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a b s t r a c t

Nanozyme, a term defined for nanomaterial with enzyme-like properties, has attracted significant
research attention owing to its striking merits. Recently, a surge of nanozymes have been demonstrated
to catalyze some typical enzymatic reactions mimicking oxidase, peroxidase and catalase. Especially,
nanozymes with peroxidase-like activity have grown into a big family due to their broad range of ap-
plications in the field of biosensing and immunoassay. Since inorganic nanoparticles possess the ad-
vantages of high stability and easy surface modification, nanozymes have been emerging alternatives to
natural enzymes to some extent. In this Review, we briefly summarize several typical nanozymes and
then focus our attention on their enormous applications with respect to analytical chemistry. Repre-
sentative examples would be discussed in detail from the literatures of last 10 years. Additionally, the
current challenges and future directions about nanozymes are speculated at the end of this review.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Natural enzymes, which are mostly proteins, have significant
applications in medicine, agriculture, chemical industry, and food
processing because of their high substrate specificity and catalytic
efficiency for biological reactions. However, after exposure to
extreme pH and high temperature, the catalytic activity of enzymes
is usually lost. Enzymes are also susceptible to digestion by pro-
teases. These intrinsic drawbacks dramatically hinder the practical
applications of enzymes [1]. Thus, enormous efforts have been
devoted to the development of new and efficient artificial enzymes.
In the beginning, researchers paid their attentions to cyclodextrins,
porphyrins, polymers, and supramolecules, which mimicked the
structures and enzyme-like catalytic activities of enzymes.

The situations have been changed since the first exciting dis-
covery of ferromagnetic nanoparticles (Fe3O4 MNPs) with unex-
pected peroxidase-like catalytic activity in 2007 [2]. Yan et al.
showed that the inorganic nanoparticles could work like an
enzyme to catalyze the oxidation of typical peroxidase substrates
with H2O2. Fe3O4 MNPs instead of horseradish peroxidase (HRP)
were used in immunoassay [2] and colorimetric analysis [3]. Later,
the term “nanozyme” was defined by Wei and Wang, representing
the nanomaterial-based artificial enzyme [4]. As inorganic nano-
particles possess the advantages (such as simple preparation, high
stability, easy surface modification, and low-cost), the concept of
nanozyme immediately attracted the enormous interest of the
scientists from various fields including analytical chemistry and
nanomedicine. Currently, enormous nanomaterials have been
found with enzyme-like catalytic activity, mainly belonging to
oxidoreductase and hydrolases. Especially, nanozymes with
oxidoreductase-like activity, such as peroxidase, oxidase and cata-
lase, have been extensively applied in biosensors, immunoassay,
and therapy.

In this review, we first introduce the development of repre-
sentative nanozymes, and then highlight the recent outstanding
progress of nanozymes in the field of analytical chemistry. At the
end of the article, future challenges and perspectives towards
nanozymes are discussed in detail. The analytical methods used
here ranges from electrochemistry, colorimetry, luminescence, and
fluorescence to enzyme-linked immunosorbent assay (ELISA). The
targets could be small molecules, biomacromolecules and even the
specific cells, most of which are detected in vitro, and the methods
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have showed potential applications in practical samples. Specif-
ically, based on the integrated nanozymes, cerebral glucose could
be analyzed online in the living rats' brain by combining with the
microfluidic chip, making a big progress in the in vivo detection
technology.
2. Representative nanozymes

In this section, we introduce a few representative nanozymes.

(a) Peroxidase-like nanozymes. Peroxidases are a family of en-
zymes that catalyze the oxidation of the substrates by a
peroxide, such as H2O2 [Equations (1) and (2)]. HRP, cyto-
chrome c peroxidase, and streptavidin peroxidase are the
common peroxidases which have been widely used in bio-
analytical and clinical chemistry. Early studies from Yan
group have reported that Fe3O4 MNPs could mimic the ac-
tivity of HRP [2]. Then, sensitive colorimetric or electro-
chemical biosensors based on Fe3O4 MNPs have been
fabricated for H2O2 detection [3,5]. To date, various nano-
materials have been demonstrated to possess the
peroxidase-like activity, ranging from metals [6,7], metal
oxides [3,8], and metal-organic frameworks (MOFs) [9,10] to
carbon-based nanomaterials [11,12]. Peroxidase mimics have
grown into a big family and attracted immense attention due
to their wide applications in biosensing and immunoassay.

2AHþ H2O2 �����!peroxidase
2Aþ 2H2O (1)

2AHþ ROOH �����!peroxidase
2Aþ ROHþ H2O (2)
(b) Oxidase-like nanozymes. Oxidases catalyze the oxidation of
substrates with molecular oxygen (O2) [Equations (3) and
(4)]. In generally, a specific name of oxidase is given ac-
cording to the oxidized biological substrates. For example,
glucose oxidase (GOx), alcohol oxidase (AOx), lactate oxidase
(LOx), cholesterol oxidase (COx), and uric acid oxidase (UOx)
are the specific oxidases that catalyze the oxidation of
glucose, ethanol, lactate, cholesterol, and uric acid, respec-
tively. Nowadays, several nanoparticles have been found to
exhibit oxidase-like activity, such as Au NPs [13,14], MnO2
[15] and CeO2 [16]. However, most of oxidase mimics could
not selectively catalyze the oxidation of a given substrate like
protein enzymes. Improving the selectivity of oxidase
mimics will be a great challenge to be tackled in the future.

AHþ O2 ���!oxidaseAþ H2O (3)

AHþ O2 þ H2O ���!oxidaseAþ H2O2 (4)
(c) Antioxidant nanozymes. Reactive oxygen species (ROS) such
as superoxide (O2�

�), hydroxyl radical (�OH) as well as H2O2

are present in numerous biological processes. However, the
excessive generation of ROS would cause tissue injury and
associated inflammation. Superoxide dismutase (SOD) and
catalase are the important antioxidant enzymes in healthy
cells to remove excess ROS [Equations (5) and (6a)]. Early
studies have shown that fullerene and its derivatives [17e19]
as SOD mimics possessed good neuroprotective effects. Be-
sides, CeO2 nanozymes exhibited attractive applications in
anti-oxidation, anti-inflammatory, as well as promoting the
growth of stem cell [4]. Inspired by the potential biomedical
applications of nanozymes, researchers continued to design
various types of antioxidant nanozymes, promoting the
development of nanomedicine [20] such as efficient cyto-
protection [21e23] and cancer therapy [24].

2O��
2 þ 2Hþ

�!SODH2O2 þ O2 (5)

H2O2����!catalaseO2 þ 2H2O (6a)

Although various types of nanozymes have been reported that
could be applied in biosensors and therapeutics, there are still some
gaps between nanozymes and natural enzymes [25]. For example,
the selectivity of many nanozyme based biosensors is dependent
on the specificity of the coadjutant enzymes. Improving the spec-
ificity of nanozymes and enhancing the catalytic activity become
scientific and technological challenges in the future. Recently, Liu
et al. have created substrate binding pockets on the Fe3O4 nano-
zymes by modifying them with molecularly imprinted polymers,
opening a new gate to improve the specificity and catalytic activity
of nanozymes [26].

3. Applications in analytical chemistry

Nanozymes have shownbroad range of applications in the field of
biosensing and immunoassay. According to the targets of interest and
the different detecting strategies, this part was divided into the
following five subsections: (1) Determination of H2O2. Peroxidase
mimics could catalyze the reaction of H2O2 and a series of organic
substrates, such as 3,30,5,50-tetramethylbenzidine (TMB), 2,20-azino-
bis(3-ethylbenzo-thiazoline-6-sulfonic acid) diammonium salt
(ABTS) and o-phenylenediamine (OPD), to give blue, green, and or-
ange colors, respectively. Since the colorimetric reaction rate relies on
the concentration of H2O2, nanozymes with peroxidase-like activity
could be applied in the direct determination of H2O2. Also, analytes
could be detected based on nanozymes by electrochemistry, lumi-
nescence, or othermethods if the signalsweremodulated directly by
the analytes. (2) Determination of glucose. The H2O2-producing tar-
gets could be detected indirectly by peroxidasemimics. For example,
H2O2 is the common end product of the oxidase (GOx, AOx, LOx, COx,
UOx and so on) catalyzed reactions, the corresponding specific sub-
strates could be quantified by the production of H2O2. As the living
cells could release H2O2, nanozyme based biosensors possess great
potential applications in real-time trackingof the secretion ofH2O2 in
living human cells [27]. (3) Nanozyme based biosensors to evaluate
antioxidants.On theotherhand,molecules,which can consumeH2O2
suchas antioxidants,would alsobe evaluatedby the sensors [28e30].
(4) Analysis by regulating the catalytic activities of nanozymes.When
the surface of nanozymes are modified with biomacromolecules,
small molecules or ions, the catalytic ability would be modulated
because the chemical reactions happened mainly on the surface of
nanoparticles [31]. Inhibition or promotion would result in the
changes of signal, indicating the different concentrations of the
target. (5) Nanozyme based immunoassay. Peroxidases such as HRP
are widely applied in immunoassay as a label to trace the antigen,
antibody, virus or cell. Due to the high stability and easy surface
modification, nanozymes with peroxidase-like activity have been
emerging alternatives to HRP in immunoassay [32]. Detailed dis-
cussions of each part is presented as following.

3.1. Determination of H2O2

H2O2 is closely related to cell growth and signal transduction.
Overproduction of H2O2 is associated with the danger of a variety of
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inflammatory-type diseases, such as atherosclerosis, hepatitis, and
chronic obstructive pulmonary disease [33,34]. Therefore, H2O2
detection is of great interest owing to its important roles in biology
and medicine. Wang et al. have reported the first example of H2O2
detection by using Fe3O4 MNPs as the peroxidase mimic and ABTS
as the colorimetric substrate [3]. With the development of nano-
materials, plenty of peroxidase-like nanozymes have been discov-
ered for colorimetric sensing of H2O2 [27,35e37]. Sotiriou et al.
have rationally designed CeO2 nanoparticles with antioxidant
catalase-like activity, which became luminescent by doping Eu3þ

[38]. The luminescence of nanozyme was quenched distinctly by
interactionwith H2O2, rendering the label-free and highly sensitive
H2O2 biosensors down to 0.15 mM in solutions for biological assays.
Further, an ethanol sensor was constructed when the designed
nanozyme was coupled with AOx. Electrochemical technique is
considered to be one of the efficient methods for H2O2 analysis due
to its simple operation, high sensitivity and good selectivity. Some
peroxidase-like nanozymes also exhibit good electrocatalytic
capability towards H2O2. A great increase of reductant current
occurred when H2O2 was introduced into the peroxidase mimic
modified electrode [5]. Our group discovered that TiO2 nanotube
array (TiO2 NTA) had the properties of peroxidase mimic, and
showed high electrocatalytic activity towards H2O2 reduction at the
same time [8]. More importantly, TiO2 NTA itself could be served as
the working electrode, making the method for H2O2 sensing facile
and simple. Besides, TiO2 NTA showed good stability in wide pH
and temperature range over the natural enzyme HRP, extending the
field of practical applications.

3.2. Determination of glucose

As an important research area of analytical chemistry, glucose
biosensors have received significant attention over the past de-
cades due to their wide applications in biomedical, clinical
research, food production, and even ecology [3,39e41]. Glucose
and similar analytes that could generate H2O2 by the oxidase cat-
alytic reaction can be detected based on the combination of cor-
responding specific oxidase and peroxidase mimic [12,42].

3.2.1. Electrochemical glucose sensors
As mentioned above, TiO2 NTA exhibited peroxidase-like cata-

lytic activity and high electrocatalytic activity towards H2O2
reduction. Through simple physical adsorption, an electrochemical
glucose biosensor was successfully constructed by coupling TiO2
NTA with GOx. The proposed glucose biosensor showed excellent
selectivity and practicability in real sample assays. Similar strategy
could be applied in the electrochemical glucose biosensors based
on the combination of GOx and peroxidase mimic [54].

3.2.2. Colorimetric glucose sensors
Generally, common colorimetric glucose biosensors based on

the combination of GOx and peroxidase mimic were fabricated
through a two-step process [3,7,43]: first, glucose was oxidized to
produce H2O2 in neutral solution; then, a peroxidase mimic cata-
lyzed the oxidation of organic substrates with H2O2 to give a
colorimetric signal usually in acid solution [Equations (6b) and (7)].
The different reaction conditions for the two-step process of
glucose determination make the operation complicated, promoting
analysts to find out a new way to construct one-step colorimetric
glucose biosensors. Two strategies reported recently are discussed
as follows.

glucoseþ O2
�!GOx gluconic acidþ H2O2 (6b)
2AHþH2O2��������!peroxidase mimic
2Aþ 2H2O (7)
Strategy One: exploring nanozymes with good catalytic activity
in neutral solutions. A simple strategy was developed for Ni/Co
layered double hydroxides as a peroxidase mimic via the co-
precipitation method [44]. Importantly, this material exhibited
high catalytic activity in neutral pH solutions (phosphate buffer,
TriseHCl buffer, and even water). Therefore, a novel one-step
method for the detection of glucose was developed in water,
showing shorter reaction times, simpler steps and easier of oper-
ations. Furthermore, this material was also applied in detecting
acetylcholine (ACh) by the similar one-step strategy as H2O2 could
be generated in the presence of both acetylcholinesterase and
choline oxidase in the solution containing ACh.

Strategy Two: fabricating artificial enzyme systems for tandem
catalysis.

(i) Natural enzymes with nanozymes.

Recent studies have demonstrated that coating enzyme with
zeolitic imidazolate framework 8 (ZIF-8) can protect the bio-
macromolecules from thermal, biological and chemical degrada-
tion with maintenance of bioactivity [45e48]. Ge et al. have
synthetized a multi-enzyme-containing MOF nanocrystals,
GOx&HRP/ZIF-8 nanocomposites, which showed enhanced cata-
lytic efficiency, selectivity and high stability due to the protecting
effect of the framework, making it promising for developing reli-
able glucose biosensors [49]. Inspired by the merits of ZIF-8, more
and more attentions have been paid to biomimetic mineralization
of ZIF-8 [50e53]. Our group has fabricated an artificial enzyme
system GOx@ZIF-8(NiPd) nanoflower for tandem catalysis as
shown in Fig. 1A [54]. Via a facile co-precipitation, nanozyme (NiPd
hollow nanoparticles [7]) and natural enzyme (GOx) were simul-
taneously immobilized on ZIF-8. GOx@ZIF-8 (NiPd) not only
exhibited the peroxidase-like activity of NiPd but also maintained
the enzymatic activity of GOx. By using OPD as the chromogenic
substrate to produce a typical yellow oxidized product 2,3-
diaminophenazinc (DAP), the cascade reaction for the visual
detection of glucose could be achieved in one step [Equation (8)].
What's more, GOx@ZIF-8 (NiPd) modified glassy carbon electrode
(GOx@ZIF-8 (NiPd)/GCE) exhibited good electrochemical perfor-
mance towards glucose, but the mechanism of the process was
quite different from the mentioned glucose electrochemical sensor
based on GOx and peroxidase mimics. The reduction peaks were
considered to be generated from the high electrocatalytic property
towards oxygen reduction reaction instead of peroxidase-like ac-
tivity [Equations (9)e(11)], achieving an interferent-free ampero-
metric biosensor for the detection of glucose. The proposed
strategy builds a potential bridge of cooperation between nano-
zymes and natural enzymes, combining together their properties
and functionalities. Given the variety of enzymes, systems with
different functions would be prepared, making efforts to multi-
catalysis and tandem reactions.

glucoseþ OPDþ O2 ��������������!GOx@ZIF�8ðNiPdÞ
gluconic acidþ DAP

þH2O

(8)

glucoseþ GOxðFADÞ/GOxðFADH2Þ þ gluconolactone (9)

GOxðFADH2Þ þ O2�!NiPdGOxðFADÞ þ H2O (10)



Fig. 1. (A) Schematic presentation of GOx@ZIF-8(NiPd) used as artificial enzyme system for tandem catalysis. (B) Schematic illustration of a tandem reaction taking place in the
GSHA system. Reprinted with permission from Refs. [54] and [59]. Copyright (2017) Wiley-VCH and (2015) Royal Society of Chemistry.
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Total reaction:
glucoseþ O2��������������!
GOx@ZIF�8ðNiPdÞ

gluconolactoneþ H2O (11)

(ii) Nanozymes with nanozymes.

Au NPs have been proved to be effective nanozymes with
intrinsic GOx-like activity, which could catalyze the oxidation of
glucose to produce H2O2 [13,14,55,56]. Based on the GOx-like ac-
tivity of Au NPs, Qu et al. have developed a series of artificial
enzyme system for self-activated cascade catalysis [57e59]. Spe-
cifically, a graphene-mesoporous silica hybrid (Fig. 1B) was used as
a nanocontainer to anchor AuNPs (served as GOx mimic) and he-
min (served as peroxidase mimic) at different locations, both of
which can work successfully in the tandem catalytic reaction for
glucose detection [59].
3.2.3. Determination of glucose in vivo
As discussed above, most of the targets are detected in vitro. In

this section, the in vivo detection methods are highlighted. Fabri-
cating the artificial enzyme systems for tandem catalysis made a
big progress for the determination of glucose in vivo.Wei et al. have
designed integrated nanozymes (INAzymes) by simultaneously
embedding hemin and GOx in ZIF-8 nanostructures [52]. The tan-
dem reaction for glucose analysis occurred in close (nanoscale)
proximity to each other, overcoming the problems of diffusion-
limited kinetics and product instability. The INAzymes with
improved catalytic activity and stability were successfully used for
facile colorimetric visualization of cerebral glucose in the living
rats. Moreover, they have constructed an integrative INAzyme-
based online analytical platform through further combination
with a microfluidic chip, which was used to continuously monitor
the dynamic changes of striatum glucose in living rats' brain
following ischemia/reperfusion. Recently, Wei et al. designed
another type of integrated nanozymes to determine glucose and
lactate metabolism in tumors, which first combined the
peroxidase-like activity and the surface-enhanced Raman scat-
tering (SERS) activity of AuNPs [60]. AuNPs were in situ grown in
MIL-101, a kind of porous and thermally stable MOF. The obtained
AuNPs@MIL-101 nanozymes worked as peroxidase mimics to
oxidize Raman-inactive reporter leucomalachite green (LMG) into
the active malachite green (MG), simultaneously enhancing the
Raman signals of MG. When assembled the oxidase (GOx and LOx)
onto AuNPs@MIL-101 to form a new artificial enzyme system, the
corresponding specific substrate (glucose and lactate) could be
detected through the tandem reactions in vitro via SERS. Further-
more, the therapeutic efficacy of potential drugs were evaluated in
living rats. As a result, nanozyme based biosensors have showed
great potential practical applications not only in real biological
samples but also in vivo.
3.2.4. Colorimetric bioactive paper
Using colorimetric bioactive paper to detect the target by the

visible color change, have attracted great research efforts in last
decade due to its convenience and portability. A bioactive lateral-
flow paper for multianalyte detection based on the peroxidase-
like activity of graphene oxide@SiO2@CeO2 nanosheets (GSCs)
would be presented in this part [12]. The combination of graphene
oxide and CeO2 contributed to the high peroxidase-like activity of
GSCs. Then, a multiplex bioactive paper was fabricated as shown in
Fig. 2. The GSC bioactive paper showed a linear color changed
response to the concentrations of H2O2 by using OPD as the dye
indicator. When the oxidase enzymes, such as GOx, UOx, LOx and
COx, were immobilized in the different test zones of GSC paper,
respectively, these corresponding substrates could be quantitative
detected simultaneously. Also, the bioactive paper showed an
excellent analytical performance in human serum or urine, exhib-
iting the potential practical applications of nanozymes.
3.3. Nanozyme based biosensors to evaluate antioxidants

Antioxidants, a group of molecules that scavenge the reactive
oxygen species, or the free radicals produced in biological systems,
have been used as conventional additives in food products, cos-
metics, and dietary supplements owing to their specific protection
functions. They can be evaluated by the sensors based on the
nanozymes according to the consume of H2O2. He et al. synthesized
Co3O4 NPs with peroxidase-like activity via a hydrothermal method
[61]. Then, the antioxidant activities of ascorbic acid, tartaric acid,
and tannic acid were evaluated by Co3O4 NPs, amongwhich tartaric
acid exhibited the highest antioxidant activity. Nanozymes can be
used to evaluate antioxidant capabilities and screen enzyme
inhibitors.
3.4. Analysis by regulating the catalytic activities of nanozymes

Through regulating the peroxidase-like activity of Fe3O4 NPs, a
novel nanoreactor was synthesized by coating Fe3O4 NPs with
mesoporous SiO2 shell to colorimetric detection of protein (Fig. 3A)
[62]. When a modified thrombin aptamer probe (aptamers: singled
stranded oligonucleotides possess high recognition ability to spe-
cific targets) was immobilized on the nanoreactor surface, the
etched Fe3O4 NPs inside the layer could efficiently catalyze TMB to
produce a strong absorbance signal. Upon addition of thrombin, the
catalytic activity of Fe3O4 NPs was greatly inhibited by the
bounding block protein layer with the aptamer on the surface of
nanoreactor. Based on this assay, the proposed strategy exhibited



Fig. 2. (A) Schematic illustration of the preparation principle of colorimetric bioactive paper. (B) Schematic illustration of the colorimetric bioactive paper based on GSCs for
multiplexed substrate. Reprinted with permission from Ref. [12]. Copyright (2014) Elsevier.

Fig. 3. (A) Schematic illustrating the principle mechanism involved in the colorimetric assay for thrombin. (B) Protocol for SNPs detection. (a) ssDNA (T1) (no precipitation, dark
blue), (b) single mismatched duplex DNA (T2/T3) (small amount of precipitation, blue), (c) complementary duplex DNA (T1/T2) (much precipitation, light blue). (C) Schematic
operations of the MnO2 NS-based ratiometric fluorescent sensor for GSH based on two fluorescent substrates. Equivalent logic symbol of the cascade logic circuit, an INHIBIT gate
cascade with a 1 to 2 decoder. Reprinted with permission from Refs. [62], [11], and [15]. Copyright (2013) Royal Society of Chemistry, (2011) American Chemical Society and (2017)
American Chemical Society.
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good selectivity to thrombin and potential practical applications in
human serum.

Hemin-graphene hybrid nanosheets (H-GNs) synthesized by a
simple wet-chemical strategy exhibited good peroxidase-like cat-
alytic activity and possessed the ability of graphene to distinguish
ss- and ds-DNA in the optimum electrolyte concentration [11]. As
presented in Fig. 3B, the solution contained ss-DNA/H-GNs were
well suspended, however, when the complementary target DNA
was added, the forming complementary ds-DNA/H-GNs were
coagulated visually. Simultaneously, the peroxidase-like activity of
H-GNs was reduced obviously. A label-free colorimetric detection
method for DNA sequence was developed. This DNA sensor was of
sufficient selectivity to differentiate single mismatches, providing a
sensitive and visual method to determinate single nucleotide
polymorphisms.

MnO2 nanosheet (NS) was reported to possess intrinsic oxidase-
like activity, which could directly catalyze the oxidation of TMB by
molecular oxygen. A novel ratiometric fluorescent assay for ultra-
sensitive glutathione (GSH) detection was achieved by regulating
the oxidase-like property of MnO2 NS [15]. As shown in Fig. 3C,



Fig. 4. (A) The catalytic activity of Fe3O4 MNPs modified with different coatings (a). Fe3O4 MNPs-based immunoassay (b). A capture-detection immunoassay (c). (B) Standard
colloidal gold strip (a) and nanozyme-strip employing MNPs in place of colloidal gold to form a novel nanozyme probe (b) for the detection of pseudo-EBOV in human serum in the
presence of 1 � 105 pfu/mL influenza A virus. The asterisk (*) indicates the limit of visual detection. Reprinted with permission from Refs. [2] and [65]. Copyright (2010) Nature
Publishing Group and (2015) Elsevier.
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MnO2 NS could surprisingly enhance the fluorescence of nonfluo-
rescent Amplex Red (AR) through the oxidation reaction. At the
same time, it could largely quench the fluorescence of highly
fluorescent Scopoletin (SC). When premixed with GSH, MnO2 NS
would be reduced to Mn2þ and lose its oxidase-like activity grad-
ually, accompanied with subsequent increase in SC's fluorescence
and decrease in AR's. Thus, a sensitive ratiometric fluorescent
sensor for GSH detection was achieved with the detection limit as
low as 6.7 nM, which provided a more accurate and effective
detection assay compared with single-signal steady state fluores-
cence. Furthermore, an INHIBIT gate cascade with a 1 to 2 decoder
was constructed based on the above interaction between GSH and
MnO2 Ns/SC/AR. Molecular logic computation was integrated with
ratiometric analysis of GSH for the first time, evidently expanding
the applications of oxidase mimics. Besides, the peroxidase-like
activity of Pd@AuNR is selectively quenched with increasing con-
centration of malathion [63]. A simple, selective, label-free colori-
metric assay for malathion sensing was fabricated by changing the
peroxidase-like property of Pd@AuNRs. As a result, the targets that
can change the enzyme-like catalytic activities, could be detected
through the nanozyme based biosensors. The strategy have been an
attractive direction in analysis of proteins, single nucleotide poly-
morphisms, small molecules and ions [64].
3.5. Nanozyme based immunoassay

When Fe3O4 MNPs were found with peroxidase-like catalytic
activity by Yan et al., nanozymes were considered to be applied in
immunoassay [2]. In order to make them biocompatible, Fe3O4
MNPs were modified with different compounds, including SiO2, 3-
aminopropyltriethoxysilane (APTES), polyethylene glycol (PEG) or
dextran. As shown in Fig. 4A-a, the dextran modified Fe3O4 MNPs
maintained the highest degree of activity and were used to
immobilize the antibody or protein in the nanozyme-linked
immunosorbent assay (NLISA) instead of HRP. The Fe3O4 MNPs
based NLISA showed an obvious signal at 652 nm when the hepa-
titis B virus surface antigen existed (Fig. 4A-b). Another capture-
detection immunoassay was designed based on the intrinsic
magnetism and peroxidase-like activity of Fe3O4 MNPs (Fig. 4A-c).
Cardiac troponin I was captured by the antibody-labeled Fe3O4
MNPs, and the ELISA reader successfully obtained a signal at
652 nm when the substrate TMB was added with H2O2, indicating
the potential applications of peroxidase mimics in immunoassay
instead of HRP. Afterwards, a novel nanozyme-strip for rapid local
diagnosis of Ebola virus (EBOV) based on the peroxidase-like ac-
tivity of Fe3O4 MNPs was developed as shown in Fig. 4B [65].
Compared with traditional ELISA, the nanozyme-strip for EBOV
detection is much faster (within 30min) and simpler (without need
of specialist facilities). This outstandingmethod provides a valuable
simple screening tool for diagnosis of infection in Ebola-stricken
areas, attracting the attentions around the world.
4. Conclusions and perspective

In this review, we have summarized the recent achievements in
developing novel nanozymes and expanding the applications. Due
to the simple preparation, easy storage and separation, nanozymes
especially peroxidase mimics have replaced the uses of natural
enzymes gradually in the field of biosensing and immunoassay.
Although a great deal of progress has already been made in nano-
zymes, several challenges and obstacles still remain at this frontier.
(1) Given the variety of natural enzymes, future efforts should be
focused on designing nanozymes with new catalytic properties
such as hydrolase, synthetase, etc. (2) Most of nanozymes could
hardly catalyze one specific substrate like natural enzymes.
Improving the selectivity of nanozymes will be a great challenge to
be tackled in the future. (3) In generally, natural enzymes are
working together as enzyme clusters. To mimicking the complex
natural enzyme systems, much effort would be focused on nano-
zyme assemblies or assemblies both of nanozyme and natural
enzyme to combine together their properties and functionalities.
(4) It is also important to synergistically combine nanozymes with
other functional nanoparticles that possessed special nanoscale
properties such as magnetics, optics, electrics and mechanics, to
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widen the practical applications. (5) Surface modification of
nanozymes appears to be an attractive field to tune their catalytic
activities in the applications of biosensing for promoting nanozyme
research. (6) Why nanoparticles could imitate natural enzymes,
which were quite different in many ways, such as composition,
conformation and shape? The detailed catalytic mechanisms and
theories behind the interesting phenomena need further studies.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Nos. 21375123 and 21675151) and the Min-
istry of Science and Technology of China (Nos. 2013YQ170585 and
2016YFA0203203).

References

[1] L. Gao, X. Yan, Sci. China Life Sci. 59 (2016) 400.
[2] L.Z. Gao, J. Zhuang, L. Nie, J.B. Zhang, Y. Zhang, N. Gu, T.H. Wang, J. Feng,

D.L. Yang, S. Perrett, X. Yan, Nat. Nanotechnol. 2 (2007) 577.
[3] H. Wei, E. Wang, Anal. Chem. 80 (2008) 2250.
[4] H. Wei, E. Wang, Chem. Soc. Rev. 42 (2013) 6060.
[5] L. Zhang, Y. Zhai, N. Gao, D. Wen, S. Dong, Electrochem. Commun. 10 (2008)

1524.
[6] Z. Zhu, Y. Zhai, C. Zhu, Z. Wang, S. Dong, Electrochem. Commun. 36 (2013) 22.
[7] Q. Wang, L. Zhang, C. Shang, Z. Zhang, S. Dong, Chem. Commun. 52 (2016)

5410.
[8] L. Zhang, L. Han, P. Hu, L. Wang, S. Dong, Chem. Commun. 49 (2013) 10480.
[9] Y. Wang, Y. Zhu, A. Binyam, M. Liu, Y. Wu, F. Li, Biosens. Bioelectron. 86 (2016)

432.
[10] K. Wang, D. Feng, T.-F. Liu, J. Su, S. Yuan, Y.-P. Chen, M. Bosch, X. Zou, H.-

C. Zhou, J. Am. Chem. Soc. 136 (2014) 13983.
[11] Y. Guo, L. Deng, J. Li, S. Guo, E. Wang, S. Dong, ACS Nano 5 (2011) 1282.
[12] L. Deng, C. Chen, C. Zhu, S. Dong, H. Lu, Biosens. Bioelectron. 52 (2014) 324.
[13] W. Luo, C. Zhu, S. Su, D. Li, Y. He, Q. Huang, C. Fan, ACS Nano 4 (2010) 7451.
[14] Y. Lin, J. Ren, X. Qu, Adv. Mater. 26 (2014) 4200.
[15] D. Fan, C. Shang, W. Gu, E. Wang, S. Dong, ACS Appl. Mater. Interfaces 9 (2017)

25870.
[16] R. Pautler, E.Y. Kelly, P.-J.J. Huang, J. Cao, B. Liu, J. Liu, ACS Appl. Mater. In-

terfaces 5 (2013) 6820.
[17] E. Nakamura, H. Isobe, Accounts Chem. Res. 36 (2003) 807.
[18] L.L. Dugan, J.K. Gabrielsen, S.P. Yu, T.-S. Lin, D.W. Choi, Neurobiol. Dis. 3 (1996)

129.
[19] L.L. Dugan, D.M. Turetsky, C. Du, D. Lobner, M. Wheeler, C.R. Almli, C.K.-

F. Shen, T.-Y. Luh, D.W. Choi, T.-S. Lin, Proc. Natl. Acad. Sci. U. S. A. 94 (1997)
9434.

[20] D.P. Cormode, L. Gao, H. Koo, Trends Biotechnol. 36 (2018) 15.
[21] W. Li, Z. Liu, C. Liu, Y. Guan, J. Ren, X. Qu, Angew. Chem. Int. Ed. 56 (2017)

13661.
[22] Y. Huang, Z. Liu, C. Liu, E. Ju, Y. Zhang, J. Ren, X. Qu, Angew. Chem. Int. Ed. 55

(2016) 6646.
[23] N. Singh, M.A. Savanur, S. Srivastava, P. D'Silva, G. Mugesh, Angew. Chem. Int.

Ed. 56 (2017) 14267.
[24] Y. Zhang, F. Wang, C. Liu, Z. Wang, L. Kang, Y. Huang, K. Dong, J. Ren, X. Qu, ACS

Nano 12 (2018) 651.
[25] Y. Zhou, B. Liu, R. Yang, J. Liu, Bioconjugate Chem. 28 (2017) 2903.
[26] Z. Zhang, X. Zhang, B. Liu, J. Liu, J. Am. Chem. Soc. 139 (2017) 5412.
[27] S. Ge, W. Liu, H. Liu, F. Liu, J. Yu, M. Yan, J. Huang, Biosens. Bioelectron. 71

(2015) 456.
[28] A.P. Nagvenkar, A. Gedanken, ACS Appl. Mater. Interfaces 8 (2016) 22301.
[29] B. Shi, Y. Su, L. Zhang, M. Huang, X. Li, S. Zhao, Nanoscale 8 (2016) 10814.
[30] L. Han, P. Liu, H. Zhang, F. Li, A. Liu, Chem. Commun. 53 (2017) 5216.
[31] B. Liu, J. Liu, Nano Res. 10 (2017) 1125.
[32] P. Liu, L. Han, F. Wang, X. Li, V.A. Petrenko, A. Liu, Nanoscale 10 (2018) 2825.
[33] P.P. Fu, Q. Xia, H.-M. Hwang, P.C. Ray, H. Yu, J. Food Drug Anal. 22 (2014) 64.
[34] Y. Song, X. Wang, C. Zhao, K. Qu, J. Ren, X. Qu, Chem. Eur J. 16 (2010) 3617.
[35] M. Chi, G. Nie, Y. Jiang, Z. Yang, Z. Zhang, C. Wang, X. Lu, ACS Appl. Mater.

Interfaces 8 (2016) 1041.
[36] H. Zhao, Y. Dong, P. Jiang, G. Wang, J. Zhang, ACS Appl. Mater. Interfaces 7

(2015) 6451.
[37] Q. Liu, Y. Yang, H. Li, R. Zhu, Q. Shao, S. Yang, J. Xu, Biosens. Bioelectron. 64

(2015) 147.
[38] A. Pratsinis, G.A. Kelesidis, S. Zuercher, F. Krumeich, S. Bolisetty, R. Mezzenga,

J.-C. Leroux, G.A. Sotiriou, ACS Nano 11 (2017) 12210.
[39] H.-C. Chen, Y.-M. Tu, C.-C. Hou, Y.-C. Lin, C.-H. Chen, K.-H. Yang, Anal. Chim.

Acta 867 (2015) 83.
[40] W. Lu, X. Qin, A.M. Asiri, A.O. Al-Youbi, X. Sun, Analyst 138 (2013) 417.
[41] K. Ariga, Q. Ji, T. Mori, M. Naito, Y. Yamauchi, H. Abe, J.P. Hill, Chem. Soc. Rev.

42 (2013) 6322.
[42] L. Han, J. Shi, A. Liu, Sens. Actuators B Chem. 252 (2017) 919.
[43] Q. Wang, X. Zhang, L. Huang, Z. Zhang, S. Dong, ACS Appl. Mater. Interfaces 9

(2017) 7465.
[44] L. Su, X. Yu, W. Qin, W. Dong, C. Wu, Y. Zhang, G. Mao, S. Feng, J. Mater. Chem.

B 5 (2017) 116.
[45] X. Wu, C. Yang, J. Ge, Z. Liu, Nanoscale 7 (2015) 18883.
[46] K. Liang, R. Ricco, C.M. Doherty, M.J. Styles, S. Bell, N. Kirby, S. Mudie,

D. Haylock, A.J. Hill, C.J. Doonan, P. Falcaro, Nat. Commun. 6 (2015) 7240.
[47] F.-S. Liao, W.-S. Lo, Y.-S. Hsu, C.-C. Wu, S.-C. Wang, F.-K. Shieh, J.V. Morabito,

L.-Y. Chou, K.C.W. Wu, C.-K. Tsung, J. Am. Chem. Soc. 139 (2017) 6530.
[48] X. Lian, Y. Fang, E. Joseph, Q. Wang, J. Li, S. Banerjee, C. Lollar, X. Wang, H.-

C. Zhou, Chem. Soc. Rev. 46 (2017) 3386.
[49] X. Wu, J. Ge, C. Yang, M. Hou, Z. Liu, Chem. Commun. 51 (2015) 13408.
[50] F. Lyu, Y. Zhang, R.N. Zare, J. Ge, Z. Liu, Nano Lett. 14 (2014) 5761.
[51] C. Hou, Y. Wang, Q. Ding, L. Jiang, M. Li, W. Zhu, D. Pan, H. Zhu, M. Liu,

Nanoscale 7 (2015) 18770.
[52] H. Cheng, L. Zhang, J. He, W. Guo, Z. Zhou, X. Zhang, S. Nie, H. Wei, Anal. Chem.

88 (2016) 5489.
[53] Y. Yin, C. Gao, Q. Xiao, G. Lin, Z. Lin, Z. Cai, H. Yang, ACS Appl. Mater. Interfaces

8 (2016) 29052.
[54] Q. Wang, X. Zhang, L. Huang, Z. Zhang, S. Dong, Angew. Chem. Int. Ed. 56

(2017) 16082.
[55] M. Comotti, C. Della Pina, R. Matarrese, M. Rossi, Angew. Chem. Int. Ed. 43

(2004) 5812.
[56] X. Zheng, Q. Liu, C. Jing, Y. Li, D. Li, W. Luo, Y. Wen, Y. He, Q. Huang, Y.-T. Long,

C. Fan, Angew. Chem. Int. Ed. 50 (2011) 11994.
[57] Y. Lin, Z. Li, Z. Chen, J. Ren, X. Qu, Biomaterials 34 (2013) 2600.
[58] K. Qu, P. Shi, J. Ren, X. Qu, Chem. Eur J. 20 (2014) 7501.
[59] Y. Lin, L. Wu, Y. Huang, J. Ren, X. Qu, Chem. Sci. 6 (2015) 1272.
[60] Y. Hu, H. Cheng, X. Zhao, J. Wu, F. Muhammad, S. Lin, J. He, L. Zhou, C. Zhang,

Y. Deng, P. Wang, Z. Zhou, S. Nie, H. Wei, ACS Nano 11 (2017) 5558.
[61] H. Jia, D. Yang, X. Han, J. Cai, H. Liu, W. He, Nanoscale 8 (2016) 5938.
[62] P. Hu, L. Han, C. Zhu, S.J. Dong, Chem. Commun. 49 (2013) 1705.
[63] S. Singh, P. Tripathi, N. Kumar, S. Nara, Biosens. Bioelectron. 92 (2017) 280.
[64] B. Liu, Z. Huang, J. Liu, Nanoscale 8 (2016) 13562.
[65] D. Duan, K. Fan, D. Zhang, S. Tan, M. Liang, Y. Liu, J. Zhang, P. Zhang, W. Liu,

X. Qiu, G.P. Kobinger, G. Fu Gao, X. Yan, Biosens. Bioelectron. 74 (2015) 134.

http://refhub.elsevier.com/S0165-9936(17)30475-2/sref1
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref2
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref2
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref3
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref4
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref5
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref5
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref6
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref7
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref7
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref8
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref9
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref9
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref10
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref10
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref11
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref12
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref13
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref14
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref15
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref15
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref16
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref16
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref17
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref18
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref18
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref19
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref19
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref19
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref20
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref21
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref21
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref22
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref22
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref23
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref23
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref24
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref24
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref25
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref26
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref27
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref27
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref28
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref29
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref30
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref31
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref32
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref33
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref34
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref35
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref35
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref36
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref36
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref37
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref37
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref38
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref38
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref39
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref39
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref40
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref41
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref41
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref42
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref43
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref43
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref44
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref44
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref45
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref46
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref46
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref47
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref47
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref48
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref48
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref49
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref50
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref51
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref51
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref52
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref52
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref53
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref53
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref54
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref54
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref55
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref55
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref56
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref56
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref57
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref58
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref59
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref60
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref60
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref61
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref62
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref63
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref64
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref65
http://refhub.elsevier.com/S0165-9936(17)30475-2/sref65

	Nanozyme: An emerging alternative to natural enzyme for biosensing and immunoassay
	1. Introduction
	2. Representative nanozymes
	3. Applications in analytical chemistry
	3.1. Determination of H2O2
	3.2. Determination of glucose
	3.2.1. Electrochemical glucose sensors
	3.2.2. Colorimetric glucose sensors
	3.2.3. Determination of glucose in vivo
	3.2.4. Colorimetric bioactive paper

	3.3. Nanozyme based biosensors to evaluate antioxidants
	3.4. Analysis by regulating the catalytic activities of nanozymes
	3.5. Nanozyme based immunoassay

	4. Conclusions and perspective
	Acknowledgments
	References


