Some controlled contrast experiments were carried out to
explore the influencing factors in the process of synthesizing
PdCuAu NPs. Pd/Cu/Au molar ratio, (Pd/Cu/Au = 1:1:1,
1:2:1, 1:1:2 mol/mol) were researched and the corresponding
fluorescence spectra were shown in Figure S2A. The optimal
Pd/Cu/Au molar ratio is 1:5:1, the fluorescence intensity of
PdCuAu NPs (1:5:1) are the strongest (see Figure S2B) and it
can also be obtained from the TEM image that the dispersion
of PdCuAu NPs (1:5:1) are the best and the particle size is
uniformity (see Figure S3). Figure S4 showed that the PdCuAu
NPs exhibited the maximum fluorescence intensity under a
water bath at 95◦C for 2 h. If the time is too short, the
temperature is too low, and the reaction may not be complete,
resulting in agglomeration of PdCuAu NPs (see Figures S5,
S6). By comparison, the fluorescence intensity of CuAu, PdAu,
PdCu NPs are weak and the products tended to aggregate (see
Figures S7A, S8). If there is no Br− in the reaction, irregular
and agglomerated PdCuAu NPs can be obtained, which fully
shows that Br- plays a key role in the formation of PdCuAu
NPs (see Figures S7B, S9). In addition, Cu2+ plays a very
important role in controlling the morphology and fluorescence
of PdCuAu NPs. For bimetallic PdAu, if Cu2+ is not added,
the resulting nanoparticles are irregular, and these nanoparticles

were exhibited weak fluorescence intensity (see Figures S7B,
S9). When PVP is not added in the preparation process, many
large particles will be obtained and serious agglomeration will
occur. Copolymer PVP as a template can effectively improve the
dispersion of nucleated nanoparticles and reduce the possibility
of agglomeration (see Figures S6B, S8). Moreover, we also
found that HCl has a significant effect on the morphology
and fluorescence of PdCuAu NPs. In the absence of HCl,
agglomerated and irregular nanoparticles were formed due to
their rapid reduction kinetics (see Figures S7B,C, S10). Because
HCl can reduce the reduction ability of ascorbic acid, the
reduction rate of metal salt precursors in the reactants will be
reduced when HCl is added to the reaction system. According to
the above control experiments, we synthesized the PdCuAu NPs
in a water bath at 95◦C for 2 h with a molar ratio of Pd/Cu/Au
equal to 1:5:1. The optical stability of PdCuAu NPs was further
studied by fluorescence spectroscopy, as shown in Figure S11.
With the passage of time, the fluorescence intensity of PdCuAu
NPs wasmonitored periodically by fluorescence characterization.
The results showed that the fluorescence intensity of PdCuAu
NPs changed little within 45 days. Therefore, PdCuAu NPs have
good stability.

Fluorescence Detection for Temperature

Sensor
In recent years, there is little research on temperature sensors,
and the PdCuAu NPs prepared in this paper have a good
response by fluorescence detection in a wide temperature
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FIGURE 3 | (A) XRD pattern of PdCuAu NPs, the standard patterns of pure Au (JCPDS card no. 04-0784), Pd (JCPDS card no. 46-1043) and Cu (JCPDS card no.

04-0836) are shown for comparison. (B) FT-IR spectra of pure PVP, CuAu, PdAu, PdCu, and PdCuAu NPs. (C) X-ray photoelectron spectroscopy spectra of Pd 3d,

Cu 2p, and Au 4f of the as-prepared PdCuAu NPs.

range of 4–95◦C. Therefore, PdCuAu NPs has potential
application as a temperature sensor. As shown in Figure 4A.
The fluorescence intensity of PdCuAu NPs decreased with
the increase of temperature, but the emission peak position
of PdCuAu NPs did not shift in the temperature range
studied. The reason for this phenomenon may be due to
the thermal motion of the non-radiative process, that is to
say, the frequency of collision and the rate of non-radiative
transition of the molecule will increase at high temperature,
thus reducing the emission intensity of the excited state
(Wang C. et al., 2015; Wang et al., 2016; Jiang et al., 2017).
In the temperature range of 4–95◦C, the linear relationship
between fluorescence intensity and temperature is illustrated
in Figure 4B, the linear equation was F = −29.03T + 3,204
(R = 0.9988). Furthermore, the recyclability and reversibility
of resultant PdCuAu NPs based on a fluorescent thermometer
were also investigated. As revealed in Figure 4C, the response
of PdCuAu NPs to temperature is reversible. After heating and
cooling, the reversible process can repeat at least eight cycles
without obvious change of fluorescence signal. The results show

that PdCuAu NPs have excellent reutilization in response to
temperature changes.

Peroxidase-Like Catalytic Activity of

PdCuAu NPs
In order to explore the catalytic activity of PdCuAu NPs, the
peroxidase activity of PdCuAu NPs was studied with TMB
as chromogenic substrate. The top of Figure 5B point out
the color changes in different environments. When there is
H2O2 in the reaction system, PdCuAu NPs can catalyze the
oxidation of TMB to produce typical blue products visible to
the naked eye, indicating that PdCuAu NPs have the peroxidase
activity. Like natural peroxidase HRP, temperature and pH are
important factors affecting the catalytic activity of PdCuAu NPs.
The peroxidase-like activity of PdCuAu NPs at different pH
environments (3.5–6.0) and temperatures (25–60◦C) was studied
(see Figure S12). The catalytic activity of PdCuAu NPs increases
with the increase of pH. When the pH is equal to 5.0, the
catalytic activity of PdCuAu NPs reaches the maximum. If the
pH < 5.0, the catalytic activity of PdCuAu NPs decreases, this
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FIGURE 4 | (A) Fluorescence spectra of PdCuAu NPs with temperature ranging from 4 to 95◦C. (B) The linear relationship between changes of temperature and

fluorescence intensity. (C) The fluorescence response of eight cycles at 4–95◦C.

is because pH < 2 easily produces yellow diimine, and pH >

5 will accelerate the decomposition of hydrogen peroxide (see
Figure S12A). Besides, the effect of temperature on PdCuAu NPs
also discussed, because temperature can accelerate enzymatic
reaction, but too high temperature will lead to inactivation of
enzymatic reaction, so there is an optimum temperature for
enzymatic reaction. The optimum temperature for enzymatic
reaction in this study is 40◦C (see Figure S12B). For the
comparative experiment of catalytic activity of PdCuAu NPs,
the steady-state kinetics method was used in this experiment. A
typical Michaelis-Menten curve was obtained by controlling the
concentration of one peroxidase substrate unchanged and then
changing the concentration of another peroxidase substrate (see
Figures S13A–D). In Table S1, we can see the kinetic parameters
of enzymes derived from Lineweaver-Burk. As everyone knows
that Km can express the affinity of specific enzymes to substrates.
When the Km value is small, the affinity between enzyme
and substrate is strong, whereas a weaker affinity. It can be
drawn from Table S1, the Km value of PdCuAu NPs with
H2O2 as the substrate was low. On the one hand, the Km

value of PdCuAu NPs with TMB as substrate was low, which
indicates that PdCuAu NPs have strong affinity with TMB.
In addition, the Km of PdCuAu NPs as shown in Table S1

is lower than that of other reported materials. Therefore, in
subsequent experiments, we chose pH = 5.0 and temperature
was 40◦C as the best reaction conditions. Because PdCuAu NPs
have excellent catalytic performance, we designed a convenient,
rapid and direct colorimetric method for the detection of H2O2.

Figures 5A,B showed that the absorbance of TMB is positively
correlated with the concentration of H2O2 at 652 nm with the R
= 0.9975. The linear regression equation obtained was A = 6.95
× 10−3 [H2O2] + 0.04713 with a linear range of 0.1–300µM.
When the signal-to-noise ratio (S/N) is 3, the calculated LOD
= 5 nM, which is much lower than the detection limit of other
reported nanomaterials, for instance Co3O4 NPs (Ding et al.,
2017) GQDs/CuO nanocomposites (Zhang et al., 2017b). GOx
can catalyze the oxidation of glucose to produce H2O2, that
is to say, PdCuAu NPs as a peroxidase coupled with GOx to
simulate the above-mentioned TMB-H2O2 system to indirectly
detect glucose (see Scheme 1). As shown in Figure 6A, when
the maximum absorption wavelength is 652 nm, the absorbance
increases with the increase of glucose concentration. The linear
range of the standard curve of absorbance changes with glucose
concentration is 0.5–500µM with the R = 0.9928 and the
linear regression equation obtained was A = 6.512 × 10−4

[glucose] + 0.04484. When the signal-to-noise ratio (S/N) is
3, the LOD of this method is as low as 25 nM, which is
much lower than the LOD reported in the previous literature,
such as Pt nanoclusters (Jin et al., 2017), NiCo2O4/3DGF (Wu
et al., 2015). The color change of different concentration of
glucose solution can be observed with eyes very clearly (top of
Figure 6B). PdCuAu NPs detection system shows a wide linear
range and it has excellent sensitivity to glucose. The selectivity
of glucose/GOx/PdCuAu NPs/TMB system was also studied.
under the same conditions, we selected several other sugars
(fructose, sucrose, lactose and maltose) for the comparative
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FIGURE 5 | (A) The absorption spectra of PdCuAu NPs and TMB system upon adding different concentrations of H2O2 (0.1–300µM, from bottom to top). (B) The

corresponding linear calibration plots for H2O2, top: the corresponding color changes.

FIGURE 6 | (A) The absorption spectra of PdCuAu NPs and TMB system upon adding different concentrations of glucose (0.5–500µM, from bottom to top). (B) The

corresponding linear calibration plots for glucose, top: the corresponding color changes.
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experiment. We can get it from Figure S14, glucose analogs
had little interference in the detection of glucose. This indicates
that the system of glucose/GOx/PdCuAu NPs/TMB has high
selectivity for the detection of glucose due to the specificity of
GOx. Therefore, glucose sensor based on PdCuAu NPs can be
established successfully.

CONCLUSIONS

In conclusion, the synthesis of polymetallic nanomaterials
requires very stringent conditions. This is because it is difficult
to control the reduction and nucleation process of metal
salt precursors in the reactants, so we successfully prepared
PdCuAu NPs by a very simple one-pot synthesis method
in this experiment. The method is simple in operation,
mild in reaction conditions and does not require multi-step
synthesis. Moreover, the growth mechanism of PdCuAu NPs
was also studied through a series of control experiments. The
resultant PdCuAu NPs show remarkable features including
fluorescence properties and superior catalytic activity. The
research shows that it has good sensitivity to temperature
change and good linear relationship, so it can be used in
thermal imaging of biological environment. Additionally, the
prepared PdCuAu NPs have peroxidase-like catalytic properties.
It can catalyze TMB in the presence of H2O2 to produce
color reaction, and the whole experimental process only takes
10min. Therefore, we constructed a colorimetric sensor with
high selectivity and rapid response using PdCuAu NPs as
mimetic enzymes, and applied it to the detection of H2O2

and glucose. The synthesized PdCuAu NPs have excellent
temperature sensors and catalytic performance for peroxidase-
like enzymes. The PdCuAu NPs have good stability. However,

It is not clear which metal of the three metal system has
peroxidase properties. According to these studies, this kind of
PdCuAu NPs-based sensor has a promising prospect in the
biological chemistry.
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Nanoporous materials with core-shell structure have received lots of attention owing to

the great versatility of the functional cores and shells and their potential application in

catalysis and biological applications. In this work, a facile method has been developed to

synthesize uniform Au@Pt@mesoporous SiO2 nanostructures with high peroxidase-like

activity, which had a well-defined core–shell structure with Au nanorods@Pt nanodots as

a core and mesoporous SiO2 as a shell. The mesoporous SiO2 shell can not only provide

convenient transmission channels but offer a substantial location for accommodation of

large biomolecules, such as antibodies and antigens. Here a novel nanoprobe based

on Au@Pt@mesoporous SiO2 nanozyme modified with mumps antigens was reported.

Notably, the encapsulation of Au@Pt nanorod in mesoporous SiO2 shell was able

to hinder the interaction between catalytical nanoparticles and recognition antigens,

retaining the catalytic activity of the inner active nanoparticle core. Furthermore, this

nanoprobe exhibited an extraordinarily stability and showed excellent activity. As a

result, we presented an enzyme linked immunosorbant assay (ELISA) for the diagnosis

of mumps virus; this proposed method exhibited good sensitivity to mumps-specific

IgM antibodies. The limit of detection can be as low as 10 ng/mL, which was more

sensitive compared to the conventional immunoassay. Our results indicated that this

nanoprobe hold great promise with opportunities for applications of biosensors, catalysis

and biotechnology.

Keywords: Au nanorods, platinum, mesoporous SiO2, core–shell, nanozyme, enhanced activity, virus diagnosis

INTRODUCTION

Mumps is a common childhood infectious disease caused by a the mumps virus. Although most
cases of infection lead to a mild disease, orchitis, permanent deafness, and disability are some
untoward effects of mumps (Galazka et al., 1999). A laboratory diagnosis of mumps is based
on detection of viral nucleic acid using polymerase chain reaction (PCR), isolation of the virus
from saliva or spinal fluid, or serological confirmation (Maillet et al., 2015). In the absence
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of successful virus isolation in cell-culture or reverse
transcription-PCR (RT-PCR) detection, serological markers
can provide a simple, and useful diagnosis (Hviid et al., 2008). A
commonly used serological confirmation for the rapid diagnosis
of mumps infection is demonstration of specific immunoglobulin
M (IgM) class antibody (Krause et al., 2007). However, mumps-
specific IgM antibodies might be low or undetectable if serum
are collected before 4 days of clinical presentation, thus giving
false-negative results (Warrener and Samuel, 2006). For this
reason, a simple and sensitive laboratory diagnosis of mumps
virus is needed. Among various efficient bioassays for diagnosing
infectious diseases, natural enzyme labels have shown great
potential in various bioassays, as they can catalyze various
colorimetric reactions with good sensitivity and selectivity
toward the target molecules (Gut et al., 1985). However, methods
based on enzyme labels also have several limitations including
the natural instability of proteins during long-term operation or
storage (Rashidian et al., 2013). Nanozyme with catalytical-like
activity have been emerging alternatives to natural enzymes
in bioassays (Gao et al., 2007). The replacement of natural
enzymes by catalytical nanomaterials in immunoassay may have
advantages in several aspects, such as their shape- (structure-,
size-, composition-) tunable catalytic activities, large surface
area for bioconjugation and modification, greater resistance to
extremes of pH and temperature, and so on (Wu et al., 2019).

Recently Pt nanoparticles have been found to exhibit catalase-
like, superoxide dismutase (SOD)-like, peroxidase-like, and
oxidase-like activities (Ma et al., 2011). Considering the size-
and shape-dependent properties, nanosized Pt nanoparticles
of 2∼4 nm diameter are found to have the excellent catalytic
activity. However, small nanoparticles are unstable and tend
to agglomerate to larger clusters, resulting in the loss of
their original catalytic activity (Narayanan and El-Sayed, 2004).
Various efforts have been made to fabricate novel nanostructures
with higher activity and lower cost for catalytic applications
(Zhang et al., 2007). In particular, gold nanoparticle has been
regarded as a well-known bio-materials for their excellent
biocompatibility and large specific surface area; thus, Pt covering
Au or Au-Pt core–shell nanoparticle structure have been
reported for a wide range of applications (Wu et al., 2018).
Previously, our group found Au@Pt core/shell nanostructures
exhibit peroxidase activity and such a structure was highly
desirable for catalysis, since the large surface area of gold
nanorod (NR) provided numerous adhesion sites for the small
Pt nanodots (Liu et al., 2012). With this in mind, herein, we
developed a facile method to fabricate a new nanozyme by
encapsulating Au@Pt NR in mesoporous SiO2 shell (Figure 1A).
The obvious advantages of mesoporous SiO2 shell are the
high surface area, open mesoporous channel and easy modified
properties (Lin et al., 2013). On the basis of these characteristics,
mesoporous SiO2-coated nanoparticles are proposed as an ideal
carrier for loading biomolecules (Zhang et al., 2012). Thus, in
this study, a novel nanoprobe for mumps virus serodiagnosis
was developed by modifying the Au@Pt@mesoporous SiO2

nanozyme (APMSN) with mumps antigens. Using captured-
type ELISA, we demonstrated the applicability of this antigens-
conjugated APMSN (Ags-APMSN) for the reliable, simple,

and sensitive detection of mumps-specific IgM antibodies
(Figure 1B).

MATERIALS AND METHODS

Materials, Reagents, and Instruments
Cetylmethylammonium bromide (CTAB), sodium borohydride
(NaBH4), chloroauric acid (HAuCl4·3H2O), silver nitrate
(AgNO3), potassium tetrachloroplatinate (II) (K2PtCl4), L-
ascorbic acid (AA), tetraethyl orthosilicate (TEOS), Sodium
hydroxide (NaOH), sulfuric acid (H2SO4), hydrogen peroxide

(H2O2), 2,2
′

-azino-bis(3-ethylbenzo-thiazoline-6-sulfonic acid)

diammonium salt (ABTS), 3,3
′

,5,5
′

-tetramethylbenzidine (TMB)
and o-phenylenediamine (OPD) were purchased from Alfa
Aesar (USA). Mumps antigen was purchased from Beijing
Cy-tech Biotech Co., Ltd. (China). Mumps antigen coated
plate, mumps virus IgM ELISA kit were purchased from
IBL International GmbH (Germany). Transmission electron
microscopy (TEM) images were acquired with Tecnai G2
T20 S-TWIN microscope. Energy dispersive X-ray analysis
(EDX) and scanning transmission electron microscopy
(STEM) element mappings were performed on Tecnai G2
F20 U-Twin microscope. The effective diameter and zeta
potential were obtained from Zetasizer Nano ZS. UV-vis-NIR
absorption spectra were obtained from Perkine-Elmer Lambda
950 and Varian Cary 50. The ELISA test was performed on
InfiniteTM M200.

Preparation of Au NRs and Au@Pt NRs
A seed-mediated growth method was used to synthesize Au NRs.
First, Au seeds were synthesized by reduction of HAuCl4 with
NaBH4. 100 µL of 24mM HAuCl4 was mixed with 7.5mL of
0.1MCTAB and 9.4mL water. 600µL of 0.01MNaBH4 was then
added. Vigorous stirring of the seed solution was continued for
3min, the seed solution was kept undisturbed at 30◦C for 30min
prior to any further experimentation. Growth solution consisted
of 2.04mL of 24mMHAuCl4, 1.05mL of 10mMAgNO3, 100mL
of 0.1M CTAB, and 2mL of 0.5M H2SO4. 120 µL seed solution
was added to the growth solution and 800 µL of 0.1M AA to
initiate the growth of Au NRs. After 12 h, the nanorods can be
concentrated by centrifugation at 12000 rpm for 5 min twice.

Au NR colloids (0.1mL) were added into the mixture of
K2PtCl4 (75 µL, 2mM) and freshly prepared ascorbic acid (15
µL, 0.1M AA). After stirring for 30min, the obtained Au@Pt
NRs can be concentrated by centrifuging at 12,000 rpm for 5
min twice.

Preparation of APMSNs and Ags-APMSNs
Au@Pt NR solutions (10mL) were added into the mixture of
CTAB (75 µL, 0.1M) and NaOH (50 µL, 0.2M) with stirring.
Three 30 µL TEOS (20%) were added at 30min intervals. The
mixture was stirring for 24 h in a 30◦C water bath. The obtained
APMSNs can be concentrated by centrifuging at 12,000 rpm for
5min twice. To remove the CTAB template, the precipitate was
collected and re-dispersed into 60mL ethanol/NH4NO3 solution
(6 g/L) for 24 h at 50◦C, and then centrifuged at 12,000 rpm for
5min twice with ethanol.
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FIGURE 1 | (A) Schematic diagram of the fabrication procedure for the Ags-APMSN. (B) Schematic illustration of the immunoassay of Ags-APMSN based

ELISA system.

APMSNs solution (50 µL 5 nM) were added into the mixture
of PBS buffer (900 µL, 0.1M, pH 7.4) and mumps antigen (50
µL, 10 mg/mL) and incubated for 96 h at 4◦C. The obtained Ags-
APMSNs were can be concentrated by centrifuging at 12,000 rpm
for 5min twice. The precipitate was re-dispersed in PBS buffer
(100 µL, 0.1M, pH 7.4).

Measurement of Peroxidase-Like Activity
of Ags-APMSNs
Experiments on the TMB-H2O2 catalytic reaction were carried
out with 0.4mM TMB, 100mM H2O2, and 0.05 nM Ags-
APMSNs in a reaction volume of 3mL. Unless otherwise stated,
the reaction was carried out at 30◦C in PBS buffer (0.1M, pH 5)
and used for absorption spectroscopic measurements at 650 nm.

Detection of Mumps-Specific IgM
Antibodies by ELISA
Firstly, 100 µL per well of mumps antigen was loaded into the
wells of a 96-well microtiter plate for 12 h at 4◦C. The plates were

then washed three times with PBST buffer. After that, 200 µL
of 5% BSA in PBS was added to the each wells and incubated
for 3 h at 30◦C. After the wells were washed with PBST buffer
three times, 100 µl of diluted samples were added to the each
wells and incubated at 37◦C for 0.5 h. After the wells were washed
with PBST buffer three times, 100 µl Ags-APMSNs were added
to wells and incubated at 37◦C for 0.5 h. After the wells were
washed with PBST buffer three times, 100 µL PBS buffer (pH
5) of substrate solution containing 0.4mM TMB and 100mM
H2O2 was added into each well. After incubating at 30◦C for
10min, the absorbance of each well was measured at 650 nm by a
microplate reader.

RESULTS AND DISCUSSION

Characterization of APMSNs and
Ags-APMSNs
The working principle of the rationally designed APMSNs was
schematically represented in Figure 1A. Au NRs (Figure 2A)
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were used as seeds to for subsequent overgrowth of Pt nanodots.
Pt nanodots with sizes of 2–3 nm formed a nanoisland shell
on Au NRs from the transmission electron microscopy (TEM)
image (Figure 2B). Obviously, the Au NRs provided a well-
dispersed surface distribution of Pt nanodots. The surfaces of
Au@Pt NRs are stabilized by the CTAB surfactants. The CTAB
molecules, can also serve as template for the formation of the
mesoporous silica shell. The average thickness of the mesoporous
SiO2 layer surrounding the Au@Pt NR was around 25 nm
(Figure 2C). Figure 2D showed STEM images and EDX element
mappings of Au, Pt, and Si for one selected nanoparticle. Pt
are found in the shell outside the Au core, and Si are in the

FIGURE 2 | Typical TEM images of (A) Au NRs, (B) Au@Pt NRs, and (C)

APMSNs. (D) STEM-HAADF image and STEM-EDX maps of Au, Pt, and Si,

respectively.

outer shell. Furthermore, after the removal of the CTAB by
NH4NO3/ethanol solution, the channel-like mesopores were all
open and gave good mass transport and accessibility to their
internal surfaces.

FIGURE 3 | UV-vis absorption spectra of Au NRs, Au@Pt NRs, APMSNs and

Ags-APMSNs. Insets are the corresponding photographs of the (a) Au NRs,

(b) Au@Pt NRs, (c) APMSNs, and (d) Ags-APMSNs solutions.

TABLE 1 | Different characterization of five kinds of nanoparticles.

Material LSPR

peak (nm)

Effective

diameter (nm)

Zeta

potential (mV)

AuNRs 768 17.1±0.6 20.9± 0.4

Au@Pt NRs 892 46.0±0.5 20.8± 0.6

Au@Pt@ mesoporous

SiO2 NRs with CTAB

template

916 100.6±0.7 −25.2± 0.6

APMSNs 926 92.1±0.6 −19.1± 0.6

Ags-APMSNs 950 126.9±1.5 −14.3± 0.5

FIGURE 4 | Stability of the Ags-APMSNs against pH (A) and temperature (B) variations from the viewpoints of effective diameter and Zeta potential. The samples

were treated with 0.1M PBS buffers (0.1M) with different pH values for 3 h or incubated at different temperatures for 3 h before characterizations.
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Due to the phenomenon of surface plasmon resonance
(SPR), the Au NRs exhibit striking optical properties. The
SPR properties of Au NRs depend on the aspect ratio and
the dielectric constant of gold and surrounding medium.
In our experiment, Au NRs exhibited a longitudinal SPR
(LSPR) peak at 768 nm (Figure 3), and the LSPR peak of the
Au@Pt NRs shifted toward the red direction (892 nm) when
Pt nanodots were formed on the surface of Au NRs. The
quite large red-shift and intensity damping here mainly came
from the dielectric constant of the Pt and the porous shell
structure of the Pt nanodots. Figure 3 also showed that upon
surface modification by mesoporous SiO2 layer and antigen
molecular, the position or width of the Au@Pt NRs remained
almost unchanged.

In this study, we used dynamic light scattering (DLS)
measurements to determine the surface potential of the
nanoparticles (Table 1). The positive charge (ζ = +20mV)
developed in Au NRs and Au@Pt NRs were assumed to
CTAB bilayer at the NR surface. As shown in Table 1,
mesoporous SiO2 coating reversed the surface charge of
the Au@Pt NRs to negative. After removal of the CTAB
template there is a small loss of charge. Table 1 also illustrated
that the surface potential become less negative after antigen
conjugation process, due to the electrostatic interaction between
the positively charged antigen and the negatively charged
nanorod surface.

FIGURE 5 | (A) Photographs of the reaction solutions in the absence and

presence of Ags-APMSNs [(a) OPD, (b) TMB and (c) ABTS]. (B) UV-vis

absorption spectra of the TMB-H2O2 (black line), TMB-Ags-APMSNs (red line),

and TMB-H2O2-Ags-APMSNs (blue line) solution. The concentration of TMB

was 0.4mM, the concentration of H2O2 was 100mM, the concentration of

Ags-APMSNs was 0.05 nM and the reaction time was 10min.

Additionally, DLS measurements were used to monitor the
effective diameter of the nanoparticles. It is worth notioning
that the DLS measurements only provides an average spherical
diameter; hence, due to the rod shape, the effective sizes
determined by DLS measurements here cannot be taken literally.
The effective sizes in our case was used to demonstrate the
relative size upon the variation of coatings. The DLS results
revealed that the effective diameter of Au NRs, Au@Pt NRs,
and APMSNs with CTAB template were 17.1 ± 0.6, 46.0 ± 0.5,
and 100.6 ± 0.7 nm, respectively. Table 1 further showed that
the effective diameter of the APMSNs increased evidently from
92.1 to 126.9 nm after antigen conjugation process. These results
demonstrated the successful preparation of the Ags-APMSN
based on the chemical modification that can be used in the
following immunoassay.

The stability of Ags-APMSNs upon pH and temperature
changes were determined using DLS analysis as well. Previous
studies suggested that the CTAB-stabilized Au@Pt NRs showed
low dispersion stability in PBS buffers (Liu et al., 2012),
whereas mesoporous shell could keep these active Au@Pt
NRs catalysts robust to harsh environments (Figure 4). The
results indicated that no obvious change was observed for
the effective diameter and Zeta potential of the Ags-APMSNs
over a wide range of pH from 3 to 9 and temperatures from
20 to 80◦C.

Peroxidase-Like Activity of Ags-APMSNs
Previously, we found that Au@Pt NRs have intrinsic peroxidase-
like activities, and the experimental and calculated results
suggest the peroxidase-like activities of Au@Pt NRs can be
ascribed to the larger surface exposure of the Pt island shell
(Shen et al., 2015). Figure 5A showed the comparison of
Ags-APMSN catalyzed oxidation reaction and color changes

FIGURE 6 | Absorbance evolution at 650 nm as a function over time for TMB

oxidation in the presence of H2O2 catalyzed by APMSNs and Ags-APMSNs.

The concentration of TMB was 0.4mM, the concentration of H2O2 was

100mM and the concentration of APMSNs or Ags-APMSNs was 0.025 nM.
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FIGURE 7 | (A) Time-dependent absorbance changes of oxidation of TMB in the presence of H2O2. Effects of TMB concentration (B), H2O2concentration (C),

Ags-APMSNs concentration (D), pH (E), and temperature (F) on catalytic activity of the Ags-APMSNs. Reaction conditions: (A) 0.4mM TMB, 100mM H2O2, and

0.05 nM APMSNs; (B) 100mM H2O2, 0.05 nM APMSNs and 10min; (C) 0.4mM TMB, 0.05 nM APMSNs and 10min; (D) 0.4mM TMB, 100mM H2O2 and 10min; (E)

0.4mM TMB, 100mM H2O2, 0.05 nM APMSNs and 10min at different pH; (F) 0.4mM TMB, 100mM H2O2, 0.05 nM APMSNs and 10min at different temperatures.

occurring with horseradish peroxidase (HRP) labels with
different chromogens, such as TMB, OPD, and ABTS in the
presence of substrate (H2O2), suggesting that the functionalized

nanoprobe, Ags-APMSNs, had the peroxidase-like activity of
Au@Pt NRs, consistent with the previous study (Liu et al.,
2012).

Frontiers in Chemistry | www.frontiersin.org 6 June 2020 | Volume 8 | Article 46335

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Long et al. Novel Nanoprobe for Virus Diagnosis

Furthermore, we selected TMB as the colorimetric substrate
to demonstrate this clearly. It has been well-established that
TMB can be oxidized by hydrogen peroxide to form a
blue color product, as judged by the appearance of the
characteristic absorption peak at 650 nm. As shown in Figure 5B,
in the absence of Ags-APMSNs, the TMB–H2O2 solution
presented a negligible absorption in the range from 500
to 800 nm. In contrast, after addition of Ags-APMSNs, the
solutions exhibited adsorption peaks centered at 650 nm. The
significant increase in absorbance at 650 nm suggests that Ags-
APMSNs catalyzes the oxidation of TMB by H2O2. All these
observations confirmed the intrinsic peroxidase-like activity of
the Ags-APMSNs, similar to that found in Au@Pt NRs previously
(Liu et al., 2012).

On the other hand, for most nanozyme, the catalytic sites
and recognition sites are not spatially separated. Hence, antigens-
occupied catalytic sites should influence the catalytic activity of
Au@Pt NRs and cause extra waste of catalysts. The encapsulation
of Au@Pt NR in mesoporous SiO2 shell was able to hinder the
interaction between nanoparticles and antigen moleculars, and
the reacting substrates can directly access the Au@Pt NR cores
through the mesopores within the SiO2 shells and the product
can readily exit through these mesopores.

As shown in Figure 6, the Ags-APMSNs exhibited an catalytic
activity toward TMB in the presence of H2O2 similar to the
case of APMSNs (the Ags-APMSNs maintained 90% activity of
APMSNs). Since antigens conjugation had negligible influence
on the catalytic activity of the APMSNs, this designed nanozyme
have realized spatial separation of recognition sites and
catalytic sites.

Effect of Substrate and Ags-APMSNs
Concentrations, pH, and Temperature
It has been reported that the peroxidise-like activities activity
of nanozyme is dependent on the substrate concentrations, pH
of the reaction buffer and incubation temperature. The color
reaction of TMB by H2O2 was employed to optimize the catalytic
condition (Figure 7A). Figure 7B showed the dependence of
absorbance at 650 nm on the concentration of TMB. The results
indicated that the catalytic activity of Ags-APMSNs was rapidly
increased initially with the increase of TMB concentration and
then tended to saturate beyond 0.2mM. Only slight changes
in light intensity were observed when TMB concentration
was above 0.2mM. The influence of H2O2 concentration was
investigated and the results were shown in Figure 7C. It can be
seen that the activity of Ags-APMSNs increased with increased
H2O2 concentration from 1 to 100mM. As shown in Figure 7D,
the catalytic activity of Ags-APMSNs increased gradually with
the concentration of Ags-APMSNs from 0.005 to 0.06 nM.
To know whether the catalytic activity of the Ags-APMSNs
was dependent on pH of the reaction buffer and incubation
temperature, the experiments were performed by varying the
pH from 3 to 9 and temperatures from 20 to 80◦C. The result
suggested that the optimal pH is 5 and the optimal temperature
is 30◦C (Figures 7E,F), which was consistent with the feature of
HRP labels.

Based on abovementioned results, the optimum conditions
selected for the following biomedical assay were as follows:
0.4mM TMB, 100mMH2O2, pH 5, and 30◦C.

Application of Immunoassay
Figure 1B is a schematic of the whole assay steps used
in this work, which the Ags-APMSNs were utilized as a
nanoprobe instead of HRP labels for the determination of

FIGURE 8 | Calibration plot of absorption values at 650 nm vs.

mumps-specific IgM antibodies at different concentration. The insets are the

typical photograph of the wells of the Ags-APMSN-based ELISA.

FIGURE 9 | Specificity of mumps virus, BSA, measles virus (MV), rubella virus

(RV), and varicella-zoster virus (VZV) positive serum using Ags-APMSN-based

ELISA.

TABLE 2 | Comparison of assay performance of Ags-APMSN-based ELISA and

commercial ELISA for real blood serum samples.

Assay Total Positive Negative

Ags-APMSN-based

ELISA

40 20 20

Commercial ELISA 40 20 20
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mumps-specific IgM antibodies. The assay was performed in
mumps antigen-immobilized microplate wells. First, the samples
were added and mumps-specific IgM antibodies present in
the sera would bind to the antigens. After washing, bound
IgM antibodies were detected using Ags-APMSNs, following
which a detector system with chromogen substrate revealed the
presence or absence of mumps-specific IgM antibodies in the
test samples.

Figure 8 showed the typical curve for different concentrations
of mumps-specific IgM antibodies standard solutions. Owing
to the high catalysis activity of Ags-APMSN, this proposed
ELISA generated higher absorbance at 650 nm than the
commercial ELISA and was able to quantify the target
antigen faster. Significantly, compared to the commercial ELISA
or captured-ELISA method (Glikmann et al., 1986), greatly
amplified sensitivity was achieved as this proposed method
has a limit of detection for mumps-specific IgM antibodies
of 10 ng/mL in the linear range from 10 to 105 ng/mL.
Moreover, as the SiO2 shell have less interaction with plate
surface, the unbound Ags-APMSN could be removed when
the plates were washed. Thus, this proposed ELISA could
reduce the high background signal or false-positive reactions
as well.

For testing if the detection of mumps-specific IgM antibodies
was specific, control experiments were taken using BSA, measles
virus, rubella virus and varicella-zoster virus positive serum.
The selectivity of this proposed method was shown in Figure 9.
In comparison to the mumps virus positive serum, there were
no remarkable response in the other samples, indicating this
proposed ELISA exhibited high selectivity toward mumps-
specific IgM antibodies (Figure 9).

Also, the proposed ELISA based on Ags-APMSN catalyzed
colorimetric immunoassay was tested in real blood serum for
the diagnosis of mumps. The serum sample was obtained
from Zaozhuang Municipal Center for Disease Control and
Prevention and diluted 100 times in dilution buffer before
assay (Figure S1 and Table S1). The results were compared
with those obtained by the commercial ELISA (Table 2).
As can be seen, the results obtained from this proposed
ELISA agreed well with those obtained from the commercial
ELISA. Therefore, the proposed method is suitable and
satisfactory for diagnosis of mumps of real samples in
clinical application.

CONCLUSION

In conclusion, a novel nanoprobe was designed and synthesized.
The results have shown that this functionalized nanoprobe,
Ags-APMSNs, had intrinsic peroxidase-like activity, which

can also serve as a medical diagnosis regent. In contrast to
the natural enzyme labels, the obtained Ags-APMSNs are
readily prepared, robust in harsh chemical environment,
and cost-effective. Notably, the mesoporous SiO2 shell
was able to hinder the interaction between catalytical
nanoparticles and recognition antigens, retaining the catalytic
activity of the inner active nanoparticle core. To facilitate
further applications of this nanoprobe, an immunoassay
was performed based on their enhanced catalytic activity.
The nanoprobes were successfully utilized to detect the
mumps-specific IgM antibodies in sera sensitively with
the limit of detection as low as 10 ng/mL. The present
work confirmed that the Ags-APMSNs were expected as a
novel immunological probe for a wide range of practical
applications in various areas, ranging from biosensing to clinical
virus diagnosis.
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Nanozymes have been widely applied in bio-assays in the field of biotechnology and

biomedicines. However, the physicochemical basis of nanozyme catalytic activity remains

elusive. To test whether nanozymes exhibit an inactivation effect similar to that of natural

enzymes, we used guanidine chloride (GuHCl) to disturb the iron oxide nanozyme

(IONzyme) and observed that GuHCl induced IONzyme aggregation and that the

peroxidase-like activity of IONzyme significantly decreased in the presence of GuHCl.

However, the aggregation appeared to be unrelated to the quick process of inactivation,

as GuHCl acted as a reversible inhibitor of IONzyme instead of a solo denaturant.

Inhibition kinetic analysis showed that GuHCl binds to IONzyme competitively with H2O2

but non-competitively with tetramethylbenzidine. In addition, electron spin resonance

spectroscopy showed that increasing GuHCl level of GuHCl induced a correlated pattern

of changes in the activity and the state of the unpaired electrons of the IONzymes. This

result indicates that GuHCl probably directly interacts with the iron atoms of IONzyme

and affects the electron density of iron, which may then induce IONzyme inactivation.

These findings not only contribute to understanding the essence of nanozyme catalytic

activity but also suggest a practically feasible method to regulate the catalytic activity

of IONzyme.

Keywords: nanozyme, peroxidase, guanidine chloride, activity inhibition, electron spin resonance, g-factor,

aggregation

INTRODUCTION

Since the discovery of the peroxidase-like activity of iron oxide nanoparticles in 2007 (Gao
et al., 2007), the application of nanozymes has rapidly emerged as a novel field. Nanozymes have
been widely used in the field of biotechnology and biomedicine, e.g., hydrogen peroxide (H2O2)
detection (Wei and Wang, 2008), DNA detection (Park et al., 2011), and immunohistochemical
staining (Wu et al., 2011). To date, nanozymes have been described as nanomaterials with intrinsic
enzyme-like activities, which are of broad interest for clinical use (Quick et al., 2008; Kelong et al.,
2012; Zhang et al., 2016).

Many researchers believe that the nanoscale effect is a decisive factor in the nanozyme’s catalytic
activity. Nanomaterials can simulate the function of proteins by modifying their size, surface
charge and groups (Kotov, 2010). In particular, the surface charge properties of the nanomaterials
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are considered to play a key role in the nanoscale effect (Sen
and Barisik, 2018). However, it is still lacking direct evidence
to support this hypothesis. Given that ferrous ions are capable
of catalyzing the degradation of H2O2 in the Fenton reaction
(Fenton, 1894), many researchers believe that the iron atom
at the surface of iron oxide nanozymes (IONzyme) probably
participates in the Fenton mechanism (Wang et al., 2010; Niu
et al., 2011) and contributes to the catalytic capacity. However,
the peroxidase-like activity of the non-metal nanozymes (e.g.,
carbon-based nanozymes) (Song et al., 2010) could not be
explained by the Fenton mechanism (Wei and Wang, 2013).
Therefore, in addition to the Fenton reaction, other nanozyme
mechanisms must be elucidated by further theoretical and
experimental studies.

Fan and colleagues simulated the catalytic microenvironment
of horseradish peroxidase (HRP) on the surface of IONzyme
by histidine residue modification and successfully boosted
the catalytic efficiency of IONzyme up to 20.8 times (Fan
et al., 2017). This result illuminates another aspect of
nanozyme’s catalytic activity and showed that protein-
based enzymology theory and methodology could facilitate
uncovering the underlying mechanism of the enzyme-like
activity of nanomaterials. “Enzyme inactivation,” e.g., by
site-specific mutation, protein truncation, inhibition, and
denaturation to reduce the enzyme activity, is a standard
strategy for studying the active site and catalytic mechanism
of a protein enzyme by comparing the enzymatic properties
of the inactivated protein with those of its native form.
Therefore, a controllable method of nanozyme inactivation
would add to our understanding of the essence of its
catalytic mechanism.

Recently, Zhang and colleagues recorded IONzyme
inactivation concurrent with IONzyme aggregation when
the IONzymes were suspended in cell culture medium (DMEM
with 10% fetal bovine serum). They ascribed the decrease in
activity to the medium-induced aggregation of nanoparticles
(Zhang et al., 2016). Meanwhile, Liu and colleagues observed
that halide ions (Xs) can affect the activity of gold nanozyme. The
enzymatic-inhibition effect of Xs did not show time dependence,
although the size of the gold nanozymes varied over time (Liu
et al., 2017). Although these studies did not reach an agreement
on the explanation of nanozyme inactivation, they implied
that ion-rich conditions can reduce the enzymatic activity of
nanozymes, which further revealed that nanozymes can exhibit
inactivation properties analogous to those of protein enzymes.
However, an in-depth investigation is still needed to uncover the
underlying details.

In this study, we analyzed the effects of GuHCl, a commonly
used denaturant for natural enzymes, on the representative
peroxidase-like activity of IONzyme in the presence of hydrogen
peroxide (H2O2) and tetramethylbenzidine (TMB). We found
that GuHCl induced both aggregation and inactivation of
IONzyme and bound to the iron atom on the surface of
IONzyme, resulting in inactivation. The substrate H2O2 may
bind to the iron atom because of its competition with GuHCl in
binding to IONzyme, and TMB is associated with oxygen atoms
because of its non-competition with GuHCl.

MATERIALS AND METHODS

Reagents
Iron-based nanozyme Fe3O4 magnetic nanoparticles
(IONzymes; Diameter, 90 nm) were synthesized according
to the solvothermal method (Fan et al., 2017; see the brief
description in the materials and methods section in the
supporting information). The nanozyme suspensions were ultra-
sonicated (250W, 15 s; SCIENTZ, Zhejiang, China) before use if
not stated otherwise. Tetramethylbenzidine chromogen solution
(TMB, ε = 3.9 × 104 M−1cm−1 at 652 nm) was purchased
from Wantai Co. Beijing (China). Guanidine hydrochloride
(GuHCl) was purchased from Amresco (Solon, OH, USA).
Hydrogen peroxide (H2O2) and sodium acetate buffer (NaAc,
pH = 4.5) were purchased from Sinopharm Chemical Reagent
(Shanghai, China). Distilled water was retreated and collected
on a Thermo Scientific Barnstead Nanopure water purifier (18.2
MΩ ; Dubuque, IO, USA).

Assay of Peroxidase-Like Activity
The peroxidase-like activities of IONzyme were measured in
TMB chromogen solution. IONzyme suspension with or without
GuHCl was loaded into a 96-well plate and incubated at room
temperature (usually ∼2min unless otherwise stated), followed
by the addition of the working solution, and the absorbance
(652 nm, see the UV/Vis absorption spectra of reaction solutions
containing TMB with or without GuHCl in Figure S3) was
recorded at 37◦C on a Microplate spectrophotometer (Molecular
Devices, Sunnyvale, CA, USA). The working solution containing
TMB chromogen solution mixed with NaAc buffer at 1:1 (v/v)
with the addition of H2O2. Given the Nanozyme aggregation
probably disturbed the absorption reading (Figure 1A), the
initial reaction velocity (V0) was calculated by the software using
0–300 s reads (Softmax pro 6, Molecular Devices, Sunnyvale,
CA, USA) and used to evaluate the peroxidase-like activity of
IONzyme. Note that the 100 µL reaction mixture contained
concentrations of TMB, H2O2 and IONzyme of 0.4, 600mM, and
5 mg/L, respectively, unless otherwise stated. The pH of all the
reactionmixtures are 4.5. For the computation of IC50, the curves
were fit to

y = 100%/[1+ (I/IC50)] (1)

where I is the inhibitor concentration, and y is the percentage
of activity.

For recycling IONzymes, GuHCl was removed from the
reaction mixture by centrifugation (16,000 × g, 25◦C, 30min).
After the GuHCl supernatant was discarded, the precipitated
IONzyme was washed with H2O twice. Then, the washed
IONzymes were resuspended in H2O or GuHCl to the same
volume for the activity assays.

Inhibition Kinetics Analysis
The inhibition kinetics assays were carried out under the
conditions described above, except for measurements of
IONzyme activities using different concentrations of TMB
at a fixed concentration of H2O2 (2.7M) or using different
concentrations of H2O2 at a fixed concentration of TMB
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FIGURE 1 | Changes in the activity of IONzyme at different concentrations of GuHCl. IONzyme (final concentration, 0.5 µg/100 µl) was mixed with 2.0M GuHCl in

water at room temperature. H2O2 (0.6M) and TMB (0.4mM) suspended in 200mM sodium acetate buffer (pH 4.5) were added to the reaction mixture, followed by

measurements of the absorbance at 652 nm (pH 4.5, 37◦C) (A). Changes in the absorbance between 0 and 150 s were used to calculate the peroxidase-like activity

of IONzymes (nM·s−1). Aliquots (blue, oxidized TMB) were taken in Eppendorf tubes from the reaction at 2min, compared with H2O as a control (B). IONzyme was

mixed with different concentrations of GuHCl, and aliquots were taken for activity measurement (n = 12) (C). The data on the relative changes in the peroxidase activity

of IONzyme incubated with 2.0M GuHCl for different times were normalized to those of the untreated control (n = 6) (D). Data are the mean ± SD. ***P < 0.001.

(0.4mM). The apparent kinetic parameters were calculated based
on the function

V0 = Vmax ×
[S]

Km + [S]
(2)

where V0 is the initial reaction velocity, Vmax is the maximal
reaction velocity, [S] is the concentration of substrate and Km is
the Michaelis constant.

Dynamic Light Scattering (DLS)
The IONzyme was incubated with GuHCl, and the intensities
of light scattering were recorded at different time points on a
DynaPro NanoStar DLS instrument (Wyatt technology, Santa
Barbara, CA, USA). The resulting hydrodynamic radii were
calculated according to the manufacturer’s instructions.

Electron Spin Resonance (ESR)

Spectroscopy
IONzymes were mixed with NaAC buffer (pH = 4.5)
and GuHCl as mentioned above. Then, the mixtures
were transferred into a glass capillary and placed in the
ESR cavity. All ESR measurements were carried out at
room temperature on an ESR spectroscope (Bruker A300-
10/12, Billerica, USA) with 20 mW microwave power.
The modulation field was 1G, and the scan range was
6,000 G.

Statistical Methods
Data are shown as the means ± SD. Data were obtained from
at least three independent experiments. One-way ANOVA was
applied for mean comparison. Significance was accepted at
p < 0.05.
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RESULTS

IONzyme Is Inactivated by GuHCl in a

Concentration- and Treatment

Time-Dependent Manner
To test whether IONzyme could be inhibited by GuHCl as a
natural enzyme could, we mixed IONzyme (φ = 90 nm) with
GuHCl (2.0M) and tested the peroxidase activity using a H2O2-
3,3′,5,5′-tetramethylbenzidine (TMB) colorimetric system (Fan
et al., 2017). A deeper blue color indicates more oxidized TMB
produced. As shown in Figure 1A, the activity of IONzyme,
represented by absorbance detection, decreased dramatically in
the presence of GuHCl compared with the control group in the
absence of GuHCl. The product in the GuHCl-containing system
was a shallower blue than that generated in the control, indicating
that the enzyme-like activity of IONzymes declined after mixing
with GuHCl (Figure 1B).

To reveal the character of IONzyme inactivation by GuHCl,
we analyzed the effects with a concentration gradient of GuHCl
solution. As shown in Figure 1C, the activity of IONzyme
(initial reaction velocity, V0) significantly decreased at GuHCl
concentrations higher than 0.4M. Higher concentrations gave
a stronger effect. The IC50 for the decrease in IONzyme
activity was ∼2.6M GuHCl. The activity of IONzyme was not
markedly affected by GuHCl concentrations no greater than
0.2M (Figure 1C). When the incubation time of IONzyme
with GuHCl increased to 24 h, the GuHCl-induced IONzyme
inactivation became stronger within the effective concentrations,
and the complete repression of IONzyme was detected in 1M
GuHCl (Figure S1). These data indicated that IONzyme activity
can be inhibited by GuHCl in a concentration- and time-
dependent manner.

To further investigate the IONzyme-GuHCl interaction, we
incubated IONzyme with GuHCl for different lengths of time
(0, 5, 10, 15, and 30min) and measured its activity. As shown

in Figure 1D, ∼70% decreases in activity could be immediately
detected upon the addition of GuHCl. The level of residual
activity in the presence of GuHCl did not change when the
incubation time was prolonged for no more than 15min, and
the activity fluctuated slightly upon incubation for 30min.
These results indicated that the interaction between GuHCl and
IONzyme rapidly approaches equilibrium in the initial stage.
The suppression of IONzyme activity may identify GuHCl as an
inhibitor of IONzyme.

GuHCl-Induced Inhibition of IONzyme Is

Reversible
To clarify whether the inhibitory effect of GuHCl on IONzyme
peroxidase-like activity is reversible, we tested the peroxidase-
like activity of IONzyme recycled from the IONzyme-2MGuHCl
mixture using centrifugation. Upon the addition of GuHCl, As
shown in Figure 2, the IONzyme in 2M GuHCl retained 33% of
the activity of the control (p < 0.001), and the recycled IONzyme
(de-GuHCl sample) exhibited 86% activity. Furthermore, when
we re-added 2M GuHCl to the de-GuHCl sample and tested
the activity again, the same level of inhibition compared with
the control (∼67%) of IONzyme occurred again. The remaining
activity showed no significant difference from that of the GuHCl
sample before recycling (P = 0.9557), and the dynamics curve
of the reaction maintained the same pattern (Figure 2B). These
data indicate that the inhibitory effect of GuHCl on IONzyme
is reversible.

GuHCl Acts as an IONzyme Inhibitor by

Competition With the Substrate H2O2
To investigate the mechanism of the interaction between GuHCl
and IONzyme, we performed inhibition kinetic analysis. First,
H2O2 was titrated at several fixed concentrations (1, 1.5,
and 2M) of GuHCl and at a fixed concentration of TMB.

FIGURE 2 | GuHCl is a reversible inhibitor of IONzyme. The peroxidase activity of recycled IONzyme was analyzed and shown by the dynamic changes in the

absorbance (A) and the relative activity (B). Conditions are shown in Figure 1. Samples included the untreated IONzyme control (H2O), IONzyme mixed with GuHCl

(GuHCl), recycled IONzyme after the removal of GuHCl (de-GuHCl), and the de-GuHCl sample with GuHCl re-added (re-GuHCl) (n ≥ 12). Data are the mean ± SD.

***P < 0.001, No significance (N.S.), P > 0.5.

Frontiers in Chemistry | www.frontiersin.org 4 June 2020 | Volume 8 | Article 49142

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Mo et al. GuHCl Reversibly Inhibits Fe3O4 Nanozyme

The results showed that the GuHCl-IONzyme interaction fit
the Michaelis–Menten model. As shown in Figures 3A,B, the
lines for GuHCl-treated samples intersected on the Y axis,
suggesting that GuHCl is a competitive inhibitor of IONzyme
against the substrate H2O2. Second, similar experiments were
carried out with different concentrations of TMB and fixed
concentrations of H2O2. During this time, the lines for GuHCl-
treated groups intersected on the X axis, indicating that GuHCl
is a non-competitive inhibitor of IONzyme with TMB as
a substrate (Figures 3C,D). For both experiments, the lines
of the control samples (without the addition of GuHCl)
deviated somewhat from the intersection point compared to
other lines.

The data were fitted to the Michaelis–Menten model to
obtain the parameters, which are presented in Table 1. When

using H2O2 as a substrate, Vmax is stable with increasing
inhibitor concentration; that is, the effect of GuHCl can
be eliminated by increasing the concentration of H2O2 in
the reaction system. However, the value of Km gradually
increased, i.e., with increasing inhibitor concentration,
the affinity between IONzyme and H2O2 decreased, and
these changes were consistent with the characteristics of
competitive inhibitors. When TMB is used as a substrate,
with increasing inhibitor concentration, Vmax decreases
while Km remains unchanged, which is consistent with
the characteristics of non-competitive inhibition. After the
addition of 1M GuHCl, the catalytic efficiency of IONzyme
on TMB and H2O2 decreased by 46 and 56%, respectively,
and both decreased further as the concentration of GuHCl
was increased.

FIGURE 3 | Inhibition kinetics analysis of IONzyme at different GuHCl concentrations. Conditions are shown in Figure 1, except that Km, Vmax, kcat, and kcat/Km were

analyzed at different H2O2 concentrations (A). The Lineweaver-Burk plot of the data from (A) is shown in (B). The data for different concentrations of TMB are shown

in (C) and the Lineweaver-Burk plot of the data from (C) are in (D). Data from 3 separate experiments (n ≥ 8). Data are the mean ± SD.
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TABLE 1 | Comparison of the kinetic parameters of Fe3O4 IONzymes in H2O or GuHCl.

[E] (M) Substrate Km (mM) Vmax (M s−1) kcat (s
−1) kcat/Km (s−1 M−1)

IONzyme

(in water)

4.2 × 10−12 TMB 0.267 2.70 × 10−7 6.43 × 104 2.41 × 108

4.2 × 10−12 H2O2 1,165 2.07 × 10−7 4.93 × 104 4.23 × 104

IONzyme

(GuHCl- 1M)

4.2 × 10−12 TMB 0.157 8.52 × 10−8 2.03 × 104 1.29 × 108

4.2 × 10−12 H2O2 1,033 8.12 × 10−8 1.93 × 104 1.87 × 104

IONzyme

(GuHCl- 1.5M)

4.2 × 10−12 TMB 0.158 7.26 × 10−8 1.73 × 104 1.09 × 108

4.2 × 10−12 H2O2 1,496 7.98 × 10−8 1.90 × 104 1.27 × 104

IONzyme

(GuHCl- 2M)

4.2 × 10−12 TMB 0.148 6.12 × 10−8 1.46 × 104 9.86 × 107

4.2 × 10−12 H2O2 2,200 8.52 × 10−8 2.03 × 104 9.23 × 103

Km, the apparent affinity; [E] is the IONzyme concentration, Km is the Michaelis constant, Vmax is the maximal reaction velocity and kcat is the catalytic constant, where kcat = Vmax/[E].

kcat/Km reflects the catalytic efficiency.

Inactivation May Not Depend on

GuHCl-Induced IONzyme Aggregation
To determine whether the reported IONzyme aggregation was
involved in the GuHCl-induced inactivation of IONzyme, in
addition to the competitive interaction of GuHCl with substrate
H2O2, the progressive aggregation of IONzymes was recorded
during incubation with 2M GuHCl for 30min by dynamic
light scattering. The size was represented by the hydrodynamic
radius. As shown in Figure 4A, the size of IONzymes with
water as a control did not significantly change during the
incubation. However, the IONzymes with GuHCl were markedly
larger than the control at 0 h and continued to increase with
time, indicating that aggregates appear immediately upon the
addition of GuHCl and continue growing. On the other hand,
the activity of IONzymes, as mentioned previously, dropped
immediately after IONzymes were mixed with GuHCl and
remained stable at an inhibited level (35–55% of control)
during the 30min incubation (Figure 1D). Thus, the growth of
aggregates did not enhance the inactivation. Since the activity of
IONzymes was not changed at GuHCl concentrations>0.4M, we
determined whether IONzyme aggregation was induced at a low
concentration of GuHCl (0.2M) The results distinctly showed
aggregation of IONzyme in 0.2M GuHCl after 24 h, even using
a µm-scale microscope (Figure 4B).

To demonstrate that aggregation did not affect the function
of IONzyme, we employed 1M (NH4)2SO4, another commonly
applied inducer for protein aggregation, to determine
whether it could mimic the effects of GuHCl. As shown
in Figures 4C,D, the size of particles did not significantly
change after 1 h of incubation in water (with radii of 54.18
± 0.86 nm at 0 h and 53.02 ± 3.29 nm at 1 h) but was
distinctly enlarged in (NH4)2SO4 with either no or 1 h pre-
incubation, and longer pre-incubation times gave larger
aggregates (with radii of 114.80 ± 9.37 nm at 0 h and 388.87
± 27.56 nm at 1 h). Moreover, the aggregated samples with
different sizes show similar activities. These data indicate
that IONzyme aggregation, which was also induced by
1M (NH4)2SO4,, does not affect the activity of IONzymes.
Therefore, the GuHCl-IONzyme interaction definitely induces
incidental IONzyme aggregation, but the aggregation may not
contribute to GuHCl-induced IONzyme inactivation under our
experimental conditions.

Interaction Between GuHCl and Iron Atom

Correlates With the Inactivation of

IONzymes
To check whether GuHCl binds to the iron atom in the
interaction between GuHCl and IONzyme, we applied ESR
spectroscopy to analyse the unpaired electrons in the IONzymes,
which could reflect the character of the iron atom (Hagen, 2008).
Wemixed IONzyme with GuHCl in NaAC buffer (pH= 4.5) and
measured the ESR spectrum at room temperature (Figure S2). As
shown in Figure 5A, the g-factor value could be observed. The
value of the g-factor was approximately 2.4 in the control and did
not show a significant change in GuHCl at concentrations lower
than 0.2M. Then, it decreased quickly until the concentration
of GuHCl reached 2M and remained slightly >2.2. The change
in the g-factor value with increasing GuHCl level shows a
similar pattern to the inactivation of IONzymes under the same
experimental conditions (Figure 1C, Figure S1). These results
suggest that the activity changes in IONzyme are due to the
interaction of IONzyme with GuHCl. GuHCl binds to the iron
atom and affects the electron density of iron, inducing IONzyme
inactivation. In addition, the inactivation level could be adjusted
by GuHCl at concentrations between 0.4 and 2 M.

Based on the above experimental results, we established a
model for IONzyme catalyzed reaction (Figure 5B). Since GuHCl
binds to the iron atom on the IONzyme, and is a competitive
inhibitor for H2O2, we conclude that H2O2 also binds the iron
atom on the IONzyme during the reaction. GuHCl binds to the
IONzyme non-competitively with TMB, so TMB binds to the
oxygen atoms on the IONzyme.

DISCUSSION

In the current study, we employed GuHCl to investigate
whether IONzyme has the characteristic inactivation property
of a natural enzyme. The results show that GuHCl induces
IONzyme aggregation and inhibits the representative peroxidase-
like activity of IONzyme in a concentration- and treatment time-
dependent manner. However, the aggregation process appears to
be unrelated to inactivation; instead, GuHCl acts as a reversible
inhibitor showing typical kinetic competition with substrate
H2O2. ESR spectrum analysis revealed that the interaction of
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FIGURE 4 | The relationship between the IONzyme peroxidase-like activity and the radius. Dynamic light scattering was employed to measure the hydrodynamic radii

of IONzymes. Time course of IONzyme hydrodynamic radii in H2O or 2M GuHCl (A) IONzyme aggregation was observed under a microscope after incubation the

Nanozyme (0.91 µg/100 µl; concentration of Nanozyme in the Nanozyme-GuHCl incubation mixture before adding the reaction buffer) in 0.2M GuHCl for 24 h

(B) Comparison of IONzyme hydrodynamic radius (C) and peroxidase-like activity (D) in H2O or 0.5M (NH4)2SO4 with 0 or 1 h pre-incubation time. ***P < 0.001 (vs.

H2O−0 h). ###P < 0.001 (vs, (NH4)2SO4−0 h).

GuHCl with IONzyme induces changes in the unpaired electrons
in the iron atom correlated with the inactivation of IONzyme.
Our study revealed a reversible inhibition property of IONzyme
mimicking that of protein enzymes and provided another way to
interpret the catalytic mechanism and control nanozyme activity.

Similar to the inactivation and reactivation of a protein
enzyme, the reversibility of the inactivation of IONzyme in the
presence of GuHCl was also observed under our experimental
conditions. To indicate this characteristic inactivation, we
applied GuHCl and developed a procedure to affect the
peroxidase-like activity of IONzymes. Although proteins
undergo denaturation and renaturation, most proteins cannot be
completely reactivated after inactivation by GuHCl denaturation;
examples include creatine kinase (CK) (Zhou et al., 1993) and
D-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Liang

et al., 1990). Proteins are characterized as “fragile” and are
much more vulnerable to denaturants than IONzymes. The easy
inactivation and reactivation of IONzyme suggest a convenient
way to regulate its function by adjusting the concentration of
GuHCl, which may facilitate the application of IONzyme.

GuHCl is widely used as a denaturant of authentic enzymes.
As described previously (Zhang et al., 1993), protein inactivation
and aggregation feature in “a fast inactivation followed by a slow
conformational change:” that is, while the protein conformation
undergoes little change, the enzymatic activity will decrease
markedly (Xiao et al., 1993). This phenomenon is explained
by the concept that the active site is much more flexible than
the conformation of the molecule as a whole (Tsou, 1998).
Therefore, the active site is vulnerable to disturbance by the
denaturant GuHCl, and inactivation occurs before the overall

Frontiers in Chemistry | www.frontiersin.org 7 June 2020 | Volume 8 | Article 49145

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Mo et al. GuHCl Reversibly Inhibits Fe3O4 Nanozyme

FIGURE 5 | Mechanism of the peroxidase reaction catalyzed by IONzyme. Electron spin resonance spectroscopy was used to analyse the interaction between

IONzyme and GuHCl in sodium acetate buffer. The change in the g factors of IONzymes in different concentrations of GuHCl (A). A putative Scheme of IONzyme

catalytic reaction (B).

proteinmolecular conformation changes. The denaturant GuHCl
is regarded as a conformational change reagent but does not bind
to the essential catalytic groups (Zhou et al., 1993). Now, we
can see that GuHCl induces fast inactivation followed by a slow
conformational (aggregation) change in IONzyme and acts as an
inhibitor in addition to the common role of denaturant. On the
other hand, the role of inhibitor was supported by the enzymatic
kinetics assay. However, the straight line of the control sample
(without the addition of GuHCl) in the reaction of GuHCl-
treated IONzyme with different concentrations of H2O2 was
somewhat decentralized in the double reciprocal plot.We suspect

that there might be some other interaction between IONzymes
and GuHCl.

In our experiment setup, the inhibition effect can be observed
only when the concentration of GuHCl exceed 0.4M, which is
a fairly high concentration. GuHCl-induced aggregation could
be observed in low-concentration GuHCl (0.2M, Figure 4B).
High-concentration (>0.4M) GuHCl-induced quick reduction
in IONzyme activity occurred before the aggregation is visible.
Therefore, the threshold concentration of the GuHCl-induced
inhibition cannot be fully explained by aggregation. Given that
the activity of IONzyme in 1M (NH4)2SO4 is the same as that
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in water, thus we can exclude the concern that the observed
activity variation is due to the change of ionic strength and
further support the conclusion that the effect is aggregation
in-dependent. As mentioned above, GuHCl competes with
substrate H2O2 on binding with the IONzyme. We hypothesized
that the competence of GuHCl in competing with H2O2 on
IONzyme binding is concentration-dependnet. In low GuHCl
concentration (<0.2M), IONzyme prior to bind H2O2 rather
than GuHCl, which is support by the GuHCl concentration-
dependent g-factor changes of the IONzyme in the ESR
assay, suggesting a concentration-dependent GuHCl/nanozymes
interaction ratio. Our result suggests that a novel interaction
of GuHCl with the essential catalytic groups in situ at
the active site occurred during GuHCl denaturation. Thus,
clarification of the nanozyme characteristics helps us to reveal the
reaction mechanisms not only of nanozyme but also of natural
protein enzymes.

GuHCl, as an inhibitor, contains a guanidyl group and a
chloride leading to the inactivation of IONzyme. The competitive
manner between GuHCl and H2O2 exhibits both of them bind
to iron atom in IONzyme. TMB probably binds to the oxygen
of Fe3O4 because of the non-competitive reaction with GuHCl.
Liu and colleagues described the inhibition of the enzymatic-like
activity of gold nanoparticles in the presence of halide ions (Liu
et al., 2017). They found that halide ions can switch the activity
of gold nanozymes by Au-X interactions. Their results indicated
that chloride may play an important role in the reaction with
IONzyme. However, GuHCl can also be used in the inactivation
of other nanozymes, although our work has mainly focused
on IONzyme.

In summary, the denaturant GuHCl induces IONzyme
aggregation and inhibits its representative peroxidase-like
activity. The inactivation results mainly from the role of GuHCl
as an inhibitor associated with the iron atom in IONzyme,
instead of a denaturant related to conformation changes such
as aggregation. This work demonstrates the reversible inhibition
of IONzyme, mimicking that of protein enzymes, and provides
an additional way to control nanozyme activity. It reveals the
catalytic mechanism that H2O2 binds to the iron atom and TMB
binds to oxygen atom in the IONzyme.
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Platinum nanozymes exhibiting highly efficient and robust oxidase-like activity are

successfully synthesized and modified using sodium alginate (SA-PtNPs). According

to a steady-state dynamic assay, Michaelis-Menton constant (Km) is calculated as

11.6µM, indicating that the affinity of SA-PtNPs toward the substrate, 3, 3′, 5,

5′-tetramethylbenzidine (TMB), is high. It shows in the paper that SA-PtNPs exhibit

a significant oxidant effect on substrate-O2 to produce O•−

2 as an oxidase mimic.

Moreover, the oxidase-like activity fluctuated slightly under changes in environmental

pH and incubation time, implying that SA can increase the dispersibility and stability of

PtNPs. A colorimetric assay for oligomeric proanthocyanidins (OPC) was realized given

how few explorations of the former there are. We found that the significant inhibitory

effect of OPC on the oxidase-like activity is due to the competitive effect between OPC

and TMB for binding to the active site of SA-PtNPs, resulting in a color change. Under

optimal conditions, the logarithmic value of the chromogenic difference (1A450nm) to OPC

concentration was linear (4–32.5µM, r = 0.999) with a limit of detection (LOD) of 2.0µM.

The antioxidant capacity of OPC obtained by the Soxhlet extraction method from grape

seeds was 2.85 U/mg. The recovery from the experiment in which OPC was added to

grape seeds ranged from 97.0 to 98.6% (RSDs of 0.5–3.4%), suggesting a high accuracy

in OPC detection. These findings are important because OPC is an internationally

recognized antioxidant that eliminates free radicals in the human body and, therefore,

may prevent a variety of diseases. Thus, we envisage that this Pt nanozyme-based assay

may be prevalent for antioxidant capacity evaluation and analytical applications.

Keywords: sodium alginate, platinum nanozyme, oxidase-like activity, antioxidant capacity, colorimetric,

proanthocyanidins
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INTRODUCTION

Proanthocyanidin (PC) is a general term for a large class of
polyphenolic compounds widely found in plants, red wine, as
well as grape seeds (Da Silva et al., 1991; Fracassetti et al.,
2013). Its oligomer, oligomeric proanthocyanidin (OPC), is
an internationally recognized antioxidant that eliminates free
radicals in humans (Weber et al., 2007). Therefore, OPC may
provide disease prevention caused by free radicals such as
cardiopathy, malignant tumor, and inflammation (Vaid et al.,
2012; Coleman and Shaw, 2017; Chen et al., 2019). Thus,
OPC is expected to extend its applications in clinical medicine
and food health practices. However, owing to the complexity
of OPC, there have not been enough studies done on OPC
contents and antioxidant capacity. At present, most methods use
high-performance liquid chromatography or mass spectrometry
technology to analyze PC or OPC and are time-consuming,
expensive, and technically demanding (Ortega et al., 2010;
Dooren et al., 2018). To this end, it is of fundamental significance
to establish a colorimetric method to evaluate antioxidant
capacity and analyze PC or OPC; it should have superior
visibility, be a time-saver, and be easy to operate.

Since 2007, when Yan’s group first discovered that
Fe3O4 magnetic nanoparticles have catalytic activity like
horseradish peroxidase (Gao et al., 2007), researches of
nanozymes (nanomaterials with enzyme-like activity) have
been continuously deepened, and a series of nanozymes-based
analytical assays have subsequently been obtained (Wei and
Wang, 2013; Huang et al., 2019). Among the nanomaterials,
platinum nanoparticles (PtNPs) have been explored to mimic
several kinds of enzyme activities such as peroxidase, catalase,
uricase activities, and so on (Dong et al., 2011; Fu et al., 2014;
Li et al., 2015; Liu et al., 2015; He et al., 2019a). Meanwhile, the
oxidase-like activity of PtNPs has elicited growing attention in
recent years (Yu et al., 2014; Deng et al., 2017; He et al., 2019b).
Unlike peroxidase, oxidase can catalyze a certain substrate in the
absence of H2O2, having far-reaching implications for the study
of oxidase mimics. Additionally, H2O2 is easily decomposed
and loses its oxidizing power; this is also disadvantageous
for its practical application. Inspired by the above, a new
nanozyme with oxidase-like activity is far more propitious to
design analytical assays with user-friendly control, stability,
and dependability.

During the synthesis of nanomaterials, the role of ligand is
also crucial. The protective effect of ligands enables people to
successfully obtain a variety of nanomaterials. Moreover, the use
of natural products as ligands instead of chemicals to stabilize
nanoparticles can greatly improve biocompatibility and broaden
their biomedical applications. To this end, efforts have beenmade
to adjust the size andmorphology of PtNPs tomimic enzyme-like
activity by applying natural products (Deng et al., 2017, 2019;
You et al., 2017; He et al., 2019a,b). Sodium alginate (SA) is a
natural polysaccharide derived with a certain solubility, stability,
and viscosity to form a gel, making them suitable for broad
applications (Li et al., 2005; Mokhtari et al., 2017). Given the
advantages of SA, the use of SA as a protective agent to modify
nanomaterials not only enhances the dispersibility and stability

but also provides the possibility of surface modification, nano-
gel preparation, and potential applications inmany fields (Travan
et al., 2009).

In this study, SA-PtNPs were prepared by a one-step reduction
method using the biocompatible and non-toxic SA as a protective
agent. SA-PtNPs have small particle size, good dispersion,
and stability (5.9 ± 0.6 nm). Furthermore, SA-PtNPs have
intrinsic oxidase activity that can rapidly catalyze the oxidation
process of 3, 3′, 5, 5′-tetramethylbenzidine (TMB) leading to
a color change. More significantly, the introduction of OPC
in SA-PtNPs-catalyzed TMB system results in a competitive
inhibition and colorless reaction. Thus, a colorimetric assay for
OPC was established based on the excellent oxidase-like activity
of SA-PtNPs and the antioxidant capacity of OPC (Scheme 1).
This study presents a new preparation method for Pt nanozymes
and shows a good prospect of application based on SA-PtNPs.
On the other hand, this assay also provides a new insight for
antioxidant capacity evaluation and opens a new avenue for
OPC analysis.

EXPERIMENTAL PART

Synthesis of SA-PtNPs
The synthesis steps are as follows: SA (0.1 g) was added into
50mL of 1% (v/v) acetic acid solution and completely stirred
for about 15min. Then, 2mL H2PtCl6 (10mM) was mixed
with 47mL SA solution. The mixture was vortex at ambient
temperature for 30min. Onemilliliters of newly prepared NaBH4

solution (70mM) was added to the mixture and was completed
within 5min. The SA-PtNPs (78.03 mg/L) were obtained by
stirring in the dark for 90min. The SA-PtNPs was transferred in
a dialysis bag and dialysed against water. The dialysis water was
replaced after 1 h followed by frequent changes for 48 h. Finally,
the SA-PtNPs were preserved constantly in darkness at 4◦C.

OPC Detection
Fifty µL of various concentrations of OPC, 50 µL of TMB
(3mM), and 30 µL of SA-PtNPs (15.61 mg/L) were added
into 870 µL of phosphate buffer (pH = 4.5, 50mM). The
mixture was then incubated for 5min at 37◦C. Subsequently, 200
µL of H2SO4 (2M) was introduced to the reaction as a stop
buffer. Finally, the solution was transferred to a quartz cell for
measurement at 450 nm. Other experimental part can be seen in
Supplementary Material.

RESULTS AND DISCUSSION

Characterization of SA-PtNPs
SA-PtNPs were prepared by a simple approach with SA as a
stabilizing agent and NaBH4 as a reductant. The stabilizing and
reducing agents have pivotal effects during the synthesis of SA-
PtNPs, thus the concentrations of SA and NaBH4 had to be
determined, respectively (Supplementary Figure 1). As shown in
Supplementary Figure 1, the concentrations of SA and NaBH4

on the preparation of SA-PtNPs were optimized to be 2 mg/mL
and 1.4mM. The images in Figure 1A display a yellowish-brown
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SCHEME 1 | Sodium alginate modified platinum nanozymes with oxidase-like activity for antioxidant capacity and analysis of proanthocyanidins.

product and a state of well-dispersion. Moreover, the high-
resolution transmission electronmicroscope (TEM) image shows
that the crystal plane spacing of the SA-PtNPs is 0.19 nm. The
size distribution of SA-PtNPs determined from 100 random
nanoparticles is shown in Supplementary Figure 2A with an
average diameter of 5.9 ± 0.6 nm. The energy dispersive X-
ray spectroscopy (EDS) characterization results of SA-PtNPs
(Supplementary Figure 2B) indicate that Pt has a peak at the
corresponding elemental feature, indicating the presence of Pt in
the material. The infrared spectra of SA and SA-PtNPs are shown
in Figure 1B. It can be seen that the stretching vibration band of
O-H at 3,471 cm−1, the stretching vibration band of C-H at 2,932
cm−1, and the glycoside skeleton absorption peaks of C-O-C at
1,030 and 810 cm−1 are invariable. However, the peaks suggesting
-COO- in the molecule at 1,613 and 1,412 cm−1 shift to higher
wavenumbers of 1,634 cm−1 and 1,448 cm−1, respectively. These
changes probably suggested that the -COO- groups of SA are
responsible for interacting with PtNPs.

As shown in Figure 1C, X-ray diffraction (XRD)
characterization of SA-PtNPs at 39.6◦, 46.1◦, 67.2◦, and
81.2◦can be indexed well to the diffraction from (111), (200),
(220), and (311) planes of face-centered cubic (fcc) Pt (JCPDS
04-0802), respectively, proving that Pt exists in the crystalline
form. Furthermore, the surface elemental analysis of SA-PtNPs
was also performed by X-ray photoelectron spectroscopy (XPS).
The characteristic spectrum can be mainly decomposed into two
pairs of dual states of Pt 4f7/2 and Pt 4f5/2. These peaks with the
intense distinct peak are concentrated in the binding energies

around 71.57 and 75.02 eV, which could be attributed to the
existence of metallic platinum (Pt0). The other peaks at around
75.47 and 78 eV were contributed to the Pt4+ (Cho and Ouyang,
2011; Wu et al., 2014), and the relative contents of Pt0 and Pt4+

are 42.7 and 57.3% (Figure 1D).

Oxidase-Like Activity of SA-PtNPs
To evaluate the oxidase-like activity of SA-PtNPs, TMB was
chosen as the chromogenic substrate in this study. Figure 2A
shows that SA-PtNPs can quickly catalyze the oxidation of TMB
under O2 to generate a blue outcome with peaks absorption at
370 and 652 nmwithout of H2O2. Since the absorbance at 450 nm
after the addition of H2SO4 can be stable for a long time with
a complete spectrum shift and concomitant hyperchromic effect
(Bos et al., 1981; Frey et al., 2000). Therefore, the oxidization
reaction in this work was stopped by H2SO4, resulting in a
yellow substance generated with a maximum absorbance at
450 nm. It’s worth mentioning that the oxidase-like activity of
SA is so low that their effect on SA-PtNPs can be ignored
(Supplementary Figure 3).

Some other chromogenic substrates were also tested
to demonstrate the versatility of SA-PtNPs, including o-
phenylenediamine (OPD), pyrogallol, 2,2′-azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid) diammonium salt (ABTS),
4-aminoantipyrine (4-AAP) and N-ethyl-N-(3-sulfopropyl)-3-
methylaniline sodium salt (TOPS) (Supplementary Figure 4).
Thus, these results verified that SA-PtNPs can act as a new
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FIGURE 1 | (A) TEM image of SA-PtNPs. Inset: The image and high-resolution TEM image of SA-PtNPs. (B) Infrared spectra of SA and SA-PtNPs. (C) XRD spectra

of SA-PtNPs. (D) XPS spectra in the Pt 4f region of SA-PtNPs.

type of oxidase mimic. For further application of the SA-
PtNPs-TMB system, pH, temperature, and TMB concentration
were optimized to be 4.5, 37◦C, and 0.15mM, respectively
(Supplementary Figure 5).

The steady-state dynamics assay of the SA-PtNPs-TMB system
is depicted in Figure 2B with the reaction rate (v) depending on
TMB concentration. With the increase of TMB concentration,
reaction rate increased quickly at first and then changed slowly.
To further study the kinetics, the Michaelis Constant (Km) value
of SA-PtNPs was counted to be 11.6µM fitting by Michaelis-
Menten equation. The Km is an important parameter used to
evaluate the affinity of nanozyme to substrate and to discuss
the nanozyme-substrate interaction. Table 1 also shows the
comparison of theKm value of oxidasemimics and points out that
SA-PtNPs have a remarkably high affinity for TMB. As shown in
Supplementary Figure 6, the specific activity value of SA-PtNP
has been evaluated as 2,711 U/g according to the fitted straight
line (Supplementary Figure 6B) (Jiang et al., 2018).

To determine the mechanism, possible superoxide anions
(O•−

2 ) were also studied. First of all, SA-PtNPs-catalyzed
TMB oxidation was conducted in air with dissolved oxygen
and bubbled with highly pure nitrogen gas, respectively.
The reaction rate of SA-PtNPs-catalyzed TMB oxidation

was found to decrease rapidly under nitrogen atmosphere,
which indicates that dissolved O2 is involved in the process
(Supplementary Figure 7). Since ascorbic acid (AA) could
eliminate O•−

2 (Cai et al., 2018), we performed AA oxidations.
As Figure 2C shows that AA has an absorption peak at∼250 nm
in the wavelength range. A slight variation at 250 nm and
oxidation of AA occurred while SA-PtNPs or O2 was removed.
However, when SA-PtNPs and O2 co-exist, AA was consumed.
In this phenomenon, the presence of O•−

2 can be ruled out in
the SA-PtNPs-TMB system. Furthermore, the oxygen reduction
reaction (ORR) assay was carried out to further verify the
mechanism. Relevant experiments were carried out with using
carbon electrode as electrochemical working electrode which
was modified with SA-PtNPs. No peak appear after the mixed
solution is filled with nitrogen (Figure 2D). It produced a
cathode reduction peak at ∼-0.34V in an environment with
oxygen. On the basis of these results, the oxidase-like activity of
SA-PtNPs originates mainly from the formation of O•−

2 during
the reaction.

The Contribution of SA in SA-PtNPs
Several experiments have been carried out to investigate the
contribution of SA in SA-PtNPs. First of all, we found that bare
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FIGURE 2 | (A) UV-vis absorption spectra of (a) TMB, (b) SA-PtNPs + TMB, (c) SA-PtNPs + TMB + stop buffer (H2SO4). The images show the appearance of the

relevant reaction liquid. (B) Steady-state dynamic assay of SA-PtNPs. (C) Absorption spectra of AA after water bathing for 5min under different conditions. (D) ORR

assay, cyclic voltammetry of the ORR on an electrode modified with SA-PtNP in (a) N2 and (b) O2.

TABLE 1 | Kinetic parameters for nanzoymes as oxidase mimics.

Catalyst Substrate Km vmax References

(mM) (×10−8Ms−1)

CeO2 NPs TMB 0.8∼3.8 30∼70 Asati et al., 2009

MnO2 NPs 0.04 578 Liu et al., 2012

Ni/Pd hollow NPs 0.11 1.52 Wang et al., 2016

Lysozyme-PtNPs 0.63 270 Yu et al., 2014

Chitosan-PtNPs 0.018 15.7 Deng et al., 2017

Heparin-PtNPs 0.010 4.962 He et al., 2019b

Heparin-OsNPs 0.8 8.45 He et al., 2019c

Citrate-PtNPs 0.1206 6.51 Wu et al., 2014

SA-PtNPs 0.012 9.145 This work

PtNPs show distinct aggregation in solution, while the SA-PtNPs
exhibited excellent colloidal stability when SA was introduced
into the preparation process (Supplementary Figure 8).
Compared with bare platinum without any protective agent,
SA-PtNPs obtain a much higher oxidase-like activity that implies
the improvement effect with the introduction of SA (Figure 3A).

As is generally known, the stability of PtNPs against aggregation
under different harsh conditions is crucial to the extension of
the practical application. To this end, SA-PtNPs were exposed to
several pH values (2–12) for 2 h to explore the effect of pH on the
oxidase activity. As shown in Figure 3B, the oxidase-like activity
of SA-PtNPs fluctuated slightly with the change of environment
pH, implying excellent pH stability of SA-PtNPs. Furthermore,
we found that SA-PtNPs possessed perfect oxidase-like activity
even if they have been stored at room temperature for a long time
(Figure 3C). The above results confirm that the contribution of
SA in PtNPs preparation increases the oxidase-like activity and
stability of PtNPs.

Antioxidant Capacity Evaluation and
Colorimetric Assay for OPC
The phenolic hydroxyl groups in the OPC structure make it a
good hydrogen donor and therefore, it has a strong antioxidant
capacity (Shao et al., 2018). Owing to the scavenging ability
of OPC to O•−

2 and the formation of O•−

2 in the SA-PtNPs-
TMB system, it is speculated that OPC could inhibit the catalytic
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FIGURE 3 | (A) Comparison of oxidase activity between SA-PtNPs and bare PtNPs. Relative activity of SA-PtNPs under different (B) pH values and (C) incubation

time. (The maximum value was defined as 100% relative activity).

FIGURE 4 | (A) Inhibitory effect of OPC at different concentrations on simulated enzyme activity. (B) The linearity between 1A450nm and the logarithmic value of

OPC concentration.

process. Thus, a colorimetric assay for OPC was established
(Scheme 1).

Experimental results in Figure 4A indicated the A450nm

of the SA-PtNPs-TMB system gradually decreased as the
concentration of OPC increases. When the concentration of
OPC in the reaction system reached 1mM, the oxidation of
TMB by SA-PtNPs was drastically inhibited. These phenomena
fully illustrate that OPC could distinctly inhibit the color
response of the SA-PtNPs-TMB system, namely inhibiting the
oxidase-like activity of SA-PtNPs. Linearity was obtained by
plotting the value of 1A450nm and the logarithmic value of OPC
concentration (Figure 4B). (1A450nm =A0-At, where A0 and
At are the absorbance of the reaction product at 450 nm in the
inexistence and existence of OPC, respectively.) The range of
linearity was from 4 to 32.5µM, the relative standard deviation
(RSD) is 0.6% for measuring 10µM, and limit of detection
(LOD) for OPC was 2.0µM (1A450nm =1.1791 lgCOPC +

3.1941, r = 0.999). As shown in Supplementary Table 1,
most reported methods use high-performance liquid
chromatography or mass spectrometry technology to
analyze PC or OPC and are time-consuming, expensive,
and technically demanding. What’s more, the proposed method

TABLE 2 | Recovery of standard addition of OPC in grape seeds.

Sample Measured

before

addition (µM)

Added

(µM)

Found

(µM)

Recovery

(%)

RSD

(%, n = 3)

Grape

seeds

11.1 10 9.9 98.6 2.4

15 14.8 98.4 0.5

20 19.4 97.0 3.4

showed a comparable sensitivity and LOD to those of the
reported methods.

Based on this linear equation, the antioxidant capacity of OPC
was also assessed. Before measurements, OPC extracted from
grape seeds was centrifuged to remove any solid residue (Soxhlet
extraction method, Supplementary Material). AA is a well-
recognized substance with antioxidant capacity. In this study, the
inhibitory effect of 1mM AA on the SA-PtNPs-TMB system is
defined as 1U. Therefore, the antioxidant capacity of pure OPC
was calculated to be 2.85 U/mg (Supplementary Material). More
significantly, as shown in Table 2, the recoveries of the standard
addition experiment in grape seeds ranged from 97.0 to 98.6%
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with RSD values of 0.5–3.4%. These results provide a new insight
for antioxidant capacity and indicate the accuracy of this assay
for OPC analysis.

CONCLUSIONS

A facile one-step synthesis method was successfully introduced
to prepare SA-PtNPs (5.9 ± 0.6 nm) using SA as a surface
modification agent and NaBH4 as the reducing agent. SA-PtNPs
can catalyze the oxidation of the chromogenic substrate TMB by
dissolved oxygen and has oxidation simulation enzyme activity.
These phenomena demonstrate that SA-PtNPs can perform as
a highly efficient and robust oxidase mimic for the catalyzing
substract-O2 reaction. The steady-state kinetic assay has shown
that SA-PtNPs have a stronger affinity to TMB than those of
most nanozymes. Additionally, the specific activity of SA-PtNPs
has been calculated to be 2,711 U/g. The wide pH value and
incubation time of the reaction environment have little effect
on the oxidase-like activity of SA-PtNPs. Therefore, SA not
only increases the dispersibility and stability of PtNPs but also
improves the catalytic activity of PtNPs as oxidase mimics.
More significantly, results have shown that OPC can effectively
prevent oxidation of TMB and have an inhibitory effect on the
color development system. The colorimetric assay for OPC in
grape seeds established by this phenomenon has good linearity,
reproducibility, low limit of detection, and is easy to perform.
The antioxidant capacity of pure OPC obtained by the Soxhlet
extraction method was 2.85 U/mg. This assay addresses the
shortage of OPC methods and extends the potential application
of platinum nanozymes.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

Conceptualization: WC, H-HD, and G-LH. Methodology: G-LH,
H-PP, and ZL. Investigation: S-BH, LY, and X-LL. Writing—
original draft preparation: S-BH. Writing—review and editing:
WC and H-HD. Funding acquisition: WC. All authors have
read and agreed to the published version of the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

This research was funded by the National Natural Science
Foundation of China, grant number 21675024; the Program for
Innovative Leading Talents in Fujian Province, grant number
2016B016; the Program for Innovative Research Team in Science
and Technology in Fujian Province University, grant number
2018B033; and the Science and Technology Project of Fujian
Province, grant number 2018L3008.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2020.00654/full#supplementary-material

REFERENCES

Asati, A., Santra, S., Kaittanis, C., Nath, S., and Perez, J. M. (2009). Oxidase-like

activity of polymer-coated cerium oxide nanoparticles. Angew. Chem. Int. Edit.

48, 2308–2312. doi: 10.1002/anie.200805279

Bos, E. S., van der Doelen, A. A., van Rooy, N., and Schuurs, A. H. W. M.

(1981). 3,3′,5,5′-Tetramethylbenzidine as an Ames test negative chromogen for

horse-radish peroxidase in enzyme-immunoassay. J. Immunoass. Immunoch. 2,

187–204. doi: 10.1080/15321818108056977

Cai, S., Xiao, W., Duan, H., Liang, X., Wang, C., Yang, R., et al. (2018). Single-

layer Rh nanosheets with ultrahigh peroxidase-like activity for colorimetric

biosensing. Nano Res. 11, 6304–6315. doi: 10.1007/s12274-018-2154-1

Chen, F., Wang, H., Zhao, J., Yan, J., Meng, H., Zhan, H., et al. (2019). Grape

seed proanthocyanidin inhibits monocrotaline-induced pulmonary arterial

hypertension via attenuating inflammation: in vivo and in vitro studies. J. Nurt.

Biochem. 67, 72–77. doi: 10.1016/j.jnutbio.2019.01.013

Cho, S. J., and Ouyang, J. (2011). Attachment of platinum nanoparticles to

substrates by coating and polyol reduction of a platinum precursor. J. Phys.

Chem. C 115 8519–8526. doi: 10.1021/jp2001699

Coleman, S. L., and Shaw, O. M. (2017). Progress in the understanding of the

pathology of allergic asthma and the potential of fruit proanthocyanidins

as modulators of airway inflammation. Food Funct. 8, 4315–4324.

doi: 10.1039/C7FO00789B

Da Silva, J. M. R., Darmon, N., Fernandez, Y., andMitjavila, S. (1991). Oxygen free

radical scavenger capacity in aqueous models of different procyanidins from

grape seeds. J. Agric. Food Chem. 39, 1549–1552. doi: 10.1021/jf00009a002

Deng, H. H., Lin, X. L., He, S. B., Wu, G. W., Wu, W. H., Yang, Y., et al. (2019).

Colorimetric tyrosinase assay based on catechol inhibition of the oxidase-

mimicking activity of chitosan-stabilized platinum nanoparticles. Microchim.

Acta 186:301. doi: 10.1007/s00604-019-3451-4

Deng, H. H., Lin, X. L., Liu, Y. H., Li, K. L., Zhuang, Q. Q., Peng, H. P., et al.

(2017). Chitosan-stabilized platinum nanoparticles as effective oxidase mimics

for colorimetric detection of acid phosphatase. Nanoscale 9, 10292–10300.

doi: 10.1039/C7NR03399K

Dong, Y., Chi, Y., Lin, X., Zheng, L., Chen, L., and Chen, G. (2011). Nano-

sized platinum as a mimic of uricase catalyzing the oxidative degradation

of uric acid. Phys. Chem. Chem. Phys. 13, 6319–6324. doi: 10.1039/c0cp0

1759k

Dooren, I., van, Foubert, K., Theunis, M., Naessens, T., Pieters, L., and Apers, S.

(2018). Advantages of a validated UPLC-MS/MS standard addition method

for the quantification of A-type dimeric and trimeric proanthocyanidins in

cranberry extracts in comparison with well-known quantification methods. J.

Pharmaceut. Biomed. 148, 32–41. doi: 10.1016/j.jpba.2017.09.002

Fracassetti, D., Costa, C., Moulay, L., and Tomás-Barberán, F. A. (2013).

Ellagic acid derivatives, ellagitannins, proanthocyanidins and other

phenolics, vitamin C and antioxidant capacity of two powder products

from camu-camu fruit (Myrciaria dubia). Food Chem. 139, 578–588.

doi: 10.1016/j.foodchem.2013.01.121

Frey, A., Meckelein, B., Externest, D., and Schmidt, M. A. (2000). A stable

and highly sensitive 3, 3′, 5, 5′-tetramethylbenzidine-based substrate reagent

for enzyme-linked immunosorbent assays. J. Immunol. Methods 233, 47–56.

doi: 10.1016/S0022-1759(99)00166-0

Fu, Y., Zhao, X., Zhang, J., and Li, W. (2014). DNA-based platinum

nanozymes for peroxidase mimetics. J. Phys. Chem. C 118, 18116–18125.

doi: 10.1021/jp503242e

Gao, L., Zhuang, J., Nie, L., Zhang, J., Zhang, Y., Gu, N., et al. (2007). Intrinsic

peroxidase-like activity of ferromagnetic nanoparticles. Nat. Nanotechnol. 2,

577–583. doi: 10.1038/nnano.2007.260

He, S. B., Chen, R. T., Wu, Y. Y., Wu, G. W., Peng, H. P., Liu, A. L., et al. (2019a).

Improved enzymatic assay for hydrogen peroxide and glucose by exploiting

Frontiers in Chemistry | www.frontiersin.org 7 August 2020 | Volume 8 | Article 65455

https://www.frontiersin.org/articles/10.3389/fchem.2020.00654/full#supplementary-material
https://doi.org/10.1002/anie.200805279
https://doi.org/10.1080/15321818108056977
https://doi.org/10.1007/s12274-018-2154-1
https://doi.org/10.1016/j.jnutbio.2019.01.013
https://doi.org/10.1021/jp2001699
https://doi.org/10.1039/C7FO00789B
https://doi.org/10.1021/jf00009a002
https://doi.org/10.1007/s00604-019-3451-4
https://doi.org/10.1039/C7NR03399K
https://doi.org/10.1039/c0cp01759k
https://doi.org/10.1016/j.jpba.2017.09.002
https://doi.org/10.1016/j.foodchem.2013.01.121
https://doi.org/10.1016/S0022-1759(99)00166-0
https://doi.org/10.1021/jp503242e
https://doi.org/10.1038/nnano.2007.260
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


He et al. Sodium Alginate Modified Platinum Nanozymes

the enzyme-mimicking properties of BSA-coated platinum nanoparticles.

Microchim. Acta 186:778. doi: 10.1007/s00604-019-3939-y

He, S. B., Yang, L., Lin, X. L., Chen, L. M., Peng, H. P., Deng, H.

H., et al. (2019b). Heparin-platinum nanozymes with enhanced oxidase-

like activity for the colorimetric sensing of isoniazid. Talanta 211:120707.

doi: 10.1016/j.talanta.2019.120707

He, S. B., Zhuang, Q. Q., Yang, L., Lin, M. Y., Kuang, Y., Peng, H. P., et al. (2019c).

A Heparinase sensor based on a ternary system of Hg2+-heparin-osmium

nanoparticles. Anal. Chem. 92, 1635–1642. doi: 10.1021/acs.analchem.9b05222

Huang, Y., Ren, J., and Qu, X. (2019). Nanozymes: classification, catalytic

mechanisms, activity regulation, and applications. Chem. Rev. 119, 4357–4412.

doi: 10.1021/acs.chemrev.8b00672

Jiang, B., Duan, D., Gao, L., Zhou, M., Fan, K., Tang, Y., et al. (2018). Standardized

assays for determining the catalytic activity and kinetics of peroxidase-like

nanozymes. Nat. Protoc. 13, 1506–1520. doi: 10.1038/s41596-018-0001-1

Li, W., Chen, B., Zhang, H., Sun, Y., Wang, J., Zhang, J., et al. (2015). BSA-

stabilize d Pt nanozyme for peroxidase mimetics and its application on

colorimetric detection of mercury (II) ions. Biosens. Bioelectron. 66, 251–258.

doi: 10.1016/j.bios.2014.11.032

Li, Z., Ramay, H. R., Hauch, K. D., Xiao, D., and Zhang, M. (2005).

Chitosan-alginate hybrid scaffolds for bone tissue engineering. Biomaterials 26,

3919–3928. doi: 10.1016/j.biomaterials.2004.09.062

Liu, X., Wang, Q., Zhao, H., Zhang, L., Su, Y., and Lv, Y. (2012). BSA-templated

MnO2 nanoparticles as both peroxidase and oxidase mimics. Analyst 137,

4552–4558. doi: 10.1039/c2an35700c

Liu, Y., Wu, H., Chong, Y., Wamer, W. G., Xia, Q., Cai, L., et al. (2015). Platinum

nanoparticles: efficient and stable catechol oxidase mimetics. ACS Appl. Mater.

Inter. 7, 19709–19717. doi: 10.1021/acsami.5b05180

Mokhtari, S., Jafari, S. M., and Assadpour, E. (2017). Development of a

nutraceutical nano-delivery system through emulsification/internal gelation of

alginate. Food Chem. 229, 286–295. doi: 10.1016/j.foodchem.2017.02.071

Ortega, N., Romero, M. P., Macià, A., Reguant, J., Anglès, N., Morelló, J. R.,

et al. (2010). Comparative study of UPLC-MS/MS and HPLC–MS/MS to

determine procyanidins and alkaloids in cocoa samples. J. Food Compos. Anal.

23, 298–305. doi: 10.1016/j.jfca.2009.10.005

Shao, Y., Hu, Z., Yu, Y., Mou, R., Zhu, Z., and Beta, T. (2018). Phenolic acids,

anthocyanins, proanthocyanidins, antioxidant activity, minerals and their

correlations in non-pigmented, red, and black rice. Food Chem. 239, 733–741.

doi: 10.1016/j.foodchem.2017.07.009

Travan, A., Pelillo, C., Donati, I., Marsich, E., Benincasa, M., Scarpa,

T., et al. (2009). Non-cytotoxic silver nanoparticle-polysaccharide

nanocomposites with antimicrobial activity. Biomacromolecules 10, 1429–1435.

doi: 10.1021/bm900039x

Vaid, M., Prasad, R., Singh, T., Jones, V., and Katiyar, S. K. (2012).

Grape seed proanthocyanidins reactivate silenced tumor suppressor

genes in human skin cancer cells by targeting epigenetic regulators.

Toxicol. Appl. Pharm. 263, 122–130. doi: 10.1016/j.taap.2012.

06.013

Wang, Q., Zhang, L., Shang, C., Zhang, Z., and Dong, S. (2016). Triple-enzyme

mimetic activity of nicke-palladium hollow nanoparticles and their application

in colorimetric biosensing of glucose. Chem. Commun. 52, 5410–5413.

doi: 10.1039/C6CC00194G

Weber, H. A., Hodges, A. E., Guthrie, J. R., O’Brien, B. M., Robaugh, D.,

Clark, A. P., et al. (2007). Comparison of proanthocyanidins in commercial

antioxidants: grape seed and pine bark extracts. J. Agric. Food Chem. 55,

148–156. doi: 10.1021/jf063150n

Wei, H., and Wang, E. (2013). Nanomaterials with enzyme-like characteristics

(nanozymes): next-generation artificial enzymes. Chem. Soc. Rev. 42,

6060–6093. doi: 10.1039/c3cs35486e

Wu, G. W., He, S. B., Peng, H. P., Deng, H. H., Liu, A. L., Lin, X. H.,

et al. (2014). Citrate-capped platinum nanoparticle as a smart probe for

ultrasensitive mercury sensing. Anal. Chem. 86, 10955–10960. doi: 10.1021/ac5

03544w

You, J. G., Liu, Y. W., Lu, C. Y., Tseng, W. L., and Yu, C. J. (2017). Colorimetric

assay of heparin in plasma based on the inhibition of oxidase-like activity

of citrate-capped platinum nanoparticles. Biosens. Bioelectron. 92, 442–448.

doi: 10.1016/j.bios.2016.10.082

Yu, C. J., Chen, T. H., Jiang, J. Y., and Tseng, W. L. (2014). Lysozyme-directed

synthesis of platinum nanoclusters as a mimic oxidase.Nanoscale 6, 9618–9624.

doi: 10.1039/C3NR06896J

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 He, Yang, Lin, Peng, Lin, Deng, Chen and Hong. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Chemistry | www.frontiersin.org 8 August 2020 | Volume 8 | Article 65456

https://doi.org/10.1007/s00604-019-3939-y
https://doi.org/10.1016/j.talanta.2019.120707
https://doi.org/10.1021/acs.analchem.9b05222
https://doi.org/10.1021/acs.chemrev.8b00672
https://doi.org/10.1038/s41596-018-0001-1
https://doi.org/10.1016/j.bios.2014.11.032
https://doi.org/10.1016/j.biomaterials.2004.09.062
https://doi.org/10.1039/c2an35700c
https://doi.org/10.1021/acsami.5b05180
https://doi.org/10.1016/j.foodchem.2017.02.071
https://doi.org/10.1016/j.jfca.2009.10.005
https://doi.org/10.1016/j.foodchem.2017.07.009
https://doi.org/10.1021/bm900039x
https://doi.org/10.1016/j.taap.2012.06.013
https://doi.org/10.1039/C6CC00194G
https://doi.org/10.1021/jf063150n
https://doi.org/10.1039/c3cs35486e
https://doi.org/10.1021/ac503544w
https://doi.org/10.1016/j.bios.2016.10.082
https://doi.org/10.1039/C3NR06896J
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


ORIGINAL RESEARCH
published: 02 September 2020

doi: 10.3389/fchem.2020.00798

Frontiers in Chemistry | www.frontiersin.org 1 September 2020 | Volume 8 | Article 798

Edited by:

Kelong Fan,

Institute of Biophysics (CAS), China

Reviewed by:

Fanggui Ye,

Guangxi Normal University, China

Juewen Liu,

University of Waterloo, Canada

Sanjay Singh,

Ahmedabad University, India

*Correspondence:

Moon Il Kim

moonil@gachon.ac.kr

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Nanoscience,

a section of the journal

Frontiers in Chemistry

Received: 17 June 2020

Accepted: 29 July 2020

Published: 02 September 2020

Citation:

Nguyen PT, Kim YI and Kim MI (2020)

Reagent-Free Colorimetric Cholesterol

Test Strip Based on Self

Color-Changing Property of

Nanoceria. Front. Chem. 8:798.

doi: 10.3389/fchem.2020.00798

Reagent-Free Colorimetric
Cholesterol Test Strip Based on Self
Color-Changing Property of
Nanoceria

Phuong Thy Nguyen †, Young Im Kim † and Moon Il Kim*

Department of BioNano Technology, Gachon University, Seongnam-si, South Korea

Paper-based test strip consisting of cerium oxide nanoparticles (nanoceria) as hydrogen

peroxide (H2O2)-dependent color-changing nanozymes and cholesterol oxidase (ChOx)

has been developed for convenient colorimetric determination of cholesterol without

the need for chromogenic substrate. The construction of the cholesterol strip begins

with physical adsorption of nanoceria on the paper surface, followed by covalent

immobilization of ChOx via silanization, chitosan-mediated activation, and glutaraldehyde

treatment of the nanoceria-embedded paper matrices. In the presence of cholesterol,

ChOx catalyzes its oxidation to produce H2O2, which forms peroxide complex on the

nanoceria surface and induces visual color change of the nanoceria-embedded paper

fromwhite/light yellow into intense yellow/orange, which was conveniently quantified with

an image acquired by a conventional smartphone with the ImageJ software. Using this

strategy, target cholesterol was specifically determined down to 40µM with a dynamic

linear concentration range of 0.1–1.5mM under neutral pH condition, which is suitable

to measure the serum cholesterol, with excellent stability during 20 days and reusability

by recovering its original color-changing activity for 4 consecutive cycles. Furthermore,

the practical utility of this strategy was successfully demonstrated by reliably determining

cholesterol in human blood serum samples. This study demonstrates the potential of

self color-changing nanozymes for developing colorimetric paper strip sensor, which is

particularly useful in instrumentation-free point-of-care environments.

Keywords: reagent-free colorimetric assay, paper strip, cholesterol determination, nanoceria, cholesterol oxidase

INTRODUCTION

Cholesterol is a vital construction unit of animal cell membrane and key biosynthetic precursor
of steroid hormone, bile acids, and vitamin D (Ikonen, 2008). It is also one of the most crucial
biomarkers to diagnose various severe clinical disorders. A low level of cholesterol in human blood
is closely related to hypolipoproteinemia, anemia, and septicemia, while elevated cholesterol level
is linked to malnutrition hypertension, arteriosclerosis, brain thrombosis, and lipid metabolism
dysfunction (Nauck et al., 1997; MacLachlan et al., 2000; Martin et al., 2003; Arya et al., 2008).
Thus, it is crucially required to monitor cholesterol levels in clinical diagnosis for preventing these
diseases. Until now, numerous analytical methods have been widely exploited for the sensitive
quantification of cholesterol, based on high performance liquid chromatography, electrochemistry,
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fluorescence, chemiluminescence, and molecular imprinting
polymer (MIP) technology (Lin et al., 2007; Zhang et al.,
2008, 2012; Li et al., 2011; Matharu et al., 2012). However,
these cholesterol detection methods require instrumentations
with relatively complicated operating procedures, which limits
their utilization in instrumentation-free environments. Hence,
to facilitate routine cholesterol monitoring in point-of-care
testing (POCT) environments, it is necessary to develop
more simple strategy with enough sensitivity, reliability,
and cost-effectiveness.

In this regard, colorimetric methods for cholesterol detection
have gained considerable attention due to its visual detecting
capability. Most of them have relied on natural peroxidase or
peroxidase-like nanozyme, which combines with ChOx, and
chromogenic substrate including 3,3′,5,5′-tetramethylbenzidine
(TMB) or 2,2′-azino-bis(3-ethylbenzo-thiazoline-6-sulfonic
acid) diammonium salt (ABTS) (Hayat et al., 2015; Kim et al.,
2015; Wu et al., 2017; Chung et al., 2018). In the presence of
cholesterol, ChOx oxidized cholesterol to produce H2O2, which
subsequently activated peroxidase or peroxidase-mimicking
material to oxidize TMB or ABTS into blue or green colored
product, respectively. These methods enable facile detection with
high selectivity and sensitivity; however, multiple components
including the colorimetric reagents should be involved in the
assay, and furthermore, spectrophotometer should be used for
absorbance-based quantification of cholesterol.

Nanoceria have been also considered as one of the promising
nanozymes for developing colorimetric assays since they catalyze
the fast oxidation of colorimetric substrates to generate colored
products even without the need for additional oxidizing agents
(e.g., H2O2). Additionally, they have unique self-color transition
property from white/light yellow into intense yellow/orange by
H2O2-induced alteration of the oxidation state from Ce3+ to
Ce4+ on the nanoparticle surface. Since the self-color change
of nanoceria is induced only by H2O2 without any dye and
the changed color of nanoceria can be returned to its original
color due to the recovery of the ionic valence between Ce3+

and Ce4+, several colorimetric assays to detect H2O2 and other
biomolecules including glucose and cholesterol with the aid of
the corresponding oxidases have been reported (Ornatska et al.,
2011; Kim et al., 2017). Although these examples demonstrate
the potential of nanoceria as novel colorimetric transducers
to detect H2O2 in the sample, they were still not free from
spectrophotometer for quantification. Thus, to facilitate practical
on-site cholesterol detection, we have developed a paper-based
test strip which incorporates both nanoceria and ChOx for
the determination of cholesterol level in human blood. Paper-
based strip sensors have been widely exploited for colorimetric
POCT applications owing to their unique advantages such as
portability, disposability, low production cost, large surface area,
easy surface functionalization, and strong background contrast
for enhancing color signal intensity; however, until now, paper-
based cholesterol strip has rarely been reported (Mahato et al.,
2017). Various analytical characteristics of the test strip such as
sensitivity, specificity, stability, reusability, and clinical utility in
cholesterol detection were investigated with real images captured
by a smartphone, which is quite suitable in POCT environments.

EXPERIMENTAL SECTION

Materials
Nanoceria (<5 nm in diameter), cholesterol oxidase from
Streptomyces sp. (ChOx), cholesterol, glucose, uric acid, urea,
cysteine, xanthine, galactose, triton X-100, sodium acetate,
chitosan, succinic acid, aminopropyl triethoxysilane (APTES),
and human blood serum were purchased from Sigma-Aldrich
(Milwaukee, WI). Hydrogen peroxide (35 %) was obtained from
Junsei Chemical Co. (Japan). Whatman grade 1 qualitative filter
papers were purchased from GE Healthcare Co. (USA). All other
chemicals were of analytical grade or higher and all solutions
were prepared with distilled (DI) water purified using a Milli-Q
Purification System (Millipore, USA).

Preparation of Paper Strip Incorporating

Nanoceria or Both Nanoceria and ChOx
Paper strip incorporating nanoceria or both nanoceria and ChOx
was prepared according to previously reported procedures with
slight modifications (Ornatska et al., 2011). First, nanoceria was
fully dissolved in sodium acetate buffer (100mM, pH 5.3) prior
to the immobilization on test strip. Whatman filter paper was cut
into rectangular strips, soaked in nanoceria solution (15 mg/mL)
for 10min, and dried for 3 h at 70◦C. To stabilize nanoceria on
the paper, the nanoceria-embedded strip was incubated in 5%
APTES in ethanol for 10min and dried for 10min at 100◦C,
which was then used for colorimetric H2O2 detection.

For additional ChOx immobilization on the paper, the
silanized nanoceria-embedded paper was soaked in chitosan
solution (1% chitosan in 0.5% aqueous succinic acid solution) for
10min and allowed to dry for 10min at room temperature (RT).
Then, the paper was treated with 5% aqueous glutaraldehyde
solution for 20min, washed five times with DI water, and dried
for 10min at RT. Finally, the paper strip was soaked into ChOx
solution (6 mg/mL in sodium acetate buffer (100mM, pH 5.3).
After 20min, the paper was washed with PBS buffer (10mM, pH
7.4) three times, dried at RT for 10min, and then used directly or
stored at 4◦C for further experiments.

The shape and particle size of the nanoceria was checked
by transmission electron microscopy (TEM) analysis. For the
TEM, 5 µL of nanoceria solution was applied by drop casting
the particle suspensions on a carbon-coated copper TEM grid
(Electron Microscopy Sciences, USA) followed by drying at
RT. The prepared sample was observed using field emission
TEM (Tecnai, FEI) with accelerating voltages up to 200 kV.
The morphologies and elemental distributions of the paper
strip incorporating both nanoceria and ChOx were analyzed
by scanning electron microscopy (SEM, Magellan 400) and
energy dispersive X-ray spectroscopy (EDX) imaging modes.
For SEM analysis, the paper strips were freeze-dried for 2 days
and analyzed on SEM. X-ray photoelectron spectroscopy (XPS)
(Thermo Scientific, WI) was performed to examine the surface
chemical properties of nanoceria. Atomic force microscopy
(AFM) was also conducted in the contact mode with a bio atomic
force microscope (JPK NanoWizard II, Germany) to characterize
the surface morphology of paper strips.
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Colorimetric Detection of H2O2 and

Cholesterol Using Nanoceria-Embedded

Paper Strip
H2O2 level was quantified by soaking the nanoceria-embedded
paper strip into aqueous sample solutions containing various
concentrations of H2O2 for 3min at RT. The images of
resultant strip were then acquired using a smartphone
(GALAXY S8 NOTE, Samsung), followed by converting to
cyan-magenta-yellow-black (CMYK) mode, which was subjected
to quantitative image processing with the ImageJ software
(NIH). For cholesterol determination, cholesterol stock was
first prepared by dissolving it in the mixture of isopropanol
and Triton X-100 (1:1, v/v), and subsequently diluted with
buffer (PBS, pH 7.4) to obtain cholesterol solutions. The paper
strip incorporating both nanoceria and ChOx was soaked
into the sample solutions containing various concentrations
of cholesterol for 50min at RT. The reacted paper strip
was directly used to obtain images with a smartphone and
the other procedures were the same as those described for
H2O2 determination.

Long-term storage stability of the cholesterol sensing strips
was assessed by incubating them at different conditions (RT, 4◦C,
and −20◦C), and their residual activities were determined at
predetermined time points by measuring their color intensities
toward 10mM cholesterol as described above. Reusability
was also evaluated after cycles involving the typical reaction
with 10mM cholesterol and twice washings with aqueous
buffer (100mM sodium acetate, pH 5.3) to remove unreacted
cholesterol on the paper. After recovering initial color of the
paper strips by incubating them at RT for 5 days, the strip
was reused for the measurement of residual color-changing
activity toward cholesterol. The relative color intensity (%) was
calculated based on the ratio of the residual color intensity to the
original one.

For the determination of the cholesterol level in human serum,
the original amount of cholesterol in serum was first determined
using cholesterol assay kit (Sigma-Aldrich). Predetermined
amount of cholesterol was further added into serum to make
spiked samples representing normal, boundary, and high levels
of cholesterol in blood serum. The concentration of cholesterol
in each spiked sample (5-fold dilution) was measured using the
same procedures as described above. The recovery rate [recovery
(%) = measured value/actual value×100] and the coefficient
of variation [CV (%) = SD/average×100] were assessed to
determination the precision and reproducibility of the paper
strip assay.

RESULTS AND DISCUSSION

Construction of Reagent-Free Cholesterol

Sensing Paper Strip
A cholesterol sensing paper strip incorporating both nanoceria
and ChOx was developed for convenient reagent-free
identification of cholesterol in human blood serum. It was
constructed by physically immobilizing nanoceria on the
paper matrices, followed by APTES-mediated stabilization,

chitosan and glutaraldehyde-mediated activation, and covalent
immobilization of ChOx. APTES would form siloxane bridges
with the hydroxyl groups of cellulose fibers of the paper matrices,
which facilitates hydrogen bonding with the hydroxylated
nanoceria surfaces, consequently yielding strong attachment of
nanoceria on the paper matrices. Chitosan and glutaraldehyde
treatments would also provide rich amine moieties and active
aldehyde groups, respectively, both of which efficiently induce
covalent linkages with amine groups of ChOx. We envisioned
that the paper strip incorporating both nanoceria and ChOx
would serve as an efficient colorimetric cholesterol biosensor
capable of being used for determining cholesterol level in
human blood. In the presence of cholesterol, ChOx on the strip
catalyzes the oxidation of cholesterol to produce H2O2, which
reacts with nanoceria and induces their vivid color change
from white/light yellow into intense yellow/orange without any
addition of chromogenic substrate. This color change is owing to
the H2O2-mediated transition of the oxidation state of nanoceria
from Ce3+ to Ce4+ and the formation of peroxide complex at
the nanoceria surface (Scholes et al., 2006; Karakoti et al., 2009;
Singh et al., 2011). Through the XPS analysis, we observed a
significant decrease in the Ce3+/Ce4+ ratio of nanoceria after
the addition of H2O2 (Figure S1), that clearly demonstrates
the above color transition mechanism. The images of resulting
paper strip were acquired using a smartphone, and quantitative
information was obtained by simple image processing with
ImageJ software (Figure 1).

The morphologies and elemental distributions were analyzed
by TEM and SEM with EDX (Figure S2 and Figure 2). TEM
image showed the spherical shape of the nanoceria with a
size of ∼10 nm. From the SEM images, we could see much
more irregular surfaces having particle-like dots in the paper
strip incorporating both nanoceria and ChOx, while relatively
smooth surfaces were observed from the bare paper strip,
indicating the effective loading of nanoceria and ChOx on
the paper strip. Elemental mapping images of Ce, N, and C
elements also demonstrated that nanoceria and ChOx were
homogeneously distributed throughout the paper matrices,
which may contribute to an enhanced colorimetric response
compared with aggregated cases.

Analytical Capability of Paper Strip for the

Determination of H2O2 and Cholesterol
The colorimetric responses of nanoceria-embedded paper strip
toward H2O2 were first assessed by soaking the paper strip into
sample solutions containing diverse levels of H2O2, followed by
acquiring images using smartphone (Figure 3). ImageJ software
was utilized to convert the real images of paper strips into the
CMYK mode for quantifying their color intensity. By simple
3min reaction at RT, the paper strip showed clear color change
from white to intense yellow, proportional to the H2O2 levels
(Figure 3A). The color intensity increased with increasing H2O2

concentration in the sample, with a dynamic linear range of
0.1–1.5mM (R2

= 0.9946), and the limit of detection (LOD)
was calculated to be as low as 0.05mM (Figure 3B), which is
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FIGURE 1 | Schematic illustration of the paper strip incorporating nanoceria and ChOx for the smartphone-mediated reagent-free colorimetric determination

of cholesterol.

FIGURE 2 | SEM images of (A) bare paper strip, (B) paper strip incorporating both nanoceria and ChOx, and the corresponding EDS maps of (C) Ce, (D) N, and (E)

C elements.

enough for coupling with ChOx to create cholesterol assay system
(Kim et al., 2011).

The feasibility of the paper strip incorporating both
nanoceria and ChOx was then demonstrated, for colorimetric
determination of target cholesterol without involvement of any
chromogenic substrate. Although the nanoceria-embedded paper
strip incubated with free ChOx without immobilization yielded

slightly higher level of color transition toward cholesterol, it
is not convenient to use since ChOx was not immobilized on
the paper matrices (Figure S3). Investigations for the effects
of experimental parameters such as temperature, buffer pH,
and incubation time on the color intensity of paper strip
toward cholesterol showed that 37◦C, pH 7, and incubation for
50min were the ideal assay conditions (Figure S4). Although
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FIGURE 3 | (A) Real images and the corresponding dose-response curve for H2O2 determination using nanoceria-embedded paper strip and (B) linear calibration

plot. The error bars represent the standard deviation of three independent measurements.

FIGURE 4 | (A) Real images and the corresponding color intensities of the selective colorimetric detection of cholesterol using paper strips incorporating nanoceria

and ChOx. A 10mM concentration of cholesterol was used, while 100mM of other substrates was used in the experiments. (B) Real images, dose-response curve,

and the corresponding linear calibration plots for cholesterol determination using paper strips incorporating nanoceria and ChOx. The error bars represent the

standard deviation of three independent measurements.

the incubation at 37◦C yielded the maximal color intensity, we
incubated our paper strip with cholesterol at RT rather than
37◦C because of the practical convenience and sufficiently high
color intensity at RT (over 90% compared to that from 37◦C).
Through the simple soaking of the paper strip into the sample
solutions, cholesterol was specifically detected by generating
intense yellowish color, while no significant color change was
observed from the common interfering substances such as
glucose, xanthine, uric acid, cysteine, galactose, urea, ascorbic
acid, glutathione, and dopamine, which commonly appear in
human blood, even at 10-fold higher concentrations to that of

cholesterol (Figure 4A). Moreover, these interfering compounds
did not hinder the color change of the paper strips even when
they were co-presented with cholesterol (Figure S5). In case of
dopamine, although there was a different dark color observed
from the paper strip, we could obtain similar yellowish color
intensity using the ImageJ software.

Through the analysis of dose-response curve, the LOD for
cholesterol was determined to be 0.04mM, with a dynamic
linear range from 0.1 to 1.5mM (Figure 4B). The LOD value
of the assay system was calculated based on the formula: LOD
= 3×δ/slope, where δ is the standard deviation of blank and
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FIGURE 5 | (A) Long-term storage stability and (B) reusability of paper strips for cholesterol detection.

TABLE 1 | Detection precision of the paper strip incorporating nanoceria and

ChOx for the quantification of cholesterol levels in spiked human serum samples.

Original

amount

(mM)

Added

(mM)

Expected

(mM)

Measureda

(mM)

SDb CVc

(%)

Recoveryd

(%)

Normal 1 2.08 2.08 0.08 3.97 99.84

Boundary 1.08 4.5 5.58 5.43 0.31 5.67 97.39

High 6 7.08 7.16 0.33 4.58 101.19

aThe average value of 5 successive measurement experiments. bstandard deviation (SD)

of 5 measurements. cCoefficient of variation= (SD/mean)× 100. dRecovery= (Measured

value/Expected value) × 100.

slope is the slope of calibration curve (Kim et al., 2018). The
LOD and linear range values of our paper strips are among the
best describing colorimetric detection of cholesterol (Table S1).
Furthermore, our system solely enables reagent-free colorimetric
determination of cholesterol, which is quite advantageous in
practical applications. Considering that the cut-off value of
hypercholesterolemia patients is about 6mM, thus the current
cholesterol paper strip is suitable to distinguish patients with
hypercholesterolemia and normal persons (Nair et al., 2014).
Although the employed nanoceria and ChOx were not uniformly
immobilized but aggregated to some extent on paper matrices
(Figure S6), the detection performances of the developed
cholesterol paper strip were enough for practical applications.

We also evaluated long-term storage stability and reusability
of the developed cholesterol paper strip. The storage stabilities
were examined bymeasuring the residual color intensities toward
cholesterol, during the storages in three conditions at RT,
4◦C, and −20◦C. The investigations clearly indicated that the
paper strip showed excellent storage stability during 20 days
(Figure 5A). When incubating at RT, our paper strip showed
slight decrease in color intensity; however, over 90% of initial
activity still remained at 20 days of incubation. The paper strip
is also expected to be reused for multiple times owing to the

expected decomposition of the adsorbed peroxide species on
the surface of embedded nanoceria (Kim et al., 2017). As a
result, the paper strip fully regained its original color up to
4 consecutive cycles (Figure 5B). However, its maximal color
intensity after reaction was gradually decreased, indicating that
the immobilized state of nanoceria on the paper matrices would
hinder the reversibility of nanoceria.

Determination of Cholesterol Levels in

Human Serum Samples
Finally, we examined the diagnostic capability of the paper
strip incorporating nanoceria and ChOx, using clinical human
serum samples containing representative levels of cholesterol
(normal; ≤5mM, boundary; 5–6mM, and high; >6mM)
(Nair et al., 2014). The original amount of cholesterol in the
serum samples was first determined using a cholesterol assay
kit, and a predetermined amount of cholesterol was added
to establish the representative levels. 10-fold dilution was
applied to the prepared samples to adjust their cholesterol
concentration within our linear range. According to the
experimental results, the serum cholesterol levels were
quantitatively determined with excellent precision, yielding
CVs ranging from 3.97 to 5.67% and recoveries ranging
from 97.39 to 101.19% (Table 1), validating the excellent
reproducibility and reliability of this assay. The precision values
were similar to those obtained with commercially-available
cholesterol assay kit (Table S2). These results demonstrate that
the proposed reagent-free colorimetric cholesterol paper strip
can be employed as a promising analytical tool for convenient
identification and first screening of hypercholesterolemia in
POCT environments.

CONCLUSIONS

We herein developed a paper strip sensor incorporating
both nanoceria and ChOx, for reagent-free as well as
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instrumentation-free determination of cholesterol. The
paper strip displayed excellent selectivity, sensitivity, and
linearity for the determination of target cholesterol by simple
processing the real images acquired using a smartphone,
with excellent storage stability and reusability. The clinical
utility of the strip sensor was successfully demonstrated
by reliably determining the cholesterol levels from clinical
human serum samples. Since the current nanoceria-embedded
paper strip enabled visual detection of the target cholesterol
without involvement of any chromogenic dye or detection
instrumentation, it should find practical applications in
POCT environments.
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Nano-sized iron sulfides have attracted intense research interest due to the variety of

their types, structures, and physicochemical properties. In particular, nano-sized iron

sulfides exhibit enzyme-like activity by mimicking natural enzymes that depend on an

iron-sulfur cluster as cofactor, extending their potential for applications in biomedicine.

The present review principally summarizes the synthesis, properties and applications in

biomedical fields, demonstrating that nano-sized iron sulfides have considerable potential

for improving human health and quality of life.

Keywords: nano-sized iron sulfide, structure, synthesis, enzyme-like activities, biomedical applications

INTRODUCTION

With the development of nanotechnology (Li et al., 2019), nanomaterials have become a major
resource for the development of novel therapeutic medicines and technologies designed to improve
human health and the quality of life (Zhang and Webster, 2009; Esmaeili et al., 2020; Wang
et al., 2020). In particular, due to their multiple functionality and excellent biocompatibility, iron-
based nanomaterials are frequently used in the biomedical field, such as bioseparation, biosensors,
magnetic resonance imaging (MRI), tumor hyperthermia, and drug delivery (Chen and Gu, 2017).
In addition, recent studies have revealed that these nanomaterials have intrinsic enzyme-like
properties (Gao et al., 2007; Xie et al., 2012; Xu et al., 2018), an important form of nanozyme
representing a new generation of artificial enzyme (Wei and Wang, 2013; Dong et al., 2019;
Liang and Yan, 2019). Currently, the majority of iron-based nanomaterials are iron oxide which
possess excellent supraparamagnetic properties, with catalytic activity mimicking that of oxido-
reductases, including peroxidase, catalase, superoxide dismutase, and oxidase (Gao et al., 2007;
Liang and Yan, 2019). However, iron sulfide nanomaterials have not been comprehensively studied
or used in the biomedical fields. Since O and S are congeneric elements, iron sulfide demonstrates
similar physiochemical properties as iron oxide (Fu et al., 2019). In addition, the phases of
iron sulfide in nature include mackinawite (FeS), pyrrhotite (Fe1−xS), pyrite (FeS2), and greigite
(Fe3S4), etc., which exhibit more variability than iron oxide containing only Fe2O3 and Fe3O4.
The band gap in iron sulfide is smaller than that of iron oxide, leading to the former having more
appropriate electron transfer and conductivity (Wadia et al., 2009; Jin et al., 2017; Zhang et al.,
2018). Importantly, iron-sulfur clusters are important cofactors in many enzymes which serve as
active centers for electron transfer in catalytic processes and respiratory chain reactions (Qi and
Cowan, 2011). Therefore, it is anticipated that iron sulfide nanomaterials will display multiple
functionalities and they have great potential in biomedical applications. Herein, we will summarize
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the types, synthesis and properties of iron sulfide nanomaterials
and emphasize their applications in biomedical and medical
fields. This will provide a comprehensive understanding of iron
sulfide nanomaterials and illustrate their considerable potential
as novel multifunctional biomaterials in biomedical applications.

TYPE AND STRUCTURE OF IRON SULFIDE

Solid phases of iron sulfides principally comprise FeS
(mackinawite), Fe1−xS (pyrrhotite), FeS2p (pyrite), FeS2m
(marcasite), Fe3S4 (greigite), and Fe9S11 (smythite). The content
of iron within a biomaterial therefore influences its phase,
shape, and physical and chemical properties. FeS naturally has
a tetragonal structure, with each iron atom coordinated to four
sulfurs. For Fe1−xS, a monoclinic hexagonal is present. FeS2p
forms stable iron (II) disulfides with cubic structures. FeS2m
differs from FeS2p as an orthorhombic metastable iron (II)
disulfide, whilst Fe3S4 is a cubic metastable Fe (II) Fe (III) sulfide.
Hexagonal Fe9S11 is related to the Fe1−xS phase (Rickard and
Luther, 2007).

Reported crystal structures of iron sulfide are displayed
in Figure 1 (Fleet, 1971; Argueta-Figueroa et al., 2017). FeS
possesses a tetragonal layered structure in which the iron
atoms are linked through tetrahedral coordination to four
equidistant sulfur atoms. A single iron atom is coordinated to
four equidistant sulfur atoms. The distance of Fe-Fe is 2.5967
Å. In addition, Fe-Fe bonding is substantial in FeS. To assess
the effects of van der Waals forces resulting from the S atoms,
sheets including Fe are stacked along the C-axis. The spacing
of these layers is 5 Å. The structure of Fe2S2 is closed to FeS.
The structure of FeS2 is similar to that of NaCl in which S2−

is located at the center of a cube. The cubic structure has a low
symmetry. In addition, FeS2 exhibits chirality through absorbed
organic molecules. Fe3S4 has an inverse spinel structure in which
8 Fe atoms are located at the tetrahedral A-sites and 16 Fe atoms
are located at the B-sites of the octahedron. The unit cell of Fe3S4
is 9.876 Å. In addition, the cubic structure of Fe3S4 forms a
closely packed array of S molecules linked by smaller Fe units
(Figure 1D). It has been established that the Fe7S8 structure is
a hexagonal supercell (Fleet, 1971). The viable distribution of
vacancy sites ideal for the base structure of NiAs was observed
to describe the structure of Fe9S10 (Elliot, 2010).

SYNTHESIS OF NANO-SIZED IRON
SULFIDES

Nano-sized iron sulfide encompasses a range of iron and
sulfur compounds. Firstly, the range of chemical and biological
methods for their production are discussed. In addition, the most
reported synthesized methods for creating different phases of
iron sulfide are presented in Table 1.

Hydrothermal Synthesis
Thermal decomposition is the most commonly-used
hydrothermal reaction for iron sulfide production. The
typical solvothermal synthesis method of nFeS firstly involves the

dissolution of FeCl3·6H2O in 40mL of ethylene glycol. NaOAc
and organosulfur compounds (allyl methyl sulfide, diallyl sulfide,
diallyl trisulfide, diallyl disulfide, cysteine, cystine, glutathione
(GSH), or methionine) are then added under continuous and
vigorous stirring. The system was then sonicated for 10min
and transferred to a Teflon-lined stainless steel autoclave. The
mixture was reacted at 200◦C for 12 h and precipitates washed
three times with ethanol and water. Finally, the products were
dried at 60◦C for 3 h (Xu et al., 2018). For FeS2, the single
source molecular precursor Fe3+ diethyl dithiophosphate
forms an aqueous solution through the reaction of FeCl3
and (C2H5O)2P(S)SNH4, with hexadecyltrimethylammonium
bromide (CTAB) added as a surfactant and reacted with a single
precursor [(C2H5O)2P(S)S]3Fe (Wadia et al., 2009). For FeS,
FeCl3·6H2O was dissolved in ultrapure water with ethanolamine
and thiourea added to the solution. After stirring for 25min,
the mixture was added to a Teflon lined autoclave and reacted
at 180◦C for 12 h. The synthesis of Fe3S4 differs from that of
FeS. FeCl3·6H2O, ethylene glycol, thiourea and H2O2 were
mixed and reacted at 180◦C for 18 h in the presence of the
capping agent polyvinyl pyrrolidone (PVP) to prevent excessive
growth and aggregation of the nanoparticles (NPs) (Moore et al.,
2019). Fe1−xS single crystals were then synthesized through a
hydrothermal method by the addition of K0.8Fe1.6S2 crystals,
Fe powder, NaOH, and thiourea in deionized water, which was
reacted at 120◦C for 3–4 days (Guo et al., 2017). Ionic liquids that
form extended hydrogen bond systems were then used to form
higher structures in the base of the hydrothermal process, as
reported by Zheng and colleagues when changing the structure
of Fe3S4 (Ma et al., 2010). Generally speaking, the product
obtained by the hydrothermal method has better dispersibility
and controllability, but iron oxide impurities can also appear
during the synthesis of iron sulfide. Meanwhile, multiphase iron
sulfide appears to occur easily, as assessed by X-ray diffraction
(XRD) patterns for hydrothermally-synthesized samples.

Microwave Production
The principal advantages of microwave-assisted methods,
compared with conventional heating include its reduced reaction
time, smaller particle size distribution, and higher purity.
Ethylene glycol is a solvent suitable for microwave-assisted
methods owing to its relatively high dipole moment. For FeS2
microspherolites, FeSO4·7H2O, PVP-K30 and S powder in
ethylene glycol can be reacted bymicrowave in an N2 atmosphere
(Li M. et al., 2011). Although this emerging technique may
be more desirable it should be noted that the aggregation
phenomenon does not appear to be improved.

Co-precipitation
Chemical co-precipitation does not introduce impurities. The
operation is performed under mild conditions and is typically
synthesized using Fe3S4 methods, in which iron (II) sulfate
heptahydrate and sodium sulfide are dissolved in ultrapure
deionized water. The solution was then added dropwise to acetic
acid to adjust the pH to 3.0, followed by stirring for several
minutes. The reaction was prepared under an N2 atmosphere
(Chang et al., 2011). In addition, green synthesis was achieved

Frontiers in Chemistry | www.frontiersin.org 2 September 2020 | Volume 8 | Article 81865

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Yuan et al. Iron Sulfide in Biomedicine

FIGURE 1 | Crystal structure of iron sulfide. (A) FeS. (B) FeS2. (C) Fe2S2. (D) Fe3S4. Reproduced with permission from Rickard and Luther (2007). Copyright 2007,

American Chemical Society.

in a continuous stirred-tank reactor (Simeonidis et al., 2016). As
previously reported, the conditions of synthesis required by co-
precipitation are harsher than those of other methods, and the
products obtained may show poor homogeneity.

High Temperature Chemical Synthesis
Chemical synthesis methods using high temperatures have been
reported for FeS2. Briefly, iron (II) acetylacetonate (Fe(acac)2),
trioctylphosphine oxide (TOPO) and oleyamine (OLA) were
mixed and degassed at 110◦C for 1 h under a vacuum. The
mixture was then rapidly heated to 220◦C for 1 h under vigorous
magnetic stirring in the presence of nitrogen. Sulfur was then
quickly injected into the solution, which was heated to 220◦C
for 1 h. Once the solution cooled, ethanol was added to the
precipitate to develop the FeS2 nanoplates (Bi et al., 2011).
Synthesis methods for Fe1−xS and Fe3S4 have also been reported.
The rapid injection method has been used to reduce the size
of Fe3S4 (Beal et al., 2012). This method of synthesis is highly
sensitive to the experimental conditions.

Sonochemical Synthesis
As a convenient and stable synthetic method, Bala and colleagues
described specific FeS’ sonochemical synthesis. Firstly, sodium
sulfide was dissolved in double distilled water. FeSO4·7H2O
was then independently dissolved in a solution of double

distilled water and polyethylene glycol (1:1). The sodium sulfide
solution contained a drop of Triton-X surfactant which was
added dropwise to the above solution while being continuously
sonicated for 30min. PVP was then added and the system was
mixed via ultrasound for a further 30min (Ahuja et al., 2019).

Other Chemical Methods
Some unusual synthetic chemical methods have been reported.
The low temperature synthesis of FeS2 nanoparticles was
described in 2014 (Srivastava et al., 2014a). Briefly, FeCl3 and
sodium polysulfide (Na2Sx) were mixed in pH 5.6 acetate buffer
in an anaerobic environment. The black solution then was
reacted in a 90–100◦C oil bath for 4 h to produce a grayish
FeS2 product. Flux methods were then used to synthesize 1D
Fe7S8. The reaction was conducted within a furnace at 750–
850◦C (Kong et al., 2005). FeS can also be created in a biological
system (Mei and Ma, 2013).

Biomineralization
The bio-synthesis of iron sulfide using microorganisms is
superior for biomedical applications (Li X. et al., 2011). When
microorganisms interact with target ions, they are transported
into microbial cells to form NPs in the presence of specific
enzymes. In addition to the advantages of green synthesis,
biological methods improve the biocompatibility of iron sulfide.
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TABLE 1 | Appearances, sizes and lattice spaces of iron sulfide.

Phase Method Appearances Size (nm) Lattice

space (nm)

References

FeS High temperature chemical synthesis Nanoplates 32–36 0.286 Yang et al., 2015

Sonochemical synthesis Spherical 6–20 Ahuja et al., 2019

Biosystem Spherical 30–50 Mei and Ma, 2013

Hydrothermal synthesis Pomegranate

flower-like

3,000 Jin et al., 2017

Co-precipitation Co-precipitation Regular spherical

Nanoparticles

50 60–80 102 (DLS) Dai et al., 2009; Agnihotri et al.,

2020

Biomineralization Spherical 2 Watson et al., 1999

FeS2 High temperature chemical synthesis Cubic 60–200 Bi et al., 2011

Ionic liquid-modulated synthesis Hexagonal nanoplates 12,000 30 (side length) Ma et al., 2010

Hydrothermal synthesis Quasi-cubic nanocrystal Over 100 Wadia et al., 2009

Microwave Big particles 200 Kim and Batchelor, 2009

Hydrothermal synthesis Uniform nanowires 40–60 0.269 Kar and Chaudhuri, 2004

Hydrothermal synthesis Nanorods 40–100 Kar and Chaudhuri, 2004

Hydrothermal synthesis Nanoribbons 100–250 0.313 Kar and Chaudhuri, 2004

Microwave Monodisperse microspherolites 2,400 0.27 Li M. et al., 2011

Biomineralization Nanodots 7 Jin et al., 2018

Low temperature synthesis Hexagonal 600–700 Srivastava et al., 2014b

Fe3S4 Hydrothermal synthesis Spherical 76 165 (DLS) Ding et al., 2016

Hydrothermal synthesis Hydrothermal

synthesis

Plates

Dispersible nanoparticles

2000–5000 17.7 0.298 Fu et al., 2019; Moore et al.,

2019

Hydrothermal synthesis Hydrothermal

synthesis Hydrothermal synthesis

Nanocrystals

Hexagonal nanolpates

Monodisperse nanocrystals

2.5–4.5 12,000 30

(side length) 100

175 (DLS)

Vanitha and O’Brien, 2008; Ma

et al., 2010; He et al., 2013

Co-precipitation Co-precipitation

Co-precipitation

Irregular particles

Nanoparticles

Platelet-like

50–100 20–35 10–20 0.572 Chang et al., 2011; Paolella

et al., 2011; Simeonidis et al.,

2016

High temperature chemical synthesis Spherical 5 0.25 Beal et al., 2012

Fe7S8 Hydrothermal synthesis Spherical 5.6 Vanitha and O’Brien, 2008

Flux hedgehog-like 10,000 Kong et al., 2005

Flux Nanorods 200 1500–2000 (length) Kong et al., 2005

Flux Nanosheets Smaller than 100

(thickness)

Kong et al., 2005

Hydrothermal synthesis Nanowires 0.289 Yao et al., 2013

High temperature chemical synthesis Nanosheets 5,000 500 (thickness) Wang et al., 2013

The particles generated have higher catalytic reactivity and a
greater surface area. Previous studies have reported that FeS2,
Fe3S4, and FeS NPs can be produced by microorganisms.
For the biomineralization of Fe3S4 and FeS2, a magnetotactic
bacterium has been described (Mann et al., 1990). In 1995,
FeS materials were produced by sulfate-reducing bacteria grown
on iron containing substrates (Watson et al., 1995). Bazylinski
and colleagues also reported the formation of Fe3S4 using non-
cultured magnetotactic bacteria (Lefèvre et al., 2010). Sulfate-
reducing bacteria were able to produce Fe1−xS as reported
by Charnock and colleagues (Watson et al., 2000). NPs were
subsequently formed at the surface by the microorganisms and as
such, the porous structure of the iron sulfide NPs failed to prevent
normal metabolism. These studies verified the utility of this
method for efficient NP production. Chemical biomineralization
methods have also been used to synthesize FeS2 and FeS
Quantum dots (QDs) (Jin et al., 2018; Yang et al., 2020).

Iron Sulfide Modifications
Bare nanocrystal cores have an unstable structure that is prone to
photochemical degradation. However, those that are unmodified
display higher toxicity. As such, biocompatible moieties are
essential as they serve as caps for nanomaterials, including
polyethylene glycol (PEG), silica, lactose, citrate, and dextran
(Simeonidis et al., 2016; Mofokeng et al., 2017). Previous studies
have reported the synthesis, characterization, cytotoxicity and
biodistribution of FeS/PEG nanoplates in vivo (Yang et al.,
2015). An adsorption-reduction method was used to load silver
onto the surface of 3-aminopropyltriethoxysilanemodified
3-aminopropyl triethoxysilane (APTES)-modified Fe3S4
particles, achieving the preparation of magnetic composite
nanoparticles of Fe3S4/Ag (He et al., 2013). However,
modifications also led to adverse effects. For example, the
modification of CTAB inhibited the growth of nano Fe3S4
(Simeonidis et al., 2016).
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FIGURE 2 | Representative images of nano-sized iron sulfide. (A) TEM image of the spherical FeS. Reproduced with permission from Dai et al. (2009). Copyright

2009, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) TEM and HRTEM of FeS2 nanodots. Reproduced with permission from Jin et al. (2018). Copyright 2017,

American Chemical Society. (C) TEM images of platelet-like Fe3S4. Reproduced with permission from Paolella et al. (2011). Copyright 2011, American Chemical

Society. (D) SEM and HRTEM of Fe7S8 nanowires. Reproduced with permission from Yao et al. (2013). Copyright 2013, Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.

Characterization of Iron Sulfide
Detailed characterization is required to confirm the synthesis
of iron sulfide. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) can be used to
image surface morphology. These represent the most direct
and commonly-used methods to assess the microstructure,
size, and dispersion of the materials. Differences in the
synthetic methods have presented variations in TEM/SEM
imaging, including within the same phase. For FeS, nanoplates,
spherical nanoparticles, and pomegranate flower-like shapes
have been reported. FeS2 exists as large particles, cubic
nanocrystals, monodisperse microspherolites, spherical and
hexagonal nanoribbons, and nanorods. Typical images of iron
sulfide are shown in Figure 2. Table 1 reports the most common
morphology and size of FeS, FeS2, Fe3S4, and Fe7S8. Lattice
spaces are measured to judge the crystallinity of the materials.
The reported lattice spaces of the iron sulfides are summarized in
Table 1. The composition, content, and structure of a substance
can be analyzed, measured, and inferred using Ultraviolet-visible

(UV-Vis) spectrometry and the absorption of UV and visible
light. According to previous studies, the UV absorption peaks
of FeS are 285 nm and 500 nm (Table 2). Information on
the composition of the materials and the structure and/or
morphology of the atoms or molecules inside the materials can
be obtained by XRD analysis. XRD is the most direct indicator
of whether a crystal is pure and so represents a convenient
system to analyze synthesized materials. JCPDS cards are used
to contrast and analyze unknown crystals. JCPDS cards of FeS
(JCPDS card No. 15-0037 and 75-0602), FeS2 (JCPDS card No.
03-065-1211, 89-3057, 65-3321, and 42-130), Fe3S4 (JCPDS card
No. 16-0713, 89-1998, and 16-0073) and Fe7S8 (JCPDS card
No. 25-0411 and 76-2308) are listed in Table 2. For iron sulfide
nanomaterials, the X-ray photoelectron spectroscopy (XPS) of
Fe and S are essential. FeS materials are presented in Table 2

(Fe 2p: 2p3/2 (711.4 eV), 2p1/2 (724.9 eV), S 2p: 2p3/2 (161.1 eV),
2p1/2 (166.0 eV)), FeS2 (Fe 2p: 2p3/2 (707.0 eV), 2p1/2 (720.0 eV),
S 2p 2p3/2 (162.3 eV), 2p1/2 (163.5 eV)), Fe3S4 (Fe 2p: 2p3/2
(711.0 eV), S 2p: 2p3/2 (161.0 eV), 2p1/2 (162.5 eV)), Fe7S8 (Fe
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TABLE 2 | UV-VIS, XPS and XRD of iron sulfide.

Phase UV-Vis peak (nm) XPS XRD References

FeS 500 285A broad

absorption in (400–700 nm)

Fe 2p 2p3/2 (711.4 eV) 2p1/2 (724.9 eV)

S 2p 2p3/2 (161.1 eV) 2p1/2 (166.0 eV)

JCPDS card No.15-0037

JCPDS card No.75-0602

Guo et al., 2016; Jin et al., 2017; Ahuja et al.,

2019; Agnihotri et al., 2020

FeS2 Fe 2p 2p3/2 (707.0 eV) 2p1/2 (720.0 eV)

S 2p 2p3/2 (162.3 eV) 2p1/2 (163.5 eV)

JCPDS card No.03-065-1211

JCPDS card No.89-3057

JCPDS card No.65-3321

JCPDS card No.42-1340

Kar and Chaudhuri, 2004; Wadia et al., 2009;

Li M. et al., 2011; Gan et al., 2016

Fe3S4 Fe 2p 2p3/2 (711.0 eV)

S 2p 2p3/2 (161.0 eV) 2p1/2 (162.5 eV)

JCPDS card No.16-0713

JCPDS card No.89-1998

JCPDS card No.16-0073

Ma et al., 2010; Chang et al., 2011; Paolella

et al., 2011; Beal et al., 2012; Feng et al.,

2013; He et al., 2013; Ding et al., 2016; Moore

et al., 2019

Fe7S8 Fe 2p 2p3/2 (709.9 eV) (711.6 eV)

S 2p 2p3/2 (163.5 eV) 2p1/2 (164.7 eV)

JCPDS card No. 25-0411

JCPDS card No.76-2308

JCPDS card No.71-0647

Kong et al., 2005; Vanitha and O’Brien, 2008;

Wang et al., 2013; Yao et al., 2013; Jin et al.,

2019

2p: 2p3/2 (709.9 eV), (711.6 eV), S 2p: 2p3/2 (163.5 eV), 2p1/2
(164.7 eV)). Fourier transform infrared (FTIR) spectroscopy can
be used to detect functional groups in a complex mixture and
so is therefore essential to the characterization of modified iron
sulfide. Previous studies have provided FTIR spectra, showing
successful modifications by APTES on the surface of the Fe3S4
nanoparticles (He et al., 2013). Fe7S8/N-C nanohybrids were
prepared for FeMOF and FeMOF-S and analyzed by FTIR
(Jin et al., 2019). In addition, energy dispersive spectroscopy
(EDS) (Paolella et al., 2011; Ding et al., 2016; Guo et al., 2016),
dynamic light scattering (DLS) (He et al., 2013; Ding et al.,
2016), Raman spectroscopy (Gan et al., 2016; Guo et al., 2016),
selected area electron diffraction (SAED) (Kar and Chaudhuri,
2004), X-ray absorption fine structure (XAFS) (Feng et al., 2013),
differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) (Jin et al., 2019), nitrogen adsorption–desorption
isotherms and pore size distribution (Guo et al., 2016) analysis of
iron sulfide have been reported as characterization systems.

CHARACTERISTICS OF NANO-SIZED
IRON SULFIDES

In addition to both the physical and chemical properties,
characteristics include the structure, solubility, stability,
reactivity, magnetic properties, and photothermal properties of
the products.

Solubility
The major forms of nano-sized iron sulfides are solid precipitates
which have poor solubility in water. However, Rickard et al.
revealed that sedimental FeS can dissolve at c (S2−) ≤ 10−5.7

M to form Fe2+. The solubility can be increased in an alkaline
as opposed to neutral environment (Rickard, 2006). FeS does
not dissolve in HCl, meaning it cannot be removed with HCl
(Rickard and Luther, 2007). According to previous studies, the
Ksp of FeS2 was 10−16.4 at 25◦C. The solubility products of
various iron sulfides were assessed and resulted in consensus
values for the pKs (FeS: 3.6 ± 0.2; FeS2 16.4 ± 1.2; Fe3S4 4.4 ±

0.1; Fe7S8 5.1 ± 0.1). This improved our understanding of the

solubility of iron sulfide in both synthetic and natural water at
room temperature (Davison, 1991).

Stability
FeS is stable within the P-T range of the Martian core (Kavner
et al., 2001). Understanding the relationship between the stability
of iron sulfide and its chemical environment is of key importance.
Once iron sulfide is formed, its structure is reversible. Studies
have examined the stability of FeS2 in different temperatures
and the concentrations of absorbed water on the surface.
Temperature has little effect on the morphology of FeS2 under
low absorbed water concentrations. However, at above 90K, the
conversion from an octahedral structure to a cubic shape is
promoted. At higher concentrations of water, the dependence on
temperature is more apparent (Barnard and Russo, 2009). The
latter study established that functions of the surface ligands affect
the stability of FeS2 (FeS2 nanorods synthesized in laboratory)
(Barand and Russo, 2009). The stability of FeS contributed to low
energy excitation from Fe d to S-Sσ∗p (Zhang et al., 2018). Fe3S4
was observed at 200◦C for 30 h then it transformed to FeS2 over
time (Gao et al., 2015).

Reactivity
Iron sulfide is highly reactive to N2 and H2S. This reaction occurs
at room temperature and the adsorption of N2 is dependent on
the surface FeS and on the electronic state of N2. A decrease
in absorbed N2 and H2S could be explained by the formation
of ammonia (Kasting, 1993). The reactivity of Fe7S8 is similar
to FeS (Niño et al., 2018). The presence of both Au1+ and Au
atoms has been observed on the surface of FeS2. Au deposition
increased at higher pH and temperatures. The reactivity of Au1+

sulfides with FeS2 have also been investigated (Scaini et al., 1998).
The reactivity of FeS2 using gaseous H2O and O2− was similarly
reported. Gaseous H2O leads to the formation of iron hydroxides
on FeS2. A sequence of different exposures also leads to the
formation of a range of products (SO2−

4 , Fe(OH)3) (Usher et al.,
2005). Recently, FeS2 was shown to be a potential nanomaterial
for prebiotic chemistry due to its highly reactive surface that
drives amino acid adsorption (Ganbaatar et al., 2016). Among the
most common probes, water molecules have been used to explore
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FIGURE 3 | Magnetocaloric conversion performance (a–d) and photothermal property of iron sulfides. (a) Temperature change of the Fe3S4 nanoparticles in water at

varied concentrations of Fe2+ (i.e., 0, 0.5, and 1.0 mg/mL) as a function of magnetic field action time. (b) Plot of temperature change over 300s vs. the concentration

of Fe3S4 nanoparticles. Thermal imaging of (c) pure water and (d) Fe3S4 nanoparticles (1.0 mg/mL) under the action of an AMF for 5min. Reproduced with

permission from Fu et al. (2019). Copyright 2019, Frontiers in Materials. (e) Synthetic route and applications of FeS2 nanodots in the base of its photothermal activity.

(f) Scheme showing photothermal enhanced cellular uptake of FeS2@BSA-Ce6 nanoparticles. Reproduced with permission from Jin et al. (2018). Copyright 2017,

American Chemical Society.

the reactivity of FeS2 (De Leeuw et al., 2000). The different phases
of iron sulfide display a wide range of reactivities to chlorinated
solvents. Conditions including pH, sulfide concentrations, metal
ions, and natural organic matter can affect the reaction kinetics
of the degradation of chlorinated solvents (He et al., 2015). The
interaction of FeS, Fe3S4 and CO2 have also been reported. The
charge transfer on FeS can also effectively activate CO2, whilst
Fe3S4 is unreactive to CO2 (SantosCarballal et al., 2017).

Magnetic Properties
Nanomaterials with magnetic properties have numerous
applications, including magnetocaloric therapies, as MRI agents,
magnetic separation materials, and magnetic carriers. The
discovery of their magnetic properties led to the identification
of iron sulfide phases. The ferromagnetism of Fe7S8 can be
explained by Fe3+ ions with excess sulfur (Yosida, 1951). The
magnetic susceptibility χ of natural FeS2 was found to be 64 ×

10−668 × 10−6 cm3 /moles between 4.2 and 380K (Mohindar
and Jagadeesh, 1979). Magnetic ordering in FeS was inferred and
used to prove strong itinerant spin fluctuations. FeS can also be
used as a superconductor (Kwon et al., 2011). Even when the
structure of FeS is changed from troilite to the MnP-type under
high pressure, the antiferromagnetic properties are preserved
until the monoclinic structure is formed (Ono, 2007). The
magnetic moment then disappears and yetragonal-phase FeS (Tc:
5K) was observed for the same structure as the superconductor
FeSe (Tc: 8 K) (Kuhn et al., 2016). Fe3S4 displays high Mrs/χ,
(Mrs/χ: the saturation isothermal remnant magnetization:

magnetic susceptibility) and its MrsMs (hysteresis ratios) and
Bcr/Bc are 0.5 and 1.5 (Ms: saturation magnetization; Bc: the
coercive force; Bcr: the coercivity of remanence). Fe3S4 also
displays unique high-temperature properties, with a clear drop
in magnetization from 270 to 350◦C (Roberts, 1995). Synthesized
Fe3S4 contains various crystals from small superparamagnetic
grains (non-remanence) to large multi-domain grains (Snowball,
1991). The magnetic hysteresis properties of Fe7S8 have also
been studied (Menyeh and O’Reilly, 1997). The relationship
between structure and magnetic properties has been reported
within variable temperatures. Magnetic transitions occurred
within the transformation of the structure (Powell et al., 2004).
The magnetocaloric conversion ability of Fe3S4 nanoparticles
has been measured under an alternating magnetic field (AMF).
Meanwhile, the excellent physical and chemical properties
provide magnetothermal thrombolytic ability in medical
applications (Fu et al., 2019; Figure 3).

Photothermal Properties
Photothermal therapy (PTT) has attracted considerable attention
in recent years. The mechanism of PTT results mainly from
photo-absorbing nanomaterials that generate heat through
continuous laser irradiation, destroying cancer cells, but causing
no damage to healthy tissue. It is therefore necessary to
pay attention to the photothermal properties of iron sulfide.
PEGylated FeS (FeS-PEG) nanoplates exhibit high near infrared
(NIR) absorbance. Using Infrared (IR) thermal imaging, the
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SCHEME 1 | Schematic diagram of biomedical applications of nano-sized

iron sulfide.

temperature can reach 70◦C within 5min. Meanwhile, FeS-
PEG displays stronger photothermal conversion efficiency than
other known iron oxides (Yang et al., 2015). Ultrasmall FeS2
nanodots have also been synthesized and have been shown to
be useful for photodynamic therapy. Chlorin e6 (Ce6) was used
to conjugate FeS2 in the presence of the template bovine serum
albumin (BSA). FeS2@BSA-Ce6 nanodots (7 nm) demonstrated
good results in in vivo photoacoustic (PA) imaging, MRI and
enhanced cellular uptake (Jin et al., 2018; Figure 3).

Biomedical Applications
To-date, a variety of biomedical applications of iron sulfide
(catalysts, antibacterial agents, cancer therapies, drug delivery
systems, thrombolytic agents, biosensors, antifungal agents,
seed improvers in phyto-applications) and their functional
mechanisms have been summarized (Scheme 1).

Enzyme-Like Catalysis
Iron sulfur clusters are critical cofactors in many enzymes
and proteins which conduct redox reactions and regulate
oxidative stress. Thus, nano-sized iron sulfides are expected to
perform similar catalysis and act as nanozymes. Previous studies
have shown that iron sulfide can effectively activate persulfate
(PS) or peroxymonosulfate (PMS) to generate sulfate radicals
(Xiao et al., 2020). Other common reactions involving iron
sulfide are shown in section Sonochemical Synthesis. Since iron
oxide nanoparticles were shown to possess intrinsic peroxidase
activity in 2007 (Gao et al., 2007), it has been speculated
that iron sulfide has similar properties. The catalytic processes
of iron sulfide are shown in Figure 4. High catalytic activity,

multi-enzymes activities, harsh environmental resistance, storage
stability, and the intrinsic advantages of nanomaterials provide
further possibilities for biomedicine development, meaning that
good alternatives to natural enzymes exist. The enzymatic activity
of iron sulfide has been intensely investigated. In 2010, FeS
nanosheets were reported to possess peroxidase-like activity. FeS
suspensions were shown to catalyze the oxidation of peroxidase
substrates, 3, 3′, 5, 5′-Tetramethylbenzidine (TMB) to produce
a blue product in the presence of H2O2 (Dai et al., 2009)
(Figure 4). Fe7S8 nanowires’ also possessing intrinsic peroxidase
activity was also reported in 2013 for which catalytic behavior was
observed. The apparent KM of Fe7S8 with TMB as a substrate
was 0.548mM, almost six times lower than that of horseradish
peroxidase (HRP). These results demonstrate that Fe7S8 has
a higher affinity to TMB than to HRP (Yao et al., 2013). In
2015, magnetic Fe3S4 NPs was shown to possess peroxidase-
like activity. Through investigating steady state kinetics, Fe3S4
was shown to possess a higher affinity for H2O2 than HRP. The
reasons could be that Fe3S4 binds to and reacts with H2O2,
following which nanozyme is released prior to reacting with the
second substrate TMB (Ding et al., 2016). nFeS (Fe1−xS and
Fe3S4) (detailed description in section Hydrothermal Synthesis)
have been shown to possess both peroxidase-like and catalase-
like activity (Figure 4). nFeS is able to decompose H2O2 into
free radicals and O2, promoting the release of polysulfanes (Xu
et al., 2018). FeS2 has also been shown to possess amylase-like
properties (Srivastava et al., 2014b).

Antibacterial Alternatives
Schoonen et al. reported on the antibacterial action of FeS2. Its
mechanism was shown to be related to the formation of H2O2.
The same group also reported how minerals can induce the
formation of reactive oxygen species (Cohn et al., 2006; Schoonen
et al., 2006). The rapid absorption of Fe2+ can influence bacterial
metabolism. The oxidization of Fe2+ to Fe3+ leads to reactive
oxygen species (ROS) production and biomolecular damage. As
a result, iron sulfide can act as antimicrobial agents. Iron sulfides
have been reported to be effective in bacterial infections. In
2013, He et al. reported on the bacteriostatic activity of Fe3S4/Ag
against E. coli (86.2%) and S. aureus (90.6%). Meanwhile,
Fe3S4 NPs without Ag have no effect (He et al., 2013). The
Arenas-Arrocena group synthesized Fex−1S NPs and reported
their antibacterial and cytotoxic activity in 2018. Antibacterial
activity against S. aureus, E. coli and E. faecalis was observed
(Argueta-Figueroa et al., 2018). In addition, Gao and coworkers
discovered antibacterial inorganic iron polysulfides materials
that were converted by organosulfur compounds in 2018.
Inorganic nano-sulfides (nFeS, Fe1−xS, and Fe3S4) have shown
inhibition against Pseudomonas aeruginosa and Staphylococcus
aureus. These studies also described new strategies to synthesize
iron sulfide nanomaterials. Furthermore, the S. mutans biofilm-
related infections could be prevented by nFeS (Xu et al., 2018)
(Figure 5). The antibacterial properties of FeS2-Bi2O3 against
the pathogenic microorganisms Mycobacterium tuberculosis and
Salmonella have also been measured (Manafi et al., 2019). Diksha
et al. reported that FeS NPs could enhance intrabacterial ROS
levels in bacteria by light irradiation in 2020. This was revealed
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FIGURE 4 | Schematic diagram of catalysis of iron sulfide as a nanozyme. (A) The peroxidase-like activity of FeS. Images of the suspension of sheet-like FeS

nanostructure (1), mixture of TMB and H2O2 after catalytic reaction by sheet-like FeS nanostructure (2), mixture of TMB and H2O2 after adding H2SO4 to quench the

catalytic reaction by sheet-like FeS nanostructure (3). Reproduced with permission from Dai et al. (2009). Copyright 2009, Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim. (B) The catalase-like activity of Cys-nFeS. The trend of KM and the ratio of Vmax/KM in the kinetics assay with varied cysteine. Reproduced with

permission from Xu et al. (2018). Copyright 2018, Nature Publishing Group.

FIGURE 5 | (A) Morphology of P. aeruginosa before (control) and after Cys-nFeS treatment. The red triangles indicate flagella. Scale bars: 1µm. (B) Photographs of P.

aeruginosa infected wounds treated with buffer (control), Cys-nFeS, H2O2, and Cys-nFeS + H2O2 at different times (five mice in each group). (C) Confocal 3D image

of a S. mutans UA159 biofilm treated by Cys-nFeS. Scale bars: 100µm. (D) SEM image of a S. mutans biofilm treated by Cys-nFeS. The red arrows indicate EPS.

Left scale bars: 100µm. Right scale bars: 3µm. (E) Scheme of polysulfane release from nFeS. Reproduced with permission from Xu et al. (2018). Copyright 2018,

Nature Publishing Group.
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FIGURE 6 | (A) In vivo fluorescence images of 4T1 tumor-bearing nude mice taken at different time points post iv injection of FeS2@BSA-Ce6 nanodots (3.5 mg/kg

Ce6 and 12 mg/kg FeS2 ). (B) Photoacoustic images of tumors in mice taken at different time points post iv injection of FeS2@BSA-Ce6 nanodots. (C) MR images of

4T1 tumor-bearing nude mice before and 8 h after iv injection of FeS2@BSA-Ce6 nanodots. (3.5 mg/kg Ce6 and 12 mg/kg FeS2). (D) IR thermal images of tumors in

mice iv injected with FeS2@BSA-Ce6 under 808 nm laser irradiation (0.8W/cm2, 15min). (E) Surface temperature changes of tumors monitored by the IR thermal

camera during laser irradiation. (F) Representative immunofluorescence images of tumor slices after hypoxia staining. The cell nucleus, hypoxia areas, and blood

vessels were stained with DAPI (blue), antipimonidazole antibody (green), and anti-CD31 antibody (red), respectively. Reproduced with permission from Jin et al.

(2018). Copyright 2017, American Chemical Society.

as the primary antibacterial mechanism of FeS NPs (Agnihotri
et al., 2020).

Cancer Therapy
Chen and colleagues reported that tumors in mice could disturb
iron metabolism in the major organs. The chemical form of
iron in the tumors was ferrous-sulfide-like iron and ferritin,
highlighting the potential of iron sulfide for cancer treatment
(Chen and Chen, 2017). Chang et al. synthesized Fe3S4 particles
with magnetic properties through co-precipitation. The NPs
were used for cancer hyperthermia providing a new avenue
for multimodal anticancer therapies (Chang et al., 2011). In
2015, Yang et al. concluded that triangle nanoplates (FeS/PEG
nanostructures) could be used as nanoagents for in vivo MRI-
guided photothermal cancer treatment. High doses of FeS
nanoplates were shown to be safe and effective in mice. This
study highlighted the potential clinical use of FeS, for MRI in
addition to PTT (Figure 6) (Yang et al., 2015). In 2018, Fe3S4
nanosheets were shown to possess high efficiencies for MRI
guided photothermal and chemodynamic synergistic therapy,
opening up a new direction for the design of inorganic iron
sulfide for future clinical applications (Guan et al., 2018). Tiny
nano-sized iron sulfide with simple biomineralization method
has also been attention owing to its huge potential in vivo
application especially in cancer therapy combined with its

excellent photothermal and magnetic performance. FeS2@BSA-
Ce6 (detailed in section Biomineralization) exhibited good
results whether in vivomultimodal imaging or in vivo combined
therapy (Jin et al., 2018). Meanwhile, the latest literature proved
3 nm FeS@BSA QDs could be used as T1-weighted MRI contrast
agents. Moreover, the ultrasmall QDs showed good results in
photothermal therapy and they could be cleared via glomerular
filtration into bladder after treatment (Yang et al., 2020). The
use of iron chalcogenides has also been investigated. Cu5FeS4-
PEG NPs were effective in dual-modal imaging and PTT
(Zhao et al., 2016). In 2017, CuFeS2 nanoplates were used
for in vivo photothermal/photoacoustic imaging and cancer
chemotherapy/PTT (Ding et al., 2017).

Drug Delivery
Iron sulfide holds utility as a drug carrier. In previous studies,
modified β-cyclodextrin (β-CD) and PEG Fe3S4 (GMNCs) were
used as drug loading NPs. Both β-CD and PEG have been
used to control the shape and size of GMNCs as surfactants.
In addition, the biocompatibility of Fe3S4 is enhanced, with
entrapment efficiencies of 58.7% for the modified delivery of the
chemotherapeutic drug doxorubicin. Meanwhile, the enhanced
chemotherapeutic treatment of mouse tumors was obtained
through the intravenous injection of doxorubicin (Dox) loaded
GMNCs (Feng et al., 2013; Figure 7).
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FIGURE 7 | (A) Schematical illustration of the greigite-containing magnetosome and the chemical synthesized magnetosome-like GMNCs. (B) Growth inhibition effect

in murine S180 sarcoma model of the sample. The photos and weight ratios of tumor tissue from mice treated with normal saline (control group), GMNCs, Dox at low

concentration, and GMNCs loading with Dox (without and with the guidance of external magnetic field), respectively. Reproduced with permission from Feng et al.

(2013). Copyright 2013, Nature Publishing Group.

FIGURE 8 | (A) Thrombolytic capacity in vitro of Fe3S4 nanoparticles under the indicated conditions. Fe3S4 nanoparticles: 0.5 mg/mL; NIR: 808 nm, 0.33W cm−2;

AMF: 4.2 × 109 A m−1 s−1. (B) T2-weighted MR imaging in vivo of a mouse with celiac vein thrombosis before (left) and after (right) an intravenous injection of a

solution of the Fe3S4 nanoparticles followed by the simulation of AMF. Reproduced with permission from Fu et al. (2019). Copyright 2019, Frontiers in Materials.

Thrombolytic Agents
In studies of vascular disease, the removal of thrombosis
through non-invasive methods is challenging. However, studies
regarding iron sulfide NPs as thrombolytic agents have
been reported. Ge et al. first highlighted the utility of
Fe3S4 NPs as thrombolytic agents with both photothermal
and magnetothermal thrombolytic capability. Using Fe3S4
nanoparticles, celiac vein thrombosis could be prevented using
magnetic hyperthermia combined PTT. Both in vivo and in vitro,
Fe3S4 has demonstrated beneficial effects for the removal of

thrombi (Figure 8), providing a novel hyperthermia strategy for
the prevention of thrombosis (Fu et al., 2019).

Biosensors
Iron sulfides have been used as glucose sensors due to their
intrinsic peroxidase-like activity (Dai et al., 2009). Glucose
sensors can be developed using colorimetric methods in which
cascade reactions form the core mechanism of glucose detection.
TMB could be oxidized to oxTMB in the presence of glucose,
GOx and iron sulfide. H2O2 produced by the decomposition
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FIGURE 9 | Plant growth parameters: control vs. test (FeS2). (a) Leaf area/Plant, showing significant increase in leaf area/test plants (52.4 ± 0.3) as compared to

control (25.6 ± 0.2). (b) Leaf area index signifying total photosynthetic area available to plant and high values for test samples (1.5 ± 0.07) can be correlated with high

biomass content of pro-fertilized spinach plants in comparison with (0.9 ± 0.02). (c) Comparative photograph of leaves showing larger leaf area in test plants as

compared to control plants. Plant growth parameters: control vs. test (FeS2 ). (d) Number of leaves/Plant: control: 13 ± 1.0; test: 19 ± 1.0. (e) Specific leaf area

signifies leaf thickness and was found similar for both test and control samples. (f) Field photograph taken at day 50 (just before harvesting the crop) depicting that the

test group plants have comparatively more foliage as compared to the control plants. (g) Proposed outline of the mechanism of action of FeS2 on spinach seed in

enhancing germination and plant growth. Reproduced with permission from Srivastava al. (2014). Copyright 2014, The Royal Society of Chemistry.

of glucose in the presence of glucose oxidase can be used as
a substrate for iron sulfide. Iron sulfide peroxidase-like mimics
can oxidize TMB to oxTMB in the presence of H2O2. Fe7S8
nanowires also possess peroxidase activity. Using a linear range,
glucose concentrations of 5 × 10−6 to 5 × 10−4 M could
be detected (Yao et al., 2013). In 2016, Xian and colleagues
used Fe3S4 magnetic nanoparticles (MNPs) to quantify glucose
concentrations in human serum. A linear range was measured
from 2 to 100µM, and the limit of detection (LOD) was 0.16µM
(Ding et al., 2016). These studies highlighted the potential of
as-prepared iron sulfide as both glucose sensors and artificial
peroxidase nanozymes.

Antifungal Agents
In vitro antifungal FeS NPs exhibited significant anti-fungal
activity against F. verticillioides at 18 µg ml−1, with a higher
efficiency than standard fungicides (carbendazim (median
effective dose (ED50): 230 µg ml−1). These were the first reports
highlighting the antifungal activity of iron sulfide. The influence
of FeS on both seed health and quality parameters of rice was
also evaluated based on this antifungal activity. Iron sulfides were

shown to be effective in iron deficient soils as an alternative to
high dose organic fungicides (Ahuja et al., 2019).

Seed Improvements in Phyto-Applications
FeS2 represents a photovoltaic material, which increases plant
biomass in the seeds of chickpeas (Cicer arietinum). Meanwhile,
the mechanism of functional FeS2 is attributed to its amylase-like
activity. In the presence of H2O and FeS2, starch in the seeds can
be broken down to H2O2, which participates in the absorption of
CO2 and improves plant health. Spinach seeds treated with FeS2
exhibited broader leaf morphologies, larger leaf numbers and an
increased biomass (Srivastava et al., 2014b) (Figure 9). In later
studies, seed priming with FeS2 was reported as an innovative
strategy (Das et al., 2016). FeS2 also improved both seed yield and
growth in the Brassica juncea field (Rawat et al., 2017).

CONCLUSIONS

In summary, we have highlighted the most recent methods
of nano-iron sulfide synthesis, including nano iron sulfide
modifications and characterizations. Strikingly, nano-sized
iron sulfides demonstrate versatile physiochemical properties,
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SCHEME 2 | Schematic diagram of biomedical applications based on physiochemical properties of nano-sized iron sulfide.

enzyme-like catalysis, high stability and biocompatibility,
which facilitate their biomedical applications. A range of
nano-iron sulfides have been assessed in catalysis, tumor
therapy, antibacterials and antifungals, drug delivery, biosensors,
thrombus removal and in plants. Their advantages include (1)
high biocompatibility due to the key role of iron and sulfur
in natural life; (2) the photothermal and magnetic properties
of nano-sized iron sulfide; (3) their nanostructure and large
surface area that can improve drug delivery; and (4) their
enzyme-like properties as nanozymes, including their high
reactivity to numerous chemical substances that can regulate

hydrogen peroxide, ROS and various catalytic reactions to treat
related diseases.

Although it has been shown that nano-sized iron sulfides
represent great potential in numerous applications in
biomedicine (Scheme 2), a number of issues remain to be
addressed, including the synthesis of iron sulfide that is stable
and in a single phase, with modifications to adapt to the
biological environment. Studies have found that the modification
of molecular CTAB inhibits the preparation of Fe3S4 NPs due
to competitive inhibition with Na2S under acidic conditions,
resulting in the formation of non-magnetic iron sulfides and
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other byproducts. Citrate modified nanoparticles have not
sufficient particle spacing due to aggregation effects (Simeonidis
et al., 2016). In addition, the biomedical assessments of iron
sulfides remain sparse, and their mechanisms of action under
physiological conditions are poorly understood. The intrinsic
enzyme-like properties of iron sulfide as nanozymes may provide
a window to understand its biological effects and potential
cytotoxicity in vivo. Taken together, nano-sized iron sulfides
possess versatile physiochemical properties and enzyme-like
properties, which describe a form of distinctive nanomaterials
with great potential for use in biomedical applications.
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Artificial nanoscale enzyme-mimics (nanozymes) are promising functional alternatives

to natural enzymes and have aroused great interest due to their inherent in vivo

stability, affordability, and high catalytic ability. Iron-based nanozymes are one of the

most investigated synthetic nanomaterials with versatile enzyme-like catalytic properties

and have demonstrated remarkable relevance to a variety of biomedical applications,

especially biocatalytic therapy against tumor indications. Nevertheless, despite the recent

advances in biology and nanotechnology, the therapeutic performance of iron-based

nanozymes in vivo is still limited by technical issues such as low catalytic efficiency and

lack of tumor specificity. In this mini review, we briefly summarized the representative

studies of iron-based nanozymes, while special emphasis was placed on the current

challenges and future direction regarding the therapeutic implementation of iron-based

nanozymes for the development of advanced tumor therapies with improved availability

and biosafety.

Keywords: iron-based nanozymes, biocatalysis, nanomedicine, tumor therapy, enzyme mimics

INTRODUCTION

Enzymes are a class of powerful catalysts that are responsible for accelerating various chemical
reactions in the human body and are required to promote numerous biological processes, such
as metabolism, detoxification, and biosynthesis (DeBerardinis and Chandel, 2016; Huang et al.,
2019; Leveson-Gower et al., 2019; Wu et al., 2019). Owing to their potential effect on catalyzing
the chemical reaction, enzymes have been exploited to inhibit tumor proliferation. However, the
clinical translation of the enzyme is limited by its susceptibility to environmental stress as well
as manufacturing problems including difficult synthesis and high production costs. Thanks to the
recent advances in nanotechnology and enzymology, artificial enzymes (nanozymes) have been
developed for various biomedical applications due to their tunable catalytic activities, affordable
cost, facile synthesis, and high structural stability (Gao and Yan, 2016). Iron-based nanozymes
(INs) are one of the earliest inorganic nanomaterials with exploitable catalytic behaviors (Cramer
and Kampe, 1965). Some representative examples are ferromagnetic nanoparticles and Prussian
blue (PB) nanoparticles, which may provide critical benefits for tumor treatment including
Fenton-augmented ROS stress and hypoxia amelioration. These promising features of iron-based
nanozymes have thus inspired great scientific interest for therapeutic intervention against a variety
of tumor indications.
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Nevertheless, the clinical implementation of iron-based
nanozymes has met with several challenges. Typically, these
nanozymes are prone to aggregation and biofouling in the
biological microenvironment, both of which could lead
to reduced catalytic efficiency. Moreover, the mechanisms
underlying the catalytic activity of INs are still elusive and their
recycling and regeneration in vivo remain a major challenge.
In this review, we will first provide a brief summary of the
previous clinical exploitations of INs for cancer therapy and then
special emphasis will be placed on those major impacting factors
affecting their catalytic efficiency and therapeutic performance,
as well as representative studies to overcome these limitations. A
perspective on the possible breakthroughs in future nanozyme-
mediated tumor therapies is also provided, which may offer
indicative insight for research in related areas.

REACTION ROUTES UNDERLYING THE
CATALYTIC ACTIVITY OF
REPRESENTATIVE INs

As described above, iron-based nanomaterials are some of
the most promising nanodrugs. They have been applied
first to translational studies and several iron-containing
nanoformulations have been approved by the FDA for clinical
usage. Typically, INs have demonstrated many clinically
favorable properties that are particularly relevant for tumor
therapy. From a physiochemical perspective, previous study
indicates that iron-based nanoparticles could remain stable
even after being stored for 40 days at ambient temperature,
and their catalytic efficiency is still maintained after multiple
treatment sessions (Zhang et al., 2009; Woo et al., 2013). INs also
have excellent biocompatibility, which contributes to both the
efficacy and safety of the IN-mediated treatment. In addition,
INs could efficiently be deposited into tumor tissues based on
their controllable magnetic properties to increase the therapeutic
index. Moreover, INs are more resistant to environmental stress
such as basic/acidic environments and extreme temperatures
compared to natural enzymes. Furthermore, INs have excellent
morphological homogeneity and are easy to produce at an
affordable price. Based on the advantages described above,
INs contributed significantly to the advances of nanocatalytic
cancer therapy.

Recent insights collectively demonstrated that the biocatalytic
activity of iron-based nanozymes is strongly affected by the pH
of the ambient environment. Specifically, under acidic pH some
INs possess peroxidase-mimicking abilities where they could
react with the excessive hydrogen peroxide (H2O2) in cancer
cells to produce hydroxyl radicals via a Fenton reaction, which
have higher reactivity than normal ROS and can amplify the
cytotoxic damage to the tumor cells (Bokare and Choi, 2014;
Ranji-Burachaloo et al., 2018). Alternatively, under the neutral
pH in tumor cytosol, some INs could demonstrate catalase-
like activity and decompose H2O2 into oxygen and water,
which has particular relevance for the treatment of hypoxic
tumors (Lee et al., 2011; Abdollah et al., 2018). The chemical

reactions underlying these two enzyme-mimicking abilities are
described below.

Peroxidase-mimicking abilities of INs under acidic condition
(Li et al., 2020):

Fe2+ +H2O2 → Fe3+ +HO•
+OH− (1)

RH+HO•
→ R•

+H2O (2)

R•
+ Fe3+ → Fe2+ + non−radical product (termination) (3)

H2O2 +HO−
→ −HO2 +H2O (4)

Fe2+ +HO•
→ Fe3+ +HO− (5)

The peroxidase-like catalytic property of INs usually originates
from the heme-like structures therein, although the detailed
mechanism is still not clear. Heme is a prosthetic group that
consists of an iron atom in the center of a large porphyrin
ring, which is found in both peroxidase and catalase. In this
reaction process, H2O2 is converted to hydroxyl radicals as the
intermediate products, and then the hydroxyl radicals capture
protons from the hydrogen donor, forming water and oxidized
donor. To achieve the optimal peroxidase-mimicking activity
of the INs, the temperature must be in the range of 37–40◦C
and the pH should be in the range of 3–6.5. Previous study
also reported that both Fe2O3 and Fe3O4 could demonstrate
peroxidase-mimetic activity, wherein the activity of the former
is better (Chen et al., 2012). INs can also be stimulated by some
reported activators, including adenosine triphosphate (ATP),
adenosine diphosphate (ADP), and adenosine monophosphate
(AMP). Notably, ATP can improve the peroxidase-mimicking
activity under neutral pH by interfering with single electron
transfer reactions (Gao et al., 2017).

Catalase-mimicking activities of INs under neutral or
basic pH:

Fe3+ +H2O2 → FeOOH2+
+H2O (6)

FeOOH2+
→ Fe2+ +HO•

2 (7)

Fe3+ +H2O2 → Fe3+ +HO−
+OH• (8)

HO•

2 → H+
+O−

2 (9)

OH•
+HO•

2/O
−

2 → H2O+O2 (10)

As for catalase-mimicking properties, it is well-established
that INs effectively catalyze the degradation of H2O2 into
water and oxygen, which could be used to relieve the hypoxia
condition in the tumor microenvironment (Li et al., 2020).
Gu et al. first compared the catalase-mimicking biocatalytic
properties between Fe3O4 and Fe2O3 and reported that Fe3O4

demonstrated a higher catalytic ability than Fe2O3 (Wei
and Wang, 2008). Based on these underlying mechanisms,
scientists have developed a plethora of iron-containing
nanoformulations for tumor therapy, which will be briefly
discussed below individually.

INs FOR NANOCATALYTIC CANCER
THERAPY

As demonstrated by the mechanistic discussions above, INs
could demonstrate multifaceted catalytic activities resembling
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various enzymes in vivo. This, in combination with the magnetic
responsiveness, versatile surface chemistry, and excellent
biocompatibility of iron-based nanomaterials, INs have been
increasingly applied for the diagnosis and treatment of many
tumor indications. For instance, Cai et al. demonstrated that
the iron core in the ferrimagnetic H-ferritin nanoparticles had
peroxidase-like catalytic activities and could be used for the
immunohistochemical-like staining of the tumor tissues. The
authors observed that xenografted tumor tissues incubated
with the ferrimagnetic H-ferritin nanoparticles showed a
brownish color due to the nanozyme-catalyzed oxidation of
3,3’-diaminobenzidine tetrahydrochloride substrates under
the presence of excessive H2O2, while the normal tissues were
stained purple by hematoxylin (Cai et al., 2015). Meanwhile, it
has also been reported that catalase-like INs could decompose
the tumor H2O2 to generate additional oxygen, which could be
exploited to facilitate the ultrasound imaging of the tumor area
(Wang et al., 2020). As for the therapeutic exploitation of the
INs, current research mostly focuses on the application as Fenton
nanocatalysts or oxygen generators, which will be discussed in
the section below.

Nanocatalysts Based on Iron Oxide
Nanostructures
Superparamagnetic iron oxide nanoparticles (SPIONs) are a
class of biocompatible and degradable inorganic nanomaterials
that have been widely explored for tumor diagnosis and
therapy, which refers to small nanocrystals composed of iron
oxide (usually in the form of magnetite Fe3O4 or maghemite
γ-Fe2O3). After being internalized by cancer cells, SPIONs
could demonstrate multifaceted catalytic functions for a variety
of applications. For instance, SPIONs display peroxidase-
mimetic properties via a Fenton reaction under an acidic
microenvironment, while they are also capable of decomposing
H2O2 under the neutral and basic pH conditions showing
catalase-mimetic activity. Hence, the nanocatalytic effect of the
SPIONs is dependent on their local pH, which could be exploited
to modulate the therapeutic activities in biological environments
(Chen et al., 2012).

Typically, it has been reported that ferumoxytol, an
FDA-approved intravenous iron preparation based on
SPIONs coated with lower molecular weight semi-synthetic
carbohydrates, exhibits nanocatalytic therapeutic effects on
leukemia cells with low ferroportin levels (Zanganeh et al.,
2016). It was further revealed that ferumoxytol generates
ROS at higher rates than free iron nanoparticles and the
ROS production rate could remain at a steady level for a
long time. Since the leukemic cells with low ferroportin
expression levels are unable to efficiently export the ferumoxytol
nanoformulations, the ROS generation cannot be stopped
via normal antioxidation mechanisms, eventually leading
to cell death. On the contrary, normal cells have high
ferroportin expression, allowing the cells to export the
exogenous iron species after ferumoxytol uptake and ameliorate
the ferumoxytol-mediated Fenton-based cytotoxic damage
(Trujillo-Alonso et al., 2019).

It’s also possible to regulate the catalysis-based cancer
therapy of SPION-based INs by combining them with other
nanobiomaterials. For instance, Huang and coworkers fabricated
a bubble-generating liposomal system for the delivery of iron
oxide-based nanozymes, which was also loaded with ammonium
bicarbonate to trigger the release of the INs in a responsive
manner (Huang et al., 2016; Figure 1). After being internalized by
cancer cells, ammonium bicarbonate would be hydrolyzed into
CO2 and NH3 in the acidic environment of the endo/lysosomes,
thus disrupting the liposomal membrane and releasing the INs,
which would then react with the excessive H2O2 in the tumor
cytosol and produce large amounts of cytotoxic hydroxyl radicals.
The proposed controlling mechanism was also supported by the
minimal toxicity of the nanosystem in early endosomes and
the pronounced cytotoxic damage after reaching the cytoplasm.
This study further confirmed the possibility of the acidity for
controlling the Fenton reaction in the intracellular environment
for amplifying the therapeutic efficacy.

Other Types of Iron-Containing
Nanostructures With Catalytic Activity
Aside from the iron oxide nanostructure, some other iron-
containing nanostructures have also been widely explored
like a nanocatalytic therapeutic nanostructure used for cancer
treatment. Prussian Blue (Fe4[Fe(CN)6]3, PB) has been used
in various biomedicine fields due to its multi-enzyme-like
capabilities, including peroxidase, catalase, and superoxide
dismutase. This phenomenon could be explained by the
abundant redox potential of the various constituents of PB, which
makes it an efficient electron transporter (Zhang et al., 2016). The
enzyme-like catalytic mechanism of PB is distinctively different
from conventional Fenton reactions, such as the capability
of scavenging hydroxyl radicals due to their high affinity.
The peroxidase-mimetic reaction routes of PB is demonstrated
here below:

[Fe(III)Fe(II)(CN)6]−(PB)

[Fe(II)Fe(II)(CN)6]
2−(PW)

Fe(III)3[Fe(III)(CN)6]2[Fe(II)(CN)6]− (BG)

[Fe(III)Fe(III)(CN6](PY)

PB+H+
+ •OH → PY+ H2O

H2O2 → O2 + 2e− + 2H+

H2O2 + 2e− + 2H+
→ 2H2O

TMB+H2O2 + 2H
PY
→TMB(oxidized)+ 2H2O

In neutral and basic microenvironment, PB could show catalase-
mimetic activity, which effectively accelerates the decomposition
of H2O2 into H2O and O2. The reaction mechanism is as follows:

PB+ e− → PW

3PB → BG+ 2e−

PB → PY+ e−

3PB+H2O2 → BG+ 2OH−

2BG+H2O2 → 6PY+ 2OH−
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FIGURE 1 | Schematic illustrations of the structure of thermoresponsive bubble-generating liposomal system and its process of spatially precise versatile

nanosystem-controlled intracellular liberation of IONPs in specific cellular organelles in various endocytic stages. The degradation of IONPs, release of iron ions, and

subsequent reactive oxygen species (ROS) generation within cells are indicated. IONPs, iron oxide nanoparticles; ABC, ammonium bicarbonate; DMT1, divalent metal

transporter-1. Reproduced with permission from Huang et al. (2016). Copyright © 2016, American Chemical Society.

6PY+H2O2 + 2OH−
→ 2BG+O2 + 2H2O

Generally, PB can be converted into Prussian White (PW) and
oxidized into Berlin Green (BG) or Prussian Yellow (PY) at pH
3.0–8.0, which would then react with H2O2 to complete the redox
cycle. When the electrode potential is below 0.7V, high spin
Fe3+/2+ plays the dominant role in the electron transfer process.
Meanwhile, when the electrode potential is more than 0.9V,
[Fe(CN)6]

3−/4− becomes the dominant species. At an acidic pH,
the H2O2 exhibits strong oxidation capabilities and effectively
oxidizes the PB into BG or PY, resulting in the peroxidase-
mimetic activity. It’s also worth mentioning that the catalytic
activity of PB nanoparticles are very sensitive to environmental
pH, as the oxidative capability of H2O2 would become weaker
under basic pH, leading to reduced peroxidase-like activity while
enhancing the catalase-mimetic activity.

In another study by Luo et al. the authors developed a DOX-
Fe2+ complex and loaded it into tumor-responsive amorphous
calcium carbonate (ACC) nanostructures, which was further
functionalized with PAMAM dendrimer with folate or MMP2-
sheddable PEG. The DOX-Fe2+ complex could not only enhance
the in vivo stability of the catalytically active Fe2+ ions, but
also elevated the production of H2O2 by activating the NAPDH
pathways to sustain the catalytic activity of Fe2+ ions, thus

efficiently inducing ferroptotic cell death in cancer cells (Xue
et al., 2020).

The catalase-mimicking properties of INs have also been

explored to reduce hypoxia-induced resistance to cancer therapy.

The feasibility and potentially therapeutic advantages of this

strategy were demonstrated in the previous study, in which

a hybrid nanosphere containing Fe3+ was introduced to
overcome tumor hypoxia through decomposing endogenous
H2O2. The hybrid nanosphere was constructed through the
coordination-driven assembly of ferric ions, TPEDXX, and
sabutoclax. Experimental results showed that once the hybrid
nanospheres were taken in by cancer cells, the intracellular H2O2

would decompose into oxygen and enhance the Fe3+−catalyzed
Fenton reaction. Meanwhile, sabutoclax could mitigate the
PDT resistance through Bclx2 inhibition and enhance the ROS
production under laser irritation (Shi et al., 2020).

It’s also possible to synthesize iron-based nanocatalysts with
tailored catalytic activities through the doping of other atoms.
Typically, He and coworkers synthesized Fe-N-C artificial
enzymes capable of activating oxygen for monooxygenation
and dehydrogenation. The Fe-Nx center was an active site for
O2 activation by directly producing specific reactive oxygen
species (ROS). The O2 activation at the Fe-N site was caused
by strong interactions between the N-doped carbon support
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and catalytic sites, which altered the electronic structure of
Fe-N side. During the initiation of O2, the Fe-N site may
bound and stimulate 3O2 to create 1O2, and then was modified
to HO2•

− by receiving electrons and protons from other
substances. Afterwards, the produced HO2•

− was converted
to HO2- through the monooxygenation or dehydrogenation
of organic substrates, which could effectively cause tumor cell
death by elevating the ROS stress above the cytotoxic threshold.
Interestingly, the N-doped nanomaterials also possessed high
stability at extreme pH and are resistant to treatment with polar
organic solutions (such as CH2Cl2, CH3CN, and n-hexene),
heating (up to 70◦C), and air exposure, which may be attributed
to the robust structure of Fe-N-C (Tan et al., 2018).

CRITICAL CONSIDERATIONS FOR THE
IRON NANOZYME-MEDIATED
BIOCATALYTIC TUMOR THERAPY

Despite the excellent therapeutic performance of iron nanozymes
demonstrated in vitro and in vivo, it should be recognized that a
tumor is a highly complex disease and the efficacy of IN-mediated
biocatalytic tumor therapy may be affected by a variety of issues
in the clinical context. These limiting factors and notable issues
would be discussed in the section below.

Intratumoral H2O2 Level in Cancer Cells
As we have discussed in previous sections, most of the current
iron nanozymes react with the endogenous H2O2 in the tumor
cells to exert therapeutic effect. High local H2O2 level is a
characteristic feature in many types of tumor indications due
to the intense metabolism thereof. However, the endogenous
H2O2 supply may also be exhausted or diminished due to
various reasons and become a limiting factor for IN-mediated
biocatalytic therapy (Huo et al., 2017). Therefore, it’s sometimes
necessary to incorporate supplementary measures to replenish
the H2O2 in the tumor region to sustain the treatment (Ranji-
Burachaloo et al., 2018).

In a recent study by Yeh et al. the authors encapsulated H2O2

into Fe3O4-PLGA polymersome to provide O2 for echogenic
reflectivity as well as to sustain the •OH production. The Fenton
reaction could not be triggered without ultrasound treatment
as the Fe3O4 and H2O2 components were separated by the
polymeric contents in the system. The ultrasound treatment
could disrupt the polymersomes and potentiates the reaction
between H2O2 and Fe3O4 nanoparticles to generate •OH via
Fenton reaction. Moreover, because of the Fe3O4 content, the
H2O2/Fe3O4-PLGA polymersome also allows for the magnetic
resonance imaging of the tumor tissues (Li et al., 2016). In
another study by Huo et al., the authors incorporated Fe3O4

and GOx into biodegradable dendritic silica nanoplatforms with
large pore size to construct an H2O2 self-replenishable Fenton
nanocatalyst for tumor therapy. GOx will convert the glucose in
the tumor cells in the presence of oxygen and water to gluconic
acid and H2O2, which would then be catalyzed by the Fe3O4

nanoparticles into highly toxic hydroxyl radicals in a sequential

manner and eventually lead to the cancer cell apoptosis (Huo
et al., 2017; Jiang et al., 2019, Figure 2).

Tumor Specificity
Intravenous injection is one of the primary methods for
the administration of antitumor nanoagents, during which
the nanoformulations would circulate around the body
and eventually accumulate at the desired site of action.
Nevertheless, after the nanoformulations enter the blood
circulation, they may be captured and eliminated by the
mononuclear phagocyte system, which would severely
compromise their bioavailability and increase the risk of
the undesirable nanoparticle accumulation in healthy organs.
An alternative approach to address this issue is to conjugate
long-circulating and targeting moieties to the nanoparticle
surface (Dai et al., 2016). Generally, there are two types of
targeted drug delivery: active targeting and passive targeting.
In passive targeting, the cancer-targeting efficiency is closely
correlated to physical features of nanocarriers such as size,
hydrophilicity, and surface charge. In active targeting, the
constructed nanocarrier could interact with targeting tumor cells
to enhance the specific retention and uptake, which depends
on the specific association between targeting ligand conjugated
on the nanocarrier’s surface and the receptors on the diseased
tissues/cells surface (Dai et al., 2016). At the current stage, the
functionalization of targeting ligand to the surface of INs is
still rarely explored, which warrants more research input in
the future.

Optimization of the Catalytic
Microenvironment
It’s well-established that the catalytic functions of enzymes
are highly susceptible to factors including pH, temperature,
ionizable salts, and surfactants (Iyer and Ananthanarayan,
2008). Therefore, it’s often necessary to optimize the reaction
condition (acidity, temperature) of nanozymes in the biological
environment to improve their efficacy. The optimal reaction
pH for a Fenton reaction ranges from 2 to 4 due to the two
major reasons: (i) it prevents the precipitation of iron ions
under acidic environments and (ii) it inhibits degradation of the
H2O2 under extremely low pH conditions. Meanwhile, the pH
of tumor microenvironments range from 6.5 to 7.0, while the
cancer cell endosomes have a pH of about 5.0 and lysosomes
have a pH of ∼4.5. Therefore, the strategy to reduce the pH of
tumor microenvironments or deliver the drugs to the lysosome
can effectively facilitate the Fenton reaction (Tang et al., 2019).
For example, Liu and coworkers constructed an amorphous
iron oxide-based RNAi-incorporated nanoplatform, which could
effectively escape from endosome through osmotic pressure and
enter the tumor cytosol (Liu et al., 2018). Subsequently, the co-
delivered siRNA could inhibit the MCT4-mediated lactate efflux
routes to acidify the intracellular environment (Figure 3) and
thus enhance the Fenton-based catalytic efficacy. Moreover, the
small size of the nanoplatform enabled them to penetrate the
tumor tissues and enhance tumor deposition via EPR effect.

Frontiers in Chemistry | www.frontiersin.org 5 September 2020 | Volume 8 | Article 68084

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Sutrisno et al. Nanocatalytic Therapy

FIGURE 2 | The scheme of sequential catalytic-therapeutic mechanism of GFD NCs on the generation of hydroxyl radicals for cancer therapy. (A) Synthesis process

of the GFD NCs. (B) In vivo action of the GFD NCs. Reproduced with permission from Huo et al. (2017). Copyright © 2017, Springer Nature.

Physicochemical Factors
It’s well-known that the catalytic properties of nanozymes can
be affected by their size, shape, concentration, structure, and
chemical composition (Niu et al., 2010; Zhang et al., 2014).
Therefore, there has been a growing interest in modulating
the physicochemical properties of nanozymes to enhance their
efficacy in a biological environment.

Particle size is one of the most important parameters that
affects the catalytic activity of nanomaterials. It’s widely accepted
that nanozymes with smaller sizes usually have better catalytic
activity than the larger counterparts, the size-induced changes
in catalytic efficiency may be caused by the fact that small
nanozymes have larger surface areas and a greater number of
active sites (Könczöl et al., 2013; Li et al., 2015; Peng et al.,

2015). In 2007, Yang et al. investigated the catalytic activity of
Fe3O4 nanoparticles at different sizes (30, 150, and 300 nm). The
experimental results indicated that 30 nm Fe3O4 nanoparticles
exhibited the highest peroxidase-mimetic activity, while the
300 nm Fe3O4 nanoparticles showed the lowest catalytic ability
(Gao et al., 2007). A similar trend has also been observed on
Prussian blue nanoparticles, in which the researchers found
that the catalytic efficiency of Prussian blue nanoparticles with
an average diameter of 200 nm was 300 times higher than
nanoparticles sized around 570 nm (Komkova et al., 2018).

Aside from nanoparticle size, shape and surface composition
must also be considered when modulating the catalytic
property of INs. Previous study revealed that between three
Fe3O4 nanostructures, cluster spheres, octahedra, and triangular
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FIGURE 3 | Schematic illustration of the AIOI RNAi NPs (A) and the mechanism of action (B) in the tumor microenvironment. Reproduced from Liu et al. (2018).

Copyright © 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.

plates displayed varied peroxidase-mimetic catalytic efficacy,
of which the cluster spheres were highest while octahedra
ones were lowest. This may be caused by the preferential
exposure of catalytically-active Fe crystal planes or atoms
(Liu et al., 2011). Typically, nanomaterials have many facets
with varying surface energies. Consequently, the catalytic
potential of different facets may change greatly from one
to another. The high-energy (110) facet tends to have a
higher catalytic activity, which may be attributed to the
open surface structure and greater number of active sites
(Jiang et al., 2010; Liu et al., 2011).

The activity of the INS also could be enhanced by doping

or integrating them with other materials, such as Ag, Au, and
Pt. The peroxidase-mimetic activity of Au@Fe3O4 was higher

compare to Au or Fe3O4 alone, which may attribute to the
special electronic structure at the interfaces between them and
the polarization effects from Au to Fe3O4. Other metals, such as
Pt48Pd52-Fe3O4, Fe3O4@Pt, and Fe3O4 coated Ag nanowire also
displayed the enhanced activity with higher stability compared to
INs alone (Lee et al., 2010; Ma et al., 2013; Sun et al., 2013; Wang
et al., 2016).

Biosafety/Biocompatibility/Biodegradability
Aside from the promising antitumor efficacy of iron-based
nanozymes, it’s also necessary to investigate their potential
impact on the health of the receiving host both in the short
term and long term. Consequently, the INs should be non-
toxic to the normal tissues and preferably be degraded in
biological environments and eventually eliminated from the body
after completing the therapeutic events. Biocompatibility and
biosafety of both enzymes and nanozymes play the key role in
ensuring their further clinical application. Nevertheless, INs are
still a new technology in the early stage of development and most
of their interaction patterns with the biological environment
remain to be elucidated, which warrants continuous research
input regarding their pharmacokinetics, absorption, distribution,
metabolism, therapeutic sustainability, excretion, and toxicity at
molecular, cellular, and systemic levels (Tibbitt et al., 2016).

Stimulation by External Irritation
The regeneration of Fe2+ species in cancer cells is also a
limiting factor that affects the treatment-induced ROS stress.
The photo-Fenton reaction is an emerging strategy to accelerate
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the regeneration of Fe2+ ions using external irradiation,
which could significantly enhance the generation efficiency of
hydroxyl radicals comparing to classical Fenton catalysts. From
a mechanistic perspective, the Fe3+ species in the solution could
undergo an efficient photoreaction under light illumination to
generate Fe2+ and additional hydroxyl radicals, thus potentiating
improved tumor inhibition effect. For example, the photo-
Fenton strategy has been applied to enhance the catalytic
efficiency of TAT peptide-conjugated Fe3O4 nanoparticles in
tumor microenvironments. The results suggested that the
combinational treatment of Fe3O4-TAT nanoparticles and 5Gy
radiation therapy effectively prevents tumor growth (Ranji-
Burachaloo et al., 2018). These discoveries hold a great promise
for improving the biocatalytic activity of INs against cancer for
clinical translation.

FUTURE PERSPECTIVE AND CURRENT
CHALLENGES

Although nanozymes have demonstrated great potential for
tumor therapy, there are still some issues that need to be
resolved for broad clinical implementation. First of all, unlike
natural enzymes, most iron-based nanozymes have a low catalytic
specificity and could respond to multiple substrates in the
biological milieu, and this poor substrate selectivity may interfere
with the endogenous enzyme-mediated catalytic pathways and
increase the risk of undesirable side effects. Therefore, it’s of
high urgency and importance to investigate the overall impact
of nanozymes on the catalytic landscape in vivo and improve
their substrate selectivity. Secondly, the catalytic mechanisms
of existing INs are still under investigation, and comprehensive
mechanistic investigations are still needed, which could not only
explain the correlation between the catalytic performance and
the composition/structure of the nanozymes, but also provide
indicative insight for the development of novel nanozyme-based
therapeutics. Furthermore, as most of the iron-based nanozymes
are intrinsicallymultifunctional andmay offer other benefits such
as cancer treatment, imaging and sensitization, it’s important
to balance their catalytic activity and other functions through
rational structural design and surface modification. Finally, a

thorough investigation is still needed to investigate the biosafety

of these nanozymes in clinically relevant models, which may fill
the blank in current nanozyme research and greatly facilitate
their clinical translation.

CONCLUSION

To sum up, the intrinsic enzyme-mimetic activity of INs has
been exploited for decades. As the new generation of artificial
enzymes, the catalytic behaviors of INS have been systematically
analyzed and improved by adjusting certain parameters, such
as optimizing their physicochemical properties or modulating
their local environment. Compared to natural enzymes, INs
displayed higher stability and modification versatility, which
opens up new avenues for nanocatalytic tumor therapy. However,
several challenges still hinder its clinical application, which
should be investigated in the future by both scientists and
biomedical researchers.
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The impurity of salicylic acid (SA) in aspirin is a required inspection item for drug

quality control. Since free SA is significantly toxic for humans, the content determination

of free SA is absolutely necessary to ensure people’s health. In this work, a facile

colorimetric method was developed for the detection of SA in aspirin by utilizing the

MIL-53(Fe) nanozyme. As MIL-53(Fe) possesses enzyme mimicking catalytic activity,

3,3,5,5-tetramethylbenzidine (TMB) can be easily oxidized to blue-oxidized TMB (oxTMB)

with the existence of H2O2. Moreover, an inhibition effect on the catalytic activity of

the MIL-53(Fe) nanozyme is induced due to the specific complexation between SA

and Fe3+ in the center of MIL-53(Fe), which results in a lighter color in the oxTMB.

The color change of oxTMB can be seen easily by the naked eye with the addition of

different concentrations of SA. Thus, a simple colorimetric platform was established for

effectively monitoring SA. A good linear relationship (R2
= 0.9990) was obtained in the

concentration range of 0.4–28 µmol L−1, and the detection limit was 0.26 µmol L−1.

In particular, the rationally designed system has been well-applied to the detection of

SA impurity in aspirin. Satisfyingly, the detection results are highly in accord with those of

HPLC. This novel colorimetric platform broadens the application prospects of nanozymes

in the field of pharmaceutical analysis.

Keywords: aspirin, complexation, colorimetric detection, MIL-53(Fe), nanozyme, salicylic acid

INTRODUCTION

Salicylic acid (SA), as a major phytohormone, generally plays an important role in regulating
diverse physiological processes such as defense responses, thermogenesis, and germination (Wang
et al., 2010; Marques et al., 2020). SA is a promising material and it is commonly exploited
in the manufacture of pharmaceutical products (Kopp and Ghosh, 1994). Additionally, SA is
widely used in the cosmetics industry as an organic acid (Chanakul et al., 2016). Thus, SA has
broadened application prospects in many fields. However, SA is one of the common pollutants
in industrial wastewater (Collado et al., 2010). More importantly, SA may cause some toxic side
effects on the human body. Because of its relatively strong acidity, SA can not only stimulate and
damage the mouth, esophagus, and gastric membrane, but can also invoke adverse symptoms such
as metabolic disorders, ototoxicity, fetal malformations, and central nervous system depression
(Tian et al., 2009). Aspirin, as a widely used drug, has the effects of an antipyretic, analgesic and
anti-inflammatory (Dahl and Kehlet, 1991; Parham and Rahbar, 2009). However, SA can be easily
produced due to the incomplete acetylation in the production process of aspirin or hydrolysis
during the refining process and storage. Besides, the phenolic hydroxyl group in the free SA
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is readily oxidized and consequently form a series of colored
quinone compounds, leading to discoloration of aspirin. There
have corresponding safety limits for free SA in aspirin in
countries around the world. From the above consideration, the
contents of SA need to be frequently determined to ensure
people’s health.

There have been many analytical strategies for the detection
of SA so far. For instance, one common analysis method is the
spectrophotometric Trinder test, which is based on the formation
of a coordination complex between SA and Fe3+ (Shokrollahi
et al., 2017). Beyond that, many chromatography-based methods
like high-performance liquid chromatography (HPLC) (Aboul-
Soud et al., 2004; Croubels et al., 2005), gas chromatography
(GC) (Tanchev et al., 1980), HPLC-MS/MS (Uddin et al., 2014),
GC-MS (Huang et al., 2015), and ultra-HPLC (UHPLC) coupled
MS/MS spectrometry (Floková et al., 2014), have been previously
reported for SA detection. Capillary electrophoresis (CE) is
an alternative to HPLC-based methods by virtue of the high
separation efficiency and low solvent consumption advantages.
Lin’s group designed an iron oxide-based solid phase extraction
system coupled to CE-UV for analyzing SA (Chang et al.,
2017). This method shows excellent sensitivity for SA detection.
Furthermore, there was an electrochemical sensor developed for
determination of SA recently, in order to improve the sensitivity
and accuracy, the composite of multi-wall carbon nanotubes
(MWNT) and carbon black (CB) was fabricated, and ferrocene
(Fc) was exploited as the reference molecule to offer a built-in
correction (Hu et al., 2020). In addition, a work from Wang and
co-workers reported that a nanosensor had been prepared based
on the structure-switching strategy, and the SA aptamer showed
a good affinity to SA (Chen et al., 2019).

In comparison with other methods, the colorimetric
method has garnered extensive attention due to its superior
responsiveness, portability, and practicality with no need for
expensive and cumbersome instruments (Yan et al., 2020).
Additionally, the detection result is easy to read out with
visual inspection (Hao et al., 2013; Fan et al., 2017). In some
research, a colorimetric assay has been developed for the
detection of SA using TiO2 NPs. This nanomaterial shows
good selectivity for SA, however, the sensitivity of detection
is limited (Tseng et al., 2014). In another report, Yang’s group
developed two rhodamine-based fluorescent probes that could
realize bioimaging of SA (Wang et al., 2019a). This colorimetric
sensor not only possesses good selectivity and sensitivity toward
SA but detection is also observable with the naked-eye. At the
same time, it has some shortcomings. The method is time-
consuming, involves fussy operation steps, and it is difficult to
fabricate probes using it. Previous studies have made it clear
that nanozymes can be used in the field of colorimetric sensing
owing to the advantages of simple preparation, low cost, and
high catalytic activity. In particular, based on the improvement
of enzyme catalytic activity, many studies have been carried out
to achieve the purpose of colorimetric detection (Zhang et al.,
2018; Li et al., 2019). Besides, most studies have focused on the
design of nanozymes with different activities for colorimetric
sensing of biothiols (Xiong et al., 2015; Song et al., 2020),
dopamine (Wang et al., 2019b), glutathione reductase (Zhang

et al., 2019), and acid phosphatase (Lin et al., 2020). These
sensors generally achieve the goal of detection by using reduced
substances to interfere with the oxidation of chromogenic
substrates or to reduce oxTMB. However, these methods are
usually affected by substances with strong reducibility, and thus
the samples generally need to be pretreated. In contrast, few
reports have been devoted to designing a scheme for specifically
inhibiting the activity of nanozymes to ensure the selectivity of
colorimetric sensing.

Thus, herein, inspired by the specific complexation reaction
between SA and Fe3+, and considering that no efforts have
been made toward colorimetric detection of SA in aspirin by
utilizing a metal-organic framework (MOF) nanozyme. we select
MIL-53(Fe) as the nanozyme serving to achieve colorimetric
detection of SA (Figure 1). As a result, the as-prepared MIL-
53(Fe) shows high peroxidase-like activity in catalyzing 3,3,5,5-
tetramethylbenzidine (TMB) oxidation and thus makes it a
blue color in the presence of H2O2. Interestingly, because of
the complexation reaction of SA and Fe3+ in the center of
MIL-53(Fe), the catalytic activity of MIL-53(Fe) is inhibited
significantly with the addition of SA. Based on this, a simple
colorimetric sensor was successfully developed to detect SA.
The proposed system furnishes a cost-effective, highly selective,
and sensitive strategy for the colorimetric detection of SA and
broadens the application potential of MOF nanozymes in the
field of pharmaceutical analysis.

EXPERIMENTAL

Materials
Acetic acid (HAc), H2O2 (30 wt%), N,N’-dimethylformamide
(DMF), sodium acetate (NaAc), salicylic acid (SA), and
1,4-benzenedicarboxylic acid (H2BDC) were acquired from
Beijing HWRK Chem Co., LTD. (China). Iron chloride
hexahydrate (FeCl3·6H2O) and TMBwere bought from Shanghai
Macklin Biochemical Co., Ltd. (China). All the chemicals
mentioned above were analytical grade and used as received.
Aspirin was purchased from Shanghai Titan Scientific Co.,
Ltd. Ultra-pure water came from the Millipore purification
system (18.2 M�).

Apparatus
The powder X-ray diffraction (XRD) pattern of MIL-53(Fe)
was recorded with a D/max 2,550 VB/PC diffractometer
(Rigaku, Japan) using Cu Kα radiation (λ = 0.15418 nm).
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) pictures were taken using Quanta 200 FEG
(Netherlands) and Tecnai G2 20 (PE, USA), respectively. A
Fourier transform infrared (FTIR) spectra was obtained from
spectrum-2000 (USA). Thermogravimetric analysis (TGA) was
carried out by the LABSYS evo TG-DSC/DTA instrument
(Setaram Instrumentation, France). The UV-Vis absorption
spectrum was recorded on the Cary 60 spectrophotometer
(Agilent, USA). And HPLC was performed on the liquid
chromatography instrument (Shimadzu, Japan) with the LC-
20AT pump and the SPD-20A UV-vis detector.
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Preparation of MIL-53(Fe)
MIL-53(Fe) was synthesized with a solvothermal method
referring to the literature with a minor modification (Millange
et al., 2010). Typically, 1.0812 g FeCl3·6H2O was dissolved in

20mL of DMF solution before adding 0.6646 g of H2BDC.
After 10min of intense stirring, the solution was transferred
to a 50mL stainless-steel autoclave and then heated at 150◦C
for 48 h. After natural cooling, the yellow precipitate was

FIGURE 1 | Schematic illustration of MIL-53(Fe) synthesis and colorimetric detection of SA based on the MIL-53(Fe) nanozyme.

FIGURE 2 | (A) PXRD patterns of the as-prepared MIL-53(Fe) (black curve) and the simulated MIL-53(Fe) (red curve), (B) FTIR spectra of MIL-53(Fe) and

MIL-53(Fe)+SA, (C,D) depicting the SEM and TEM images of MIL-53(Fe), respectively.
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collected by centrifugation and washed with distilled water and
ethanol. Finally, the yellow precipitate was dried in vacuum at
60◦C overnight.

Detection of SA
To obtain a standard curve, SA detection was conducted as
follows: 70 µL 1 mg/mL MIL-53(Fe) and 25 µL aliquots of SA
solution of different concentrations were added to 875 µL 0.1M
pH 3.5 acetate buffers. After incubating for 4min, 30 µL 4mM
TMB and 25 µL 0.1M H2O2 were added to the above solution,
and the solution was shaken and incubated at 37◦C for 8min.
Finally, a Cary 60 spectrophotometer was used for analyzing the
mixed solution.

Analysis of SA in Aspirin Sample
A standard addition method was applied for the determination
of SA in aspirin. The sample was prepared as follows: 100mg of
aspirin powder was dissolved in 1% glacial acetic acid methanol
solution (100mL) and then filtered through a 0.45µm filter
paper. Next, the filtrate (100 µL) was placed in 0.1M pH
3.5 acetate buffers. Subsequently, 70 µL 1 mg/mL of MIL-
53(Fe) and different concentrations of SA were added. After
incubating for 4min, 30 µL 4mM TMB and 25 µL 0.1M
H2O2 were added. At last, the mixture was incubated at
37◦C for 8min, the resulting solution was analyzed by the
proposed colorimetric method, and the corresponding recoveries
were obtained.

RESULTS AND DISCUSSION

Characterization of MIL-53(Fe)
The structure of MIL-53(Fe) was characterized first by XRD. As
Figure 2A shows, particles of MIL-53(Fe) are highly crystalline,
and the obvious sharp diffraction peaks correspond to the
previously reported results as well as the simulated results (Lin
et al., 2018). In addition, FTIR spectra was utilized for identifying
the characteristic functional groups. As can be seen from
Figure 2B, the spectrum clearly exhibits the typical asymmetrical
and symmetrical vibration bands of carboxyl groups on the
ligand, which indicates the existence of a dicarboxylate linker
in MIL-53(Fe). Meanwhile, the C-H bending vibration of
the benzene ring is observed and the stretching vibration
of the Fe-O bond well-explains the formation of the metal-
oxo cluster between Fe(III) and the carboxylic group of the
organic linker. However, in the presence of SA, the absorption
peak of the Fe-O bond shifted from 538 to 531 cm−1, this
result indicates that SA reacts with MIL-53(Fe) to form an
iron salicylate complex. Furthermore, the morphology of MIL-
53(Fe) was characterized by SEM and TEM. As shown by
the images, the particles of MIL-53(Fe) have a very regular
octahedron crystal structure (Figures 2C,D). Afterwards, the
mass loss was explored via thermogravimetric analysis (TGA),
it was ascertained that the first mass loss (∼39.27%) was
due to the dehydration of MIL-53(Fe), and the subsequent
mass loss (∼56.56%) corresponded to the collapse of MIL-
53(Fe) into Fe2O3. The result from Figure S1 is well-within the
expected range according to the previous report (Millange et al.,

2010). It could be concluded that MIL-53(Fe) was synthesized
successfully with overall consideration in the characterization
results above.

Detection Principle
In recent years, MIL-53(Fe) has been demonstrated exhibiting
intrinsic peroxidase-mimicking catalytic activity and has been
used for the colorimetric detection of ascorbic acid (AA)
(Ai et al., 2013). In the presence of H2O2, the chromogenic
substrates are oxidized with the catalytic effect of the MIL-53(Fe)
nanozyme. As a result, the color of the solution is changed.
In this work, a lighter color of oxTMB is created due to the
inhibitory effect of SA on MIL-53(Fe) activity. Aiming at this
phenomenon, a facile colorimetric platform was established to
monitor SA (Figure 1). During the experiment, MIL-53(Fe) and

FIGURE 3 | The absorption peaks of SA-Fe(III) complex characterized by

UV-Vis spectra: (A) MIL-53(Fe)+SA, (B) FeCl3+SA, (C) MIL-53(Fe). Inset: the

corresponding photograph of different systems.

FIGURE 4 | UV-Vis absorbance spectra on the feasibility analysis for the

detection of SA based on the MIL-53(Fe) nanozyme.
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SA were incubated in an acetate buffer for 4min, then TMB
and H2O2 were added and the mixture was incubated at 37◦C
for 8min. In the absence of SA, MIL-53(Fe) maintains its
catalytic activity and a deep blue color for oxTMB emerges in the
MIL-53(Fe)/TMB/H2O2 system. On the contrary, SA has strong

complexation ability with Fe3+ in the center of MIL-53(Fe). After
the addition of SA, the peroxidase-like activity of MIL-53(Fe)
is significantly inhibited due to the reaction of SA and Fe3+

(Figure 1). Consequently, the catalytic oxidation of TMB begins
to decelerate, enabling the blue color solution to lighten. The

FIGURE 5 | The optimization of (A) pH, (B) complexation time, (C) incubation time, (D) temperature, and concentrations of (E) MIL-53(Fe), (F) H2O2, and (G) TMB for

SA sensing. Error bars represent the standard deviation of the three trials.

FIGURE 6 | (A) The vis absorption spectra of MIL-53(Fe)-TMB-H2O2 upon concentrations of SA (from 0 to 28 µmol L−1). Inset: the corresponding photograph of the

colored products; (B) The linear relationship between absorbance intensity (1A) and SA level. Error bars represent the standard deviation of three trials.
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color change is easy to identify by the naked eye. The catalytic
activity of MIL-53(Fe) and the absorption intensity of oxTMB
at 652 nm are dependent on the SA concentration. Thus, the
MIL-53(Fe)/TMB/H2O2 system is capable for the colorimetric
detection of SA.

To illuminate the mechanism of inhibitory effects of SA on
the MIL-53(Fe) activity, the purple complex of SA-Fe(III) was
characterized by UV-Vis absorbance spectroscopy. As revealed
by Figure 3, a conspicuous absorption peak at ∼520 nm appears
when FeCl3 is used as the standard sample to incubate with
SA (Chang et al., 2017; Bodek et al., 2020), and the color of
the solution changes to purple. Likewise, the same absorption
peak at 520 nm occurs when MIL-53(Fe) and SA are incubated
together. The solution of MIL-53(Fe) is yellow and has turned
a dark purple color with the addition of SA. Obviously, no peak
appears at 520 nm when there is only MIL-53(Fe) in the solution.
What this suggests is that Fe(III) in the center of MIL-53(Fe)
forms a purple complex with SA and results in the inhibited
activity of MIL-53(Fe).

To further demonstrate the inhibitory effect of SA on the
peroxidase-like activity of MIL-53(Fe), the production of
hydroxyl radical (·OH) within the reaction was investigated.
Electron spin resonance (ESR) spectroscopy was carried out with
5,5-dimethylpyrroline N-oxide (DMPO) as the ·OH trapping
agent (Zhao et al., 2019). As depicted in Figure S2, it shows
typical ·OH signals in the MIL-53(Fe)+H2O2 system. However,
the signal intensity is obviously decreased with the addition of
SA. To be specific, as Fe3+ ions in the center of MIL-53(Fe) are
Fenton-like reagents, they can catalyze the decomposition of
H2O2 into ·OH via a Fenton-type reaction (Yao et al., 2018). In
the meantime, the redox cycle of Fe3+/Fe2+ is decelerated due to
the complexation of SA to Fe3+. Consequently, the production
of hydroxyl radical (·OH) in the reaction is decreased. This also
proves that the catalytic activity of MIL-53(Fe) is inhibited by SA.

FIGURE 7 | Selectivity for SA detection with existence of several possible

coexisting substances based on theMIL-53(Fe)-TMB-H2O2 system. The inset

shows the corresponding photograph of the interference experiment.

Feasibility of SA Detection by MIL-53(Fe)

Nanozyme
A feasibility test for SA detection was performed and the
result is displayed in Figure 4. Obviously, the highest absorption
peak occurs when MIL-53(Fe), H2O2, and TMB are mixed and
incubated together, this is ascribed to the potential peroxidase-
like activity of the as-prepared MIL-53(Fe). Additionally, no
obvious absorption peak can be observed during either of the
two groups (the group of H2O2+TMB or MIL-53(Fe)+TMB).
What is interesting, however, is that while SA is added to the
MIL-53(Fe)/TMB/H2O2 system, the absorption peak intensity
is decreased significantly. As we know, SA has good strong
complexation ability to Fe3+ ions, thereby forming iron salicylate
complexes. That might be the reason why SA has an effective
inhibitory effect on the catalytic activity of MIL-53(Fe). In brief,
the proposed colorimetric method is built on the inhibitory effect
of SA on the inherent activity of the MIL-53(Fe) nanozyme.

Optimization of Experimental Conditions
In realizing the best performance in SA detection, the influence
of the experimental conditions, such as pH, complexation time,
incubation time, temperature, and concentrations ofMIL-53(Fe),
H2O2, and TMB, were investigated. Since the activity of MIL-
53(Fe) and the reaction of MIL-53(Fe) with SA are closely
related to the pH value, therefore the effects of different pH
values (3.0, 3.5, 4.0, 4.5, 5.0, and 5.5) were first studied. 1A (A-
A0, A, and A0 represent the absorbance of the system without
or with SA, respectively), is used as the index to evaluate the
best conditions for the detection of SA. As can be seen from
Figure 5A, it is clear that the value of 1A reaches a peak at
pH 3.5. This can be explained by the fact that the activity of
MIL-53(Fe) and the complexation ability of MIL-53(Fe) with
SA is higher at pH 3.5. Consequently, 3.5 was chosen as the
optimal pH value. Figures 5B,C clearly show that along with
the increase of reaction time, the absorbance intensity (1A)
starts to decrease after 4 and 8min, indicating that 4min was
the most satisfactory time for MIL-53(Fe) to bind with SA and
8min was the most suitable incubation time for the experiment.
Moreover, the optimal temperature from 27 to 52◦C was further
discussed. As seen from Figure 5D, the value of 1A declined
dramatically as the temperature reached 37◦C, hence, 37◦C
was considered as the optimal temperature for the reaction.
Furthermore, the concentration of MIL-53(Fe) plays a key role
in its catalytic activity. Figure 5E exhibits that with an increasing
MIL-53(Fe) concentration, the 1A value increased gradually

TABLE 1 | The recovery test of our assay for detecting SA in Pharmaceutical

samples.

Sample Original

amount (µM)

Spiked

(µM)

Found

(µM)

Recovery

(%)

RSD (%,

n = 3)

Sample 1 1.55 12 10.92 91.0 4.2

20 18.61 93.0 3.8

Sample 2 2.37 10 9.97 99.7 3.0

14 13.7 98.0 4.0

Sample 3 3.83 8 8.11 101.4 2.0

16 15.39 96.2 3.5
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until 70 µg L−1, showing that the concentrations of 70 µg
L−1 of MIL-53(Fe) is sufficient for detecting SA. Additionally,
Figures 5F,G depicted that TMB and H2O2 concentrations have
an effect on the absorbance intensity. The value of 1A reached
the top as the concentrations of TMB and H2O2 increased to
120µM and 2.5mM, respectively. Overall, after optimization,
3.5, 4min, 8min, 37◦C, 70 µg L−1, 120µM, and 2.5mM are
shown to be the optimal pH value, complexation time, incubation
time, temperature, and concentrations of MIL-53(Fe), H2O2,

and TMB.

Colorimetric Detection of SA
Since the addition of SA can significantly inhibit the peroxidase-
like activity of MIL-53(Fe), a colorimetric assay for the
determination of SA was developed. Under the optimal
experimental conditions, different concentrations of the SA
solution were added to the MIL-53(Fe)/TMB/H2O2 system.
Meanwhile, the mixed solution was detected and the obtained
absorption spectrum was analyzed. Eventually, the limit of
detection (LOD) was calculated by using the signal-to-noise ratio
(S/N= 3) (He et al., 2018). As revealed by Figure 6A, absorbance
intensities at 652 nm decreased gradually as the concentrations
of SA increased from 0 to 28 µmol L−1, and the color change of
oxTMB is visible to the naked eye. In the meantime, as depicted
in Figure 6B, there was an excellent linear relationship between
absorbance intensity (1A) and SA concentrations in the range of
0.4–28 µmol L−1 (R2 = 0.9990), and the LOD was calculated to
be 0.26 µmol L−1. The Chinese Pharmacopeia (edition 2015), set
a standard that the maximum limit of SA in aspirin is 0.3% (2.16
µmol L−1). Hence, the value of LOD (0.26 µmol L−1) was lower
than the safety limits. Furthermore, the LOD value and linear
ranges of our method are compared with those of other methods.
As shown in Table S1, the sensitivity of our measurement was
superior to most previously reported values, indicating that the
established method was appropriate for SA detection.

Selectivity of the Colorimetric Biosensor
In order to study the selectivity of our assay toward SA detection,
possible coexisting substances including some metal ions, amino
acids, and carbohydrates were used for investigating under the
optimal experimental conditions. As demonstrated in Figure 7,
obviously, only the species SA can induce a significant absorption
intensity when the concentrations of SA and possible coexisting
substances are both 28 µmol L−1. Additionally, as illustrated in
the inset of Figure 7, there was no interference with the color
change in the presence of other coexisting substances. All the
results above show that the biosensor designed for colorimetric
detection of SA was highly selective.

Detection of SA in Aspirin Samples
To confirm the reliability of the developed platform for
colorimetric detection of SA, the original amount of SA
in aspirin was first measured by using the HPLC method
(Figure S3), and the detection results were compared with
those obtained by colorimetry. As displayed in Table 1, the
detected SA concentrations by the proposed strategy have shown
satisfactory agreement in comparison with the measured data
from HPLC, the relative error was within 5%. Meanwhile, to

further investigate the precision and practicability of our assay, a
spike recovery test was carried out. As demonstrated by Table S2,
it shows that a meaningful recovery of 91.0–101.4% was obtained
and the value of RSD ranged from 2.0 to 4.2%. In a word,
the results proved the potential of this proposed method in
practical applications.

CONCLUSIONS

In this study, we confirmed that the obtained MIL-53(Fe)
possessed inherent peroxidase-mimicking activity, as they were
equipped to catalyze the oxidation of chromogenic TMB in the
presence of H2O2. Meanwhile, based on the strong complexing
action between the Fe3+ in the center of MIL-53(Fe) and SA,
the activity of MIL-53(Fe) can be effectively inhibited with the
addition of SA, causing fewer hydroxyl radicals to be produced in
the system to decelerate the oxidation of TMB. The experimental
results clearly displayed that a lighter color for the oxTMB
can be observed with naked eye. By combining the peroxidase-
mimicking properties of MIL-53(Fe) and the inhibitory effect
of SA on its activity, a colorimetric sensing platform for the
detection of SA was established. The developed colorimetric
method not only has excellent accuracy in detecting SA in
aspirin compared with HPLC but also shows high selectivity and
sensitivity to SA. In summary, the proposed method can be well-
utilized for detecting SA in aspirin. Furthermore, the present
work displays the great potential of using MOFs nanozymes for
pharmaceutical analysis.
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Nanomaterial-incorporated enzyme mimics have so far been examined in various

cases, and their properties are governed by the properties of both catalysts and

materials. This review summarizes recent efforts in understanding the role of inorganic

nanomaterials for modulating biomimetic catalytic performance. Firstly, the importance

of enzyme mimics, and the necessity for tuning their catalysis will be outlined. Based on

structural characteristics, these catalysts are divided into two types: traditional artificial

enzymes, and novel nanomaterial-based enzyme mimics. Secondly, the mechanisms

on how nano-sized materials interact with these catalysts will be examined. Intriguingly,

incorporating various nanomaterials into biomimetic catalysts may provide a convenient

and highly efficient method for the modulation of activities as well as stabilities or

introduce new and attractive features. Finally, the perspectives of the main challenges

and future opportunities in the areas of nanomaterial-incorporated biomimetic catalysis

will be discussed. In this regard, nanomaterials as a kind of promising scaffold for

tuning catalysis will attract more and more attention and be practically applied in

numerous fields.

Keywords: enzyme mimic, structure and function, catalysis, nanomaterial, natural enzyme

INTRODUCTION

Owing to their excellent catalytic efficiency, unique mechanistic pathways, and complicated
structural features, natural enzymes have become a tremendous source of inspiration for
chemists. Numerous studies have concentrated on the simulation of their structural characteristics
and functions (Hooley, 2016). So far, a variety of synthetic structures, such as porphyrins,
cyclodextrins, organoselenium, and metal complexes, have been widely explored to design
and construct artificial enzymes through various approaches (Dong et al., 2012; Du et al.,
2017; Elemans and Nolte, 2019). In recent years, with the development of nanotechnology,
many functional nanomaterials have emerged. Carbon-based, silicon-based, and metal-based
nanomaterials are often endowed with properties such as large specific surface areas, easy surface
modification, and high recycling efficiency. The rapid development of nanotechnology and biology
has provided new opportunities for the construction of different nano-scaled structures with
enzyme-like catalytic properties (Jiang et al., 2019; Liang and Yan, 2019; Wu et al., 2019).
With the assistance of nanomaterials, active molecules or nanoparticles can be well-dispersed.
Furthermore, bi- or multi-active components can be assembled in one nano-scaled system
successfully. As a new generation of artificial enzymes, such nanocatalysts, including Fe3O4

(MNPs) (Gao et al., 2007), CeO2 (Xu and Qu, 2014), V2O5 (Ghosh et al., 2018), AuNPs

98

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2020.00764
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2020.00764&domain=pdf&date_stamp=2020-09-29
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:linyouhui@xmu.edu.cn
https://doi.org/10.3389/fchem.2020.00764
https://www.frontiersin.org/articles/10.3389/fchem.2020.00764/full


Huang et al. Nanomaterials in Modulating Biomimetic Catalysts

(Gao et al., 2015), MoS2 nanosheets (Yin et al., 2016), graphene
oxide (GO) and few-layer grapheme (Song et al., 2010), and
other types of nanoparticles (Singh et al., 2017) are particularly
impressive. Note: although the assembly of active components
such as metal complexes and porphyrins on nanomaterial-based
supports leads to the generation of nanocomposites (Wang
et al., 2013; Huang Y. Y. et al., 2017), these examples treated
in this review are categorized into traditional artificial enzymes,
instead of nanomaterials-based artificial enzymes. The synthetic
biocatalysts often possess the properties such as low cost, easy
preparation, and anti-biodegradation as well as anti-denaturation
when compared with natural enzymes (Huang et al., 2019).
Although promising, the inherent limitations of the native forms
hamper their practical applications. It is worth noting that these
mimics often have relatively low catalytic performances. In this
way, they can’t match the high catalytic activities of natural
enzymes. Furthermore, it is highly desirable that the generated
enzyme mimics not only simply duplicate and mimic natural
enzymes’ inherent characteristics, but also may exhibit further
novel properties for biological applications. Based on these
unique and attractive features mentioned above, nanomaterials
may also provide excellent scaffolds to the development of
biomimetic catalysis for potential applications (Fan et al., 2018;
Han et al., 2019, 2020).

Recently, numerous efforts have been devoted to exploring
the behavior of nanomaterials in biomimetic systems (Wang
et al., 2019). This review aims to provide an overview on
recent developments in tuning biomimetic catalysis using
nanoscale inorganic materials (Figure 1). The incorporation of
nanomaterials into biomimetic catalysts provides a convenient
and highly efficient method for the modulation of activities as
well as the stabilities of catalysts. Alternatively, this can introduce
unique and attractive features, which are not possessed by the
catalysts themselves. The biomimetic catalysts discussed in this
review can be roughly divided into two types according to their
structural characteristics, which are traditional artificial enzymes
and nanomaterials-based artificial enzymes. We hope this review
may accelerate further progress in these promising areas.

TRADITIONAL ARTIFICIAL ENZYMES
MODULATION

One challenge in chemistry has been the construction of synthetic
systems that mimic the functions of natural enzymes. Until now,
the artificial enzyme field has achieved remarkable progress.
Furthermore, the incorporation of nanomaterials into these
mimics have great potential for tailoring their catalytic activities
and introducing other attractive features. This section will discuss
nanomaterials when they interact with active molecules with
enzyme-like properties.

Tuning Catalysis of Active Molecules
Nanomaterials for Minimizing Dimerization and

Oxidative Degradation
Metal-organic-frameworks (MOFs) and their derivatives have
served as outstanding supports for heterogeneous catalysis owing
to their unique features such as large specific surface areas,

excellent electron transfer ability as well as rich surface chemistry.
Inspired by this, a study demonstrated that metalloporphyrins
could be successfully assembled with secondary binding units of
metal clusters to form 2D bimetallic MOF nanosheets (Wang
et al., 2016). It is well-known that porphyrin molecules easily
form dimers, which may affect their catalytic activity. After
self-assembling, the obtained nanomaterials could efficiently
disperse the metalloporphyrins and achieve an excellent
biomimetic property to catalyze the co-oxidation reaction.
Based on this work, Zhang et al. further designed Au-
modified metalloporphyrinic MOF nanosheets. The obtained
nanocomposites could efficiently disperse both Au nanoparticles
and metalloporphyrin molecules. In this way, the nanocomposite
could serve as a biomimetic catalyst for glucose-H2O2 cascade
reaction (Huang Y. Y. et al., 2017).

Nanomaterials for Increasing Binding Affinity to

Substrates
Natural enzymes have extraordinarily high catalytic efficiency.
This is largely owing to their ability to bring corresponding
substrates close to their active sites. Zhang et al. found that
graphene oxide (GO) could dramatically increase the nuclease-
like activity of the copper complexes-based DNA intercalators
(Zheng et al., 2012). In their system, the copper complexes could
be modified onto the surface of GO via π-π interaction. The
nuclease activity of the resulting conjugates was significantly
higher than that of the copper complexes alone. One reason
for the DNA cleavage enhancement by GO is that the obtained
conjugates have a much higher binding affinity to the DNA
molecules. Furthermore, another reason may be related to the
generation of reactive species by accelerating the reduction of the
metal center (Zheng et al., 2014).

Nanomaterials for Constructing Multivalent Catalysts
A previous review on catalysis by colloid aggregates mentioned
“. . . groups of molecules, properly assembled, can obviously
accomplish much more than an equal number of molecules
functioning separately” (Menger, 1991). As the evidence began
to accumulate that a lot of biological systems function via the
simultaneous effects of multiple interactions, this observation
was becoming increasingly important. To date, significant
progress in self-assembly of catalytic-active monolayers on
multivalent scaffolds, such as micelles (Dong et al., 2012),
liposomes, proteins (Hou et al., 2012), and nanoparticles, has
been achieved.

For example, Liu et al. used poly(amido amine) dendrimers
(PD5) and cricoid proteins (SP1) as the templates to bind
with superoxide dismutase (SOD) and glutathione peroxidase
(GPx) catalytic centers, respectively (Figure 2A). The obtained
MnPD5 and SeSP1 were then self-assembled to form dual-
enzyme cooperative nanowires. This nanocomposite could
exhibit excellent SOD- and GPx-like properties to remove
harmful reactive oxygen species (ROS) (Sun et al., 2015).

Introducing Additionally New and
Attractive Features
By incorporating functional nanomaterial into enzyme mimics,
such biomimetic catalysts cannot only mimic the functions of
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FIGURE 1 | Scheme describing the incorporation of nanomaterials into

artificial enzymes for tuning catalysis.

natural enzymes, but also possess additionally advanced features
in some cases.

Assembling an Electrode by Binding Active Sites to

Nanomaterials
The interconversion of water and hydrogen in unitized
regenerative fuel cells is considered as one important energy
storage method to eliminate the temporal fluctuations of wind
power and solar power. Nevertheless, to enable this technology to
be economically viable, replacing current commercial platinum
catalysts with cheaper and more abundant materials is highly
desirable and challenging (Bashyam and Zelenay, 2006). A
competitive alternative can be found in microorganisms which
canmetabolizemolecular hydrogen using hydrogenases. Inspired
by this, nanomaterials with a hydrogenase-like property can be
modified on the electrodes for catalyzing this interconversion.
Artero et al. prepared a noble metal-free catalytic nanomaterial
through assembling a nickel bisdiphosphine-based complex
and multiwalled carbon nanotubes (MWNTs). The obtained
nanocomposites could serve as hydrogenase mimics. As a result,
this hybrid could act as a highly specific surface area cathode
material with outstanding catalytic performance even in the
condition of strong acid solutions (Goff et al., 2009).

Near-Infrared Photothermal Control
Qu et al. demonstrated an approach to construct a
[Fe2L3]

4+/GO-COOH-based peroxidase mimic. Since GO-
COOH had strong absorption in near infrared regions, this
peroxidase mimic had good sensitivity to NIR and high
photothermal conversion efficiency (Figure 2B). Furthermore,
the integration of this nanocomposite with glucose oxidase
(GOx) could enable the creation of a catalytic ensemble for a
cascade reaction. In addition, within a temperature range from 15
to 37◦C, GOx and [Fe2L3]

4+-GO-COOH had a higher activity at
an elevated temperature. In the presence of NIR laser irradiation,
an obvious absorbance band at 417 nm was achieved, indicating
that the oxidized 2,2′-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS·+) was formed. Based onNIR photothermal

effect and temperature-dependent activity, the activity of a GOx-
[Fe2L3]

4+-GO-COOH cascade system could be controlled by
near infrared (NIR) light (Xu et al., 2014). Taken together, based
on the unique advantages of nanomaterials, they can serve as
regulators to modulate the catalytic activities of active molecules
with enzyme-like properties.

MODULATION OF NANOMATERIAL-BASED
ARTIFICIAL ENZYMES

So far, a variety of nano-scaled materials have been discovered
to have unique enzyme-like activities (Wu et al., 2019).
Additionally, a few “small molecule” systems, such as
deoxyribonucleic acid and ionic liquid, have shown the
ability to modulate the activity of these novel enzyme mimics. In
this section, as an alternative to small molecule inhibition, recent
progress in nanomaterials provide a novel pathway to regulate
the catalytic behaviors of nanomaterial-based artificial enzymes.

Regulation of Stability and Activity of
Nanomaterials-Based Artificial Enzymes
The rapid advances in solid-supported catalysts prompt scientists
to examine whether matrices can promote the catalytic behavior
of these nano-sized enzyme mimics. Compared with bulk
materials, materials filled in the nanochannels often exhibit
superior performances such as enhanced catalytic activities and
improved stabilities. Ling and Gao’s group constructed combined
Fe porphyrin and Zr4+ ions within MOFs. The obtained
nanomaterials were noted as PMOF(Fe) and further assembled
with ultrasmall Pt nanoparticles to generate Pt@PMOF(Fe).
The MOFs could efficiently hinder the aggregation of the Pt
component. In this way, the nanocomposite exhibited high
peroxidase-like property and stability (Ling et al., 2020).

In addition, Qu et al. demonstrated one rational method for
constructing CeO2 NPs encapsulated on porous carbonaceous
frameworks (Figure 2C). The porous carbonaceous frameworks
could promote the formation of a high degree of very small, well-
dispersed, and stable CeO2 NPs. The obtained nanocomposites
exhibited excellent oxidase-like ability compared with other
types of CeO2 NPs (Cao et al., 2018). Recently, they used
GO as the template to assemble selenium nanoparticles. The
formed GO-Se nanocomposites could serve as GPx mimics to
eliminate harmful H2O2 with the assistance of glutathione. This
enzyme mimic performed enhanced enzyme-like activities in
comparison to their independent components and exhibited
potential antioxidant effect for cytoprotection (Huang Y. Y. et al.,
2017). Besides the mentioned materials, a carbon nanotube can
also be used as a support for regulating the stability and activity
of nanomaterial-based artificial enzymes.

Forming Hybrid Nanomaterials for Artificial
Cascade Systems
In addition to regulating catalysis, nano-sized enzyme mimics
can also be used for constructing artificial enzymatic cascade
systems. For example, Qu et al. used polydopamine (pDA)
as the bridge for assembling V2O5 nanowires and MnO2
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FIGURE 2 | (A) The peroxidase-like property of [Fe2L3 ]
4+/GO-COOH can be controlled by NIR. Reprinted with permission from Xu et al. Copyright (2014) Wiley-VCH.

(B) The assembly of SeSP1 and MnPD5 to form dual-enzyme cooperative nanowire. Reprinted with permission from Sun et al. Copyright (2015) American Chemical

Society. (C) The design of the CeO2 NPs encapsulated-porous carbonaceous frameworks for cancer therapy. Reprinted with permission from Cao et al. Copyright

(2018) American Chemical Society. (D) The assembly and the scheme of the V2O5@pDA@MnO2 nanozyme for mimicking natural antioxidant enzyme system.

Reprinted with permission from Huang et al. Copyright (2016) Wiley-VCH.

nanoparticles (Figure 2D). In their work, the MnO2 component
could serve as SOD mimics to transform a superoxide radical
to H2O2 and O2. With the inherent catalase-like property of
MnO2 and the GPx-like ability of the V2O5 component, the
generated H2O2 would be scavenged as harmless products.
With the antioxidant enzyme-like properties of nanozymes
and the antioxidant ability of pDA, the nanocomposites could
effectively scavenge overexpressed ROS and protect intracellular
components against oxidative damage. This V2O5@pDA@MnO2

nanozyme could mimic intracellular antioxidant enzyme-based
defense systems for cytoprotection. Further animal inflammatory
models illustrated that the nanocomposites could serve as

potential nanoagents for ameliorating inflammation (Huang
et al., 2016). Owing to their advantages of large specific surface
area, easy surface modification, and excellent electron transfer
ability, nanomaterials have been used as promising regulators to
control the catalytic properties of artificial enzymes.

MODULATION OF MULTIPLE BIO- OR/AND
BIOMIMETIC CATALYSTS

The attachment of different bio- or/and biomimetic catalysts
on the same carbon nanomaterial provides a simple pathway
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for fabricating catalytic ensembles which possess synergic and
complementary properties. Besides porous silica structures,
mesoporous carbon can serve as a support for the construction of
nanostructured multi-catalyst systems. For instance, combining
MNPs with Pt nanoparticles in ordered mesoporous carbon has
been prepared by Park et al. (Kim et al., 2014). As a result,
this composite exhibited the enhanced peroxidase-like activity in
comparison to independent MNPs, which could be due to the
synergetic effect.

In addition to traditional graphene-based (Xue et al.,
2014) and porous-based materials (He et al., 2013), graphene-
mesoporous silica hybrid as a novel nanomaterial can be used
for bio- or multi-artificial catalyst modulation. Very recently,
Qu and Ren’s group reported that hemin and AuNPs with
complementary functions could be located in different regions
in a graphene-mesoporous silica hybrid. Firstly, through weak
π-π stacking interactions, hemin was tethered on the exposed
surface of graphene. Since graphene could hinder the self-
dimerization of hemin molecules, the as-prepared hemin-
contained nanoconjugates can act as a highly efficient peroxidase
mimic. Then, AuNPs, with glucose oxidase-mimicking activity,
can be formed on the NH2 groups functional silica surface by
in-situ reduction. Consequently, these integrated catalysts exhibit
glucose oxidase-like and peroxidase-like catalytic activities. More
importantly, these nanocomplexes with multiple catalytic sites
are able to catalyze artificial cascade reactions, without the
addition of natural enzymes. This finding might pay the way
to anchor multiple enzyme mimics on solid matrices for
multicomponent cascade transformation or realizing artificial
organelles in the future (Lin et al., 2015). In addition to
regulating the activity of activemolecules or biomimetic catalysts,
nanomaterials can also be used for the regulation of multi-
biomimetic systems.

CHALLENGES AND FUTURE
OPPORTUNITIES

Although remarkable progress has been made, the development
of nanomaterials incorporating enzymes and artificial enzymes
is still in a relatively early stage. In order to carry out further
research in these mentioned areas, the following challenges need
to be addressed:

1) The mechanism leading to the change of catalytic
performance. Obvious changes in activity, specificity, or
selectivity of these catalysts may appear when combining
artificial enzymes with various nanomaterials. However, in
many cases, the mechanism on how nanoscale materials affect
the properties of these catalysts is not properly understood
and validated.

2) Rational design of surface functionalized nano-sized
materials. It is important to take into account surface
properties in the interactions of nanomaterials with bio- and
biomimetic catalysts.

3) Apart from the surface properties, the size, morphology as well
as composition of nanomaterials also play a crucial role. This
point needs systematical examination in the future.

4) Constructing novel integrated catalysts which possess superior
and often unique functions for their practical applications is
still in its infancy. More attention should be devoted to the
use of functional nanomaterials for constructing catalysts with
new properties.

5) Although many enzymes and artificial enzymes have been
combined with nanomaterials, it is indeed necessary to further
investigate the potential applications of nanomaterials in
tuning other biomimetic reactions.

6) It is important to further investigate their potential
industrial applications.

CONCLUSIONS

Enzymes have attracted scientists’ curiosity and attention for a
long time. The concepts of enzyme-catalyzed transformations
have been a tremendous source of inspiration for fabricating
synthetic catalysts which possess the ability of mimicking the
essential or general properties of natural enzymes. Particularly,
recent developments in nanotechnology have enhanced the
possibility for assembling engineered nanomaterials with
biomimetic catalysts. This review systematically summarized
the latest developing progress of nanomaterials especially
inorganic nanomaterials in regulating biological and biomimetic
catalysis. These works have exhibited great potential for
applications ranging from the control and regulation of activity
and biosensing to the separation and construction of hybrid
nanoarchitectures. Evidentially, breakthroughs in biotechnology,
nanotechnology as well as bionic technology may pave the way
for constructing novel hybrid structures for broad applications
by overcoming the unresolved issues and challenges.
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The Fe2O3 nanozyme has been identified as the most promising alternative for the Fe3O4

nanozyme due to its relatively low toxic risk and good chemical stability. However, its
enzyme-like activity is relatively low enough to meet specific application requirements.
Furthermore, previous synthesis approaches have difficulties in fabricating ultra-small
Fe2O3 nanoparticles with tunable size and suffer from agglomeration problems. In this
study, atomic layer deposition (ALD) was used to deposit Fe2O3 on surfaces of carbon
nanotubes to form hybrid nanozymes (Fe2O3/CNTs). ALD enables the preparation of
ultrafine Fe2O3 nanoparticles with precise size control <1 nm, while CNTs could be
served as promising support for good dispersibility and as an effective activity activator.
Hence, the formed Fe2O3/CNTs exhibit excellent peroxidase-like activity with a specific
peroxidase activity of 24.5U mg−1. A colorimetric method for sensing dopamine (DA)
was established and presented good sensitivity with a limit of detection (LOD) as low as
0.11µM. These results demonstrated that, in virtue of meticulous engineering methods
like ALD, carbon nanomaterial-based hybrids can be developed as talented enzyme
mimetic, thus paving a way for nanozyme design with desired activity and broadening
their applications in biosensing and other fields.

Keywords: atomic layer deposition, hybrid nanozymes, ultrafine Fe2O3 nanoparticles, peroxidase activity,

biosensing

INTRODUCTION

It is well-known that nanozymes have been developed as the most promising alternative for natural
enzymes, owing to their good stability, simple and large-scale preparation, and cost effectiveness
(Gao et al., 2007; Lin et al., 2014; Wang et al., 2019). In the past 10 years, over 300 kinds of
nanomaterials, including metals, metal oxides, and carbon nanomaterials, have been demonstrated
to mimic the activities of oxidase, peroxidase, catalase, and superoxide dismutase, which connects
an important bridge between nanotechnology and biological science (Natalio et al., 2012; Wei and
Wang, 2013; Liu and Liu, 2017; Li et al., 2018; Wu et al., 2019).

As the most studied nanozymes, iron oxide nanozymes (IONzymes) have attracted great interest
since the first exciting discovery that ferromagnetic oxide possesses an intrinsic peroxidase activity
(Gao et al., 2007), and they show great application potential in fields of biosensing, magnetic
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resonance imaging, anti-biofouling, and cancer therapy (Cheng
et al., 2017; Jiang et al., 2019; Li et al., 2019; Wang et al.,
2019; Šálek et al., 2020). Between the two main IONzymes
Fe3O4 and Fe2O3, most attention was paid on Fe3O4 due
to the relatively higher saturation magnetization and simpler
synthesis procedures. However, the ferrous ions of Fe3O4 may
raise its toxic risk and make it chemically unstable (Chen
et al., 2012). Therefore, Fe2O3 nanozymes should be better
candidates for applications. However, their enzyme-mimicking
activities are relatively low enough to meet a variety of
specific application requirements (e.g., biosensing, antimicrobial
therapy). Furthermore, it remains a great challenge to synthesize
ultrafine Fe2O3 nanoparticles with both controllable and
uniform sizes, as well as to eliminate nanoparticle aggregation,
which could inevitably affect their enzyme-like activity during
catalytic reaction.

Among the huge family of nanozymes, great attention was also
paid on carbon nanomaterials due to their excellent nanozymatic
activities, diverse structures, and good biocompatibility (Sun
et al., 2017; Wang et al., 2018). Especially, their structural
merits such as large surface area and good mechanical properties
make them an ideal support for anchoring metal/metal oxide
nanozymes to form hybrid nanozymes and to inhibit the possible
agglomeration of nanoparticles (Tao et al., 2013). Wang Q.
et al. (2017) reported that Fe3O4 nanoparticles loaded on 3D
porous graphene exhibited good dispersibility as well as stability.
Moreover, their high electrical conductivity could facilitate
electron transfer inmany redox reactions, displaying a synergistic
effect on the catalytic properties of metal/metal oxide (Yang et al.,
2014). Such promotion effect was also applicable for upregulating
enzyme-mimicking activities of metal/metal oxide nanozymes,
thus leading to greatly enhanced activities compared to their
single component. For instance, the peroxidase-like activity of
Pt and Fe3O4 was remarkably increased when hybridized with
carbon nanodots or C3N4 nanoflakes (Fan et al., 2018; Wang
et al., 2018).

Recently, atomic layer deposition (ALD), as a gas-phase film
deposition technology, has been demonstrated to be an advanced
avenue in the preparation of ultrafine nanoparticles (Marichy and
Pinna, 2013; Zhang and Qin, 2018). Owing to its self-limiting
characteristic, it is capable of synthesizing nanoparticles with
accurate size control at the atomic level. Zhang et al. reported that
a series of Pt species, including single Pt atoms, Pt clusters, and Pt
nanoparticles, could be easily fabricated by use of ALD (Sun et al.,
2013). Furthermore, ALD can be served as a powerful approach
to prepare hybrid nanomaterials due to its good step coverage
over substrates with a complicated structure (Marichy and Pinna,
2013). Our previous study found that carbon nanotubes and
graphene-supported nanoparticles with adjustable size and good
distribution can be achieved by ALD (Zhang et al., 2015, 2016,
2018), which cannot be fulfilled by traditional method and
confirms again the superiority of ALD. Furthermore, it has been
demonstrated that the interface structure of nanozymes could
also be precisely engineered by ALD to tune their enzyme-
mimicking activities (Chen et al., 2020). However, until now there
is no report on fabricating carbon-based IONzymes by ALD.

Hence, in this study, CNT-supported Fe2O3 nanozymes
(Fe2O3/CNTs) were fabricated to solve the problems of

aggregation and relatively low activity of the Fe2O3 nanozyme.
ALD was adopted, for the first time, to precisely synthesize
CNT-supported Fe2O3 nanoparticles with good uniformity and
dispersibility. With the adjustment of cycle numbers, ultrasmall
Fe2O3 nanoparticles with size down to 1 nm could be accurately
achieved. The uniform and ultrafine Fe2O3 nanoparticles, as
well as the synergistic effect of CNTs, contributed to an
excellent enzyme-mimicking activity of the Fe2O3/CNT hybrid
nanozyme, which made it an efficient peroxidase mimic for
the catalytic conversion of a chromogenic substrate of 3,3′,5,5′-
tetramethylbenzidine (TMB) and for colorimetric probe in
dopamine (DA) sensing.

MATERIALS AND METHODS

Materials
Carbon nanotubes (CNTs) with diameter of 20–30 nm and length
of 0.5–2µm were purchased from Shenzhen Nanotech Port Co.,
Ltd. (China). Raw CNTs were treated in HNO3 (68 wt %) at
140◦C for 4 h to remove possible catalyst residues and provide
nuclear sites for subsequent ALD processes. Ferrocene, dimethyl
sulfoxide (DMSO), hydrogen peroxide (H2O2), dopamine, and
3,3′,5,5′-tetramethylbenzidine (TMB) were obtained from J&K
Scientific. All of the chemicals were used as received.

Synthesis of Fe2O3/CNTs by ALD
Firstly, treated CNTs were dispersed in ethanol under ultrasonic
agitation and dropped onto quartz wafers. Then, the wafers were
placed into an ALD chamber and the ALD process was carried
out in a homemade and self-heating system. For Fe2O3 ALD,
both ferrocene and O3 were used as precursors and ferrocene
was heated to 75◦C to obtain optimal vapor pressure. To ensure
successful Fe2O3 deposition, the chamber was maintained at
260◦C. The pulse, exposure, and purge time for ferrocene and
O3 were 1.5/20/30 and 0.2/15/30 (s), respectively. The particle
size of Fe2O3 was adjusted by ALD cycles and the samples with
different ALD cycle numbers (n) were noted as nFe2O3/CNTs
in this study. After deposition, the samples were collected for
further use.

Characterization
Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) were measured on a FEI Tecnai F20 instrument.
High-angle annular dark-field scanning-TEM (HAADF-STEM)
images were also collected on this equipment operated at 200
kV. X-ray photoelectron spectroscopy (XPS) data were collected
with a Thermo ESCALAB 250 xi with an Al-Ka line as the
radiation source. X-ray diffraction (XRD) data were recorded
on a MAXima XRD-7000 diffractometer with Cu Kα radiation.
Inductively coupled plasma optical emission spectrometry (ICP-
OES; Thermo iCAP 6300) was used to determine the content of
the metal in the hybrid nanozyme.

Peroxidase-Mimicking Activity Assay
A colorimetric method was adopted to estimate the peroxidase
activity of Fe2O3/CNT samples by using TMB as the
chromogenic substrate. Typically, the catalytic reaction was
processed by adding 20 µL of Fe2O3/CNT nanozyme (0.5
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mg/mL), 80 µL of TMB (2.5mM), and 100 µL of H2O2 (10mM)
into a 2mL tube. The final volume was adjusted to 1mL by
adding 800 µL NaAc buffer (0.2M, pH 3.6). The mixed solutions
were incubated at 37◦C for 10min. Then, the UV-vis absorbance
of oxidized TMB (TMBox) at a wavelength of 652 nm was
immediately recorded. Furthermore, the enzyme-like property
was evaluated according to Yan’s protocol (Jiang et al., 2018).
The experiments were carried out at 37◦C in NaAc-HAc buffer
(0.2M, pH 4.0) containing TMB (4µL of 10mgmL−1) andH2O2

(1M). The time-dependent absorbance curves were immediately
recorded at a 10 s interval within 400 s, and the nanozyme
activity expressed in units (U) was calculated according to the
following equation:

bnanozyme =
V

εl
×

1A

1t
(1)

where bnanozyme is the nanozyme activity (U), V is the total
volume of reaction solution (µL), ε is the molar absorption
coefficient of the TMB substrate (39,000 M−1 cm−1 at 652 nm),
l is the optical path length through reaction solution (cm), and
1A/1t is the initial rate of the absorbance change (per minute).
The specific activity of the nanozyme was determined using the
following equation:

ananozyme =
bnanozyme

m
(2)

where ananozyme is the specific activity of the nanozyme
(U mg−1) and m is the nanozyme amount for each
assay (mg).

Steady-State Kinetic Analysis
Kinetic experiments were carried out in a 2mL cuvette
with 1mL NaAc buffer (0.2M, pH 3.6) containing 10 µg
10Fe2O3/CNTs. Both TMB and H2O2 were also added and
tested in a time-course model at 37◦C. TMBox at 652 nm
was recorded every 30 s in the range of 0–10min, and
the initial rates of two different substrates were determined.
The kinetic assay with TMB as substrate was conducted by
varying concentrations of TMB with the concentration of H2O2

fixed at 0.1 nM, and vice versa. The key kinetic parameters,
such as Michaelis–Menten constant (Km), catalytic efficiency
(Kcat), and specific activity were calculated by fitting the
initial velocity data to the Michaelis–Menten equation: 1/V
= Km/Vm (1/[S]+ 1/Km), where V represents the initial rate,
Vm is the maximal rate of the enzyme-like reaction, Km

corresponds to the Michaelis–Menten constant, and [S] is the
substrate concentration.

Colorimetric Sensing of DA
Colorimetric sensing of DA was evaluated using the
10Fe2O3/CNTs hybrid nanozyme under the optimized
conditions. The experiments were carried out as follows:
80 µL of TMB (0.2mM in DMSO), 100 µL of H2O2

(0.1mM), and 5 µL of 10Fe2O3/CNTs (0.5 mg/mL) were

FIGURE 1 | TEM images of 5Fe2O3/CNTs (A), TEM image (B), HAADF image (C), HRTEM image of 10Fe2O3/CNTs (D), HRTEM image (E), and HAADF image (F) of
15Fe2O3/CNTs.
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FIGURE 2 | (A) XRD spectra of Fe2O3/CNTs and (B) the XPS core level of Fe2p.

FIGURE 3 | (A) UV-vis spectra of monitoring oxidized TMB catalyzed by different systems. (B) Peroxidase-like activities of Fe2O3/CNTs with different Fe2O3 cycles.
(C) The absorbance-time curves of the TMB chromogenic reaction catalyzed by the 10Fe2O3/CNTs.

successively added to 750 µL of NaAc buffer (0.2M, pH
3.6). Then, 50 µL of DA with different concentration was
added and the mixture was incubated at 37◦C for 10min,
followed by monitoring of the UV-vis absorbance of TMBox at
652 nm.

RESULTS AND DISCUSSION

In order to characterize the morphology of the as-deposited
Fe2O3/CNT samples, TEM measurements were conducted; the
results are depicted in Figure 1. For the sample of 5Fe2O3/CNTs,
almost no Fe2O3 nanoparticle can be distinguished from
surfaces of CNTs due to its low loading content (Figure 1A).
With increasing ALD cycles, it remained difficult to identify
the existence of Fe2O3 in the TEM image of 10Fe2O3/CNTs
(Figure 1B), but the HAADF image (Figure 1C) recorded at the
same region reveals visibly the successful deposition of Fe2O3

nanoparticles on CNTs. This can be clearly distinguished from
the HRTEM image as depicted in Figure 1D. It is obvious
that these nanoparticles are uniformly distributed with diameter
of around 1 nm. In addition, it is worth noting that the
as-synthesized Fe2O3 by ALD is amorphous with no visible
crystalline structure found in HRTEM images. When 15 cycles of

Fe2O3 were applied, a higher density of nanoparticles with larger
size of around 2 nm on CNTs was observed both in HRTEM
(Figure 1E) and HAADF (Figure 1F) images. These results fully
demonstrate that ALD can be served as a novel avenue to
synthesize Fe2O3 nanoparticles with ultrasmall and adjustable
size, which cannot be fulfilled by traditional method and fully
reveals the superiority of ALD.

Further studies were conducted in characterization of the
chemical structure of 10Fe2O3/CNTs by XRD measurement, and
the spectra of 10Fe2O3/CNTs are presented in Figure 2A. The
main diffraction peak located at 2θ = 23.8◦ belongs to typical
XRD spectra of CNTs. However, no characteristic peak of iron
oxide could be found in the spectra, which matches well with the
abovementioned TEM results. As revealed by ICP analysis, the
content of Fe2O3 in 10Fe2O3/CNTs was as low as 2.1 wt% (results
not provided). Actually, similar results have been achieved in our
previous study (Zhang et al., 2015) and the unobservable XRD
signal of Fe2O3 was ascribed to its poor crystallinity and low
content, when few cycles of ALD were conducted. In addition,
XPS test was also performed to investigate the surface elemental
composition of 10Fe2O3/CNTs. Deconvolution of Fe2p core-
level spectra shown in Figure 2B reveals that there are two main
peaks located at 712.6 and 726.1 eV, which can be ascribed to
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Fe2p 3/2 and Fe2p 1/2, respectively. These results demonstrated
the 3+ valence state of Fe species in 10Fe2O3/CNTs. Meanwhile,
the existence of an associate satellite peak located at 718.9 eV
could correspond to the characteristic XPS spectra of Fe2O3. The
combined results of TEM, XRD, and XPS strongly support that
Fe2O3 was successfully deposited on CNTs by ALD.

The Peroxidase-Mimicking Activity of
Fe2O3/CNTs
With assistance of the ALD method, it is expected that the
as-synthesized Fe2O3/CNT samples with ultrafine particle size
and good dispersibility possess excellent enzyme-mimicking
activities. The peroxidase-like activities of Fe2O3/CNT samples
were manifested through TMB oxidation in the presence
of H2O2 into a charge transfer product (TMBox). Several
control experiments were carried out to confirm the catalytic
nature. It can be seen in Figure 3A that neither H2O2 nor
TMB alone was capable of inducing catalytic reaction and
no significant absorbance peak was generated. When both
substrates were presented, the catalytic oxidation rate was

TABLE 1 | Typical specific peroxidase-like activity of 10Fe2O3/CNTs and its
comparison with other nanozymes.

Nanozymes Specific peroxidase

activity (U mg−1)

References

Fe3O4 NPs 5.143 Jiang et al., 2018

IONPs 8.5 Šálek et al., 2020

Carbon NPs 3.302 Jiang et al., 2018

Fe–N–C 57.76 Niu et al., 2019

Fe–N–C 25.33 Jiao et al., 2020

This work 24.5 –

accelerated by 10Fe2O3/CNTs in comparison to bare CNTs, as
revealed by a great enhancement in the absorbance at 652 nm.
It can be concluded that the hybridization of CNTs with
uniform and ultra-small Fe2O3 nanoparticles contributes to great
enhancement in peroxidase-like activity.

Since ALD has a unique advantage of flexible control over
cycles, it enables the optimization of the peroxidase-mimicking
activity by adjusting the particle size of Fe2O3. The peroxidase-
like activity of Fe2O3/CNT samples with different cycles was also
tested, and the results are shown in Figure 3B. It is obvious that
the activity was enhanced with increase in ALD cycle (n< 10) but
showed an opposite trend when more than 10 cycles of Fe2O3

ALD were conducted. Among them, 10Fe2O3/CNTs presented
the highest activity, which might be due to the hybridization
of CNTs with Fe2O3, as well as the ultrafine nanoparticles with
good distribution. The relative low activity of 5Fe2O3/CNTs
might be attributed to the low loading content of Fe2O3 in the
hybrid nanozyme, while the nanoparticle stacking as well as the
blocking access to active sites resulted in the low activity of
samples with more than 10 cycles. As depicted in Figure 3C, the
specific activity determined according to the protocol of Yan’s
group (Jiang et al., 2018) shows that the absorbance is linear to
reaction time in the first minutes. By choosing 80 s as the initial

TABLE 2 | Typical Michaelis–Menten constant and maximum velocity for H2O2

and TMB substrates and their comparison with HRP.

Catalyst Substrate Km [mM] Vmax [10−8 Ms−1]

10Fe2O3/CNTs TMB 0.515 14.61

10Fe2O3/CNTs H2O2 0.704 17.43

HRP (Gao et al., 2007) TMB 0.43 10

HRP (Gao et al., 2007) H2O2 3.7 8.71

FIGURE 4 | Steady-state kinetic assays by using 10µg/mL 10Fe2O3/CNTs in 0.2M NaAc (pH 3.6) at 37◦C for 10min. (A) The concentration of H2O2 was 0.5mM,
and the TMB concentration was varied. (B) The concentration of TMB was 0.4mM, and the H2O2 concentration was varied. Insets are the Lineweaver–Burk plots of
the double reciprocal of the Michaelis–Menten equation, with the concentration of one substrate fixed and the other varied. Error bars shown represent the standard
error derived from three repeated measurements.
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FIGURE 5 | (A) The absorbance of oxidized TMB in the DA detection system in the presence of DA. (Insets) The linear calibration plot and the optical image for DA
detection using 10Fe2O3/CNTs. The error bars indicate the standard deviation of three repeated measurements. (B) Comparison of the sensing properties of typical
nanozymes (Dutta et al., 2015; Ivanova et al., 2019; Zhu et al., 2019; Ray et al., 2020).

rate period, the calculated peroxidase activity of 10Fe2O3/CNTs
was 24.5U mg−1 (the inset in Figure 3C). It is obvious that this
value is higher than that of reported IONzymes and carbon-based
nanozymes (Table 1) and very close to the highest specific
activity of the Fe–N–C single atom nanozyme, demonstrating the
excellent performance of 10Fe2O3/CNTs fabricated by ALD.

Steady-State Kinetic Theory of
10Fe2O3/CNTs
In order to get a clear understanding of the intrinsic mechanism
for peroxidase activity enhancement of 10Fe2O3/CNT samples,
the kinetic was exploited by altering the concentration of
one substrate while keeping constant of the other. A set of
concentrations for each substrate was recorded in a time-
course mode, and the initial rate of TMB and H2O2, which
is the slope of 1A652 per unit time (min), was obtained by
applying the Beer–Lambert law. The collected data were fitted
based on the Michaelis–Menten equation, and the nanozymatic
parameters were calculated with the typical Lineweaver–Burk
double reciprocal plots as depicted in Figure 4.

The key parameters of Km and Vmax are listed in Table 2.
Since Km is identified as the indicator of the affinity of enzyme
to substrates, achieving low Km and high Vmax is important
to ensure better catalytic performance. It is obvious that the
10Fe2O3/CNTs displayed smaller Km values for H2O2, indicating
a better affinity to H2O2 and a relatively low concentration of
H2O2 needed for achieving a high response of 10Fe2O3/CNTs in
catalytic reaction. This result is consistent with the report that
in the reaction of TMB oxidation with H2O2, decomposition of
H2O2 is the rate-determining step (Zhao et al., 2008), whereby
the Km for TMB is close to the natural HRP enzyme, suggesting
its good binding affinity for TMB.

Sensitivity of 10Fe2O3/CNTs for Detection
of DA
A variety of biosensors have been established based on the
excellent enzyme-mimicking activities of nanozymes. As an
essential neurotransmitter, dopamine (DA) is critically involved

in a variety of motor and non-motor information transmission
and affecting human emotions and perceptions (Paval, 2017;
Sgambato-Faure and Tremblay, 2018). DA disorder will cause
a series of diseases (Ashok et al., 2017; Sgambato-Faure and
Tremblay, 2018). For instance, if too much dopamine is
secreted, it can lead to neurological dysfunction. Hence, it
is necessary to develop a simple and sensitive approach to
detect the DA level. Inspired by the behavior that the existence
DA in catalytic reaction solution will inhibit peroxidase-
mimicking activity of the 10Fe2O3/CNTs, a colorimetric method
was employed to determination of DA. Figure 5A shows the
absorbance response of TMBox in the system when different
concentrations of DA were added. A typical linear calibration
plot was obtained in the 0–25µM concentration range with a
limit of detection (LOD) of 0.11µM. The LOD was calculated
by using the typical formula LOD = 3σ/k, where σ is the
standard deviation for the target-blank sample and k stands
for the slope of the calibration curve. This approach provides
a convenient and sensitive method for sensing of DA. As
shown in Figure 5B, the LOD of our system is not the
lowest by comparing with typical Au nanoparticles, hollow CuS
nanocubes, and Pt nanoparticles. However, it is worth noting
that the concentration of the nanozyme used in our approach
is the lowest, which demonstrates that the 10Fe2O3/CNT
hybrids fabricated by ALD are a promising candidate for DA
biosensing applications.

CONCLUSIONS

To sum up, CNT-loaded Fe2O3 nanoparticles with uniform
distribution and precise size control can be easily prepared
by ALD. The CNTs not only serve as the support to inhibit
possible aggregation of Fe2O3 nanoparticles but also act as
activity enhancer for Fe2O3, which endows Fe2O3/CNT hybrids
with an excellent peroxidase activity. In our approach, the
peroxidase activity could be optimized by adjusting the cycle
number of Fe2O3 ALD and the highest activity was achieved by
10Fe2O3/CNTs, due to the well-distributed and ultrafine Fe2O3
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nanoparticles on the surface of CNTs. The steady kinetic assay
demonstrated that 10Fe2O3/CNTs show good binding affinity to
both TMB and H2O2. In addition, a colorimetric method for
sensing of DA was established based on the excellent activity of
10Fe2O3/CNTs, which presented a good sensitivity with LOD as
low as 0.11µM. Based on the abovementioned results, the unique
advantage of ALD by precise and controllable nanomaterial
fabrication enables a novel avenue for nanozyme synthesis with
finely tunable activities, which can be convenient for in-depth
investigation and understanding of the catalytic mechanism of
nanozymes and broaden also their application in biosensing and
other areas.
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Recently, remarkable progress has been made in nanozyme research due to the

rapid development of nanomaterials. Two-dimensional nanomaterials such as metal

nanosheets, graphene-based materials, transition metal oxides/dichalcogenides, etc.,

provide enhanced physical and chemical functionality owing to their ultrathin structures,

high surface-to-volume ratios, and surface charges. They have also been found to

have high catalytic activities in terms of natural enzymes such as peroxidase, oxidase,

catalase, and superoxide dismutase. This review provides an overview of the recent

progress of nanozymes based on two-dimensional nanomaterials, with an emphasis on

their synthetic strategies, hybridization, catalytic properties, and biomedical applications.

Finally, the future challenges and prospects for this research are discussed.

Keywords: two-dimensional, nanomaterials, nanozyme, catalysis, biomedical

INTRODUCTION

Enzymes are catalysts that speed up almost all biochemical reactions in cells. They have some
inherent defects that make them unfavorable in large-scale applications. Since the fascinating
discovery of enzymatically active Fe3O4 nanoparticles (NPs) for immunoassay (Gao et al., 2007),
the last decade has witnessed great advances in nanozyme research (Wei and Wang, 2013; Huang
et al., 2019; Jiang D. W. et al., 2019), deriving from the growth of nanoscience and developments in
technology. Various types of catalytic nanomaterials (NMs), primarily zero-dimensional (0D) NPs
based on metals [e.g., Pt (Ju and Kim, 2015)], bimetallic compounds [e.g., AuPt (He et al., 2010)],
metal oxides [e.g., Co3O4 (Mu et al., 2013)], and metal chalcogenides [e.g., CuS (He et al., 2012)],
have been extensively explored to mimic peroxidases (PODs), oxidases (ODs), catalases (CATs),
and superoxide dismutases (SODs) for biomedical applications. Despite much progress in the
structural design of 0D nanozymes, there are still several obvious drawbacks. Firstly, most metal-
based NPs are often used in a disposable manner, which inevitably causes either economic concerns
for the precious metals used or environmental issues due to the pollution and toxicity of these
heavy metals (Zhang T. et al., 2014). Secondly, it is known that NPs tend to agglomerate because
of huge surface energy, which decreases catalytically active sites, impairing catalytic performance
(Yang et al., 2004). Lastly, the inherently imperfect surface accessibility of 0D nanostructures is
unfavorable and it is difficult to fully exert the biocatalytic capacity to mimic enzymes (Maromeze
et al., 2016). Therefore, researchers should develop nanozymes with novel types of structures and
functionalities, a significant research frontier in the nanozyme area.
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Two-dimensional (2D) NMs within general sheet-like
structures are a newly emerging but very important class
of materials. Their lateral dimensions are generally one or
several orders of magnitude larger than the thickness, with
typical morphologies of nanosheets (NSs), nanoribbons,
nanoplates, and nanowalls (Zhang, 2015). Different from their
0D counterparts, 2D NMs with these unique shapes could
render large specific surface and distinctive physicochemical
attributes, especially in terms of extraordinary surface chemistry,
due to the exposure of most of the atoms in 2D NMs on
their surface. Initial work about layered materials focused on
MoS2, dating back nearly half a century (Gan et al., 2017).
A surge of interest and studies on 2D NMs started after
the discovery of graphene in 2004 (Novoselov et al., 2004).
Since then, a host of 2D NMs, including layered double
hydroxides (LDHs) (Harvey et al., 2016), transition metal
dichalcogenides (TMDs) (Zhu et al., 2013), ultrathin metal
NMs (Huang et al., 2011), transition metal oxides (TMOs)
(Zhou et al., 2017), Xenes (e.g., black phosphorus) (Khan
et al., 2020), metal carbides/nitrides (MXenes) (Jiang C. M.
et al., 2019), graphitic carbon nitride (g-C3N4) (Yang et al.,
2013), hexagonal boron nitride (h-BN) (Chen M. M. et al.,
2017), and metal-organic frameworks (MOFs) (Ding et al.,
2017), have attracted considerable attention in numerous
research fields, such as sensing, catalysis/electrocatalysis,
batteries, electronics/optoelectronics, supercapacitors, and
biomedical areas.

In terms of mechanical, chemical, and optical attributes,
the potential biocompatibility and degradability, 2D NMs have
been enthusiastically researched in various biomedical fields
including biosensing (Oudeng et al., 2018), antibacterial agents
(Lu et al., 2017), bioimaging (Ma D. T. et al., 2020), and
cancer therapy (Kong et al., 2017). Also, with a single-atom
layer or several-atoms-thick layers, 2D NMs possess the highest
specific surface areas among all known materials, thus they
have large reservoirs and abundant anchoring sites to load and
deliver therapeutic agents (Qian et al., 2017). Moreover, the
planar structure endows them with unusual properties including
light/ultrasonic/magnetic responses and biological behaviors
(e.g., endocytosis, biodistribution, biodegradation, and excretory
pathways), which evokes the broad interest in developing 2D
NMs as biomaterials (Chimene et al., 2015).

The rapid development of 2D NMs as versatile biomaterials
has benefited from significant research progress in graphene,
especially its bulk-quantity production and surface
functionalization to improve its water solubility (Li et al.,
2008; Sun et al., 2008), which paved the way for graphene to
be potentially utilized for biomedical purposes. Meanwhile,
it should be pointed out that, the success of 0D nanozymes
in biomedical applications has promoted the exploration of
the enzymatic properties of other nanostructures. As the first
example of the employment of 2D NMs to mimic enzymes,
the carboxyl-modified graphene oxide (GO) NSs were found
to be able to mimic horseradish peroxidase (HRP), which were
further developed as a glucose biosensor based on POD-like
activity (Song et al., 2010). Later, a large number of 2D NMs
with enzymatic activities have been successively reported and

FIGURE 1 | Two-dimensional NMs with enzyme-like activities for biomedical

applications.

become a new type of enzyme-mimic, hereafter referred to as
2D nanozymes.

To our knowledge, despite many reviews (Huang et al.,
2016; Agarwal and Chatterjee, 2018; Chen Y. et al., 2018;
Dong et al., 2018; Merlo et al., 2018; Tao et al., 2019; Yan
et al., 2019; Zhang X. L. et al., 2019; Ren et al., 2020) on the
outstanding biomedical performance of 2D NMs, few of them
have emphasized enzymatic properties, which are of significant
importance to the development of 2D NMs. In this mini-
review, we aim to highlight recent progress in 2D NMs with
enzymatic properties for biomedical applications. Firstly, we
briefly introduce crystal structures, synthesis, and hybridization
strategies for 2D NMs. Then, we discuss the enzyme-like
activities of 2D NMs. In the following, we summarize the recent
advances of 2D nanozymes in diversified biomedical applications,
ranging from biosensors, antibacterial agents, and antioxidants
to therapeutics (Figure 1). Finally, we share our insights into the
development prospects and challenges of 2D nanozymes.

CRYSTAL STRUCTURES, SYNTHESIS, AND

HYBRIDIZATION STRATEGIES OF 2D NMs

Crystal Structures of 2D NMs
In essence, the unusual physicochemical attributes of 2D NMs
largely depends on their atomic arrangements, which have been
clarified in detail elsewhere (Butler et al., 2013; Zhang, 2015;
Tan et al., 2017). Despite multifarious composition and structural
differences, 2D NMs can be generally categorized as layered and
non-layered (Hu et al., 2019). For the former, each in-plane
atom connects to the neighboring ones through strong chemical
bonding in every layer. The layers, however, stack together via
weak van der Waals (VDW) interaction (Bhimanapati et al.,
2015). A typical layered compound is graphite, in which each
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atom covalently bonds to three adjacent atoms in planes by σ -
bond but weak VDW interaction exists between layers (Allen
et al., 2010). LDHs, TMDs, g-C3N4, h-BN, Xenes, MXenes,
and MOFs, also have a graphite-like crystallite structure. By
contrast, the non-layered NMs crystallize in three dimensions
by atomic/chemical bonds to form bulk crystals, which typically
include 2D metals, metal oxides/chalcogenides, and others (Tan
and Zhang, 2015). Relying on the specific arrangement of
atoms, coordination modes between atoms, or stacking order
between layers, these non-layered NMs can crystallize into
different crystal phases, which greatly affect their attributes and
functionalities (Tan et al., 2017).

Synthetic Approaches of 2D NMs
The top-down and bottom-up methodologies, as two types of
commonly used approaches to the synthesis of 2D NMs, are well-
summarized in the literature (Chen et al., 2015; Tan et al., 2017).
The former is based on direct cleavage of bulk precursors, aiming
to break weak VDW interaction between layers in 2D NMs
by various driving forces, typically mechanical/liquid-phase/ion-
intercalation and exfoliation (Zeng et al., 2011; Huo et al., 2015;
Yi and Shen, 2015). Notably, these methods are only suitable
for layered materials. They are relatively simple but suffer from
certain disadvantages and limitations. Take synthesis of MoS2
NSs for example, mechanic exfoliation (Novoselov et al., 2005)
is limited by low throughput, thereby making it unsuitable
for most biomedical applications: Li-intercalation process not
only requires a long time (e.g., 3 days) and high temperature
(e.g., 100◦C) but results in semiconducting-to-metallic phase-
transition of MoS2 bulk (Yuwen et al., 2016); liquid exfoliation
proposes difficulties in removing high-boiling organic solvents
(Coleman et al., 2011).

Contrarily, the bottom-up methods usually begin with
small organic or inorganic molecules/atoms, employing crystal
growth/assembly into a 2D ordered structure, which includes
classical chemical vapor deposition (CVD) (Shi et al., 2010) and
wet-chemical synthesis (hydro-/solvo-thermal (Duan et al., 2014;
Huang et al., 2014) and the self-assembly (Wu et al., 2015)
of crystals, etc.). Since the bottom-up methods are based on
the chemical reactions of certain precursors in given synthetic
systems, they are more versatile than the top-down methods
in enabling access to all types of 2D NMs. Despite the above
protocols, it is still challenging to develop an appropriate strategy
to synthesize 2D NMs with controlled and desirable structural
parameters so as to satisfy the specific requirements.

Hybridization of 2D NMs
It is known that the hybridization of 2D NMs with functionalized
species is an effective strategy to extend and expand their
functionalities, which could potentially make them suitable for
practical applications. Numerous functionalized species (e.g.,
atoms, ions, molecules, polymers, and nanostructures), have been
modified onto/into 2D NMs by various methods such as doping,
adsorption, electrodeposition, covalent functionalization,
chemical reduction, and self-assembly (Guan and Han,
2019). For example, to improve water dispersibility and the
stability of pristine MXenes NSs in a physiological solution

for biomedical applications, Shi’s group reported modification
of Ti3C2 NSs with soybean phospholipid by adsorption (Lin
et al., 2017). The functionalized materials were found to
possess enhanced permeability, stable circulation, and retention
ability. In a similar study by Geng’s group, titanium carbide
NSs terminated with Al(OH)−4 , obtained by intercalation of
Ti3AlC2 bulk with tetramethylammonium (TMAOH) were
modified with polyethylene glycol (PEG) molecules. The
functionalized NSs demonstrated excellent stability in various
physiological solutions, which were further developed as
promising photothermal therapeutic agents (Xuan et al., 2016).

A variety of 0D metal NPs-functionalized 2D NSs have
also been reported by different groups, including 0D/2D
nanostructured Au/GO (Tao et al., 2013), Au/MOF (Huang
et al., 2017a), and Pt/black phosphorus (Ouyang et al., 2018).
In recent studies, the in-situ growth method was also adopted
by different groups for the synthesis of Pt/h-BN (Ivanova et al.,
2019) and “naked” Au NPs on g-C3N4 NSs (Wu et al., 2019),
via the reduction of metal precursors on NSs with various
reducing agents like NaBH4, ascorbic acid, etc. Our group also
constructed a variety of 0D/2D heterostructures, including PtAg
NPs-decoratedMoS2 NSs through the hydrothermal process (Cai
et al., 2016), Pt NPs-covered CuO NSs by NaBH4 reduction
(Wang X. H. et al., 2017), and IrO2 NPs-modified GO (Sun
et al., 2020) and reduced GO (rGO) (Liu X. L. et al., 2019)
NSs by electrostatic adsorption/hydrothermal treatment. The
modification of NPs onto 2D NMs could not only prevent
NPs from aggregation but inhibit the restacking of NSs, which
could facilitate practical applications. However, to access these
nanocomposites, a multi-step procedure was generally required
for synthesis. In a recent study, our group reported a one-pot
fabrication of PtRh NPs-modified Rh NSs (Cai et al., 2019).
During the synthesis, Pt atoms/clusters as seeds were first
formed by reduction of Pt precursors (H2PtCl6·6H2O), which
promoted the reduction of Rh precursors (Rh(acac)3) to form
PtRh NPs and directed formation of Rh NSs around PtRh NPs.
In another work, our group demonstrated the one-pot synthesis
of Pd NPs-modified NiCl2 NSs, by using a three-step process
of “in situ reduction-oxidation-assembly” (Cai et al., 2018a).
Notably, the pre-preparation and/or functionalization of NSs
as well as immobilization of NPs on NSs, generally involved
in conventional synthetic protocols, were unnecessary in the
above studies.

ENZYMATIC PROPERTIES OF 2D

NANOZYMES

POD- and OD-Like Properties
PODs and ODs are a class of known oxidative enzymes
in biosystems, which activate H2O2 and O2 to catalyze the
oxidation of respective substrates under mild conditions (Wei
and Wang, 2013; Huang et al., 2019; Jiang D. W. et al., 2019).
To evaluate the POD-/OD-like activity of 2D NMs, catalytic
oxidations of enzymatic chromogenic substrates like 3,3’,5,5’-
tetramethylbenzidine (TMB), which are often carried out in
acidic media and produce colored products (Equation 1), are
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chosen as a probe reaction by most researchers (Gao et al., 2007;
Song et al., 2010; Tao et al., 2013; Cai et al., 2016, 2018a, 2019;
Huang et al., 2017a; Wang X. H. et al., 2017; Ouyang et al.,
2018; Ivanova et al., 2019; Liu X. L. et al., 2019; Wu et al., 2019;
Sun et al., 2020). The reaction process is tracked by UV-Vis
spectroscopy and the color variation of the reaction solution can
be easily observed by naked eyes.

Since the first report of GO NSs as a 2D POD-mimic by Qu’s
group (Song et al., 2010), similar observations were obtained
from other types of 2D NMs, which also exhibited typical
Michaelis-Menten kinetics during POD-catalysis. The apparent
kinetic constant (Km) and maximum reaction rate (Vmax), as
two important parameters related to enzyme-catalysis, could be
determined from the Linewearver-Burk plot. The constant Km

characterizes the binding affinity of a substrate to the enzyme, in
which a lower Km value means the higher affinity. Table 1 lists
the kinetic parameters of typical 2D NMs as POD-mimics based
on GO (Zhang L. N. et al., 2014; Sun et al., 2020) or rGO (Liu
X. L. et al., 2019), TMDs (Lin et al., 2014a,b; Chen T. M. et al.,
2017; Huang et al., 2018; Wu et al., 2018; Feng et al., 2020), LDHs
(Zhan et al., 2018; Yang et al., 2020), g-C3N4 (Darabdhara et al.,
2019), MOF NSs (Chen J. Y. et al., 2018), h-BN (Ivanova et al.,
2019), metal oxides (Wang X. H. et al., 2017; Li et al., 2019), and
metallic NSs (Wei et al., 2015; Cai et al., 2018b, 2020).

In an earlier study on the POD-like properties of TMDs,
Guo’s group reported that the commercially obtained MoS2 NSs
by solution-based exfoliation gave a Km value of 0.0116mM
with H2O2 as substrate, far lower than those of HRP (3.7mM)
(Gao et al., 2007) and Fe3O4 NPs (154mM) (Gao et al., 2007),
suggesting good affinity of as-obtained materials toward H2O2

(Lin et al., 2014a). The authors also found the POD-catalysis of
MoS2 NSs was efficient over a broad pH range (2.0–7.5), wider
than those of GO NSs and several 0D NPs [e.g., Fe3O4 (Gao
et al., 2007), Co3O4 (Mu et al., 2012), and ZnFe2O4 (Su et al.,
2012)]. In a recent study, Wang’s group synthesized MoS2 NSs
using a hydrothermal method, followed by the treatment of N2

plasma, producing N-doped MoS2 NSs (Feng et al., 2020). With
H2O2 as a substrate, the as-obtained materials not only gave
a much lower Km value (0.4459mM) compared to that of the
undoped ones (2.0828mM), but presented a larger Vmax value
(4.348 × 10−8 M s−1) than that of undoped NSs (1.346 × 10−8

M s−1), suggesting enhanced affinity and the activity of NSs
by N-doping. The N2 plasma treatment efficiently increased the
surface wettability and affinity of pristine NSs, thus improving
the access of the electrons and substrates of catalytic reactions.
In another study, Das’s group synthesized a series of metal
NPs (e.g., Au, Ni, and AuNi NPs) decorated g-C3N4 NSs by a

solvothermal method (Darabdhara et al., 2019). With a substrate
of either TMB or H2O2, the bimetallic nanocomposites gave both
lower Km values and larger Vmax values (Table 1) than those
of monometallic ones, indicating better affinity and POD-like
activity by introducing bimetallic NPs into g-C3N4 NSs. Similar
observations were obtained by Pt/CuO (Wang X. H. et al., 2017),
IrO2/rGO (Liu X. L. et al., 2019), Pd/NiCl2 (Cai et al., 2018a), and
PtM/MoS2 (M=Ag, Cu, and Au) (Cai et al., 2016, 2017; Qi et al.,
2016) as reported by our group.

Compared to the layered NM-based POD-mimics, non-
layered examples are few. In a study by our group, the Pd NSs
were prepared in CH3COOH by bubbling of CO gas, followed by
Galvanic replacement of Au3+ ions to obtain Au NPs decorated
Pd NSs (Cai et al., 2020). When TMB and H2O2 respectively
acted as a substrate, the as-obtained nanocomposites afforded
two large Vmax values (19.65 × 10−8 and 8.19 × 10−8 M S−1),
an ∼2-fold enhancement in those of Pd NSs (7.01 × 10−8 and
4.02×10−8 M S−1). In another study, Zheng’s group synthesized
ultrathin Pd NSs with a thickness below 10 atomic layers in
the presence of PVP and a halide salt, followed by coating
Pt nanodots onto the Pd NSs by reduction of Pt(acac)2 with
hydrazine hydrate in DMF solution (Wei et al., 2015). As listed in
Table 1, compared to Pd NSs, the as-prepared nanocomposites
gave lower Km values and larger Vmax values, demonstrating
superior affinity and activity. To further make a meaningful
comparison of catalytic efficiency between Pd NSs and the
nanocomposites, the catalytic rate constant (Kcat) was introduced
by the authors, which was calculated from the equation Kcat =

Vmax/E, where E is the concentration of the catalyst. With either
TMB or H2O2 as a substrate, the obtained Kcat value for the
nanocomposites was appropriately two times larger than those
of Pd NSs. However, compared to several NPs such as Fe3O4 NPs
(Gao et al., 2007), the catalytic efficiency of the nanocomposites
is not high enough. In an interesting study, our group presented
superior POD-catalysis of single-layer Rh NSs synthesized via the

solvothermal method (Cai et al., 2018b). The obtained Km values
for Rh NSs that were comparable to those of HRP (Gao et al.,
2007), while theVmax value for RhwithH2O2 as the substrate was

exceptionally larger than those of HRP (Gao et al., 2007), Rh NPs

(Choleva et al., 2018), and layered NMs based on GO (Gao et al.,
2007), and TMD-based NSs (Lin et al., 2014a,b; Chen T. M. et al.,
2017; Wu et al., 2018). Moreover, the obtained Kcat value for Rh

NSs to H2O2 was 128 times, 323 times, and 34 times larger than
those of HRP (Gao et al., 2007), Rh NPs (Choleva et al., 2018),
and few-layer Pd NSs (Wei et al., 2015), respectively. This high

activity could be attributed to the large number of exposed active
Rh atoms that were coordinately unsaturated, which facilitated
efficient interaction with reactants during catalysis. The Rh NSs

also demonstrated satisfactory chemical/thermal stability.
Previous studies revealed that POD-catalysis generally

involves two types of pathways: (1) the generation of reactive

oxygen species (ROS) including hydroxyl radicals (·OH) (Song

et al., 2010; Lin et al., 2014a; Wei et al., 2015; Wang X. H.
et al., 2017; Cai et al., 2018a), and (2) electron-transfer (ET)
process (Cai et al., 2018b, 2020). The former is believed to
undergo a radical chain mechanism, in which the O-O bonds
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TABLE 1 | The kinetics parameters of HRP, Fe3O4 NPs, and typical 2D POD-mimicsa.

Catalyst [E]

(10−12 M)

Substrate Km

(mM)

V max

(10−8 M S−1)

K cat

(104 s−1)

References

HRP 25 TMB 0.434 10 0.4 Gao et al., 2007

H2O2 3.7 8.71 0.348

Fe3O4 NPs 1.14 TMB 0.098 3.44 3.02 Gao et al., 2007

H2O2 154 9.78 8.58

GO NA TMB 0.0237 ± 0.001 3.45 ± 0.31 NA Song et al., 2010

H2O2 3.99 ± 0.67 3.85 ± 0.22

Pt/GO NA TMB 0.1864 10.2 NA Zhang et al., 2014

H2O2 221.4 12.45

IrO2/GO NA TMB 0.56 32.8 NA Sun et al., 2020

H2O2 5.19 20.8

IrO2/rGO NA TMB 0.276 42.7 NA Liu X. L. et al., 2019

H2O2 229 372.9

MoS2 NA TMB 0.525 5.16 NA Lin et al., 2014a

H2O2 0.0116 4.29

WS2 NA TMB 1.83 4.31 NA Lin et al., 2014b

H2O2 0.24 4.52

MoSe2 NA TMB 0.014 0.56 NA Wu et al., 2018

H2O2 0.155 0.99

WSe2 NA TMB 0.0433 1.43 NA Chen T. M. et al., 2017

H2O2 19.53 2.22

VS2 NA TMB 0.28 41.6 NA Huang et al., 2018

H2O2 3.49 55.7

PtAg/MoS2 NA TMB 25.71 7.29 NA Cai et al., 2016

H2O2 0.386 3.22

N-doped MoS2 NA TMB 0.7916 1.796 NA Feng et al., 2020

H2O2 0.4459 4.348

NiFe LDHs NA TMB 0.5 ± 0.05 NA NA Zhan et al., 2018

H2O2 2.4 ± 0.1

CeO2/CoFe LDHs NA TMB 0.419 NA NA Yang et al., 2020

H2O2 10.82

AuNi/g-C3N4 NA TMB 0.16 2.34 NA Darabdhara et al., 2019

H2O2 4.47 6.16

Au/g-C3N4 NA TMB 0.27 1.27 NA Darabdhara et al., 2019

H2O2 11.13 3.44

Ni/g-C3N4 NA TMB 0.49 0.75 NA Darabdhara et al., 2019

H2O2 19.91 1.38

MOF NA TMB 0.365 6.53 NA Chen J. Y. et al., 2018

H2O2 2.49 130

h-BN NA TMB 0.42 NA NA Ivanova et al., 2019

H2O2 12.2

Pt/h-BN NA TMB 0.21 NA NA Ivanova et al., 2019

H2O2 9.2

WO3 NA TMB 10.6 1.53 NA Li et al., 2019

H2O2 1260 3

Pt/CuO NA TMB 0.413 14.6 NA Wang X. H. et al., 2017

H2O2 2.887 8.85

Pd NA TMB 0.21 7.01 NA Cai et al., 2020

H2O2 4.44 4.02

Pd 5.06 TMB 0.1098 5.82 1.2 Wei et al., 2015

H2O2 4.398 6.51 1.3

(Continued)
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TABLE 1 | Continued

Catalyst [E]

(10−12 M)

Substrate Km

(mM)

V max

(10−8 M S−1)

K cat

(104 s−1)

References

Au/Pd NA TMB 0.295 19.65 NA Cai et al., 2020

H2O2 5.89 8.19

Pt/Pd 1.9 TMB 0.0865 6.228 3.1 Wei et al., 2015

H2O2 2.231 5 2.5

Rh 1.53 TMB 0.264 12.56 8.2 Cai et al., 2018b

H2O2 4.51 68.09 44.5

aKcat = Vmax/E, where E is the concentration of the catalyst.

Not available, NA.

of H2O2 molecules are broken to generate ·OH radicals, which
subsequently oxidize the substrates. In a representative example,
Yang’s group found that after the coverage of Au NPs onto the
g-C3N4 NSs (Wu et al., 2019), the generation of ·OH radicals
remarkably increased during catalysis, evidenced by electron
spin resonance (ESR). The increase in ·OH radicals could be
attributed to the synergistic effect of Au NPs and g-C3N4 NSs,
which enhanced the POD-catalysis. By contrast, for the latter,
the 2D NMs mediate ET between the substrates and H2O2

molecules, instead of ROS generation. Take the Au NPs coated
Pd NSs reported by our group (Cai et al., 2020) for example,
with the introduction of Au atoms, the electronic structure of Pd
NSs was modified, which subsequently caused a change in the
catalytic pathway of Pd NSs (i.e., from ·OH generation to rapid
ET process).

Different from PODs, ODs catalyze oxidations with O2 as the
oxygen source (generally in the open air), instead of unstable
H2O2. The potential oxidative damage of biological species by
H2O2 could also be avoided by the use of O2. The metal oxide
NSs like MnO2 NSs (Liu et al., 2017; Yan et al., 2017; Ge et al.,
2019) were found to exhibit OD-like activities, with the merits
of operational simplicity and fine compatibility. Besides, good
stability of MnO2 NSs as OD-mimics was also found by several
research groups. For example, Dyson’s group synthesized the
MnO2 NSs by exfoliation of bulk δ-MnO2 in BSA aqueous
solution (Liu et al., 2017). After storage for 3 months, no
significant loss in the activity of NSs was observed. Similar
findings were obtained from Rh NSs (Cai et al., 2018b) and
PtRh/Rh nanocomposites (Cai et al., 2019). In some studies, the
OD-catalysis was believed to go through the generation of ROS
such as superoxide ions (O·−

2 ), via cleavage of O-O bonds in O2

molecules (Cai et al., 2019; Ge et al., 2019).
Notably, besides temperature and substrate concentration, the

POD/OD-like activities of 2D nanozymes greatly depend on
system pH (often around 4 is efficient), which is similar to the
0D examples and enzymes. Thus, to facilitate their application in
biosystems, it is highly desirable to develop 2D nanozymes with
a wide range of pH, especially at neutral pH. In an early study,
Qu’s group synthesized the lysozyme-stabilized Au clusters on
GO NSs (Au/GO), which exhibited good catalytic activity over
a broad pH range, even in physiological pH (Tao et al., 2013).
Compared to that at pH 3.0, the POD-like activity of Au/GO
remained about 82 % at pH 7.0. In a recent study, Kim’s group

reported the rosette-shaped C3N4 by the polymerization reaction
between cyanuric acid and melamine, followed by calcination
(Heo et al., 2020). Due to larger surface area and higher porosity,
the activity of as-prepared materials was appropriately 10-fold
higher than that of conventional bulk-C3N4. Interestingly, the
maximal activity was shown at pH 8.0, and over 80% of the
activity relative to the maximum activity remained across a pH
range of 6.0–9.0.

Although numerous 2D nanozymes exhibited high activity,
the catalysis is also lacking selectivity, similar to the 0D ones.
To this end, Lee’s group synthesized the N- and B-codoped
rGO NSs, which showed high efficiency in POD-catalysis, nearly
1000-fold higher than that of undoped rGO (Kim et al., 2019).
More importantly, no OD-like activity was observed for the as-
prepared materials, suggesting high selectivity. The same group
also provided another valuable example, in which the Fe-N4

single site, resembled the heme cofactor present in HRP, was
embedded in graphene to obtain the Fe-N-rGO nanocomposites
(Kim et al., 2020). Intriguingly, the nanocomposites not only
showed a remarkable enhancement in catalytic efficiency, up to
appropriately 700-fold higher than that of undoped rGO but had
excellent selectivity toward H2O2. The single-atom nanozymes
(SAzymes), as a very new concept in the nanozyme field (Jiao
et al., 2019), could open a window to develop a new type of highly
active and selective 2D hybrid nanozymes at the atomic scale.

SOD- and CAT-Like Properties
Contrary to oxidative biocatalysts, SODs and CATs are a type of
antioxidant enzyme, which plays an essential part in maintaining
redox balance in living organisms by scavenging excess ROS (Liu
Y. et al., 2014). There are three forms of human SODs [i.e.,
cytosolic CuZn SOD, mitochondrial Mn SOD, and extracellular
SOD, of which the first is the most studied (Korschelt et al.,
2017)]. In a typical cycle of CuZn SOD (Yu et al., 2014; Korschelt
et al., 2017), the metal Cu center shuttles between the Cu2+/Cu+

redox states (Equations 2, 3), catalyzing the disproportionation
of O·−

2 into O2 andH2O2 under neutral conditions (Equation 4).

O·−

2 + Cu(II) → O2 + Cu(I) (2)

O·−

2 + Cu(I)+ 2H+
→ H2O2 + Cu(II) (3)

2O·−

2 + 2H+
→ H2O2 +O2 (4)
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Following a similar mechanism to that described above, several
NMs based on V2O5 nanowires (Vernekar et al., 2014) and
CeO2 NPs (Korsvik et al., 2007) have displayed intrinsic
SOD-like activities. The polyvinylpyrrolidone (PVP)-modified
Nb2C NSs obtained by liquid-phase exfoliation (Ren et al.,
2019) also provide an interesting example of SOD-mimics. By
density functional theory (DFT) calculations together with the
characterization of active intermediates via X-ray photoelectron
spectroscopy (XPS) and X-ray diffraction (XRD) analysis, the
authors discovered the SOD-like activity of Nb2C NSs originated
from the surface oxidation process, in which Nb2O5 formed as
catalytically active species.

CATs accelerate the dismutation of H2O2 into O2 and H2O,
often in the reaction solutions at a high pH (Wei and Wang,
2013; Huang et al., 2019; Jiang D. W. et al., 2019). Previous
studies have revealed that the CAT-like activities of 0D metal
oxide NPs originated from ion pairs (catalytic sites in two
different oxidation states), such as Co2+/Co3+ (Mu et al., 2013),
Fe2+/Fe3+ (Lin and Gurol, 1998), andMn3+/Mn4+ (Hasan et al.,
1999). Take Co3O4 NPs (Mu et al., 2013) for example, the
catalytic mechanism can be described as follows. Under alkaline
conditions, it is believed that there is a larger concentration of
perhydroxyl anions (OOH−) in the reaction system (Equation
5) (Mu et al., 2013). Since OOH− radicals are more nucleophilic
than H2O2 molecules, they could readily interact with Co(III)
centers (Equation 6) to generate Co(II) species and release ·OOH
radicals (Equation 7), while H2O2 molecules were activated
by Co(II) center to produce ·OH radicals (Equation 8). The
coupling reaction of the generated ·OH and ·OOH radicals gave
water and oxygen as final products (Equation 9).

H2O2 +OH−
→ OOH−

+H2O (5)

Co(III)+OOH−
→ Co(II) ·OOH (6)

Co(II) ·OOH → Co(II)+ ·OOH (7)

Co(II)+H2O2 → Co(III)+ ·OH+OH− (8)

·OH+ ·OOH → H2O+O2 (9)

The above mechanism could also apply to 2D counterparts.
For example, Jiang’s group prepared MnFe LDHs by simple co-
precipitation, which exhibited intrinsic CAT-like activities (Ruan
et al., 2018). The authors explained that both the Mn3+/4+

and Fe3+ species exhibited catalytic activity toward H2O2,
which could be used for H2O2 decomposition to generate
oxygen in cancer tissues, to enhance the effect of oxygen-
dependent photodynamic therapy (PDT). In another study,
besides the metal center shuttling during catalysis, Zheng’s group
demonstrated the role of ligands in the CAT-like activity of
MOF NSs. The Cu MOF NSs were synthesized based on the
coordination reaction between the Cu2+ ions and isophthalic
acids as ligands, with different substituent groups (e.g., -CH3, -
NO2, -OH, and –NH2) at 5-position (Wang et al., 2019). The
authors found that the CAT-like activity of as-obtained materials
was related to the charge density around Cu atoms in the
NSs, in which the nitro-functionalized NSs exhibited the highest
activity. Since the nitro group is an electron-drawing group while

other groups are electron-donating ones, the positive charge
density around Cu atoms for the nitro-modified NSs was the
highest, which was favorable for the binding of H2O2 as an
electron donor.

It is also of note that several 2D NMs were found to have
multiple enzymatic activities. For example, Yang’s group found
that the few-layer MoS2 NSs prepared by liquid-exfoliation
exhibited ternary activities (POD-, OD-, and CAT-like activities)
(Chen T. M. et al., 2018). As discussed above, these enzymatic
activities could be closely associated with specific reaction
conditions especially system pH, in which the acidic conditions
are usually favorable for POD/OD-mimic catalysis (Qi et al.,
2016; Cai et al., 2017; Darabdhara et al., 2019; Feng et al., 2020),
while a high pH is beneficial to CAT-catalysis (Liu Y. et al., 2014;
Ruan et al., 2018; Wang et al., 2019). Due to the use of various 2D
NMs in biomedical fields, for a meaningful discussion of enzyme-
like activity, the reaction parameters, nature of materials (e.g.,
morphology, structure, composition, and size), capping agents,
and surface charge, are believed to be taken into account (Cai and
Yang, 2020).

BIOMEDICAL APPLICATIONS OF 2D

NANOZYMES

Toxicology of 2D NMs
To access the full potential of 2D NMs for practical applications,
it is necessary to know their toxicity, including in vitro
cellular uptake, location, toxicity, in vivo biodistribution,
degradation, and excretion. However, to date, few studies have
highlighted biocompatibility.

The in vitro biocompatibility of graphene-based materials,
as the oldest and most studied 2D examples, was found to be
highly related to their structural/compositional parameters
and physicochemical properties, such as morphology, size,
layer numbers, hydrophobicity/hydrophilicity, dispersion,
and concentration (Ghosal and Sarkar, 2018). For example,
hydrophobic and large-size graphene had higher cytotoxicity
than hydrophilic and nanosized counterparts (Sukumar et al.,
2020). Cui’s group found that the cytotoxicity of GO was affected
by their concentration, in which the presence of GO with a low
concentration (<10 µg mL−1) slightly decreased the viability
of human fibroblast cells (<20% when exposed for 4 days),
but high concentrations of graphene (>50µg mL−1) showed
obvious cytotoxicity even after only 1 day of exposure (>20%)
(Wang et al., 2011). This was caused by the agglomerates of
the physiological medium formed between GO layers via π

- π interactions. Since the aggregated macroparticles could
not enter into the cells, they became entrapped on the cell
membrane and gave rise to cytoskeleton disruption, membrane
deformation, and an increase in intercellular stress, ultimately
resulting in cell death. In addition, Koyakutty’s group observed
that the cytotoxicity of pristine graphene could be improved
by carboxyl functionalization (Sasidharan et al., 2011). As the
concentration of pristine graphene increased from 0 to 300 µg
mL−1, the viability of Vero cells decreased remarkably. A lower
concentration of pristine graphene (100 µg mL−1) resulted in
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the death of appropriately 50% of cells, which further increased
to about 60% at 300 µg mL−1. Contrarily, the functionalized
graphene showed negligible effects on the viability, even at the
highest concentration studied. In another study by the same
group, functionalized hydrophilic graphene was found to be
favorable for macrophage cell (RAW 264.7) uptake (Sasidharan
et al., 2012), distinct from the hydrophobic pristine graphene.
The pristine graphene was primarily accommodated at the
cell surface and induced ROS-mediated apoptosis when the
concentration was above 50 µg mL−1, which has not been
found for functionalized graphene at a higher concentration of
75 µg mL−1. Despite enhanced cytocompatibility by surface
functionalization, all forms of graphene-based materials could
lead to ROS generation in mammalian cells, which should be
carefully taken into account for biomedical applications (Liao
et al., 2011; Gollavelli and Ling, 2012).

In an earlier study on the in vivo biodegradability of graphene,
Koyakutty’s group revealed that time-bound spectral alternations
using confocal Raman imaging, such as the formation of the

defective D
′

band, widening of D and G bands, and increase in
ID/IG ratio of pristine graphene, embedded in different organs
(e.g., lung, liver, kidney, and spleen of mice) over a time of 8–
90 days (Girish et al., 2013). These observations arose from the
increase in structural disorders in graphene phagocytosed by
macrophages. The most enhanced amount of disorder, which
was observed for the spleen bound samples, caused complete
amorphization after 90 days of intravenous injection. In another
study, after intravenous GO administration, the accumulation
of GO was increased largely in the lung and liver for a longer
time (Liu et al., 2012). GO NSs accumulated because of the
possible instability and nonspecific binding of GO with different
proteins. Since the blood initially flowed to the lung, more GO
NSs were accumulated in the lung than other organs. Dash’s
group investigated the effect of GO and rGO on blood platelet
functions (Singh et al., 2011). In this study, the GO sheets
were found to cause strong aggregatory responses in platelets by
activating a family of Src kinases, which further led to the release
of calcium from intercellular compartments.Moreover, this study
revealed that, due to charge distribution on the surface of GO
NSs, the intravenous administration of GO in mice could trigger
pulmonary thromboembolism. By contrast, rGO was unable to
effectively activate platelets because of reduced charge density on
the graphene surface.

The exploration of TMDs in biomedical areas began in
2013–2014. Similar to graphene-based materials, after surface
modification, several members of TMDs also showed good in
vitro biocompatibility. A relevant example is the WS2 NSs
prepared by Liu’s group using the Li ions insertion method
(Cheng et al., 2014). Without surface modification, the authors
found that the WS2 NSs exhibited obvious toxicity toward 4T1
(murine breast cancer cells), HeLa (human epithelial carcinoma
cells), and 293T (human embryo kidney cells) after incubation
for 24 h. At a high concentration of 0.1mg mL−1 of WS2 NSs,
only about 50% of cells were alive; however, after modification
with PEG, the as-obtained NSs demonstrated no significant
cytotoxicity under the same conditions. Contrarily, without

surface functionalization, Zhao’s group prepared the WS2 NSs
by H2SO4 intercalation and exfoliation in an aqueous solution,
which showed low toxicity toward HeLa cells (Yong et al., 2014).
The cell viability remained high (above 85%) even at a high
concentration (0.2mg mL−1). The authors outlined that the
biocompatibility of unmodified WS2 NSs could be attributed
to a mild aqueous phase in synthesis, in which the toxic
organic solvents/chemicals were unnecessary. Using a similar
method, Zhao’s group prepared MoS2 NSs, followed by coating
with chitosan (Yin et al., 2014). Even at a high concentration
up to 0.4mg mL−1, the as-obtained NSs demonstrated low
cytotoxicity against KB (human epithelial carcinoma cell line)
and Panc-1 (pancreatic carcinoma, epithelial-like cell line). The
functionalized NSs also showed negligible hemolysis of red
blood cells (RBCs), suggesting good blood compatibility. The
above studies revealed that the in vitro toxicity of TMDs could
be affected by synthetic methodology, surface chemistry, and
specific cells. For the investigations on in vivo biocompatibility,
Liu’s group evaluated the toxicity of PEGylated WS2 NSs (Cheng
et al., 2014) toward Balb/c mice, by hematoxylin and eosin (H&E)
assay, serum biochemistry assay, and complete blood panel test.
In their study, no obvious abnormal behavior of mice at the
dose of 20mg kg−1 was observed during the assay (45 days after
photothermal therapy). In a similar study by the same group,
the PEGylated MoS2 NSs also demonstrated no obvious toxicity
against Balb/c mice, at a relatively lower dose of 3.4mg kg−1

(Liu T. et al., 2014). However, to fully understand their potential
toxicity/metabolism in longer terms, more studies are needed.

Compared to graphene-based materials and TMDs, the
biocompatibility/biosafety of other 2D NMs especially Xenes,
MXenes, and ultrathin metallic NSs, is less explored. Considering
these structural and compositional differences, their solubility,
biodegradation, and biocompatibility could be different
from each other. Presently, the evaluations of in vitro/vivo
biocompatibility of these materials are in progress (Wang S.
G. et al., 2020). Despite the low toxicities of several types of
2D NMs [e.g., MnO2 (Gao et al., 2020), g-C3N4 (Liang et al.,
2017), and h-BN (Mateti et al., 2018)] exhibited in preliminary
investigations, it is too soon to confirm the biosafety of 2D NMs
at this stage. Thus, careful systematic tests on their toxicity are
required before practical applications can be developed.

Biomedical Applications of 2D Nanozymes
Biosensors

The accurate determination of biologically important analytes
is of significance for clinical diagnosis. The colorimetric
method, as an appealing one for point-of-care (POC)
applications with many merits (e.g., low cost, simplicity, and
practicality), has attracted considerable interest in biosensing
(Song et al., 2011).

With good stability and adjustable catalytic activities, 2D
NMs provide useful platforms for in vitro colorimetric detection.
Recently, the assays for various bioanalytes like small molecules,
cancer cells, and ions, have been proposed based on POD-
like activities of 2D NMs (Table 2). As a typical example, the
colorimetric assays for glucose have been largely developed based
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TABLE 2 | Summary of several typical 2D nanozymes for colorimetric detection of various target analytes.

Analyte Materials Activity LDR LOD References

Glucose GO POD 1–20µM 1µM Song et al., 2010

Glucose FePd/rGO POD 1–200µM 1.76µM Yang et al., 2019

Glucose MoS2 POD 5–150µM 1.2µM Lin et al., 2014a

Glucose WS2 POD 5–300µM 2.9µM Lin et al., 2014b

Glucose WSe2 POD 10–60µM 10µM Chen T. M. et al., 2017

Glucose VS2 POD 5–250µM 1.5µM Huang et al., 2018

Glucose PtAg/MoS2 POD 1–10µM 0.8µM Cai et al., 2016

Glucose NiFe LDHs POD 0.05–2.0mM 23 ± 2µM Zhan et al., 2018

Glucose CeO2/CoFe POD 0.05–2.0mM 15µM Yang et al., 2020

Glucose g-C3N4 POD 5–100µM 1.0µM Lin et al., 2014c

Glucose Au/g-C3N4 POD 5–100µM 1.2µM Wu et al., 2019

Glucose Pd/g-C3N4 POD 50–2,000µM 50µM Zhang W. C. et al., 2019

Glucose Fe/g-C3N4 POD 0.5–10µM 0.5µM Tian et al., 2013

Glucose AuNi/g-C3N4 POD 0.5–30µM 1.7µM Darabdhara et al., 2019

Glucose Au/Pd POD 5–400µM 0.85µM Cai et al., 2020

Glucose Pt/Pd POD 0.1–0.5mM NA Wei et al., 2015

Glucose Au/MOF GOx, POD 10–300µM 8.5µM Huang et al., 2017a

AA Pt/CuO POD 1 µM−0.6mM 0.796µM Wang X. H. et al., 2017

AA IrO2/GO POD 5–70µM 324nM Sun et al., 2020

GSH MnO2 OD NA 300nM Liu et al., 2017

GSH MnO2 OD 10 nM−5µM 5.6 nM Ge et al., 2019

GSH IrO2/rGO POD 0.1–50µM 83nM Liu X. L. et al., 2019

Cysteine IrO2/rGO POD 0.1–50µM 40nM Liu X. L. et al., 2019

Homocysteine IrO2/rGO POD 0.1–50µM 57nM Liu X. L. et al., 2019

Xanthine Rh POD 2–80µM 0.73µM Cai et al., 2018b

Xanthine WO3 POD 25–200µM 1.24µM Li et al., 2019

Xanthine MoSe2 POD 0.01–0.32mM 1.964µM Wu et al., 2018

Dopamine Pt/BN POD 2–55µM 0.76µM Ivanova et al., 2019

Dopamine CuS/rGO POD 2–100µM 0.48µM Dutta et al., 2015

Cholesterol CuS/BN POD 10–100µM 2.9µM Zhang et al., 2017

AChe MnO2 OD 0.1–15 mU mL−1 35 µU mL−1 Yan et al., 2017

MCF-7 cells Au/GO POD NA 1,000 Tao et al., 2013

MCF-7 cells PtCu/MoS2 OD NA 300 Qi et al., 2016

MCF-7 cells Pt/GO POD NA 125 Zhang L. N. et al., 2014

S2− ions MoS2/g-C3N4 POD 0.1-10µM 37nM Liu et al., 2020

Fe2+ ions MoS2 POD 0.01–0.8µM 7nM Wang et al., 2016

Pb2+ ions WS2 POD 5–80 µg L−1 4 µg L−1 Tang et al., 2020

aAcetylcholinesterase.

AChe, Linear detection range; LDR, Limit of detection, LOD.

on a host of 2D NMs and their hybrids, including graphene
derivatives [e.g., GO (Song et al., 2010), FePd/rGO (Yang et al.,
2019)], TMDs [e.g., MoS2 (Lin et al., 2014a), WS2 (Lin et al.,
2014b), WSe2 (Chen T. M. et al., 2017), VS2 (Huang et al.,
2018)] and their hybrids [e.g., PtAg/MoS2 (Cai et al., 2016)],
LDHs [e.g., NiFe (Zhan et al., 2018)], and their hybrids [e.g.,
CeO2/CoFe (Yang et al., 2020)], g-C3N4 (Lin et al., 2014c) and its
hybrids [e.g., Au/g-C3N4 (Wu et al., 2019), Pd/g-C3N4 (Zhang
W. C. et al., 2019), Fe/g-C3N4 (Tian et al., 2013), and AuNi/g-
C3N4 (Darabdhara et al., 2019)], and metallic NSs-based hybrids
[e.g., Au/Pd (Cai et al., 2020) and Pt/Pd (Wei et al., 2015)].

Some of them showed excellent analytic performance (e.g.,
wide linear detection range, high sensitivity, and selectivity) for
glucose detection and demonstrated practicality and superiority
for real samples. However, it is noteworthy that these materials
could only be employed to mimic PODs and that glucose
oxidase (GOx) was required for detection, since it catalyzed
the aerobic oxidation of glucose to generate H2O2. Intriguingly,
Zhang’s group proposed a non-enzyme colorimetric assay
for glucose based on GOx- and the POD-like activities of
Au/MOF, which catalyzed cascade reactions for detection (Huang
et al., 2017a). The multifunctional enzymatic properties of
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hybridized 2D NMs provide valuable opportunities to develop
advanced biosensors.

By taking advantage of POD-/OD-like activity of 2D NMs,
the colorimetric assays for other analytes like AA (Wang X. H.
et al., 2017; Sun et al., 2020), biothiols [e.g., GSH (Liu et al.,
2017; Ge et al., 2019; Liu X. L. et al., 2019), cysteine (Liu X. L.
et al., 2019), and homocysteine (Liu X. L. et al., 2019)], xanthine
(Cai et al., 2018b; Wu et al., 2018; Li et al., 2019), dopamine
(Dutta et al., 2015; Ivanova et al., 2019), cholesterol (Zhang et al.,
2017), acetylcholinesterase (Yan et al., 2017), cancer cells (Tao
et al., 2013; Zhang L. N. et al., 2014; Qi et al., 2016), ions [e.g.,
S2− (Liu et al., 2020), Fe2+ (Wang et al., 2016), and Pb2+ (Tang
et al., 2020)], have also been established by different groups. The
colorimetric biosensing based on 2D nanozymes continues to be
a rapidly growing field.

Antibacterial Agents

The POD-like activities of 2D NMs have gained ever-increasing
interest in antibacterial applications. For example, Yang’s group
prepared MoSe2 NSs by exfoliation of bulk MoSe2 powder in
the aqueous solution of carboxyl-modified silk fibroin under
sonication conditions (Huang X.-W. et al., 2017). In their
study, a high concentration of H2O2 (100mM) alone was
required to eliminate most Gram-negative bacteria E. Coli,
while only 100µM H2O2 could display excellent antibacterial
activity in the presence of MoSe2 NSs (50 µg mL−1). The
effectiveness of a combination of MoSe2 NSs and H2O2 was
further verified for disinfection and healing of Kunming mice
with infected skin wounds. The study provided a type of TMD-
based antibacterial agents with the usage of low-dose H2O2,
which potentially avoid the harmful side effects of high-dose
H2O2 in traditional medical therapy. Similarly, Yin’s group (Ma
D. Q. et al., 2020) and Gu’s group (Wang T. et al., 2020)
respectively reported good antibacterial efficacy of lysozyme-
modified MoS2 NSs and N-doped MoS2 or WS2 NSs, against
E. Coli and Gram-positive Bacillus subtilis. The POD-mimics
catalyzed H2O2 decomposition to generate ·OH radicals, which
promoted bacteria-infected wound healing. Several 2D hybrid
NMs like Au/g-C3N4 (Wang Z. Z. et al., 2017) also showed
potential in antibacterial agents.

Recently, Qu’s group constructed a self-activated cascade
reagent based on GOx-adsorbed 2D Cu-TCPP(Fe) MOF NSs
(Figure 2A), which was used together with glucose in the
antibacterial system (Liu X. P. et al., 2019). The authors also
created the wound model on the back of Kunming mice
and prepared a MOF/GOx-band-aid for the in vivo bacterial
study (Figure 2B). The principle was based on the consecutive
reactions, in which GOx firstly catalyzed the oxidation of glucose
to gluconic acid and H2O2, which was further catalytically
decomposed into ·OH radicals by MOF NSs as a POD-mimic,
thus leading to an antibacterial effect and ultimately, wound
healing (Figure 2C). In the in vitro antibacterial investigation, the
group (glucose + MOF/GOx) led to high bacteria inactivation
rates, up to 88% and 90 % for E. Coli and S. aureus, respectively.
By contrast, for the control groups including (1) PBS, (2) glucose,
(3) glucose + MOF, and (4) MOF/GOx, the viabilities remained
above 50% for the two bacteria. In the in vivo antibacterial study,
the bacteria for the group (glucose +MOF/GOx-band-aid) were

FIGURE 2 | Illustration of (A) composition, (B) use for wound healing of mice,

and (C) antibacterial mechanism of 2D MOF/GOx hybrid nanozyme.

Reproduced with permission from Liu X. P. et al. (2019). Copyright 2019

American Chemical Society.

decreased to 9.1%; however, the bacteria for the control group
(glucose + GOx-band-aid) were only decreased to 56.5%. These
results showed high antibacterial activity of MOF/GOx. More
interestingly, since H2O2 is an oxidant that was continuously
produced by oxidation of glucose in the cascade catalysis, the
study provided a benign antibacterial system to avoid the direct
introduction of highly concentrated H2O2.

Antioxidants

2D NMs had important applications in antioxidants. Table 3
shows a summary of 2D nanozymes as antioxidants. Typical
examples include GO NSs (Halim et al., 2019), Se NPs in situ
grown on GONSs (Huang et al., 2017b), andMoS2 NSs prepared
by sonication-assisted exfoliation (Chen T. M. et al., 2018). In
another example, the different TMDs (WS2, MoSe2, and WSe2)
were functionalized with an amphiphilic poly(ε-caprolactone)-b-
PEG (PCL-b-PEG) diblock copolymer, which efficiently captured
mitochondrial and intracellular ROS and reaction nitrogen
species (RNS) like ·NO radicals, of which the WS2 NSs displayed
the best performance (Yim et al., 2020).With effective scavenging
of ROS and RNS as well as suppression of inflammatory cytokines
of WS2 NSs, the survival rate of the septic mice remarkably
increased to 90%.

Chen’s group found that the PVP-functionalized Nb2C
NSs could greatly reduce ROS generation caused by ionizing
radiation, thereby providing a kind of antioxidant based on 2D
nanozymes for radioprotective applications (Ren et al., 2019).
Wang’s group also demonstrated the potential of Se-modified
g-C3N4 NSs against oxidative stress (Cao X. N. et al., 2020).

Therapeutics

A new hotspot in nanozyme research is the integration of
enzymatic properties for therapy. Using an in situ growth
strategy, Liu’s group fabricated Pt NPs decorated on the surface
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TABLE 3 | Summary of representative 2D nanozymes as antioxidants.

2D NMs Enzymatic

activity

Applications References

GO NSs SOD, CAT Protecting mesenchymal

stem cells from ROS

accumulation

Halim et al., 2019

Se/GO Glutathione

Peroxidase

protecting RAW264.7 cells

from oxidative stress by

catalyzing H2O2

decomposition to H2O

Huang et al., 2017

MoS2 NSs SOD, CAT Protecting Escherichia coli

(E. coli), Staphylococcus

aureus (S. aureus) and A549

cells from H2O2-induced

oxidative stress

Chen T. M. et al.,

2018

WS2, MoSe2
and WSe2 NSs

coated with

PCL-b-PEG

SOD, CAT Scavenging mitochondrial

and intracellular ROS and

RNS in lipopolysaccharide

(LPS)- or bacteria-induced

inflammatory cells

Yim et al., 2020

PVP-modified

Nb2C NSs

SOD Scavenging ROS against

ionizing radiation

Ren et al., 2019

Se-modified

g-C3N4 NSs

CAT Protecting A549 cells from

ROS-induced damage

Cao X. N. et al.,

2020

of black phosphorus (BP) NSs, obtained by the liquid exfoliation
method (Figure 3A) (Ouyang et al., 2018). The as-obtained
BP NSs were freestanding with several hundred nanometers
(Figure 3B), while the Pt NPs had an average size of appropriately
4.2 nm (Figure 3C), with the crystal lattice fringe of 0.223 nm of
(111) plane. The element distribution was further obtained from
high-angle annular dark-field scanning TEM (HAADF-STEM)
image (Figure 3D) and element maps (Figures 3E,F). The as-
obtained Pt/BP nanocomposites integrated CAT-like activity of
Pt NPs and photodynamic therapy (PDT) activity of BP NSs,
in which the Pt NPs catalytically decomposed the accumulated
H2O2 in tumors to relieve tumor hypoxia (Figure 3A). In the
in vitro antitumor experiment, the BP NSs alone only reduced
26% of cell viability under near infrared (NIR) light irradiation,
while about 65% of tumor cells were dead after the treatment
of the Pt/BP. The result showed that the elevated O2 level
caused by CAT-catalysis of Pt NPs remarkably improved the
PDT efficiency of BP NSs. Moreover, as a result of the Pt/BP
treatment, the overexpression of hypoxia-inducible factor-1α
(HIF-1α), which is associated with therapy resistance in tumor
cells, was significantly down-regulated, since the intensity of
fluorescence appeared on the tumor slices of mice was decreased
by 64% in the immunohistochemical staining experiment. The
down-regulation of HIF-1α by the Pt/BP decreased the tumor
apoptotic resistance, which ultimately enhanced the therapeutic
effect in the in vivo antitumor experiment, in which the growth
of the tumor was completely regressed by the treatment of Pt/BP,
while the treatment of BP NSs alone only led to a decline in about
47% of average tumor size.

By using a similar in situ growth method, Sun’s group
synthesized Pt NPs coated 2D MOF, that is, Sm-modified
tetrakis(4-carboxyphenyl)porphyrin (Sm-TCPP), which afforded

a multifunctional nanozyme with excellent tumor specificity
for enhanced PDT efficiency (Cao Z. G. et al., 2020). In their
study, the Pt NPs acted as a CAT-mimic, catalyzing over-
expressed H2O2 in a tumor microenvironment (TME) into O2.
The generated O2 was further catalytically transformed to 1O2

by Sm-TCPP, owing to its high ROS generation capacity under
light irradiation.

PROSPECT AND CHALLENGES

This review has undertaken a summary of recent progress in
developing 2D NMs with enzyme-like activities for diversified
biomedical applications. The continuous advancement of
nanoscience and nanotechnology in relation to 2D NMs will
offer great opportunities to develop new types of nanozymes with
varied functionalities in the future. Meanwhile, the exploration
of new biocatalytic properties and integration of enzymatic
activities of 2D NMs with other nanostructures like 0D NPs have
potentially limitless applications in biomedical areas, and more
fundamental technological breakthroughs in 2D nanozymes are
expected in the near future.

Despite the many achievements that have been made in
research on 2D nanozymes, studies on this field are still in the
initial stages and future studies must address some challenges.
Firstly, compared to 0D NPs with easy preparation, it is
challenging to achieve the controlled synthesis of 2D NMs with
uniform thickness, desirable size, and colloidal stability. Despite
great success in creating layered materials by the top-down
methods, there are still some obvious shortcomings. A typical
example is the synthesis of TMDs for biomedical applications,
in which the liquid exfoliation and chemical intercalation
methods were adopted in most studies. Although the former
had a high yield with simple operations, the morphologies
of the obtained products had a lack of uniformity, often
involving a mixture of single and few-layer sheets with different
lateral dimensions (Agarwal and Chatterjee, 2018). Despite the
more uniform single-layer NSs created by the latter, it both
brought structural and electronic deformations and involved
toxic reagents. The chemical intercalation process was highly
sensitive to the environment and time-consuming. Therefore,
it is still desirable to develop an efficient method to prepare
TMDs. Another example is the metallic NSs. Bearing lots of
unsaturated atoms, the ultrathin metallic nanostructures are
difficult to stabilize, because metal atoms readily form 3D close-
packed crystals. Despite tremendous efforts in the synthesis of
metallic NSs by bottom-up protocols, the formation mechanism
in most reports was proposed based on a simple correlation
between a few synthetic parameters and the final shape, in which
several characterization techniques (e.g., TEM, XRD, etc.) were
employed to identify reaction intermediates, were formed either
at certain time intervals or in the control experiments (Chen Y.
et al., 2018). However, there is not enough evidence relating to
authentic reactive species during synthesis. Therefore, to better
understand the formation process (e.g., nucleation, growth, and
assembly) of metallic NSs for synthesis, it is essential to carry out

Frontiers in Chemistry | www.frontiersin.org 11 November 2020 | Volume 8 | Article 565940122

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Cai and Yang 2D Nanomaterials With Enzyme-Like Properties

FIGURE 3 | (A) Illustration of synthesis and antitumor process of Pt/BP nanocomposites as well as their characterization: (B) TEM image of BP NSs and (C) Pt/BP

nanocomposites (inset shows the high-resolution TEM image of a Pt NP), (D) high-angle annular dark-field scanning TEM (HAADF-STEM) image of Pt/BP, elemental

maps of (E) P, and (F) Pt. Adapted with permission from Ouyang et al. (2018). Copyright 2018 Royal Society of Chemistry.

more in situ studies on the morphological evolution toward the
2D structure.

Secondly, despite the fascinating enzymatic properties of
numerous 2D NMs, few studies on the in-depth catalytic
mechanism are available. At present, it is still difficult to predict
the nanozyme activity of 2D NMs for a specific structure.
It is also difficult to achieve the best performance (e.g.,
activity and selectivity) for a specific application in biomedical
areas, and hard to design the desired 2D nanozymes with
optimal structures. Fundamentally, the missing link of structure-
property relationship is largely because the enzyme-catalysis
mechanism of 2D NMs remains unclear. For example, we must
ask what the true active sites of 2D NMs and catalytically
active intermediates during enzyme-catalysis are. In this regard,
a deeper understanding of the catalytic mechanism of 2D
nanozymes could benefit from in situ experimental studies
and theoretical calculation by establishing appropriate models
for catalysis, which are beneficial to the structural design of
2D nanozymes.

Thirdly, unlike 0D nanosystems, the biocompatibility and
environmental stability of 2D NMs remains largely unknown,
to date. Despite numerous studies on the biocompatibility
of graphene-based NMs and TMDSs, evaluations of the
toxicity of other types of 2D NMs are urgently required. The
solubility, biodegradation, and biocompatibility of 2D NMs
could be different from each other due to differences in
their structure, composition, the methodology of synthesis and
functionalization, and the cells studied. Therefore, it is hard to
speculate whether a specific 2D NM is toxic or not. Their toxicity

(both short-term and long-term), cellular-uptake mechanism,
and the metabolic pathways of 2D NMs should be systematically
tested for clinical trials.

Finally, it is acknowledged that many of the current
applications of 2D nanozymes that display an outstanding
performance are just proof-of-concept and have only
been performed in laboratories. A number of reports fail
to examine processability, scale-up possibility, and cost.
The long-term stability and durability of 2D nanozymes
are also less explored by researchers. Accordingly, there
is still a long way to go before 2D nanozymes can be
implemented in practical applications, which ultimately
require interdisciplinary collaboration from chemistry, materials
science, and biology.
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Nanozyme is a type of nanostructured material with intrinsic enzyme mimicking

activity, which has been increasingly studied in the biological field. Compared with

natural enzymes, nanozymes have many advantages, such as higher stability, higher

design flexibility, and more economical production costs. Nanozymes can be used

to mimic natural antioxidant enzymes to treat diseases caused by oxidative stress

through reasonable design and modification. Oxidative stress is caused by imbalances

in the production and elimination of reactive oxygen species (ROS) and reactive

nitrogen species (RNS). This continuous oxidative stress can cause damage to some

biomolecules and significant destruction to cell structure and function, leading to many

physiological diseases. In this paper, the methods to improve the antioxidant properties

of nanozymes were reviewed, and the applications of nanozyme antioxidant in the fields

of anti-aging, cell protection, anti-inflammation, wound repair, cancer, traumatic brain

injury, and nervous system diseases were introduced. Finally, the future challenges and

prospects of nanozyme as an ideal antioxidant were discussed.

Keywords: antioxidants, nanozyme, oxidative stress, rational design, biological application

INTRODUCTION

Reactive oxygen species (ROS) are produced in the normal physiological activities of aerobic
organisms. Oxygen (O2) undergoes a series of electron transport in biological metabolism, which
results in the formation of ROS, such as superoxide anion radical (O•−

2 ), hydrogen peroxide
(H2O2), hydroxyl radicals (

•OH) (Winterbourn, 2008; Dickinson and Chang, 2011; Nathan and
Cunningham-Bussel, 2013). Appropriate amounts of ROS participate in a variety of signal pathways
in response to changes in external conditions and play an essential role as a second messenger
in signal transduction, immune response, and cell function regulation (Gechev et al., 2006;
D’Autréaux and Toledano, 2007; Finkel, 2011; Sena and Chandel, 2012; Schieber and Chandel,
2014). There is an antioxidant system composed of non-enzymatic antioxidant molecules and
natural antioxidant enzymes in the organism to maintain the balance of ROS. Some non-enzymatic
antioxidants, such as ascorbic acid (AA), reductive glutathione (GSH), vitamin E (VE), and
melanin, are effective in scavenging free radicals (Niki and Noguchi, 2004; Liu Y. L. et al., 2012;
Kakaroubas et al., 2019). The natural synergistic antioxidant system mainly includes superoxide
dismutase (SOD), glutathione peroxidase (GPx), catalase (CAT) (Morry et al., 2016). Nevertheless,
toomuch ROS consumes a lot of antioxidantmolecules and attacks antioxidant enzymes, which can
cause oxidative stress when the redox homeostasis is disturbed (Griendling and FitzGerald, 2003;
Reuter et al., 2010). This continuous oxidative stress can cause severe damage to some biomolecules,
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SCHEME 1 | Schematic illustration of nanozymes with multienzyme-like activity (SOD-like, GPx-like, CAT-like, et al.) against ROS (O•−

2 , H2O2,
•OH, et al.). Nanozymes

are broadly used in the field of biomedicine as antioxidants and their antioxidant capacity can be enhanced by rational design.

such as DNA, lipids, proteins, and significant destruction of cell
structure and function (Ray et al., 2000; Valko et al., 2004; Dalle-
Donne et al., 2006). Severe cell damage and tissue inflammation
can also induce many physiological diseases (Nechifor et al.,
2009) such as diabetes (Baynes, 1991), sepsis (Macdonald et al.,
2003), atherosclerosis (Harrison et al., 2003), arthritis (Tak
et al., 2000), aging (Vitale et al., 2013), kidney disease (Forbes
et al., 2008), cardiovascular diseases (Cai and Harrison, 2000),
nervous system diseases (Barnham et al., 2004), and lung diseases
(Ceccarelli et al., 2008).

Although a wide range of antioxidants has been widely
used to inhibit and fight oxidative stress-related pathological
diseases, there are still some severe limitations. For example,
natural enzyme antioxidants lack stability and are readily
inactivated under non-physiological conditions. Some non-
enzymatic antioxidants cannot pass through the blood-brain
barrier (Gilgun-Sherki et al., 2001) and have low bioavailability
(Heim et al., 2002). Compared with traditional antioxidants,
nanozyme antioxidant is a kind of enzyme mimetics based on
nanomaterials, which has the characteristics of flexible operation,
excellent stability, low cost, mass production, and easy treatment
(Wu et al., 2019). In recent years, many different inorganic
nanomaterials have been developed as antioxidant nanozymes,
such as noble metals (Liu X. P. et al., 2016), metal oxides
(Soh et al., 2017), carbon-based nanomaterials (Mu et al.,
2019a), and other substrates (Zhao et al., 2018). The ability of
nanozymes to scavenge ROS mainly originates from intrinsic
SOD, CAT, GPx, NACmimicking activities, or peroxidase (POD)
mimicking activity without producing hydroxyl radicals, and
•OH-, •DPPH-, or •NO-scavenging activity (Akhtar et al.,

2015b; Chen et al., 2018; Hao et al., 2019; Yan et al., 2019).
Nanozymes are often accompanied by a variety of enzyme
mimetic activities that can efficiently scavenge ROS, but there are
also some inherent shortcomings. The toxicity of nanoparticles
is the first consideration in biological applications. It has been
shown that some inorganic nanoparticles can interact with lipid,
proteins, and DNA, thereby impairing the integrity of biofilms
and the function of enzymes (Cedervall et al., 2007; Wang
et al., 2008; Pelka et al., 2009). The significant disadvantages of
nanozymes are insufficient targeting and lacking the ability to
bind to substrates specifically, which affect the effectiveness of the
treatment of the disease. Some nanozymes have an antagonistic
effect, which can catalyze the generation and elimination of
ROS, which is not conducive to biological applications. The size
and morphology of nanoparticles have a significant influence
on the activity and function of mimetic enzymes. Therefore, it
is necessary to rationally design the nanozyme to improve the
biocompatibility, targeting, adjust, and enhance the activity of
the nanozyme, reduce the dosage, and get a better application in
the biological field. This review focuses on rationally designing
nanozymes to enhance their antioxidant capacity and their
application in biomedical field (Scheme 1).

ANTIOXIDANT ENZYME ACTIVITIES OF
NANOZYMES

In this section, we introduce the antioxidant properties of
nanozymes, which have been developed as antioxidants in recent
years (Table 1).
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TABLE 1 | Summary of the applications of nanozymes as antioxidant in recent years.

Nanozymes Enzyme mimic activity Biological application Reference

Porous CuxO NPs SOD, CAT, and GPx-like Parkinson’s Disease Hao et al., 2019

Porous platinum NPs CAT-like Enhance radiation efficacy Li et al., 2019

Carbogenic nanozyme SOD, CAT-like •NO and

ONOO−scavenging activities

Traumatic brain injury Mu et al., 2019a

Pt/CeO2 POD, SOD, CAT, GPx-like, and
•OH and ONOO− scavenging

activities

Brain trauma Yan et al., 2019

CuTA nanosheets SOD-like, CAT-like, and •OH

scavenging activity

Smoking-induced lung

destruction

Lin et al., 2019

A single-atom Fe–N4

catalytic site

SOD-like, CAT-like Cytoprotection Ma et al., 2019

PtPdMo trim POD, CAT-like •OH, 1O2, and
•NO scavenging activities

Brain injury Mu et al., 2019b

Fe3O4 NPs CAT-like Anti-Aging

Experimental

cerebral malaria

Zhang et al., 2015

Zhao et al., 2019

MoS2 NPs SOD, CAT-like Osteoarthritis Chen et al., 2019

CeO2 NPs SOD-like, CAT-like Parkinson’s disease

Neuroprotective effect,

Regenerative wound healing

Kwon et al., 2018

Zeng et al., 2018

Wu et al., 2018

Prussian blue NPs POD, CAT, and SOD-like Reduce colitis in mice Zhao et al., 2018

Silver-gold-apoferritin

nanozyme

POD, CAT, and SOD-like Suppress oxidative stress

during cryopreservation

Dashtestani et al., 2018

MoS2 nanosheets SOD, CAT, POD-like, and •OH-,
•DPPH-, and •NO- scavenging

activity

Cytoprotection Chen et al., 2018

Se@Pda GPx Anti-inflammation Huang et al., 2018

Mn3O4 NPs SOD, CAT, GPx-like, and •OH

scavenging activity

Anti-inflammation

Parkinson’s disease

Singh et al., 2017

Yao et al., 2018

Ce0.7Zr0.3O2 NPs SOD, CAT-like, and •OH

scavenging activity

Anti-inflammation Soh et al., 2017

GO-Se nanocomposite GPx-like Cytoprotection Huang et al., 2017

Se-CQDs •OH scavenging activity Cytoprotection Li F. et al., 2017

Melanin NPs SOD-like Ischemic stroke Liu et al., 2017

ZnO/CeOx HMS SOD-like, CAT-like UV-induced epidermal

hypertrophy

Ju et al., 2017

Multicomponent

nanoreactor

Photosynthesizing H2 gas Anti-inflammation Wan et al., 2017

Ceria/POMs hybrid

NPs

Proteolytic and SOD-like Treatment of neurotoxicity of

amyloid-β peptide

Guan et al., 2016

Pt NPs SOD, CAT, POD-like Human Cerebral Cavernous

Malformation (CCM) disease

Moglianetti et al., 2016

MnO2 NPs SOD, CAT-like Overcome tumor hypoxia,

Cytoprotection

Song et al., 2016

Li W. et al., 2017

V2O5@pDA@MnO2

nanocomposite

SOD, CAT, and GPx-like Anti-inflammation Huang et al., 2016

PVP-IrNPs CAT, POD-like Cytoprotection Su et al., 2015

Molybdenum NPs (Mo

NPs)

NAC-like Human breast and

fibrosarcoma cells

Akhtar et al., 2015a

Prussian blue nanoparticles have also been found to have a
variety of antioxidant enzyme activities, including peroxidase
activity, catalase activity, and superoxide dismutase activity,
which can effectively scavenge ROS (Figure 1A). Chen’s group
reported a polyvinylpyrrolidone (PVP)-modified Prussian blue

nanoparticle (PPB) with good biological safety and physiological
stability. The prepared PPBs have the abilities of scavenging
ROS and inhibiting proinflammatory cytokines. The intravenous
administration of PPBs can significantly reduce colitis without
obvious side effects. A hydroxyl radical-generating TiO2/UV
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system was used to investigate the ROS scavenging ability
of PPBs. As the concentration of PPBs increases from 0 to
10µg/mL, the signal intensity of BMPO/•OH displays a steep
decline, indicating the excellent scavenging capability of PPBs
against •OH. The effect of PPBs on •OH can be represented
in reactions:

KxFe(III)y[Fe(II)(CN)6]z(PB)

KxFe(III)y[Fe(III)(CN)6]n[Fe(II)(CN)6]z−n(BG)

KxFe(III)y[Fe(III)(CN)6]z(PY)

PB → BG+ e− (1)

BG → PY+ (z− n)e− (2)

PB+H+
+ HO → PY+H2O (3)

The addition of H2O2 into the PPB solution generated a number
of observable bubbles, catalyzing the decomposition of H2O2 to
produce oxygen. The CAT-like activity of PPBs can be shown in
the following reactions

PB + H2O2 → BG+OH− (4)

BG + H2O2 → PY+OH− (5)

PY + H2O2 +OH−
→ BG+O2 +H2O (6)

BG+H2O2 +OH−
→ PB+O2 + nH2O

(7), Zhao et al. (2018).

In addition, the commonly used natural POD substrates 3,5,3,5-
tetramethylbenzidine (TMB) were also determined to study
the POD activity of PPBs. The absorbance increased after the
addition of PPBs, indicative of POD-like activity.

TMB+H2O2 +H+ PY
→TMB(oxidized) +H2O (8)

The authors used the xanthine/xanthine oxidase system to
investigate the effects of PPBs on superoxide radicals (•OOH).
With the increase of PPBs concentration, the signal intensity of
BMPO/•OOHdecreased significantly, indicating that PPBs could
be used as SOD-like nanozyme to scavenge •OOH.

•OOHSOD/PB
SOD/PB
→ H2O2 +O2 (9)

In conclusion, the PPBs can be used as artificial nanozymes to
effectively convert harmful ROS toH2O andO2 and to avoid lipid
peroxidation, protein oxidation and DNA damage (Zhao et al.,
2018).

Li’s group demonstrated that single-atom catalysts can be used
as single-atom nanozymes (SAzymes) with multiple antioxidant
activities (Figure 1B). Atom-dispersed Fe-N4 active sites can
mimic SOD and CAT activities, effectively removing H2O2

and O2. To compare the efficiency of Fe-SAs/NC with other
reported nanozymes, the authors calculated the TOF (turnover
frequency) values per active site of Fe-SAs/NC-based enzyme
and nanozymes. The TOF of Fe-SAs/NC was estimated to be
1809.34 min−1, which is much higher than other nanozymes
such as Pd octahedrons (1.51 min−1) (Ge et al., 2016) and

Mn3O4 nanoflowers (111.86 min−1) (Singh et al., 2017) reported
previously (Ma et al., 2019).

Melanin nanoparticles modified PEG can provide more
effective and safer antioxidant therapy. The authors speculated
the mechanism of melanin scavenging O•−

2 , as follows:

melanin• + O2
•−

→ melanin− + O2

melanin− + O2
•−

+ 2H2O → melanin• +H2O2 + 2OH−

When O•−

2 was added, a large number of bubbles appeared in
the PEG-MeNPs solution (Figure 1C). PEG-MeNPs could also
scavenge •OH and ONOO–, which are the most toxic secondary
electrons produced in diseases and can cause lipid peroxidation,
protein oxidation, and nucleic acid damage, and maintain high
stability. Moreover, they found that the PEG-MeNPs blocked
the formation of •OH, possibly because melanin had a strong
chelating ability with transition metal ions, which impeded the
Fenton reaction (Liu et al., 2017).

CeO2 NPs are well-known as a superoxide dismutase (SOD)
mimetic due to the redox cycle between Ce3+ and Ce4+,
Ce4+ sites are responsible for the decomposition of hydrogen
peroxide through the CAT-like activity (Korsvik et al., 2007;
Pirmohamed et al., 2010). Mn3O4 NPs have been demonstrated
to possess remarkable SOD-like activity (Figure 1D), due to
the mixed valance states of Mn2+ and Mn3+. Besides, Mn3O4

has CAT-like activity (Figure 1E) and •OH scavenging activity
(Figure 1F). Compared with CeO2 NPs, Mn3O4 nanoparticles
exhibit higher ROS scavenging capability (Figures 1D–F) (Yao
et al., 2018). Mugesh’s group demonstrated for the first time
that Mn3O4 nanoparticles with flower-like morphology (Mnf)
could mimic the activity of three antioxidant enzymes, including
SOD, CAT, and GPx. The multienzyme activity of Mnf may
be due to the existence of two oxidation states of manganese
(Mn2+/Mn3+), large surface area, and abnormal large pore
size. To understand the relative influence of the two different
oxidation states on the activity of Mnf, the author treated
Mnf with an oxidizing agent (NaIO4) and a reducing agent
(NaBH4) to obtain the oxidized (O-Mnf) and reduced (R-
Mnf) forms with different ratios of Mn3+/Mn2+. Interestingly,
O-Mnf, with a higher Mn3+/Mn2+ ratio, exhibited enhanced
CAT and GPx-like activities compared with Mnf. In contrast,
the SOD activity of O-Mnf and R-Mnf was slightly higher
than that of Mnf, suggesting that the oxidation states of
both played a crucial role in enzyme mimetic activity. In
the experimental model of Parkinson’s disease, Mnf could be
effectively internalized into human cells, inhibited apoptosis
caused by the neurotoxin, and played an influential role in
cytoprotection (Singh et al., 2017). Few-layer MoS2 nanosheets
possessed intrinsic activity of mimicking SOD, CAT, and POD
under physiological conditions (pH 7.4, 25◦C). The POD-like
activity originated from their ability to transfer electrons without
producing hydroxyl radicals (Chen et al., 2018). Fullerene-
Like MoS2 (F-MoS2) nanoparticles are effective lubricants and
antioxidants for artificial synovial fluid due to their unique
structures and intrinsic dual-enzyme-like (SOD- and CAT-like)
activity (Chen et al., 2019).

Mugesh’s group confirmed that V2O5 nanowires (Vn)
have GPx-like activity and biocompatibility and proposed a
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FIGURE 1 | Antioxidant activity of nanozymes. (A) The PPBs could act as an artificial enzyme, effectively scavenging ROS including •OH, H2O2, and
•OOH via POD,

CAT, and SOD activity [reproduced from Zhao et al. (2018) with permission from the American Chemical Society]. (B) Atomically dispersed Fe–N4 sites anchored on

N-doped porous carbon materials [reproduced from Ma et al. (2019) with permission from the Royal Society of Chemistry (RSC)]. (C) O2 production from the KO2

solution (100µM) with vs. without PEG-MeNPs. The insert is the digital picture of the PEG-MeNPs solution before vs. after addition of KO2 [reproduced from Liu et al.

(2017) with permission from the American Chemical Society]. (D) Dependence between the elimination of •O−

2 and concentrations of Mn3O4 NPs, CeO2 NPs, and

natural SOD. (E) Dependence between the elimination of H2O2 and concentrations of Mn3O4 NPs, CeO2 NPs, and natural catalase. (F) Dependence between the

elimination of •OH and concentration of Mn3O4 NPs and CeO2 NPs (mean ± S.D., **p < 0.05; n.s., not significant) [reproduced from Yao et al. (2018) with permission

from the Royal Society of Chemistry (RSC)].

corresponding catalytic mechanism (Vernekar et al., 2014). In
the nanostructure, the surface of Vn serves as a template
for GSH reduction of H2O2. The functional groups on
the surface of Vn changed to form vanadium peroxide
species 1. The GS− nucleophilically attacks the peroxide
bond in complex 1, resulting in the formation of unstable
sulfinate binding intermediate 2, which is hydrolyzed to
produce glutathione sulfonic acid (3, GSOH) and dihydroxy
intermediate 4. The hydrolysis of 2 to generate GSOH may
be similar to the removal of HOBr from V-OBr intermediate
in vanadium haloperoxidase (Natalio et al., 2012). Then, 4
reacts with H2O2 to produce peroxide compound 1. This is
similar to one of the steps proposed in the mechanism of
vanadium chloroperoxidase (Ligtenbarg et al., 2003). GSOH
reacts with GSH to produce GSSG. GR/NADPH can reduce
GSSG to GSH. It is worth noting that GSOH (3) is further
oxidized to the corresponding sulfinic acid (5, GSO2H) under
the condition of higher H2O2 concentration. In addition
to GSH, other small thiol-containing molecules such as
cysteine, cysteamine, and mercaptoethanol can also be used
as thiol cofactors. In the presence of thiols, Vn showed
notable thiol peroxidase activity through catalytic reduction of
H2O2(Figure 2).

In the presence of peroxides, nanocarbon materials (CNMs)
can catalyze the oxidation of organic substrates such as TMB
(Shi et al., 2011; Zhang et al., 2013; Sun et al., 2015). Qu’s
group explored the dynamics of CO-COOH catalytic oxidation
of TMB in the presence of H2O2. Based on the Michaelis Menten
model, the kinetic parameters of GO-COOH,Vmax, and Km, were
estimated and compared by using Lineweaver–Burk plots. At
high H2O2 concentrations, the reaction catalyzed by GO-COOH
was inhibited and followed ping-pong mechanism, which was
similar to the reaction catalyzed by HRP. The UV spectra of GO-
COOH showed that the addition of 88.2mM H2O2 resulted in
a red shift of about 19 nm, indicating the electron transfer from
the top of the graphene valence band to the lowest unoccupied
molecular orbital (LUMO) of H2O2 (Song et al., 2010).

ENHANCE THE ANTIOXIDANT EFFECT OF
NANOZYMES

An ideal nano-antioxidant should have at least the following
characteristics: (i) valid clearance of multiple primary and
secondary reactive oxygen and nitrogen species (RONS); (ii)
highly stable antioxidant activity against oxidative damage; (iii)
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FIGURE 2 | Mechanism of GPx activity of Vn [reproduced from Vernekar et al. (2014) with permission from the Springer Nature].

the ability to prevent the activation of inflammation triggered
by RONS; and (iv) excellent biocompatibility (Liu et al., 2017).
Therefore, it is crucial to design the nanozyme reasonably to
make it become an ideal antioxidant and widely used.

Enhancing Nanozyme Activity
At present, the ROS scavenging capability of most nanozymes
is moderate. Therefore, numerous strategies have been proposed
to design more active nanozymes. One possible strategy is ion
doping adding. For example, doping ions (such as Zr4+) into

ceria NPs to modulate the ratio of Ce3+/Ce4+. The superoxide
scavenging activity of ceria NPs could also be enhanced through
an electron transfer strategy. Co-catalysis of various nanozymes
can also improve catalytic activity.

Ion Doping Strategy
Ceria nanoparticles (CeO2 NPs) are well-known as a superoxide
dismutase (SOD) mimetic due to the redox cycle between Ce3+

and Ce4+. The surface Ce3+ to Ce4+ ratio is important because
the capacity of removing O•−

2 and •OH is largely determined by
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FIGURE 3 | Ion-doping and electron transfer strategies enhance antioxidant enzyme activity. (A) Representing the different catalytic activities of ceria NPs and

ceria-zirconia (CZ) NPs. (B) in vitro O2-assay: luminescence intensities of U937 cells were measured and expressed as relative O2-concentration, determined by

measured values relative to those for the LPS-treated control; n = 4. (C) in vitro western blot analysis for iNOS: the blots were quantified using relative optical densities

of iNOS and β-actin; n = 4 [reproduced from Soh et al. (2017) with permission from the John Wiley and Sons]. (D) Nanoceria acquire superoxide-scavenging ability

after electron transfer. (E) The SOD mimetic activity of the CuZn-SOD/nanoceria mixture. (F) Effect of RuN3/nanoceria on superoxide anions from

hypoxanthine/xanthine oxidase system as determined by a ferricytochrome C assay [reproduced from Li et al. (2014) with permission from the John Wiley and Sons].

the fractions of Ce3+(Baldim et al., 2018). Therefore, increasing
the Ce3+/Ce4+ ratio is an effective strategy to improve the
ability of nano-cerium to remove ROS. Seal’s group doped the
CeO2 NPs lattice with trivalent dopants (La, Sm, and Er) to
significantly increase the surface Ce3+ ion concentration and
produce a good SOD-like activity, as expected. Among the three
dopants, Sm doped CeO2 NPs had the highest SOD activity,
followed by La and Er doped CeO2 NPs. This ordering was
due to the association energy of dopant atoms O-vacancies and
the high concentration of Ce3+ on the surface. CeO2 NPs with
higher content of Ce3+ were effective scavengers of intracellular
ROS (Gupta et al., 2016). Hyeon’s group reported ceria–zirconia
nanoparticles [Ce0.7Zr0.3O2(7CZ)] in which the Zr4+ is used
to modulate the ratio of Ce3+/Ce4+ (Soh et al., 2017). They
demonstrated that the rate of Ce4+ to Ce3+ reduction is strongly
increased throughout the Zr4+-containing NPs (Figure 3A). This
finding may be due to the fact that the ionic radius of Zr4+

ion (0.084nm) is smaller than that of Ce4+ ion and Ce3+

ion (0.097 nm and 0.114 nm, respectively), which can reduce
the lattice strain caused by the increase of the ionic radius of
Ce4+ ion to Ce3+ ion. In in vitro lipopolysaccharide (LPS)-
induced inflammation model, 7CZ NPs is more effective in
scavenging O−

2 compared to the ceria NPs (Figure 3B). In the
inflammatory process, iNOS gene expression is upregulated and
induced NO production (Grisham et al., 1999). Excessive NO

can lead to vasodilation and hypotension, and eventually septic
shock (Crawford et al., 2004). In LPS-stimulated macrophages,
7CZ NPs reduced NO and iNOS proteins, while ceria NPs did
not show any effect (Figure 3C). Through the determination
of extracellular lactate dehydrogenase content, 7CZ NPs could
better inhibit the LPS-induced release of LDH, suggesting that it
could provide better cell protection. These in vitro data indicated
that compared to ceria NPs, 7CZ NPs are more effective in
blocking the abnormal inflammatory response of macrophages
by clearing the ROS/reactive nitrogen species (RNS) and other
effects on the inflammatory pathway. Huang’s group doped Mo
into Pt3Ni nanocrystals to obtain highly active nanozymes, which
are ∼80 times the commercial catalyst activity (Huang et al.,
2015). Zhang’s group reported that a trimetallic (triM) nanozyme
was obtained by doping transition metal molybdenum in
platinum-palladium nanoparticles, which significantly improved
the antioxidant activity (Mu et al., 2019b). The density functional
theory (DFT) simulation results showed that the Mo atom has a
strong attraction compared to the Pt and Pd atoms, which helps
to separate the small unit into two atoms that are further apart
and are independent of the free radical unit. Further analysis
of the electrostatic potential (ESP) and the electron localization
function (ELF) showed that Mo atoms are more attractive to
small units and decrease the binding ability of adjacent Pt atoms.
When small units are attached to triM nanozyme, there is a
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higher chance that they will be stretched by Mo and other
atoms. Therefore, Mo doping can improve the catalytic efficiency
of nanozymes.

Electronic Transfer Strategy
Another method to accelerate the induced reduction of Ce4+ to
Ce3+ is the electron transfer strategy (Figure 3D). Zhang’s group
found that one of their ceria nanoparticles, which is (5.1 ± 0.4)
nm in size, had an inappreciable Ce3+/Ce4+ ratio and weak SOD
mimetic activity. But when co-incubated with CuZn-SOD in a
PBS solution, the activity of ceria NPs was activated within a few
minutes (Figure 3E). In the process of scavenging superoxide free
radicals, there is a certain possibility that electrons are transferred
from the Cu-Zn SOD to ceria NPs accompanied by the reduction
of copper ions. Ceria NPs acts as an electronic sponge that
can store electrons and regenerate active sites that scavenge
superoxide radicals. Mixing [Ru (dcbpy)2 (NCS)2] with ceria NPs
into PBS, they also found that the activity of SOD mimetic in the
mixture increased significantly under visible light (Figure 3F),
and gradually disappeared after the removal of light. These results
suggested that the activity of ceria NPs could be excited after
interfacial electron transfer (Li et al., 2014). Similarly, the bio-
conjugation of ceria NPs with apoferritin exhibited an excellent
ROS scavenging activity due to charge transfer at the interface
between protein corona and ceria NPs, resulting in a change
in the valence of the oxide and increasing the fraction of Ce3+

(Liu X. Y. et al., 2012). Qu’s group reported a graphene oxide
(GO)-Se nanozyme that exhibited higher GPx-like activity than
SeNPs, possibly due to the large surface area and strong electron
transfer ability of GO (Huang et al., 2017). Singh’s group found
that Fe3O4 NPs exhibited increased peroxidase-like activity in
ATP presence over a wide range of pH values and temperatures.
In terms of mechanism, it was found that ATP participated in the
single-electron transfer reaction by complexing with Fe3O4 NPs,
leading to the generation of hydroxyl radicals, which enhanced
the activity of peroxidase-like at physiological pH (Vallabani
et al., 2017).

Confinement Space
Nanoreactors provide a confining space in which reactive
molecules and catalysts are encapsulated to enhance the activity
of the reaction. The Au @ SiO2 yolk/shell structured nanoreactor
framework was used for catalytic reduction of p-nitrophenol (Lee
et al., 2008). Another nanoreactor composed of Pd @ meso-
SiO2 showed excellent activity in the Suzuki coupling reaction
(Chen et al., 2010). Amphiphilic networks have also been used
as nanoreactors to stabilize and enhance enzyme catalytic activity
in organic solvents (Bruns and Tiller, 2005). Nickel nanoparticles
encapsulated by nitrogen-doped hollow carbon nanocapsules
showed superior activity in oxygen reduction reaction. The low
catalytic activity of the catalyst was compensated by increasing
the collision rate in the nanocapsules. Defects in the graphene
nano-shell allowed oxygen and hydroxyl to diffuse easily (Li B.
et al., 2017). The CeOX nanoparticles, encapsulated in hollow
microspheres, can remove ROS more efficiently in a limited
space (Ju et al., 2017). Sung’s group encapsulated chlorophyll
a, l-ascorbic acid, and gold nanoparticles in a liposome system

to construct a multicomponent nanoreactor for efficient photo-
driven hydrogen (H2) production (Figure 4A). The results of
gas chromatography analysis showed that the cumulated H2

concentrations from the nanoreactors consistently surpassed
those from bulk solution (Figure 4B) (Wan et al., 2017). This
confinement space may raise the local concentration of the
reaction, increase the probability of molecular collision, and thus
improve the efficiency of the catalytic reaction.

Single Atom Catalysis
Single atom catalysis can be used as an essential tool to enhance
catalytic activity. For example, Lee’s group synthesized heme
cofactor-resembling Fe–N4 single-site-embedded graphene in
which the activity of each iron ion was 5 million times higher
than that of Fe3O4 NPs (Kim et al., 2019b). Atom-dispersedmetal
centers can maximize the utilization efficiency of atoms and the
density of active sites. Dong’s group prepared the single-atom
nanozymes of carbon nanoframe–confined axial N-coordinated
single-atom Fe (FeN5 SA/CNF). The active sites of FeN5 SA/CNF
were comparable to those of axially coordinated heme of natural
redox enzyme. Taking oxidase catalysis as a model reaction, the
theoretical calculations and experimental studies clearly showed
that the highest oxidase-like of FeN5 SA/CNF is due to the
synergistic effect and electron donation mechanism. It is worth
noting that the oxidase-like activity of FeN5 SA/CNF was 17
times and 70 times higher than that of the square planar FeN4

catalyst and commercial Pt/C with normalized metal content,
respectively (Huang et al., 2019). Ming’s group anchored single-
atom Pt on ultrasmall CeO2 nanoclusters, and the scavenging
activity of RONS increased by 2–10 times compared with CeO2

clusters (Yan et al., 2019). The higher Ce3+/Ce4+ ratio in Pt/CeO2

and the catalytically active sites provided by single-atom Pt
with oxygen vacancies are the two main reasons for improving
the catalytic activity. Pt single atoms tend to be stabilized at
CeO2 (111) and have a strong attraction, reducing the energy
of units of free radicals bound to the surface of Pt/CeO2 (111)
(Figure 4C), thereby enhancing the RONS scavenging ability.
Zhao’s group used Mn3[Co(CN)6]2 MOF as supporting material
to frame a single atom of Ru with a load-weight ratio of up to
2.23 wt%. Ru partly replaced Co as a single atom catalytic site
for endogenous oxygen production. Since the ligand terminal
carbon had a stronger coordination ability with Ru than Co,
partial substitution of Co was realized. The high catalase-like
activity of this nanozyme should be attributed to six unsaturated
Ru–C6 coordination sites, resulting in the rapid decomposition
of H2O2 into O2 to overcome the tumor hypoxia (Wang
et al., 2020). In addition, Lee’s group developed N-and B-
doped reduced graphene (NB-rGO) as a carbon nanomaterial
mimicking peroxidase, whose catalytic activity was much higher
than that of traditional carbon-based peroxidase-like nanozymes,
even comparable to horseradish peroxidase (HRP). N- and B-
codoping converts inert pyridine N atoms into catalytically active
centers while retaining the peroxidase-like activity of a single B
atom. Synergistic effect of N- and B-codoping further enhanced
peroxidase activity over the undoped or single doped graphene
(N or B) (Kim et al., 2019a).
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FIGURE 4 | Introducing confinement space and single atom catalysis to enhance antioxidant activity. (A) Composition/structure of photodriven NR and mechanisms

of its photosynthesis of H2 gas in situ. (B) Cumulative H2 concentrations generated in BS and NR following laser irradiation [reproduced from Wan et al. (2017) with

permission from the American Chemical Society]. (C) Atomic structure of Pt/CeO2 along (111) facets and energy feature of the segment model with different radical

units [reproduced from Yan et al. (2019) with permission from the American Chemical Society].

Molecular Imprinting
Nanozymes are nanomaterials that mimic the activity of natural
enzymes, and but most of them lack substrate specificity. The
molecular imprinting technology of nanoenzymes provides a
simple solution to this problem, but also improves the catalytic
activity. Molecularly imprinted polymers (MIPs) are polymerized
from monomers around template molecules (Schirhagl, 2014).
The selected monomers are usually complementary to the
properties of the template to form pre-polymer-bound
complexes (Chen et al., 2011). During polymerization, the
template is imprinted by the crosslinked polymer matrix. After
removing the template, a cavity is generated for rebinding
the template (Mahajan et al., 2019). The combination of PtPd
nanoparticles with molecular imprinting enhanced peroxidase-
like activity (Fan et al., 2017). Shen’s group developed an efficient
strategy for co-catalyzing peptide disulfide bond formation
by molecularly imprinted polymer microzymes and inorganic
magnetic nanozymes (Chen et al., 2017). Liu’s group added
acrylamide and nisopropylacrylamide (NIPAAm) as monomers

and N, N
′

-methylenebis(acrylamide) (MBAAm) as a cross-linker
to the Fe3O4 NPs and TMB (or ABTS) mixture. After adding

the initiators into the system, the nanogels were obtained by
precipitation polymerization. The substrate templates were
then rinsed off to create binding pockets. The TMB and ABTS
imprinted gels are named T-MIP and A-MIP, respectively. The
authors next measured the rates of the nanozymes at various
substrate concentrations to obtain enzyme parameters. The kcat
of T-MIP nanogel (15.0 s−1) is more than twice that of free
Fe3O4 NPs and A-MIP when oxidizing TMB. For oxidizing
ABTS, the A-MIP gel has the highest activity and affinity. T-MIP
has 2.8-fold higher kcat/Km (6.8 × 10−2 s−1

µM−1) than that
of bare Fe3O4 (2.4 × 10−2 s−1

µM−1). When oxidizing ABTS,
the same gel showed ∼3 times lower kcat/Km than bare Fe3O4.
Similarly, the AMIP has 4-fold higher specificity than bare

Fe3O4 for oxidizing ABTS but 1.5-fold lower for oxidizing

TMB. Since TMB has a positive charge and ABTS has a negative

charge, the imprinting was further improved by incorporating

charged monomers. The TMB imprinted nanogels are named

T-MIPneg if containing anionic AMPS and named T-MIPpos if

containing cationic DMPA. The T-MIPneg has the best catalytic

efficiency, 15-fold higher than that of the bare Fe3O4 NPs, much
better than the 3-fold improvement for the T-MIP gel without
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the negative AMPS monomer. In the best case, the selectivity
for TMB over ABTS using the T-MIPneg nanogel is 98-fold,
while the selectivity for ABTS over TMB using the A-MIPpos is
33-fold (Zhang et al., 2017). Liu’s group used surface science to
understand the enhancement of activity by dissecting enzyme
reactions to substrate adsorption, reaction, and product release.
The enrichment of local substrate concentration induced by
imprinting was about eight times, and the increase of substrate
concentration could promote the improvement of the activity.
The diffusion of the substrate on the imprinted gel layer was
studied by pre-culture experiment, and the difference between
the imprinted and non-imprinted gel layer was also highlighted.
The activation energy of substrate imprinting sample was the
lowest, 13.8 kJ/mol. The isothermal droplet calorimetry using
the substrate and product samples imprinted separately showed
that the product release rate was also improved after imprinting
(Zhang et al., 2019).

Others
Choosing appropriate structure-oriented agents to synthesize
nanoparticles may be an effective strategy to improve
nanoparticles’ catalytic activity. Kuang’ group prepared a
CuXO-Ph nanocluster with phenylalanine (Phe) as a structure-
directing agent with good biocompatibility and the properties of
multiple antioxidants enzyme-like (Hao et al., 2019). The authors
found that the selection of different molecular structure-oriented
agents resulted in nanoclusters’ different shapes and activity.
The authors synthesized five other nanoclusters using five other
amino acids as structure-directing agents, among which CuXO
-Ph showed the highest catalytic activity. Through the nitrogen
adsorption test, it is found that the total volume and pore size
of CuXO-Phe are larger than those of other materials except
CuXO-Tyr. Although the size and surface area of CuXO-Phe
(65 nm) is smaller than that of CuXO-Tyr (186 nm), the catalytic
activity of CuXO-Phe is much higher than that of CuXO-Tyr,
possibly because the ligand of the material plays an essential role
in regulating its activity.

Single nanoparticle enzymes sometimes cannot achieve the
desired antioxidant effect. The combined use of multiple
nanoparticle enzymes can co-catalyze the elimination of ROS
and perform a better scavenging effect. Qu’s group assembled
V2O5 and manganese dioxide (MnO2) nanoparticles through
dopamine to construct a synergistic antioxidant system with
multiple enzyme mimicking activities. V2O5 nanowires have
GPx-like activity, and MnO2 nanoparticles are used to mimic
SOD and CAT. The in vitro and in vivo experimental data
showed that their biocompatible multi-nanozymes system had
excellent intracellular ROS removal capacity, which protected
intracellular components from oxidative damage, indicating its
potential application in anti-inflammatory (Huang et al., 2016).

The activity can be activated by increasing the water solubility
of the inorganic nanoparticles. Bulk Cu(OH)2 is highly water-
insoluble (KL = 5.6·10−20 mol3·L−3) and does not exhibit
any catalytic activity. However, after surface modification with
glycine, it is easy to disperse in an aqueous medium, showing
SOD-like activity that exceeds the activity of the natural CuZn
enzyme (Korschelt et al., 2017).

Regulating the Activity of Nanozymes
Some nanozymes have been found to have antagonistic
peroxidase-like and catalase-like activities, such as Fe3O4 NPs,
platinumNPs, and gold NPs. They were able to decompose H2O2

into toxic hydroxyl radicals (•OH) which are highly active and
harmful to cells by the activity of peroxidase-like. In contrast,
hydrogen peroxide could be broken down into H2O and O2 by
the activity of catalase-like. The size, morphology, and surface
catalytic sites of nanozymes have essential effects on their activity.
Therefore, it is necessary to exert the antioxidant activity of
nanozymes through reasonable regulation.

PH Regulation
The activities of various nanozymes have been found to have pH-
adjustable properties, and exploring their intrinsic mechanism
is of great significance for us to precisely regulate the activities
of nanozymes. Yan’s group reported that Fe3O4 magnetic
nanoparticles (NPs) had an intrinsic peroxidase-like activity with
a pH of 3.5 (Gao et al., 2007), and Gu’s group reported that these
particles had catalase-like activity under neutral pH conditions
(Chen et al., 2012). Yin’s group reported that Ag and Au NPs
could catalyze the rapid decomposition of H2O2. At lower pH,
the breakdown of H2O2 was accompanied by the production
of •OH, and at higher pH, by the production of O2. These
particles also exhibited SOD-like activity when the pH = 7.4
(He et al., 2012, 2013). Gao’s group studied the mechanism
of PH-adjustable peroxidase and catalase-like activities of gold,
silver, platinum, and palladium nanomaterials (Figure 5A) by
calculation and experiment. The peroxidase-like activity of these
metals at low pH is due to the basic-like decomposition of H2O2

on the metal surfaces. In contrast, the catalase-like activity at
high pH is thought to be due to the acid-like decomposition
of H2O2 on the metal surfaces (Figure 5B). They also proved
that the activity of the enzyme is an inherent property of metals
and has nothing to do with the environment. The relative
enzymatic activity of metals with similar surface morphology can
be predicted by the relative adsorption energy between H2O2 and
metals (Li et al., 2015). The results are instructive for the design,
synthesis, and application of metal-based artificial enzymes.

Surface Modification
Since the surface atoms are the critical catalytic sites, the
antioxidant capacity of these nanoparticles can be fully
exerted by choosing appropriate coating molecules to modify
nanoparticles to block peroxidase-like activity and preserving
catalase-like activity. Lin’s group accidentally discovered that
gold nanoparticles surface modified with amine-terminated
PAMAM dendrimers lost peroxidase-like activity while still
retained catalase-like activity under different pH conditions
related to the biological microenvironment (Figure 5C). The
authors proposed a possible mechanism that polymeric 3◦-
amines that are abundant on the surface of AuNCs-NH2 can
be oxidized by hydroxyl radicals, which was confirmed by 1H
NMR measurements. AuNCs-NH2 thus acquired the ability to
scavenge •OHand inhibit peroxidase-like activity (Liu C.-P. et al.,
2016). However, with the gradual oxidation of tertiary amines,
the peroxidase activity of nanoparticles is gradually restored,
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FIGURE 5 | Various methods for regulating the activity of nanozymes include PH regulation, surface modification, and the effect of surface energy. (A) The

pH-switchable peroxidase-like and catalase-like activities of Au, Ag, Pt, and Pd metals. (B) The predicted mechanisms for the pH-switchable peroxidase-like and

catalase-like activities of the metals [reproduced from Li et al. (2015) with permission from the Elsevier]. (C) A schematic diagram shows the dendrimer-encapsulated

AuNCs with the catalase-like activity to detoxify H2O2 for primary neuronal protection against oxidative damage [reproduced from Liu C.-P. et al. (2016) with

permission from the John Wiley and Sons]. (D) Lower surface energy {111}-faceted Pd octahedrons have greater intrinsic antioxidant enzyme-like activity than higher

surface energy {100}-faceted Pd nanocubes [reproduced from Ge et al. (2016) with permission from the American Chemical Society]. (E) Schematic representation of

the reaction of H2O2 and GSH on the surface of orthorhombic V2O5 crystal [reproduced from Ghosh et al. (2018) with permission from the John Wiley and Sons].

which may be detrimental to the long-term use of nanoparticles
and broader application. Karakoti’s group demonstrated that
modifying the surface of CeO2 NPs with suitable ligands,
especially triethyl phosphite (TEP) and tris(2,4,6 trimethoxy-
phenyl)phosphine (TTMPP), could alter their redox properties
and reverse the oxidation state. It was evident from XPS and PL
studies that both TEP and TTMPP could electron-couple with
the surface cerium ions of cerium CeO2 NPs. TEP can be used
as a reductant to reduce the surface Ce4+ ion on CeO2 NPs, thus
promoting the SOD activity of CeO2 NPs. It can be speculated
that TTMPP is a large molecule, which can block the active
surface sites of CeO2−x NPs and make them lose SOD activity,
but this does not explain how it activates their catalase activity.
Therefore, a more comprehensive understanding of ligands’
role in the regulation of enzyme-like activity of NPs is needed
(Patel et al., 2018). Yan’s group attached histidine to Fe3O4 NPs
increasing its peroxidase-like activity by 20-fold (Fan et al., 2017).
Liu’s group adsorbed fluoride on nanoceria increasing its oxidase-
like turnover by nearly 100-fold (Liu X. P. et al., 2016). Li’s group
preparedMIP around TiO2 photocatalyst also showing enhanced
activity (Shen et al., 2009).

Control of Surface Energy
There is a tight correlation between the catalytic activity of
metal-based nanomaterials and their surfaces. Different crystal
forms of the same nanomaterial have different surface energies
and may exhibit different catalytic activities. Yin’s group found
that the lower-surface-energy Pd octahedron {111} had higher

antioxidant enzyme activity than the higher-surface-energy Pd
nanoparticle {100} (Figure 5D). Their theoretical calculations
showed that Pd octahedron with lower surface energy exhibits
higher catalytic activity by lowering the reaction energy of
scavenging reactive oxygen species, consistent with experimental
observations. This study also provides a new perspective on
the design of highly active antioxidant nanozymes (Ge et al.,
2016). Mugesh’s group synthesized four orthogonal V2O5

nanozymes with different morphologies [nanowires (VNw),
nanosheets (VSh), nanoflowers (VNf), and nanospheres (VSp)]
and found that their activity was independent of surface area.
The differences in their GPX-like activity are due to differences
in surface v-peroxide speciation rates (Figure 5E). In the same
crystal system, the exposed crystal facets can adjust the H2O2

reduction capacity of V2O5 nanozyme. These results suggest
that we can fine-tune the redox properties of nanomaterials by
designing their surfaces (Ghosh et al., 2018).

Enhancing Biocompatibility
It has been shown that some inorganic nanoparticles can interact
with lipid, proteins, and DNA, thereby impairing the integrity
of biofilms and the function of enzymes (Cedervall et al.,
2007; Wang et al., 2008; Pelka et al., 2009), so improving the
biocompatibility of nanoparticles is essential for their more
extensive biological application.

Nanoparticles encapsulated in proteins can improve the
biocompatibility of nanoparticles. Yeung group fixed BSA onto
Au-Pt nanocomposites through electrostatic interaction, and
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the modified nanoparticles still maintained high antioxidant
activity (Xiong et al., 2014). Knez’s group encapsulated Pt
NPs and PtAu NPs in apoferritin (Zhang et al., 2010, 2011),
respectively, and Najaf ’s group reported apoferritin-encapsulated
silver-gold nanoparticles (Dashtestani et al., 2018). The obtained
nanoparticles not only have excellent biocompatibility but
also can effectively remove O•−

2 and H2O2. Apoferritin is a
globular protein with an outer diameter of 12 nm and an
inner cavity diameter of 7.6 nm. 14 small channels, 3–4 Å
in diameter, run through the protein shell, providing size
selection for ions and small molecules (Ford et al., 1984).
These nanoparticles could safely enter human intestinal Caco-
2 cells capable of expressing ferritin receptors constitutively
without showing any toxicity to the cells. The protein
shell of apoferritin can also avoid the aggregation of noble
metal nanoparticles in solution and improve the stability of
nanoparticles, which is beneficial to its long-term application
in biological systems. The biocompatibility of nanoparticles can
be improved by changing the surface stabilizer of nanoparticles.
Erlichman’s group reported that citrate/EDTA stabilized ceria
NPs were well-tolerated and absorbed by the liver and spleen
far less than previous nanoceria formulations when given
intravenously to mice (Heckman et al., 2013). Pompa’s group
demonstrated that their citrate -capped Pt NPs did not exhibit
significant cytotoxicity to cells in vitro (Moglianetti et al.,
2016). PVP (Su et al., 2015) and PEG (Liu et al., 2017)
are generally used polymer stabilizer because of their low
cost, good water solubility, outstanding biocompatibility, and
commercial availability.

Magnetite nanoparticles (Fe3O4 NPs) are proved to be
biocompatible nanomaterials and have broad prospects in
various biomedical applications (Lee et al., 2015). Fan’s team
found that the catalytic activity of Fe3O4 NP has a novel
biocompatibility mechanism significantly different from that of
conventional inert NP (Wang et al., 2018). The authors found
that both nanoparticles induced response to oxidative stress by
comparing the cellular effects of two ferric oxide nanoparticles
(Fe3O4 and α-Fe2O3). Nevertheless, Fe3O4 NPs significantly
delayed the production of toxic reactive oxygen species (ROS)
and reduced autophagy and programmed cell death due to
their antagonism of inherent catalase-like activity. The dynamic
equilibrium mechanism proposed in this work inspires us
to improve nanomaterials’ biocompatibility by introducing
antioxidant properties.

Others
Enhancing the endogenous antioxidant ability of cells is an
effective way to improve the ability of cells to resist oxidative
stress. Interestingly, Alrokayan’s group found that ceria NPs
and Mo NPs could significantly increase in intracellular level of
antioxidant molecule glutathione (GSH) in cells [human breast
(MCF-7) and human fibrosarcoma (HT-1080)] challenged with
oxidants (Akhtar et al., 2015a,b). This discovery can provide
us a new perspective to explore the antioxidant mechanism of
nanozyme, not only considering the antioxidant properties of
nanozyme itself, but also taking the impact of nanozyme on
biological environment into account.

The targeting properties of nanoparticles can be changed by
surface modification of targeting agents or changing the size
of nanoparticles. As the only biological barrier, the blood-brain
barrier protects the brain from potentially harmful compounds
in the blood, so, unfortunately, it prevents the build-up of
nanoparticles in the brain (Hawkins and Thomas, 2005). During
cerebral ischemia, the blood-brain barrier is damaged, leading
to an increase in permeability (Kim et al., 2012; Jiang X. et al.,
2018). Some nanoparticles can pass through the damaged part
of the blood-brain barrier into the damaged part of the brain.
However, the accumulation of nanoparticles in the brain is
limited, which also limits the treatment of nanoparticles. Shi’s
group modified Angiopep-2 (ANG) onto CeO2 nanoparticles
to create a BBB-targeted nanoplatform (Bao et al., 2018). ANG
binds specifically to the over-expressed LDLR protein (LRP)
in the cells that make up the BBB, significantly increasing the
accumulation of nanoparticles in the brain through receptor-
mediated endocytosis. Excess ROS, present in mitochondria,
both intracellular and extracellular, plays a special role in disease
(Kwon et al., 2018). Hyeon’s group prepared three kinds of ceria
NPs by changing the size and surface modification, which can
selectively eliminate these three kinds of ROS. Small-sized nano-
cerium is easily absorbed by cells, eliminating ROS from the
cytoplasm. Triphenylphosphonium-modified nano-cerium can
enter mitochondria and remove ROS in mitochondria. Because
the endocytosis of large nanoparticles is suppressed, the 300 nm-
sized cluster-ceria NPs remain outside the cell and eliminate the
extracellular ROS (Kwon et al., 2018).

BIOLOGICAL APPLICATION OF
ANTIOXIDANT NANOZYMES

Anti-aging
As animals age, oxidative damage accumulates in their bodies,
which is closely related to aging, behavioral decline, geriatric
disease, and lifespan (Finkel and Holbrook., 2000). Dugan’s
group administered carboxy fullerenes SOD mimetics to non-
transgenic, and non-senescence accelerated mice starting at
middle age. The authors found that this chronic treatment
reduced age-related oxidative stress and the production of
mitochondrial free radicals, significantly prolonged lifespan, and
improved the performance ofmice inMorris watermaze learning
and memory tasks (Quick et al., 2008). A mixture of Pd and
Pt nanoparticles has been reported to reduce age-related skin
atrophy in mice. Drosophila melanogaster has been widely
used to study and explain the mechanism of some complex
biological processes, including development, metabolism, and
aging (Shibuya et al., 2014). Song’s group found that dietary
Fe3O4 NPs significantly reduced ROS levels in aged drosophilae,
boosting their ability to climb and prolonging their lifespan
(Zhang et al., 2015).

Cytoprotection
Excessive production of intracellular ROS and inefficiency of
the endogenous antioxidant system can cause oxidative stress,
which leads to cell component damage and cell apoptosis.
Nanozymes with antioxidant capacity can protect cells from
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oxidative stress. For example, Mn3O4 NPs can mimic three
major antioxidant enzymes, including SOD, GPx, and CAT
(Singh et al., 2017). Mugesh’s group explored specific ways in
which Mn3O4 NPs protect cells from oxidative damage, and
demonstrated that the NPs do not interfere with the endogenous
antioxidant mechanisms of cells (Singh et al., 2019). Their
experimental data proved that this nanozyme could prevent ROS
from damaging proteins (Figure 6A), breaking DNA double-
strand (Figure 6B), and lipid peroxidation in cells (Figure 6C).
This work also ascertained that under conditions of oxidative
stress, this nanozyme would not affect the expression of Nrf2
protein (Figure 6D), which is a crucial regulator of the expression
of antioxidant proteins in cells. This study demonstrated the
remarkable ability of nanoenzymes to regulate cellular oxidation-
reduction homeostasis without interfering with intracellular
antioxidant proteins/enzymes.

Qu’s group proposed a novel cell protection strategy,
which uses manganese dioxide (MnO2) nanozyme as a smart
shell to encapsulate a single living cell to achieve long-term
protection and operation (Li W. et al., 2017). The authors
encapsulated the yeast cells in the MnO2 shell through the
process of biomineralization (Figure 6E), which enhanced the
cell’s tolerance to severe physical stress, such as dehydration and
lyase, and improved the survival time of the cells under high
levels of toxic chemicals (Figure 6F).What is more, once the shell
is removed by stimulation with pure biomolecule glutathione
(GSH), these encapsulated cells can fully restore growth and
function (Figures 6G,H). Stabler’s group prepared a ceria NPs-
alginate composite hydrogel, which could play a useful role in
protecting the encapsulated cells (Weaver and Stabler, 2015).

Inflammation Treatment
Excessive ROS induces microglia polarization, from the anti-
inflammatory M2 phenotype to the pro-inflammatory M1
phenotype (Zhang et al., 2016). This phenotypic change usually
aggravates neuronal damage andM1-activatedmicroglia produce
more ROS through up-regulated anaerobic glycolysis (Orihuela
et al., 2016). Li’s group demonstrated that CeNP-PEG effectively
protected neurons by blocking the inflammatory signaling
pathway triggered by ROS, allowing the phenotype of microglia
to switch from proinflammatory M1 to anti-inflammatory M2
(Zeng et al., 2018). A large amount of toxic reactive active oxygen
(ROS) in cigarette smoke (such as superoxide radicals, hydrogen
peroxide, hydroxyl radicals) will increase the oxidative stress
in the lungs of cigarette smokers, causing severe pulmonary
inflammation, and leading to serious lung diseases (Stämpfli and
Anderson, 2009). Effective removal of ROS from cigarette smoke
is very important to prevent smoking-induced inflammatory
lung diseases. Nagai’s group reported a Platinum nanoparticle
stabilized with polyacrylate (Pt-PAA) which can efficiently
quench ROS. In in vitro and in vivo experiments, the results
suggested that the PT-PAA inhibited cell death and pulmonary
inflammation in smoking mice (Onizawa et al., 2009).

Wei’s group reported a CuTA nanozyme by the coordination
of Cu2+ and tannic acid, which was utilized to mimic
antioxidative enzymes including SOD-like activity, catalase-like
and •OH elimination capacity. These characteristics endued

CuTA nanozyme with an excellent ROS scavenging ability. The
nanozyme was further applied in cigarette filter modification to
reduce the damage caused by ROS in cigarette smoke to mouse
models (Lin et al., 2019). Their group also reported another
Mn3O4 nanozyme which was synthesized via a hydrothermal
method (Yao et al., 2018). They demonstrated that the nanozyme
possessed extraordinary SOD mimicking activities due to the
mixed oxidation valence states of Mn2+ and Mn3+. In addition,
the Mn3O4 nanozyme also possessed CAT mimicking activity
and hydroxyl radical scavenging activity. Fluorescence images
and corresponding fluorescent intensity indicated that the dose-
dependent intracellular ROS scavenging activities of Mn3O4 NPs
by using Hela cell line as a model. In an ear inflammation mouse
model, experiment data showed that the Mn3O4 NPs possessed
efficient ROS scavenging capacity and negligible toxicity toward
live tissues (Figure 7A).

Sung’s group reported a multicomponent nanoreactor (NR)
that comprises chlorophyll a (Chla), l-ascorbic acid (AA),
and gold nanoparticles that are encapsulated in a liposomal
(Lip) system that can produce H2 gas in situ upon photon
absorption to mitigate inflammatory responses (Wan et al.,
2017). Chla, a photosensitizer, is excited (Chla∗) by absorbing
light with wavelengths of 660 nm and an electron-hole pair
is thus generated. The hole in the excited Chla∗ can accept
a new electron from AA which as an electron donor,
returning to its ground state. Colloidal AuNPs, a catalyst,
can promote conversion of the electrons from the excited
Chal∗ and the protons from the oxidized AA to H2 gas.
H2 can selectively reduce •OH to H2O while retaining other
required ROS for normal signal regulation. In LPS-induced
mouse paw inflammation model, the ROS, ir-6, and IL-
1β levels in the inflammatory tissues irradiated with NR
laser were lower (Figure 7B). The multicomponent system
had excellent anti-inflammation effects and great potential in
mitigating tissue inflammation. Selenium-based nanozymes have
also been reported to remove ROS because of the special
electronegativity of selenium, which gives it unique chemical
properties, such as redox reactivity (Li F. et al., 2017). Xu’s
group reported selenium-doped carbon quantum dots, which
had redox-dependent reversible fluorescence property, were
effective in protecting cells from oxidative stress (Li F. et al.,
2017). Qu’s group reported a Se@pDA nanocomposite, in which
selenium possessed excellent GPx-like activity, and dopamine
had reducibility, which could synergistically remove harmful
ROS from cell components (Huang et al., 2018). In the LPS-
induced pneumonia model in mice, this nanocomposite could
significantly alleviate the inflammatory response, including
nuclear contraction, inflammatory cell infiltration, thickening
of the alveolar wall, and protect life systems from oxidative
damage (Figure 7C). Melanin nanoparticles have been reported
to have multiple antioxidant and anti-inflammatory properties
in vitro (Liu et al., 2017). In a rat model of ischemic stroke,
the authors evaluated the in vivo efficacy of the nanozyme by
pre-injection into the lateral ventricle. Compared with the saline
control group, the PEG-MeNPs pre-treated rats had smaller
infarct areas, significantly reduced sensitivity to ischemia, and
significantly inhibited the formation of O•−

2 . The evaluation
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FIGURE 6 | Cellular protection of nanozymes. (A) HEK293T cells subjected to treatment were lysed and derivatized using 2,4-DNPH (2,4-dinitrophenylhydrazine)

before SDS-PAGE. Immunoblot analysis was performed using anti-DNP antibodies. N-Acetyl cysteine treated cells (NAC) (100mM) were used as the positive control.

(B) Immunofluorescence microscopy was carried out to analyze the amount of DNA double-strand break by detecting the formation of γH2AX foci formed through

phosphorylation. (C) The level of MDA formed in the cell lysate was quantified to determine the extent of lipid peroxidation using the TBARS assay. (D) The expression

of Nrf2 responsive genes and antioxidant machinery was investigated in the presence of Mp by western blotting using specific antibodies for various stress-markers

and antioxidant enzymes [reproduced from Singh et al. (2019) with permission from the Royal Society of Chemistry (RSC)]. (E) TEM image of yeast@MnO2. Inset:

HR-TEM image. (F) Cell viability of native yeast and yeast@MnO2 after incubation with H2O2 for different time. (G) Growth curve of yeast@MnO2 with (red line) and

without (black line) glutathione (GSH) stimuli. (H) Live/dead stained cells after removal of MnO2 shells. Scale bar: 50µm. [reproduced from Li W. et al. (2017) with

permission from the John Wiley and Sons].

results of in vivo toxicity indicated that nanozymes did not induce
systemic cytokine responses in mice and showed excellent blood
compatibility. These results all suggested the great potential of
PEG-MeNPs to prevent oxidative damage to the ischemic brain.
Zhang’s group reported that the PtPdMo triM nanozymes could
exhibit the best antioxidant activity under a neutral environment,
effectively scavenging ROS and RNS (Mu et al., 2019b). In vitro
experiments showed that the nanoparticles protected the H2O2

-and LPS- treated neutral cells from oxidative damage. All in vivo
toxicity evaluation results showed that triM nanozymes did not
produce severe inflammation and immune reactions in the body
and were a relatively safe antioxidant. Besides, the elimination
of overproduced free radicals after treatment with nanoenzymes
reduced neuroinflammation and significantly improved survival
rate and reference memory in mice.

Wound Repair
The recovery of tissue integrity and tissue function of injured skin
is crucial to wound repair and regeneration, but the synergistic
effect of both is still challenging to achieve (Wu et al., 2018). At
present, most wound healing treatment focuses on the process
of structural restoration (Ghobril and Grinstaff, 2015). However,
little work has been done on the microenvironment regulation of
the injured site by the intrinsic regeneration ability of the host
(Forbes and Rosenthal, 2014). Due to the increased production
of ROS in the injured area, which may induce a series of

harmful effects such as cell senescence (Finkel and Holbrook,
2000), fibrosis scar (Pellicoro et al., 2014), and inflammatory
reaction (Mittal et al., 2014), it is suggested that the reduction
of oxidative stress in the microenvironment of the injured area
will help to promote the healing of regenerated wounds. Water-
soluble CeO2 nanoparticles can penetrate wound tissue, reduce
oxidative damage to cell membrane and protein, and accelerate
the healing of full-thickness dermal wounds (Chigurupati et al.,
2013). However, the hydrophilic coating may weaken their tissue
adhesion properties and affect the effect of wound repair. Ling’s
group fixed ultrasmall CeO2 nanocrystals on the surface of
uniform mesoporous silica nanoparticles (MSN) and prepared
a multipurpose ROS-scavenging tissue adhesive nanocomposite
(Wu et al., 2018). CeO2 nanocrystals loaded with MSN not
only have muscular tissue adhesion strength but also much
limit the damage mediated by ROS, which effectively accelerates
wound healing. More importantly, the wound area manifested an
unexpected regenerative healing characteristic, marked by skin
attachmentmorphogenesis and the formation of limited scarring.
This strategy is also suitable for the repair of wounds that have a
great need for the removal of ROS and tissue adhesion.

Cancer Treatment
Radiotherapy (RT) is one of the primary methods of cancer
treatment. However, inadequate intratumoral radiation energy
deposition and hypoxia-related radiation resistance are still
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FIGURE 7 | Therapeutic effects of nanozymes on different inflammatory models. (A) in vivo fluorescence imaging of mice with PMA-induced ear inflammation

[reproduced from Yao et al. (2018) with permission from the Royal Society of Chemistry (RSC)]. (B) (a) IVIS images and (b) corresponding L-012 luminescence

intensities of ROS in LPS-induced inflamed paws following treatment with BS and NR without/with laser irradiation. (c) Levels of inflammatory cytokines IL-6 and IL-1β

[reproduced from Wan et al. (2017) with permission from the American Chemical Society]. (C) Schematic illustration of lung inflammation model, and histological

images of mouse lung tissue with different treatments: (a) untreated; (b) pDA; (c) Se; (d) Se@pDA; (e) LPS; (f) pDA and LPS; (g) Se and LPS; (h) Se@pDA and LPS

[reproduced from Huang et al. (2018) with permission from the John Wiley and Sons].

the biggest obstacles to RT. Manganese dioxide (MnO2)
nanoparticles, which can decompose hydrogen peroxide into
oxygen due to their inherent CAT-like activity, have been used
to enhance RT in vivo (Song et al., 2016). However, after the
interaction of MnO2 NPs and x-rays, the radiation dose cannot
be increased by effectively emitting electron radiation. Choi’s
group used porous platinum nanoparticles as a new nanomedical
platform to solve two obstacles that restrict the efficacy of RT.
In vivo experiments showed that high atom-number platinum
interacted with tumor X-rays could emit electron radiation
effectively, maximally enhance the radiation dose of tumor cells,
and the porous PtNPs could rapidly convert H2O2 to O2,
overcoming the microenvironment of tumor hypoxia by utilizing
its high porosity and large surface area (Li et al., 2019).

Treatment of Traumatic Brain Injuries
Traumatic brain injury (TBIs) causes many complications, the
most prominent of which is nerve inflammation (Russo and
McGavern, 2016). Reactive oxygen species (ROS) and reactive
nitrogen species (RNS), especially RNS caused by inflammation
can cause continuous damage to TBI, which can lead to severe
tissue necrosis and apoptosis (Russo and McGavern, 2016).The
RNS after TBI is highly active and toxic and difficult to
remove (Simon et al., 2017). Hu’s group reported a carbogenic
nanozyme which was prepared by simple microwave heating
with lysine and ascorbic acid and exhibited an ultrahigh ROS

(including O•−

2 , H2O2, and
•OH) and RNS (such as •NO and

ONOO−) scavenging efficiency (∼16 times higher than AA)
(Hao et al., 2019). After the LPS- and H2O2-damaged neuron
cells were treated with carbogenic nanozyme, the cell viability
was significantly improved by eliminating various RONS. After
the nanozyme was injected intravenously into the TBI mouse
model, as the injection time increased, the BBB permeability and
the MMP-9 expression level gradually decreased, indicating that
the nanozyme could effectively repair the BBB destruction and
subsequent brain edema. Furthermore, the spatial learning and
memory capabilities of TBI mice could be effectively restored by
the nanozyme treatment (Hao et al., 2019). This work confirmed
the enormous potential of carbogenic nanozyme in the treatment
of acute TBI. Ming’s group used single-atom Pt/CeO2 bandage
for local non-invasive treatment of TBI. Throughout the 30
days of treatment, the nanozyme bandages showed good stability
and catalytic activity without any significant decline. After the
nanozyme-based bandages were applied to the injured brain
area of mice with TBI, the size and area of wounds were
significantly reduced to normal levels. At the same time, the
untreated group recovered only partially (∼50%) (Yan et al.,
2019).

Treatment of Neurological Diseases
The CuXO nanoparticle clusters can effectively inhibit the
neurotoxicity of Parkinson’s disease cell model and repair
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FIGURE 8 | Treatment of nervous system diseases with nanozymes (A) Escape latency. (B) swimming speed. (C) relative time spent on the target quadrant where the

escape platform used to be located [reproduced from Hao et al. (2019) with permission from the American Chemical Society]. (D) Time spent on the new object by

ARM- and ARM + Fenozyme-treated ECM mice (n = 5). (E) Active avoidance percent by ARM- and ARM + Fenozyme-treated ECM mice in the last 30 times after

500 times of training (n = 5). Normal mice without infection were also used as a control [reproduced from Zhao et al. (2019) with permission from the American

Chemical Society].

memory loss in Parkinson’s disease mice (Hao et al., 2019). The
PD group had less time in the target quadrant than the other
group, and the motion paths were random, which reflected the
memory impairment caused by MPTP. The mice treated with
CuXO -NCs showed spatially oriented swimming behavior and
stayed in the target quadrant for a long time (Figures 8A–C),
and the motor pathways were mainly concentrated in the target
quadrant, suggesting that the CuXO-NCs treatment repaired
memory loss in PD mice.

Cerebral malaria is a deadly complication of malaria
infection accompanied by severe central nervous system
dysfunction. Traditional combined antimalarial therapy can
not treat it effectively (Zhao et al., 2019). In experiments
based on brain malaria mouse models, it was found that
when encephalopathy occurs, microvascular endothelial cells
are often damaged, and the blood-brain barrier is destroyed
(Coban et al., 2018). Studies have shown that the rupture
of an infected parasite releases free hemoglobin, which may
lead to excessive production of ROS, damaging endothelial
cells, and the blood-brain barrier (Pamplona et al., 2007).
Therefore, ROS might be an essential regulator of damage
to the blood-brain barrier during the occurrence of cerebral

malaria. Based on the pathogenesis of malignant cerebral malaria,
fan’s group developed a ferritin nanozyme (Fenozyme), which
consisted of recombinant human ferritin (HFn) protein shell
that specifically targeted the BBB endothelial cells and the core
of the Fe3O4 nanozyme, which had ROS scavenging activity.
In the experimental cerebral malaria (ECM) mouse model, by
injecting fenozyme, the damage of blood-brain barrier induced
by parasites was well-inhibited, the survival rate of infected
mice was improved, and the macrophages in the liver were
polarized into M1 phenotype, and the clearance of malaria
parasites in blood was promoted. Besides, fenozyme significantly
reduced encephalitis and memory impairment in ECM mice
treated with artemether (Figures 8D,E). These results indicated
that ROS played an essential role in the development of
cerebral malaria and that fenozyme combined with antimalarial
drugs was a very effective treatment strategy (Zhao et al.,
2019).

Amyloid-β peptide (Aβ) agglomeration plays an essential
role in the pathogenesis of Alzheimer’s disease (AD) (Hamley,
2012), accompanied by excessive ROS production (Cimini
et al., 2012). CeO2 nanoparticles combined with enzymes
or molecules resisting Aβ-aggregation have been used in
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the treatment of AD, showing a good therapeutic effect (Li
et al., 2013; Guan et al., 2016). However, these nanoparticles
lack a certain degree of targeting. Qu’s group combined
Aβ-target peptide KLVFF and C60 with up-conversion
nanoparticles to construct a nano-platform for the treatment
of AD (Du et al., 2018). In near-infrared light, Aβ-targeting
nano-platform produced ROS that caused photooxidation
of Aβ, which inhibited Aβ-aggregation and attenuated
subsequent cytotoxicity. In the dark, the nanocomposite
relieved oxidative stress by eliminating the overproduction
of ROS.

Others
Nanozymes can be used as an adjuvant to endow some
nanostructures with antioxidant properties, thus arousing
the potential of nanoparticles in biological applications.
Komatsu’s team reported an artificial O2 carrier with antioxidant
activity, which is formed by combining hemoglobin-albumin
clusters with Pt nanoparticles [Hb-HSA3(PtNP)]. The resulting
nanocluster has a robust ability to bind oxygen and avoids
damage from O•−

2 and H2O2. In many clinical cases involving
ischemia-reperfusion injury, such nanoclusters have high
medical value and can be used as a substitute for red blood cells
for blood transfusion (Hosaka et al., 2014). Qu’s group developed
a novel artificial metalloenzyme-based enzyme replacement
therapy for the treatment of hyperuricemia. Uric acid enzyme
(UA) and platinum nanoparticles (PtNPs) were tightly packed
in the pores of mesoporous silica nanoparticles to form a
tandem catalysis system. PtNPs could effectively eliminate H2O2

produced by UA, which enhanced the mammalian cell viability
and had a significant therapeutic effect on hyperuricemia mice
(Liu X. P. et al., 2016). CeOX nanoparticles can effectively
remove the ROS generated by ZnO during ultraviolet irradiation,
thus providing broad-spectrum ultraviolet protection (Ju et al.,
2017). Qin’s group introduced PtNPs into the single-channel
volumetric bar-chart chip (V-Chip) to detect biomarkers
quantitatively (Song et al., 2014). To detect lung cancer
biomarker CYFRA 21-1, they used a typical three-component
sandwich ELISA method in which PtNPs were combined
with probe antibodies and reacted with hydrogen peroxide to
generate oxygen. At the same time, V-Chip can quantitatively
measure the volume of oxygen generated. They used the PtV-
Chip to assess the expression levels of HER2 in three breast
cancer cell lines, suggesting that the PtV-Chip chip could be
used to analyze biomarkers. Ceria NPs were introduced into
bioabsorbable electronic stents to remove ROS produced in the
perfusion by percutaneous coronary intervention and reduce
inflammation that can cause thrombosis in the stent (Son et al.,
2015).

CONCLUSION AND OUTLOOK

In this article, we have gathered recent research on the
design and development of novel antioxidants based on
nanozymes. We summarized several approaches to enhance
the antioxidant activity of these enzymes, including enhancing

catalytic activity, regulating the exertion of catalytic activity,
improving biocompatibility, and targeting, and stimulating
intracellular antioxidant activity. Nanozymes are broadly
used in the field of biomedicine as an antioxidant, such
as anti-aging, cell protection, anti-inflammatory, wound
repair, cancer treatment, traumatic brain injury, and
neurological diseases.

Although considerable progress has been made, there are
still some obstacles to be overcome. (1) Compared with natural
enzymes, nanozymes have poorer selectivity for substrates and
have no specific structure to bind to substrates. Although it
can be improved by surface modification, shape modification,
etc., it will also affect the activity of the nanozyme. Moreover,
under some conditions, nanozymes will combine with various
substrates, and some side reactions will occur, which is not
conducive to application in the biological field. Therefore,
it is very important to improve the ability of nanozymes
to specifically bind to substrates. (2) Many of the catalytic
mechanisms of nanozymes lack detailed theoretical research.
A further understanding of the catalytic mechanism can
help us better comprehend the relationship between the
structure of nanozymes and catalytic performance, thereby
better regulating catalytic efficiency and substrate selectivity.
Eventually, the research of nanozymes will be transferred
from empirical science to substantial and basic theoretical
science. (3) Different synthesis methods and conditions will
also affect the antioxidant properties of nanozymes. Therefore,
more uncomplicated, programmable strategies for synthesis
and fabrication are required, which may be beneficial for
future research on nanozymes. (4) Evaluation of the toxicity of
nanozymes is still at a short-term level, and accurate data on the
distribution, metabolism, clearance, and antioxidant activity of
nanozymes in organisms are lacking.Most biological applications
remain at the stage of mouse studies, making it difficult
to transition to clinical studies and actual production. Thus,
more detailed biological data, such as the long-term toxicity,
pharmacodynamics, pharmacokinetics, immunogenicity, and
catalytic activity of nanozymes in vivo, are needed to reduce
the distance from basic research to clinical application. (5)
There is no uniform standard to analyze the antioxidant activity
of nanoparticles. It will be beneficial to the research and
development of this field to establish a unified standardized
analysis method.

In short, nanozymes may play a vital role in the biomedical
field as an ideal antioxidant in the foreseeable future. (1)
The influence of the structure of nanozyme on its catalytic
mechanism will be more apparent in the future. In this regard,
optimal synthesis methods should be designed and developed
through experimental and computational approaches to achieve
the highest possible effect. (2) The types of nanozymes will
further increase, for example, analogs of active centers can
be created in natural enzymes and then incorporated into
MOFs or other nanomaterials to mimic catalytic activity. (3)
Standard methods for the determination of catalytic activity
and kinetics of peroxidase-like nanozymes have been reported
(Jiang B. et al., 2018). Uniform standards for analyzing the
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antioxidant activity of nanoparticles will soon be established,
which will lead to more reliable results and significantly
promote research in this field. (4) In addition to catalysis,
nanomaterials also endow nanozymes with more functions,
including magnetic, optical, and thermal properties. This multi-
functional antioxidant nanozyme will enhance antioxidant
activity and broaden its application fields. (5) With the further
development of pathology, the pathogenesis of various diseases
will bemore explicit, which will bemore conducive to the broader
application of nanozymes.
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