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Abstract: Amperometric sensors evaluate current changes that occur as a result of redox reactions
under constant applied potential. These changes in current intensity are stoichiometrically related
to the concentration of analytes. Owing to their unique features, such as fast reaction velocity, high
specificity, abundant existence in nature, and feasibility to be immobilized, enzymes are widely used
by researchers to improve the performance of amperometric sensors. Unfortunately, natural enzymes
have intrinsic disadvantages due to their protein structures. To overcome these proteinic drawbacks,
scientists have developed nanozymes, which are nanomaterials with enzymatic properties. As the
result of significant advances in materiology and analytical science, great progress has been achieved
in the development of nanozyme-based amperometric sensors with outstanding performance. To
highlight achievements made in recent years, we first summarize the development directions of
nanozyme-based amperometric sensors. Then, H2O2 sensors, glucose sensors, sensors combining
natural enzymes with nanozymes, and sensors targeting untraditional specific targets will be intro-
duced in detail. Finally, the current challenges regarding the nanozymes utilized in amperometric
sensors are discussed and future research directions in this area are suggested.
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1. Introduction

Electrochemical sensors have an irreplaceable position in the field of analysis for their
outstanding advantages, such as great sensitivity, simple miniaturization for personal
use, diverse electrochemical methodologies targeting different analytes, etc. [1–4]. Am-
perometry, as an important subclass of electrochemical methods, is commonly paid the
most attention for its adaptability in biosensing various analytes [5–7]. Blood glucose
test strips, the most widely used commercial point-of-care product in clinical practice, are
mainly based on amperometry [8–10]. In amperometry, current changes generated by redox
reactions are monitored by applying a constant potential to the working electrode [2]. The
current intensity corresponds to the electroactive species content in the sample. Moreover,
the oxidation or reduction potential used for detection is characteristic of the analyte, thus
offering additional selectivity.

Amperometric methods mainly focus on assaying whether substances have redox
properties [11] or are used in situations where redox reactions occur when non-redox
targets, transferred to stoichiometric redox intermediates, are then detected by an electrode.
As shown in Figure 1, in the first scenario, the direct transfer of electrons occurred between
the redox target and electrode surface due to a constantly applied external potential. The
matrix effects of natural samples always lead to overpotential on the sensor’s surface;
therefore, higher or lower external potentials have to be applied to initiate electron transfer
between the redox targets and the electrode [12]. Overapplied potential will introduce
unspecific redox reactions in complex natural samples. To solve this problem, enzymes are
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commonly used as specific electron transporter mediators to reduce the initiated potential or
as electron mediators for their high specificity and fast reaction velocities, in turn, reducing
undesired background activity while enhancing the specific current response [13]. In the
second scenario, non-redox targets cannot be directly oxidized or reduced on the electrode.
In this case, some targets can be treated as substrates of their related enzymes to produce
stoichiometric intermediates with redox properties [14].
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Figure 1. (A) Scheme of the sensors’ target substances that have redox properties. (B) Scheme
of sensors where redox reactions happened when non−redox targets were transferred to redox
intermediates and then detected by the electrode.

As we can see, enzymes play a key role in amperometry. They give the amperometric
sensors more specificity and practicability. Unfortunately, naturally derived enzymes have
intrinsic shortcomings, which greatly limit their application. Nanozymes, the generic term
for nanoscale materials with enzyme-like properties, intrinsically possess many advantages
over their natural counterparts, which are mostly globular proteins (except for some RNA
ribozymes) [15,16]. Firstly, nanozymes are easy to handle in the production process as they
are commonly stored in liquid solutions, while natural enzymes are manufactured in the
form of lyophilized powder, which has to be weighed quantitively and then prepared as
solutions before use and easily absorbs moisture. Secondly, nanozymes can resist high-
temperature conditions, while the prepared natural enzyme solutions can only be stored
for a few days at room temperature. Thirdly, nanozymes can be synthesized from basic
chemical materials, which contributes to their shorter manufacturing process and cheaper
production cost. Fourthly, the direct modification of natural enzymes on electrodes may
somehow change their steric structures, thus decreasing enzymatic activity; the nanozymes’
structures are generally more rigid, which can better preserve their electrocatalysis in
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amperometric sensors. Last, but not least, considering enzymes are themselves insulated
proteins, the electron-transfer efficiency in protein-modified sensors can be lower than
sensors modified with nanozymes, which are composed of highly conductive materials. All
of these properties have prompted scientists and engineers to utilize nanozymes instead of
natural enzymes for enzymatic sensors.

In the last five years, researchers have made great progress in developing nanozyme-
based amperometric sensors with good performance. In addition to using new nanozymes,
a new trend has begun to combine the traits of several nanomaterials together to improve
the performance of amperometric sensors. Among the objects detected by amperometry,
H2O2 is the most common substance detected for its redox activity; another reason for this
is that H2O2 is the final product of many biochemical reactions. Glucose is another common
amperometric target because of its crucial role in the diagnosis and control of diabetes.

Our review aims to highlight the progress of nanozyme-based amperometric sensors
in the last five years. We will then describe the amperometric nanozymatic sensors tar-
geting H2O2 and glucose. Then, sensors combining natural enzymes with nanozymes are
discussed. Next, sensors targeting other substances are introduced. Finally, we discuss the
challenges faced by nanozyme-based amperometric sensors and propose future directions
for research.

2. Nanozymes Used in Amperometric Sensors
2.1. Nanomaterials with POD-Like or Oxidase-Like Properties

Generally, nanozymes can be divided into oxidoreductase and hydrolase [17]. Hydro-
lase does not directly participate in the electron transfer process. In this section, we detail
two members of the oxidoreductase family, peroxidase (POD) and oxidase, for their wide
application in catalytic redox reactions involving enzymes and amperometric sensors.

H2O2 amperometric sensors are widely used in environmental monitoring and the
food industry since H2O2 itself has redox activity. Some interfering substances in the
human body’s fluids oxidize at similar potentials of H2O2, thus significantly affecting
the specificity of the H2O2 sensor. Therefore, it is highly desirable to develop peroxidase
(POD)-like nanozymes with good selectivity, high electrocatalytic activity, and excellent
conductivity.

Since Yan et al. first discovered in 2007 that Fe3O4 nanoparticles (NPs) possess POD-
like activity [18], diversified nanomaterials have been proven to be in possession of POD-
like activities. Some of the nanomaterials’ enzyme-like mechanisms have already been
uncovered. For example, our group successfully elucidated the nanozymatic mechanisms
of Prussian blue nanoparticles (PB NPs) and Fe3O4 NPs (Figure 2) [19,20].

As listed by Qu et al., 139 nanomaterials with POD activity had been reported before
2019 [17]. From then on, the development of nanozymes became more and more rapid.
Generally, POD-like nanozymes are constructed using nanomaterials based on various
nanostructured metals or alloys, metal oxides or their mixtures, diversified carbon materials,
metal-organic frameworks (MOFs), or a combination of the above materials. To clarify the
types of nanozymes according to the metal elements involved in the constitution of most
nanozymes [21], we classified some nanomaterials with POD-like properties that have been
developed since 2020 into: nanomaterials containing one metal element (e.g., cobalt oxide
(Co3O4) nanodisk, tungsten disulfide (WS2) nanosheets, gold nanoclusters, and rodlike
TiO1+x) [22–25]; nanomaterials containing bimetallic elements (e.g., Fe3O4-TiO2/graphene
nanocomposites, Co3V2O8/Co3O4 nanowires, 0D/2D AuxPd100-x nanocomposites, Pd-Ir
core-shell nanoparticles [26–29]; nanomaterials containing multiple metal elements (e.g.,
Au@PtRu) [30]; non-metal-based nanomaterials (e.g., nitrogen−doped graphene, histidine-
functionalized graphene quantum dots/hemin complex) [31,32]; MOF-based nanomaterials
(e.g., 2D Cu-TCPP(Fe) MOFs and quasi-MOFce0.5) [33,34].
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The rapid detection of glucose concentration levels is essential in diabetes diagnostics
and monitoring. The most common technique for glucose assay is the glucose oxidase
(GOX)-based amperometric method. Due to the intrinsic shortcomings of natural GOX,
great attention has been paid by scientists to developing glucose biosensors without en-
zymes. In 2004, Comotti et al. first discovered that “naked” AuNPs exhibited GOX-like
activity in the presence of O2 [35]. In recent years, various oxidase mimics have been
developed, such as Fe-N-C, Cu2O-CDs-Cu nanospheres (3000 nm), MoO3 nanoparticles
(2–4 nm), CeO2@MnO2 core-shell hollow nanospheres, Cu-Ag NPs, glutathione-Cu/Cu2O
nanoparticles, and Co-Nx sites on porous carbon (Co-Nx/PC) [36–42].

The maximal reaction rate (Vmax) indicates the reactivity of nanozymes at fixed con-
centrations when the substrates are saturated [43]. The Michaelis constant (Km), the
concentration of substrates at half of Vmax, is an indicator of an enzyme’s affinity for its
substrate. A lower Km value means that there is a stronger affinity between the enzymes
and their substrates. Kcat indicates the maximum number of substrates transformed into
the product by every enzyme per second [44]. The above parameters can be used to evalu-
ate the catalytic activity of nanozymes from different viewpoints. Generally, a POD-like
nanozyme has a higher Km for H2O2, while the Kcat value is then higher than that of the
natural enzyme [18]. This may be ascribed to the fact that nanozymes have more active
sites; however, the specificity of the nanozymes is unsatisfactory due to their having fewer
substrate binding sites [45]. For oxidase-like nanomaterials, most of their Km values are
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lower than those of natural enzymes, meaning that the nanozymes have a higher affinity
toward substrates [45].

Many factors can influence the activities of nanozymes; among them, the effects of size
are the most fundamental. In different nanozymes, the size effects can also follow different
rules. Just as with Fe3O4 NPs, the smaller the size (30–300 nm), the greater the POD-like
activity [18]. However, in the case of Pd-Ir nanoparticles, the POD-like activities increase
with a particle size within the range of 3.3–9.8 nm [29]. These results demonstrated that the
size effect is an essential factor that influences the nanozymes’ activities; no fixed rules can
be applied indiscriminately. Designers must take the size effect into consideration when
designing nanozymes in practice.

2.2. Synthesis and Characterization of Representative Nanozymes Used in Amperometric Sensors

When constructing amperometric sensors, the sensors’ performance is not only influ-
enced by the activities of nanozymes but also, firstly, which nanozymes retain their catalytic
activities when they are assembled on the electrode; secondly, the transfer of electrons from the
nanozymes’ surface to the electrode surface should not be retarded by immobilized systems.

Scientists constantly endeavor to promote the performance of nanozymatic sensors.
They discovered that by combining the specificities of different nanomaterials, the result-
ing composite materials can overcome some of the shortcomings of single nanoparticles
during their application, for example, the agglomeration of nanozymes or obstruction
of electron transfer by adhesive agent, thus improving the performance of nanozymatic
amperometric sensors (Figure 3). These nanozymatic composites contained materials that
acted as a support while others offered enzymatic activities. Support materials can fulfill
multiple functions: as templates to grow other nanomaterials; as inhibitors to prevent
smaller nanoparticles offering enzymatic activity from aggregating; and as catalytic activity
enhancers via synergetic effects.
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Two typical routes can be followed to synthesize nanocomposites containing support
materials and smaller nanozyme units. One route is that the nanozyme units are grown in
situ on the surface of the support materials (Figure 4A). A typical MLx

− may be PtCl6−

or AuCl4−. Reductive agents may be NaBH4 or sodium citrite, or any other agents that
can reduce the corresponding metal ions. The other route is that the nanozyme units are
previously prepared (Figure 4B). The support materials are first activated using coupling
agents to graft functional groups to their surface. The pre-prepared nanozyme units are
then added to the solution to be assembled on the supports. It must be noted that ultrasonic
conditions are essential during the synthesis process for keeping the nanomaterials from
aggregation. The centrifugal cleaning process should be conducted several times, with
different solvents if necessary, to separate the superfluous unreacted matter in the previous
steps and the purified final products in the last step.
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Figure 4. Typical routes to synthesis nanocomposites containing support materials and smaller
nanozyme units: (A) the nanozyme units are grown in situ on the surface of the support materials;
(B) the nanozyme units are pre−prepared.

The typical method for constructing a nanozyme-based amperometric sensor is as
follows. First, the nanozymes are dispersed well in a solution. Generally, the solutions may
be Nafion solution, PVP solution, or merely deionized water (DI) water. Nafion and PVP
are used as filmogens to better immobilize the nanozymes on the electrode and to further
improve the sensor’s stability. The solvent is generally DI water, but ethanol, isopropanol,
or their mixtures can also be used if necessary. Ultrasonic can be used to disperse the
nanozymes well if needed. Second, the nanozymes solution is drop-cast on the electrode
surface to dry at room temperature. After it is totally dried on the electrode, a classical
nanozyme-based amperometric sensor has been constructed.

The characterization of prepared nanocomposites with enzyme-like properties is
essential for researchers to source important information, such as elemental composition,
crystal forms, morphology, surface properties, bonding states within materials, and so on.
This information can be used not only to explain the properties of prepared materials but
can also be used to construct theoretical models to inform the future design of nanozymes.
We have listed some of the most frequently used characterization methods in Table 1. One
should know that all characterized methods in the laboratory can be used if necessary.

Table 1. Commonly used characterization methods in developing nanozyme-based amperometric
sensors.

Methods Purpose

EDX (energy-dispersive X-ray spectroscopy) Elemental composition
XRD (X-ray powder diffraction) Crystalline structure and phase information

FT-IR Confirming the existence of covalent bonds,
and the recognition of functional groups

SAED (selected area electron diffraction) Crystal structure
TEM Morphology
SEM Surface properties and morphology
UV-VIS Confirming the existence of covalent bonds
Cyclic voltammetry Electrocatalytic activity

XPS (X-ray photoelectron spectroscopy) Surface chemical composition and the valence
state of elements

3. Applications of Nanozymes in Amperometric Sensors
3.1. Sensors Targeting the Detection of H2O2

The oxidation/reduction of H2O2-driven electron transfer on the electrode generates a
current depending on the concentration of H2O2 [46]. To clarify recent progress in the field,
we will split the discussion into sensors for the oxidation and reduction of H2O2.
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3.1.1. Sensors for the Reduction of H2O2

Nanomaterials containing one metal element. Mesoporous silica microspheres (MSMs)
form a classical porous nanomaterial that is often used as a template in nanocomposite
preparation. They have a regular array of tunable-sized pores, which provide a high surface
area [47,48]. Pd NPs are a form of metal NP that has POD-like activity. However, most of the
amperometric sensors that utilize Pd NPs as POD mimics nowadays lack sufficient sensitivity
to detect the ultra-low H2O2 in cell levels [49,50]. Rupali et al. assembled Pd NPs with sulfonic
acid functionalized MSM. The sizes of the Pd NPs range from 2 to 22 nm, with a mean size
of 8.9 nm, while the diameter of MSMs ranges from 300 to 400 nm. After being dispersed
in a PVA solution, the obtained nanocomposite Pd@SO3H-MSM was then dried on GCE to
construct an amperometric H2O2 sensor (Figure 5) [51]. The limit of detection (LOD) of the
obtained sensor was 0.014 µM, which is low enough to detect H2O2 in cells. The sensor has
good stability and can be used after 30 days, with good reproducibility (RSD = 2.6%) (Table 2).
It also responds quickly to H2O2, yielding a steady signal that can be attained in only 2 s,
which is very beneficial for practical applications.
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Nanomaterials containing bimetallic elements. Molybdenum carbide (Mo2C) has
been researched in the context of detecting H2O2 for its POD-like activity within a wide
pH range [52]. Doping Mo2C with metal that has high conductivity can enlarge the
active surface area and conductivity, which further enhances its POD-like activity [53]. Li
et al. incorporated the metal Ag into Mo2C material since Ag has the highest electrical
conductivity of metals and good biocompatibility. Via in situ calcination in a N2/H2
atmosphere using the single-stage method, prepared coral-like Ag-Mo2C/C was dispersed
in a Nafion solution and then dried on GCE for the electrocatalytic reduction of H2O2 [54].
The incorporation of Ag causes shrinkage of the Mo2C lattice. This interaction tunes the
electronic state of the Mo active sites and strengthens their combination with unstable
intermediate OH(ad) during the H2O2 reduction process, thus promoting the cleavage of
the O-O bond (H2O2 + e− → OH(ad) + OH−) and further improving the sensor’s response.
The sensor has high sensitivity (466.2 µA mM−1 cm−2), good stability (the response after
1 month is nearly identical to the initial response), and acceptable reproducibility (RSD
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= 2.25%) (Table 2). When H2O2 is added, 90% of the steady signal is achieved in only
1.2 s, which is the fastest result from all the nanozyme-based H2O2 sensors we have found
in recent years. Jesila et al. synthesized silver molybdate (Ag2MoO4) nanowires using
co-precipitation, assisted with ultra-sonication methods; the prepared nanowires were then
used as electrode modification materials to electrochemically reduce H2O2, after which
an ultralow LOD (5.42 nM) was achieved (Table 2) [55]. In their study, the nanomaterial
was dispersed in water, then dried on GCE. Nevertheless, the sensor had good stability.
The response barely changed after storage at 4 ◦C for 30 days. When H2O2 was added,
95.2% of the steady signal could be attained in 4 s. AgNPs have good POD-like activity
but easily aggregate. To overcome the severe agglomeration of AgNPs on electrodes, Zhu
et al. deposited AgNPs on N-doped Ti3C2 to detect H2O2 [56]. The hierarchical Ti3C2 has
a wide size range between 100 nm and 3 µm. When constructing amperometric sensors,
the Ag/N-Ti3C2 is dispersed in ethanol and then dried on GCE. The resulting sensor has a
sensitivity of 552.62 µA mM−1 cm−2 and good reproducibility (RSD = 3.1%) (Table 2).

Nano Au and Pt alloy microspheres that are decorated with reduced graphene oxide
(RGO/nAPAMSs) have excellent electrocatalytic activity in terms of reduction toward
H2O2 at 80 mV (Figure 6) [57]. In this study, Pt and Au were alloyed and distributed
on graphene with a size of about 10 nm. Prepared RGO/nAPAMSs were dispersed in
water before being dried on GCE. The outstanding H2O2 sensing performance (sensitivity:
1117.0 µA mM−1 cm−2) can be attributed mainly to the electro-catalytic property of Pt
nanoparticles. Combining them with gold nanoparticles further enhanced their POD-like
property. This activity-enhancing effect could be ascribed to the synergistic work between
Pt and Au nanoparticles and RGO. The sensor maintains 92.2% of its initial response after
1 month, which is indicative of good stability. This reproducibility is also good for RSD,
which is 3.2% (Table 2). Liu and his coworkers synthesized a POD-like nanocomposite con-
sisting of Pt nanoparticles and Au nanoparticles on silica nanorods, using self-assembling
methods to achieve the electrocatalytic reduction of H2O2. Au NPs are nanospheres of
about 4 nm in diameter, while the Pt NPs are of about 2–3 nm in width and 3–7 nm in
length [58]. Interestingly, the authors found that sensors without support materials showed
better electrocatalytic activity than those sensors comprising Au/Pt nanoparticles dispersed
on a silica support. When H2O2 was added, 95% of steady current could be attained in 5 s.
This unexpected result can be ascribed to the poor conductivity of silica nanorods in the
nanostructures, thus delaying the electrons generated from the catalytic redox reaction of
H2O2 transfer to the electrode surface. The study demonstrated that the conductivity of
supported materials has a great effect on the performance of amperometric sensors; thus,
conductivity needs to be considered when choosing support materials.

Nanomaterials containing multiple metal elements. Dai et al. developed AuPd@FexOy
nanoparticles as a nanozyme to detect H2O2 [59]. The AuPd@FexOy NPs are 52.1 ± 6.1 nm
in diameter. The Au and Pd are concentrated at the center of the nanocomposite. The
synthesized nanomaterial was first dispersed in ethanol/Nafion and then dried onto a GCE.
In amperometry, the sensitivity of an AuPd@FexOy-based sensor is 120.7 µA mM−1 cm−2.
AuPd@FexOy/GCE sensors have very good reproducibility since the RSD is only 0.63%. They
retain over 95% of their initial response after storage at room temperature for 20 days, which
is indicative of very good stability (Table 2).

MOF-based nanomaterials. MOFs represent a novel material emerging in developing
amperometric sensors due to their unique characteristics. Traditionally, MOFs have an
interconnected tridimensional (3D) structure. The properties of the 3D structure will resist
active matter transferring into it, thereby diminishing the POD-like properties of MOF-
based nanozymes [60,61]. To circumvent this shortcoming, Huang et al. decorated ~3 nm
AuNPs on 2D conductive MOF nanosheets (C-MOF (NSs)) to detect H2O2 in living cells [62].
Compared with 3D MOF, the 2D materials exposed more electroactive sites during the
electro-transfer process. The planar structure greatly enhanced the material’s conductivity
and facilitated matter diffusion on the electrode [63,64]. The 2D C-MOF NSs not only
provided good charge mobility but also offered exposed active sites to decorated AuNPs.
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Using Cu-HHTP-NSs as model 2D C-MOF NSs to modify the electrode, the prepared sensor
can achieve 95% of a steady current in 3 s while achieving a sensitivity of 188.1 µA mM−1

cm−2. Besides this, the sensor maintains 93% of its response after 4 weeks, showing good
stability and good reproducibility, with a low RSD (3.1%) (Table 2).
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ZIF-67 is a form of MOF porous crystalline material consisting of cobalt as the metal
joint and 2-methylimidazole as the ligands [65]. It has a tetrahedral skeleton with good
stability in an air atmosphere, neutral pH, and strong alkaline solutions, thus making it a
hopeful prospect as a precursor to synthesize porous nanocomposites. By the calcination
of ZIF-67 at 600 ◦C, Wu et al. obtained nitrogen-doped mesoporous carbon compos-
ites embedded with Co NPs (0.2 nm) (Co-N-C), which possess a rhombic dodecahedral
morphology [66]. The prepared Co-N-C nanocomposite has good conductivity while main-
taining the porous structure of ZIF-67 (600 nm), which bestows a large surface area and
enhanced electrochemical properties in terms of H2O2 reduction. After being dispersed
in Nafion/water/isopropanol solution and then dried on a rotating disk electrode, an
amperometric sensor was obtained. The resulting sensor can produce a steady current
in 6 s. Moreover, it shows very good stability, for it maintains a 92.7% response after
storage for 60 days, and outstanding reproducibility for 1.78% RSD (Table 2). Lu et al.
prepared a nanozymatic-based H2O2 sensor containing gold nanoflowers (AuNFs), Fe3O4,
ZIF-8, and MoS2 together (Figure 7) [67]. Fe3O4 NPs are well known for their classical
POD-like activity. ZIF-8 is another form of MOF porous material with a large surface
area that utilizes Zn as a metal joint [68,69]. The hybrid nanomaterial Fe3O4@ZIF-8 is
spherical in shape, with a diameter of 190 nm. It has high POD-like activity but easily
dissolves into a solution. In their study, the authors first modified the electrode surface with
a mixture of Fe3O4@ZIF-8 and MoS2 nanosheets. Then, gold nanoflowers were deposited
on the as-prepared electrode. Under the synergistic work of a MoS2 nanosheet and Au
nanoflowers, using this method greatly promoted the stability, conductivity, and POD-like
activity of Fe3O4@ZIF-8 [70,71]. The prepared sensor can be stored at room temperature
for 7 days and can be used to detect H2O2 released from cells with a low RSD (2.1%)
(Table 2). A steady current can be achieved by the sensor in 5 s. Huang et al. synthesized a
nanocomposite with POD-like activity, which was made up of rime-like Cu2(OH)3NO3-
wrapped ZnO nanorods [Cu2(OH)3NO3@ZnO] [72]. The nanocomposite was grown in situ
on an activated graphene fiber (diameter: 50 µm) to develop a flexible and biocompatible
microelectrode for the electrochemical detection of H2O2 in human colon cells with an LOD
of 1 µM and a sensitivity of 272 µA mM−1 cm−2. The resulting sensor maintains 90% of
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its response after 4 weeks, which shows good stability (Table 2). Moreover, when H2O2 is
added, 95% of the steady signal can be attained in 3 s. This fast response is very beneficial
in practical applications.
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3.1.2. Sensors for the Oxidation of H2O2

Nanomaterials containing one metal element. Pt is the most commonly used metal
in H2O2 amperometric sensors [73]. Zhu et al. developed a nanozyme by synthesizing
platinum nanowires (PtNWs) of about 3 nm in size on peptide nanofibers–biomimetic
graphene oxide (PtNWs-PNFs/GO) [74]. After being dispersed in a Nafion solution, they
were dried on GCE and an H2O2 amperometric sensor was constructed. Good stability was
achieved, with a 92% response maintained after storing the sensor at room temperature for
7 days.

Nanomaterials containing bimetallic elements. The scarcity of Pt has motivated sci-
entists to reduce Pt usage in sensor manufacturing. Ceria (CeO2) is a metal oxide with
high redox properties [75]. By reversibly shifting between the Ce+3 and Ce+4 states, CeO2
has the ability to release or absorb oxygen atoms in different redox environments [76].
Uzunoglu et al. combined the redox properties of CeO2 (average size: 13.8 nm) with
Pt/C inks to develop H2O2 amperometric sensors [77]. Pt/C-CeO2 was first dispersed in
Nafion/ethanol/water solution and then dried on the GCE. Pt/C-CeO2-modified sensors
have better electrochemical performance than sensors without CeO2. When the nanoparti-
cles of CeO2 and Pt combine, the oxygen storage ability of CeO2 is reinforced; meanwhile,
so is the enzyme-like property of the nanocomposites [78,79]. The best CeO2 loading
content was 20 wt %. The oxidation of H2O2 by CeO2, based on the equation 2CeO2 + H2O2
→ Ce2O3 + O2 + H2O, may be another reason for achieving higher activity. The sensor
has a sensitivity of 185.4 µA mM −1 cm −2. After storage at 4 ◦C for 15 days, the response
of the sensor barely changed. The reproducibility of the sensor is also good, with a low
RSD = 2.5% (Table 2).

Combining two metal oxides together sometimes also achieves better POD-like proper-
ties than single-metal and single-metal-oxide nanoparticles. Using sol-gel methods, Karami
et al. first synthesized nickel molybdate (NiMoO4) with POD-like activity. The NiMoO4
nanoparticle (average diameter: 32 nm) was dispersed in Nafion solution and then dried
on GCE to develop an H2O2 sensor [80]. Figure 8 shows the mechanism for the oxidiza-
tion of H2O2 by NiMoO4. Mo mainly played the role of promoting the electrocatalytic
efficiency of NiMoO4 by improving conductivity, while not being involved in the reaction
directly [81–83]. The sensor shows very good stability: after storage for over a month at
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room conditions, the response decreased by only about 5%, with acceptable reproducibility
(RSD = 3.4%) (Table 2).
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MOF-based Nanomaterials Portorreal-Bottier et al. prepared a novel 2D MOF mate-
rial containing metal cobalt (2D-Co-MOF) in a nitrogen coordination environment, dispers-
ing it in Nafion solution before drying it onto the graphite electrode for the electrocatalytic
oxidation of H2O2 [84]. Due to the coordination effect between cobalt and the nitrogen-
metal bonds, 2D-Co-MOF shows good electrocatalysis at a physiological pH. In addition,
after the MOF-based material was modified on the electrode, the coordination effect was
preserved. This is a unique feature that differs from traditional amperometric H2O2 sensors
modified with MOFs, which must keep their activity in strongly alkaline conditions. The
prepared sensor shows good sensitivity (501 ± 3 µA mM−1 cm−2)(Table 2).

3.1.3. Sensors for the Disproportionation of H2O2

Unlike a traditional H2O2 sensor based on POD that only reduces H2O2, catalase
can oxidize H2O2 into oxygen while simultaneously reducing it to water [85]. Compared
with POD mimics, it is more difficult to construct catalase mimics due to the difficulty
of preparing stabilized high-valent metal redox species. Saravanan et al. reported the
production of a nanozyme-based H2O2 amperometric sensor by the in situ preparation of
MnIV/III/II bipyridyl-aqua complex with catalase-like activity, [MnIV/III/II(bpy)2(H2O)2]2+,
on functionalized multiwalled carbon nanotube (CNT)−modified GCE; the mechanism is
shown in Figure 9 [86].
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Table 2. Summary of amperometric sensors using nanozymes for the detection of H2O2 (LOD: limit of detection; RSD: relative standard deviation; a: data have been
normalized by us; /: not reported; Ref.: reference).

Nanozyme pH Oxidative or
Reductive

Linear Range
(mM)

Sensitivity (µA
mM−1 cm−2) Potential (V) RSD % LOD (µM) Stability (◦C/Day) Sample Ref.

Pd@SO3H-MSM 7.4 Reductive 0.047–1000 µM 0.36 −0.04 2.6 0.014 30 Living cells [51]

Ag-Mo2C/C 7.4 Reductive 0.08 µM~4.67 466.2 −0.3 v 2.25 0.025 30
human
serum/disinfector/contact
lens solution

[54]

Ag2MoO4 nanowires 7.0 Reductive 0.015–799.2 µM / −0.32 <3.5 5.42 nM 4/30 Lens cleaning solution/serum [55]
Ag/N-Ti3C2 7.0 Reductive 0.05–35 552.62 −0.5 3.1 1.53 / fetal bovine serum [56]
RGO/nAPAMSs 7.0 Reductive 0.005−4.0 1117.0 −0.5 3.2 0.008 30 Disinfected fetal bovine serum [57]
SiO2/APTMS/AuPt 7.4 Reductive 5–72,000 µM 46.7 −0.20 8.09 2.6 RT/7 / [58]
AuPd@FexOy 7.4 Reductive 50 µM ~1 120.7 −0.2 0.63 3.0 RT/20 Living cells [59]
AuNPs/Cu-HHTP-NSs 7.4 Reductive 50 nM–16.4 188.1 −0.6 3.1 0.0056 28 Living cells [62]
Co-NC RDSs 7.4 Reductive 0.001–30 234.913 −0.3 1.78 0.143 60 / [66]
AuNFs on
Fe3O4@ZIF-8-MoS2

7.4 Reductive 0.005–120 / −0.55 2.1 0.9 RT/7 H9C2 cells [67]

Cu2(OH)3NO3@ZnO 7.4 Reductive 1 µM ~17.4 272 −0.8 5 1 28 Living cells [72]
PtNWs-PNFs/GO 13 Oxidative 0.1 µM–0.01 / 0.65 / 0.0206 RT/7 / [74]
Pt/C-CeO2 7.4 Oxidative 0.01–30 185.4 ± 6.5 −0.4 2.5 2 4/15 Disinfectant [77]
NiMoO4 13 Oxidative 0.0001–1.55 / 0.6 3.4 0.01 RT/30 Tap water/river water [80]

Co-MOF@Nafion 7 Oxidative 0.005–10 a 501 ± 3 0.9 3.2/6.1 / / Lens cleaning
solutions/disinfectant [84]

GCE/f-MWCNT@Mn
(bpy)2 (H2O)2

7 Disproportionation 0.02–0.2 a 0.417 0.65 3.9 1 Clinical sample [86]
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3.2. Sensors Targeting the Detection of Glucose

Nanomaterials containing one metal element. By modifying GCE with a nanocom-
posite composed of copper and carbon black, Sukhrobov et al. successfully manufactured a
glucose amperometric sensor without using natural enzymes [87]. The prepared sensor
has a good sensitivity of 1595 µA mM−1 cm−2 and can be stored in room temperature for
30 days for only a 2.4% signal decrease (Table 3). Dilmac et al. deposited AuNPs on a
support material of carboxylated graphene oxide (GO-COOH). The obtained GO-COOAu
nanocomposite was utilized as GOX mimics in order to construct a glucose sensor in an
alkaline medium [88]. The resulting sensor has great potential to be applied in home-based
glucose diagnostics, with an acceptable RSD (4.5%); it achieved a steady current in 3 s and
can be stored at 4 ◦C for 30 days (Table 3). Nickel foam is a porous material that is widely
used in acoustic absorption and fuel cells. Hayat et al. utilized its porosity to enhance the
GOX-like performance of nanozymes, which were then employed to construct amperomet-
ric sensors. The developed NiO electrode shows better stability when stored in 0.1 M NaOH
than when stored in air (20 days) and shows very good reproducibility, with an RSD = 1.5%
(Table 3) [89]. Vivekananth et al. constructed a nanozyme-based amperometric glucose
sensor by utilizing a Co3O4/graphene nanocomposite, which combined the advantages of
self-assembled graphene stacks and Co3O4 NPs (average crystalline size: 15–20 nm) [90].
This Co3O4/graphene-based sensor suffered a current loss of only 5.6% after being stored
in an airtight container at room temperature for 60 days, showing very good stability.
Besides this, the sensitivity of the sensor is very high and can achieve 2477 µA mM−1 cm−2

(Table 3). Sridara et al. prepared a nanocomposite with carbon nanodots (2 nm) and
CuO [91]. The nanocomposite shows good GOX-like activity after being fabricated on
SPCE to detect glucose. No obvious decrease in response after 12 days has been found
when storing the sensor at room temperature. The reproducibility of the sensor is also good,
and a low RSD = 2.6% was obtained (Table 3). Xie et al. prepared a nanocomposite with a
3D structure using a metallic nickel nitride nanosheet (Ni3N NS) and Ti mesh [92]. The 3D
nanocomposite demonstrated GOX-like activity in alkaline solutions. When synthesizing
this 3D nanozyme, Ti was used as a substrate, directly growing the Ni3N nanosheet onto it.
This method guaranteed an intense interaction between Ni3N and Ti, and the 3D structure
enabled electrolytes to diffuse effectively in the composite and more catalytic sites were
exposed, which greatly promoted the glucose sensor’s performance. The developed sensor
had acceptable reproducibility (RSD = 4.7%) and achieved an outstanding sensitivity of
7688 µA mM−1 cm−2, which is the highest value found in Table 3. The response time of the
sensor to achieve a steady signal is less than 5 s. After being stored at room temperature
for 30 days, the response only decreased by 8.7%, which was indicative of great stability.
Pal et al. prepared a nanozymatic glucose sensor combining Ni(OH)2 and NiO nanoma-
terials [93]; the related amperometric parameters of the developed sensor are also listed
in Table 3.

Table 3. Summary of amperometric sensors using nanozymes for the detection of glucose (LOD: limit
of detection; RSD: relative standard deviation; a data have been normalized by us; /: not reported;
CV: coefficient of variation).

Nanozyme Linear Range
(mM) LOD (µM) Sensitivity (µA

mM−1 cm−2) RSD (%) Stability
(◦C/day) Potential(V) Sample Ref.

Cu/DCB 0.5–7000 µM 0.1 1595 / RT/30 D 0.5 serum [87]
GO-COOAu 0.02–4.58 6 20.218 4.5 4/30 D 0.35 serum [88]
NiO 0.0554–0.9 1 a 12.5 1.5 20 D 0.38 / [89]
Co3O4 /graphene 16 µm–1.3 0.5 a 2477 / RT/60 0.58 urine [90]
PDDA/CuO-C-dot 0.5–2, 2–5 0.2 mM 110, 63.3 2.6 RT/12 0.5 serum [91]
Ni3N NS/Ti 0.2 µM–1.5 mM 0.06 7688 4.7 RT/30 0.55 serum [92]
Ni(OH)2 nano and NiO
nanorods 0.1–156, 0.01–83 70 and 8.1 12.09, 24.0 / / 0.52 serum [93]

Au/Ni 10 µM–20 5.84 0.96 µA/mM CV = 2.93% 18 D 0.4 human blood [94]
HNPG/AuSn 2 µM–8.11 0.36 4374.6 3.9 4/42 D 0.1 serum [95]
Cu2O-Au NCMs 5 µM–2.385 0.76 a 1630 / / 0.5 orange juice [96]
ZnO NRs/Fe2O3
/nafion

a 5.56–22.2
mg/dL 0.95 mM a 0.00289 / / 0.7 / [97]
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Table 3. Cont.

Nanozyme Linear Range
(mM) LOD (µM) Sensitivity (µA

mM−1 cm−2) RSD (%) Stability
(◦C/day) Potential(V) Sample Ref.

Bronze 0–320 µM 6.64 482 10% RT/5 0.65 saliva [98]
PANINS@rGO 1–4000 µM 0.03 3448.27 0.96 / / / [99]
RGO-AuNCs@CuO 0.1 µM–3 0.03 / 1.2–2.9 4/60 0.31 serum [100]
NiCo/C 0.5 µM–4.38 0.2 265.53 2.21–2.69 30 D 0.5 serum [101]
CC@CCH MOF LDH 0.001–2 0.11 4310 / / 0.55 / [102]
NiCo NSs/GNR-GC 5 µM–0.8, 1–10 0.6 344 / RT/21 0.6 serum [103]
AuNPs/CuO
NWs-MoS2

0.5 µM–5.67 0.5 872.71 4.71 24 D 0.6 serum [104]

Cu2O-Cu-Au 0–4.5 1.71 1082 / 7 0.6 serum [105]

Nanomaterials containing bimetallic elements. As described in the section on H2O2
sensors (3.1), combining some single metals or metal oxides together is likely to obtain
better catalytical activity. Au/Ni alloy was used by Lee et al. for its GOX-like activity at a
neutral pH to develop a glucose sensor (Figure 10) [94]. The reproducibility of the sensor
was good since the obtained coefficient of the variation value was 2.93 % (n = 5). The upper
limit of the linear range of the sensor was 20 mM (Table 3), which covered the human
glucose reference value, showing good potential for human blood assay. Nanoporous gold
(NPG) has an enhanced GOX-like property due to its large surface area. NPG-modified
electrodes can be used to detect glucose directly. Unlike the commonly used pure Au, Pei
et al. employed nanoporous Au80Sn20 (wt %) alloy, which has a surface area 7 times larger
than traditional NPG based on gold only, to fabricate an electrode, which thus demonstrated
better GOX−like activity [95]. The as−prepared sensor needs less than 4 s to achieve a
steady current. It has an ultrahigh sensitivity of 4374.6 µA mM−1 cm−2, a wide linear range
of 2 µM to 8.11 mM, and good reproducibility (RSD = 3.9%). The sensor also has good
stability; after being stored at 4 ◦C for 6 weeks, the response only decreased by 7% (Table 3).
Praveen et al. developed a nanocomposite material by directly synthesizing Au NPs on
Cu2O (Cu2O-Au NCMs); then, the nanocomposite (average size: ~20 nm) was employed in
the amperometric detection of glucose [96]. AuNPs themselves show GOX-like activity to a
certain extent. Similar to CuO, Cu2O can also be used to develop GOX-like nanozymes.
In this case, Cu2O acts as a template to grow AuNPs in situ. However, the synergistic
effect of Au NPs and Cu2O endued the nanocomposite with more outstanding GOX-like
activity. Cu2O-Au NCMs electrodes have a sensitivity of 1630 µA mM−1 cm−2 (Table 3).
Marie et al. first grew zinc oxide nanorods (NRs) on an FTO substrate. Furthermore,
Fe2O3 was fabricated on the ZnO NRs to expose more active sites, which facilitated glucose
detection [97]. Chen and his coworkers developed an amperometric glucose sensor using
the alloy of Sn and Cu [98]. The sensor was integrated into a toothbrush-like form to detect
glucose in human saliva and could be stored at room temperature for 5 days. With the help
of the sensor, the authors found that the glucose level in saliva correlated well with the
blood glucose level.

Reduced graphene oxide (RGO) can also be used as a support material to develop
a GOX−like nanozyme. Through the layer−by−layer polymerization of polyaniline
nanosheets on RGO (PANINS@RGO), Kailasa et al. successfully developed a glucose
sensor without using natural enzymes [99]. The developed glucose sensor had a very low
LOD of 0.03 µM, high sensitivity of 3448.27 µA mM−1 cm−2, and very good reproducibility,
with an RSD of only 0.96%. Liu et al. reported a 3D nanocomposite that still utilized RGO
(average size: ~220 nm) as the support while combining it with CuO (diameter: 1–5 nm)
and Au nanocrystals (RGO−Au NCs@CuO) [100]. This study integrated the properties of
the three single nanomaterials, thus providing a good amperometric glucose sensor based
on nanozymes; it has a wide linear range from 0.1 µM to 3 mM, acceptable reproducibility
(RSD < 3%), and good stability, in that the response decreased by only 2.72% after being
stored at 4 ◦C for over 2 months (Table 3).
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MOF-based nanomaterials. Wang et al. first synthesized a NiCo MOF, then the
resulting MOF material underwent calcination in N2 to uniformly distribute the carbon in
the alloyed Ni/Co NPs (Figure 11) [101]. The prepared composite (NiCo-MOF) was used
to fabricate screen-printed carbon electrodes (SPCE). The developed sensor manifested
good GOX-like activity and an acceptable RSD (<3%) and could be stored at 4 ◦C for
30 days (Table 3). Song et al. designed a nanocomposite CC@CCH MOF LDH with a 3D
hierarchical structure to achieve good glucose sensing performance without using natural
enzymes [102]. The 3D composites contained cobalt carbonate hydroxide nanorods (CCH),
Ni/Co layered double hydroxides (LDH), and carbon cloth (CC). The author first utilized
carbon cloth as a substrate to prepare CCH nanorods (average diameter: ~50 nm). Next,
the CCH acted as a template to grow ZIF-67. Finally, the ZIF-67 was used as a template to
synthesize Ni/Co layered double hydroxides. The 3D morphology exposed more catalytical
sites, thus achieving better GOX-like activity. The sensitivity of the CC@CCH MOF LDH-
based glucose sensor is good, at 4310 µA mM−1 cm−2 (Table 3), and it can achieve a steady
response in 6 s. Using ZIF-67 MOF nanocrystals as a template, Asadian et al. synthesized
NiCo LDH nanosheets (average size: ~550 nm) with a flower-like appearance (Figure 12).
Graphene nanoribbons were prepared by unzipping multi-walled CNTs. The obtained
nanoribbon worked as a binder to the GCE. Combined with flower-like nanosheets, the
fabricated sensor demonstrated good glucose-sensing performance in alkaline solutions,
with a sensitivity of 344 µA mM−1 cm−2 [103]. The sensor also has good stability; after
being stored at room temperature for 3 weeks, the response only decreased by 7% (Table 3).
The response of the sensor is also rapid and a steady current can be achieved in 5 s, which
is an acceptable speed for practical use.

Nanomaterials containing multiple metal elements. Copper oxide nanowires not
only have good conductivity but also a large surface area, thus giving them their GOX-
like activity. MoS2 has a layered structure; furthermore, it has defects and edges with
an abundance of active sulphur, making it easy to combine with AuNPs. Bao and his
coworkers developed a nanozymatic glucose sensor, based on nanocomposites, which
has a conductive network that combines the advantages of CuO nanowires (diameter:
200 nm, length: 30 µm), MoS2, and AuNPs [104]. The AuNPs/CuONWs-MoS2-based
glucose sensor has a wide linear range from 0.5 µM to 5.67 mM, a good sensitivity of
872.71 µA mM−1 cm−2, acceptable reproducibility (RSD = 4.71%), and great stability (the
response decreased by < 4% after 24 days). Pu et al. developed a ternary flower-like
Cu2O-Cu-Au (CCAu) and used it as sensor material to detect glucose [105]. Au NPs were
loaded onto the surface of flower-like Cu2O-Cu nanomaterials. The sensor had good
sensitivity (1082 µA mM−1 cm−2) and acceptable stability, maintaining a 93% response for
7 consecutive days (Table 3).
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3.3. Sensors Combining Natural Enzymes with Nanozymes

Thousands of enzymes have been discovered in the human body and it is impossible
for scientists to mimic all such natural enzymes within a short period. Considering the fact
that peroxidase mimics are the most mature nanozymes that have been developed, and
considering their wide application in analytical science, scientists have invented sensors
combining the advantages of enzymes drawn from natural resources and the advantages of
enzyme-mimics based on nanomaterials. Colozza’s group prepared a sulfur mustard sensor
combining the properties of choline oxidase enzyme (ChOx, the by−product of which was
H2O2) and Prussian blue (Figure 13) [106]. The activity of ChOx will be inhibited by the
mustard, while Prussian blue promotes the performances of H2O2 amperometric sensors,
due to its renowned POD-like activity. The prepared sensor should be used within 24 h
when stored at room temperature.
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Bilgi et al. used alcohol dehydrogenase (ADH) and alcohol oxidase (AOx) as selective
enzymes to detect ethanol, methanol, and their mixtures [107]. A biosensor fabricated
with ADH can only detect ethanol, while a biosensor fabricated with AOx can detect both
methanol and ethanol. Multiwalled carbon nanotubes (MWCNTs), gold nanoparticles, and
polyneutral red (PNR) film were modified on SPCE to improve conductivity and act as a
mediator. Moscone’s group prepared a paper-based amperometric sensor to detect active
ingredients in pesticides by taking advantage of the ability of different types of pesticides
to inhibit butyrylcholinesterase, alkaline phosphatase, and tyrosinase, respectively [108].
When applied in order to assay 2,4−dichlorophenoxyacetic acid and atrazine, the electrodes
were fabricated with carbon black alone. When applied in order to assay paraoxon, the
electrode was fabricated with PB NPs. The use of carbon black or PB NPs can help the
sensors to achieve better sensitivity and work at a low applied potential.

Elsewhere, 3D pyrolytic carbon microelectrodes coated with RGO have been used as
a substrate to develop amperometric sensors. When functionalized with GOX, a glucose
sensor can be achieved [109]. A decrease of 8% was observed after storing the prepared
sensors in 4 ◦C for 7 days. SnO2 is widely used in solar cells for its high electron mobility.
In Kafi’s work, they mixed GOX and multiparous nanofibers of SnO2 together. Then, with
the help of chitosan, they dried the mixture on gold electrodes modified with PB [110].
GOX worked to produce H2O2, which would then be catalyzed on the electrode with PB. A
steady signal can be attained after less than 10 s. Moreover, the obtained sensor has very
good stability; only a 5% decrease in response was observed after 30 days when it was
stored at 4 ◦C.

Taking advantage of the Cu nanoflowers, a novel nanomaterial was designed by Fang
et al. to construct a nanozymatic glucose sensor [111]. Cu nanoflowers can be synthesized
by optimizing Cu2+ concentration and the deposition duration on the Pt electrode. After
successful deposition with the Cu nanoflower, the Pt microelectrode achieved a larger
surface area, a lower applied potential to initiate electron transfer, and better POD-like
activity to catalyze the H2O2 produced by GOX (Figure 14). Consequently, 95% of the
steady-state current can be achieved by the sensor within 15 s. The stability of the sensor
is also outstanding. When stored at a relatively high temperature of 37 ◦C, the sensor
response increased in the first 6 days but tended to stabilize over the next 14 days.
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Yang’s group prepared Pt nanoparticles from PtCl62−, using P25, a commercial nano
TiO2, as a photo reductant [112]. The atomic ratio of Pt in Pt/TiO2 is only 1.49%, which
greatly reduces the consumption of the novel metal. The Pt NPs distributed on the TiO2
surface with great dispersion, thus enduing the nanocomposite with outstanding POD−like
activity. When H2O2 was added, the steady signal could be attained in only 2 s, which is a
great advantage when in practical use. With the introduction of lactate oxidase, a lactic acid
biosensor was developed. Smutok et al. synthesized a nanozyme with POD-like activity via
immobilized hemin and AuNPs on carbon microfibers [113]. Using a coupled nanozyme
with natural oxidases, alcohol oxidase (AOX), and glucose oxidase (GOX), the authors
developed ethanol sensors and glucose sensors, respectively, which had been successfully
used in assays for alcohol and glucose in must and wine.

Xuan et al. electrochemically deposited Au and Pt alloy nanoparticles onto Au elec-
trodes coated with RGO (Au/RGO); naturally derived GOX was immobilized on the
electrode with chitosan to develop a wearable sensor that can detect glucose in human
sweat (Figure 15) [114]. The authors demonstrated that electrodes fabricated with Au/Pt
alloy NPs have a larger surface area and higher POD−like activity. When the sweat sample
is added, a steady signal can be attained within 10 s. The developed sensor can still work
well after being stored at 4 ◦C for 8 days. Bollella’s group developed a microneedle-based
biosensor that can detect lactate continuously [115]. The surface of the needles was fab-
ricated with Au−MWCNTs; then, the methylene blue (MB), which acted as an electron
mediator, was successively electropolymerized on the needles. Being immobilized with
natural lactate oxidase, such a microneedle can continuously monitor the concentration of
lactate in artificial interstitial fluid and human serum. After being stored at 4 ◦C for 30 days,
the response decreased by only 10%, which means that the sensor has great stability.

The summary of the amperometric sensors combining natural enzymes with nanozymes
is listed below in Table 4:

Table 4. Summary of the amperometric sensors combining natural enzymes with nanozymes.

Target Natural Enzyme Nanozyme Stability (◦C/Day) Sample Reference

Sulfur mustard (SM) ChOx PBNPs RT/24 h SM in aerosol phase [106]
Ethanol, methanol, and their
mixtures ADH/AOx MWCNTs/AuNPs/PNR / Commercial alcoholic

drink [107]

Organophosphorus
insecticides, phenoxy-acid
herbicides, and triazine
herbicides

butyrylcholinesterase,
alkaline phosphatase, and
tyrosinase

Carbon black/PB NPs / Real-life river water [108]

Glucose GOx Reduced graphene 4/7 Serum [109]
Glucose GOx PB film 4/30 / [110]
Glucose GOx Cu Nanoflower 37/14 Rat skin of cervical dorsal [111]
Lactate LOx Pt/TiO2 / Serum [112]
Ethanol/Glucose AOx/GOx CF-H-Au / Grape must/wine [113]
Glucose GOx AuPtNP 4/8 Human sweat [114]

Lactate LOx Au-MWCNTs/polyMB 4/30 Artificial interstitial
fluid/human serum [115]
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3.4. Other Sensors

In addition to presenting specific enzyme-like activities, some nanomaterials can be
used to detect bioactive substances by the combined utilization of their nonenzymatic
recognition properties with well-designed sensors. The enzyme-like activity changed when
such recognition events happened. By utilizing these characteristics, researchers developed
enzymatic amperometric sensors to detect specific targets.

Nanomaterials containing one metal element. H2O2 can efficiently oxidase 2,2′-
azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) into green-colored ABTSox with
the help of cobalt oxyhydroxide (CoOOH) nanoflakes possessing POD-like properties.
Wen et al. found that through electrostatic absorption and covalent interaction, As(V) can
selectively combine with CoOOH nanoflakes [116]; this interaction greatly decreased the
POD-like property of CoOOH nanoflakes, reducing the effectiveness with which H2O2
oxidized ABTS. Using the specific recognition effect between CoOOH nanoflakes and As(V),
an amperometric sensor was prepared to detect As(V) (Figure 16). After storage at 4 ◦C
for 30 days, the sensor response only decreased by 4.2%, demonstrating its good stability.
Liu et al. discovered that by surrounding gold nanoclusters with histidine, the prepared
nanocomposite had intrinsic oxidase-like properties. Without the presence of H2O2, the
nanozyme can oxidize 3,3′,5,5′-tetramethylbenzidine (TMB) to ox-TMB directly [117]. The
catalytic activity was further enhanced when combining the nanozyme with RGO. However,
it is interesting that once the nanozyme contacted nitrite, its strong oxidase-like activity
was significantly inhibited when oxidizing TMB. Utilizing this phenomenon, the authors
developed an amperometric with which to assay nitrite. The sensor only took under 3 s to
achieve 95% of the steady signal. Koo et al. integrated the entire process of circulating tumor
nucleic acids (ctNA) target analysis, such as sample processing, nucleic acid amplification,
and signal reads, on a single biochip. This work used superparamagnetic Fe2O3 particles as
stable POD-like nanozymes to oxidase TMB in the presence of H2O2 during amperometric
measurement [118]. The current intensity is related to the level of the target gene. Using
prostate cancer (PC) as a model, the authors demonstrated that simultaneous target analysis
of multiple PC genetic aberrations (including gene fusion and overexpression mutations)
in human samples can be achieved. Bhattacharjee and his coworkers used mesoporous
iron oxide (MIO) with POD-like properties to detect DNA methylation in colorectal cancer
cell lines [119]. The author first processed the sample with extracted and denatured target
DNA to yield ssDNA, then dropped this onto the gold electrode surface directly. To
selectively target the methylcytosine groups, the MIO nanozyme was functionalized with
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a 5-methylcytosine antibody (5mC) to act as signal tags. The MIO-5mC nanozyme tag
catalyzed the oxidization of TMB by H2O2 to achieve the amperometric detection of DNA
methylation. The mechanism for the POD-like activity of MIO was supposed to follow the
Fenton reaction mechanism. The Fe3+ dissociated H2O2 into hydroxyl free radicals, which
further oxidized the TMB.
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Wang et al. built a sensing platform using a BC (bacterial cellulose) @DNA-Mn3(PO4)2
nanozyme fixed with living cells [120]. The authors found that the nanozyme-based
platform had high catalytic properties regarding superoxide anions and excellent bio-
compatibility for cell adsorption and growth at the same time. Integrating the BC@DNA-
Mn3(PO4)2-fabricated SPCE with a well-designed microfluidic channel, the system achieved
cell cultivation and the electrical detection of O2

•− in situ from living cells simultaneously.
Nanomaterials containing bimetallic elements. Boriachek and his coworkers syn-

thesized a superparamagnetic material by loading gold onto ferric oxide nanocubes (Au-
NPFe2O3NC). The superparamagnetic nanocomposite has POD-like activity and can be
used to direct the isolation and subsequent detection of a specific population of exosomes
(Figure 17) [121]. Functionalized with an exosome-related antibody named CD63, the
nanocomposite was dispersed with sample liquids, where they worked as “dispersible
nanocarriers” to combine the exosomes. After magnetic collection and purification, the
nanocomposite-bound exosomes were incubated on SPCE modified with a specific antibody.
The POD-like property of the nanocomposite was utilized for the amperometric detection
of placenta alkaline phosphatase (PLAP)-specific exosomes in placental cell-conditioned
media. In this case, the nanozymes acted as signal tags and provided signal amplification.
Liu et al. prepared a nanozyme with POD-like activity using AuPd alloy-modified poly-
dopamine (AuPd-PDA) to electrochemically catalyze the reduction of H2O2. When labeled
with an antibody as the recognition element, the nanozyme was utilized to construct an
amperometric platform to detect apolipoprotein E4 (APOE4), which is an important risk
factor for Alzheimer’s disease (AD) [122]. After storage at 4 ◦C for 7 days, the response
decreased by only 5.1%, demonstrating that the sensor has an acceptable level of stability.
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Nanomaterials containing multiple metal elements. Li et al. designed a nanocom-
posite (MoS2@Cu2O-Pt) by combining MoS2 nanoflowers, Cu2O nanocrystals, and Pt NPs.
The nanocomposite was used as a nanozyme in developing a hepatitis B surface antigen
amperometric sensor (Figure 18) [123]. The synergistic effect presented in MoS2@Cu2O-Pt
further increased the POD-like activity of the nanozyme to reduce H2O2 on the electrode
surface, thus improving the detection sensitivity of the immunosensor. After storage at
4 ◦C for 30 days, the response decreased by 10%. The acceptable stability may come from
the good biocompatibility of the platforms, as described by the author.
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MOF-based Nanomaterials Lu et al. prepared the Co, N co-doped hierarchical hybrid
(Co@NCNTs/NC) nanozyme, which contains both N-doped carbon nanotubes (NCNTs)
and N-doped carbon sheets (NC) (Figure 19) [124]. The prepared Co@NCNTs/NC shows
comparable oxidase-like activity, which has been applied to construct an amperometric
sensor to detect dopamine in human serum and artificial cerebrospinal fluid. The obtained
sensor can maintain 90.8% of the current after storage for 30 days at room temperature,
which is an outstanding stability result. Xiao et al. modified 2D Cu-TCPP(Fe) with POD-like
properties directly onto the electrode surface. However, Cu-TCPP(Fe) is destroyed when
in contact with polyethyleneimine (PEI) due to the strong affinity between PEI and Cu2+.
This phenomenon greatly decreases the catalytical properties of Cu-TCPP(Fe) [125]. Using
this strategy, an amperometric immunosensor based on nanozymes was developed to
detect sulfonamides (SAs) in real samples. Liu and his partners prepared “raisin pudding”-
type ZIF-67/Cu0.76Co2.24O4 nanospheres (NSs) by carefully controlling the weight ratio
of ZIF-67 and Cu(NO3)2 [126]. In their work, ZIF-67 acted as a template and cobalt
source, thus ensuring the successful synthesis of cobalt copper oxide on the surface of
ZIF-67/Cu0.76Co2.24O4 NSs, with multiple enzyme-like activities. The authors developed
nanozymatic amperometric sensors to continuously detect 3,4-dihydroxyphenylacetic acid
(DOPAC), based on the nanosphere’s laccase-like activity. By assembling Pd NPs on iron-
based MOF, Li et al. synthesized a nanozyme and applied it to an amperometric sensor to
detect microRNA-122 (a biomarker of liver injury) [127]. The nanohybrids were not only
utilized as nanocarriers for the immobilization of signal probes but were also used as redox
probes and electrocatalysts. Ren et al. demonstrated that the defects in the MOF structure
have a great effect on its catalytic activity. Through a tuning strategy, the defects’ effects on
the properties of oxidase-like MOFs were discussed (Figure 20) [128]. Structural defects
were introduced into a novel Co-containing zeolitic imidazolate framework with gradually
loosened morphology (ZIF-L-Co) by doping cysteine (Cys). With the introduction of more
defects, the enzyme-like activities of the materials were effectively promoted. Defects
induced by doping with sulfur enhanced the adsorption of O2, which further enhanced the
oxidase-like properties. ZIF-L-Co-10 mg, with enhanced ascorbate oxidase- and laccase-
like properties, was applied to a uric acid (UA) amperometric sensor, which was used to
monitor the UA levels in the rat brain continuously. The sensor response was maintained
at over 95% after being stored for 30 days, indicating a satisfactory level of stability.
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The summary of the amperometric sensors detecting untraditional amperometry
targets had been listed below in Table 5:

Table 5. Summary of the amperometric sensors detecting untraditional amperometry targets.

Target Nanozyme Linear Range LOD Stability
(◦C/day) Sample Type Ref.

Arsenate CoOOH nanoflakes 0.1–200 ppb 56.1 ppt 4/30 Pond slit/paddy soil [116]
Nitrite His@AuNCs/RGO 2.5–5700 uM 0.7 uM / Sausage [117]

PC genes superparamagnetic iron
oxide particles / 50 copies / Patient urine and

serum [118]

DNA methylation MIO / 10% methylation / Colorectal cell line
sample [119]

Superoxide BC@DNA-Mn3(PO4)2 34.7 nM–7 uM 5.87 nM /
A549 cells human
nonsmall lung cancer
cell line

[120]

Exosomes Au-NPFe2O3NC 103–107 exosomes/mL 103 exosomes/mL /
Placental
choriocarcinoma cell
culture media

[121]

APOE4 AuPd-PDA 0.05–2000 ng mL−1 15.4 pg mL−1 4/7 Goat serum [122]
Hepatitis B surface
antigen MoS2@Cu2O-Pt 0.5 pg/mL–200

ng/mL 0.15 pg/mL 4/28 Serum [123]

Sopamine Co@NCNTs/NC 30 nM–710 uM 9 nM RT/30 Serum/artificial
cerebrospinal fluid [124]

SAs Cu-TCPP(Fe) 1.186–28.051 ng/mL 0.395 ng/mL 4/15 Real water [125]

DOPAC ZIF-67/Cu0.76Co2.24O4 0.5–20 uM 0.15 uM / Rats’ brain
microdialysate [126]

miR-122 PdNPs@Fe-MOFs 0.01 fM–10 pM 0.003 fM / Serum [127]
Uric acid ZIF-L-Co-10 mg Cys 200 nM–50 uM 67 nM 30 Rat striatum [128]

4. Challenges and Perspectives

Though great progress has been made, scientists still face several challenges in devel-
oping nanozyme-based amperometric sensors. First and foremost, the catalytic activity of
current nanozymes is generally lower than that of enzymes from a natural source. Secondly,
utilizing the synergetic effect by combining different nanomaterials certainly improves
sensor performance. However, considering the lot-to-lot variations found in nanomate-
rial production, combining several nanomaterials will further enlarge the variations, thus
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greatly influencing the reproducibility of sensors between laboratories. Additionally, the
processing steps of developing nanocomposite-based amperometric sensors are laborious,
which makes it very difficult to apply such sensors in practical applications. Thirdly, the
types of nanomaterials are massive and new kinds of nanomaterials are being synthesized
almost every day. The traditional way to discover nanocomposites with high catalytic
activity by combining nanomaterials is time-consuming and labor-intensive.

Herein, we propose two perspectives for the development of amperometric sensors
based on nanozymes. Firstly, interdisciplinary collaboration should be taken seriously in
this area; advanced information technology such as machine learning can open a new portal
for developing nanozyme-based amperometric sensors. Today, some outstanding works
have already employed machine learning in material synthesis and sensor development,
but no report has been found by us on developing nanozyme-based amperometric sensors.
With the help of machine learning, Zhao et al. realized the simultaneous detection of
glucose and insulin in a single sensor. The oxidation potentials of insulin and glucose
are very close, meaning that the current signals are mixed and cannot be analyzed using
traditional methods. The machine learning algorithms were trained by the extracted fea-
tures of the cyclic voltammetric curves of glucose and insulin, with known concentrations.
Then, the algorithms could be used to calculate the concentrations of glucose and insulin
accurately [129]. Giordano et al. used machine learning to overcome the matrix effect.
The ethanol sensor that they developed can be applied to a complex sample without the
necessity for calibration before use with the help of machine learning [130]. Zhu et al.
developed a flexible electrochemical sensor based on nanozymes to detect the ultra-traces
of residues of the phytoregulator α-naphthalene acetic acid in farmland environments.
Using machine learning, the dynamic range of the sensor improved, from 0.02–0.1 µM to
0.02–10 µM [131]. Schroeder et al. developed an electronic nose based on a chemoresistive
sensor array fabricated with CNTs. They used machine learning to improve the food
classification accuracy of the sensors [132]. Dykstra et al. used machine learning to discover
the relationships between synthesis conditions and the corresponding sensing performance.
This work first used machine learning to guide the sensing material synthesis [133]. Paul
et al. first used machine learning to detect adulteration in metformin hydrochloride [134].
Kalasin and his coworkers developed wearable lab-on-eyeglasses to detect creatinine in
tears. Utilizing machine learning, the eyeglasses can distinguish the level of serum crea-
tinine from the tear creatinine with acceptable accuracy [135]. Wang et al. used machine
learning to guide the development of new electrode materials for detecting NO2. Only five
novel materials have been developed in this area in 2018–2020. In their work, with the help
of machine learning, the authors selected 400 materials out of 8000 materials. Of these, 13
of the selected materials were used to verify the reliability of the machine learning model.
The results proved that the model was reliable [136]. In conclusion, machine learning
can be used to improve the performance of developed nanozyme-based amperometric
sensors; what is more, it can guide the direction of research and increase the efficiency
when developing new nanozymes or nanocomposites, with better activity.

Our second perspective is that the possibility of industrialization and commercial-
ization should be considered when developing nanozyme-based amperometric sensors.
New technologies such as the Internet of Things can be used to monitor and automatically
control the production process in real time. Besides this, in view of the amperometric
sensors detecting glucose, lactic acid, and uric acid based on natural enzymes that are
already commercialized, nanozymes should be applied preferentially in such sensors for
their relatively mature manufacturing process. When the market has experienced the sweet
taste of nanozyme-based amperometric sensors in terms of their lower costs and longer
storage periods, more investment will be made to advance research in this area.

5. Conclusions

Amperometry is a subclass of the greater family of electrochemistry; all electrochemical
methods referring to potential changes during the detection process have been excluded.
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Instead, the most recent advances in nanozyme-based amperometric sensors have been
highlighted in this review. Ranged according to the targets of the sensors and the usage of
nanozymes, we successively introduced nanozyme-based H2O2 sensors, nanozyme-based
glucose sensors, sensors combining natural enzymes with nanozymes, and nanozyme-
based sensors targeting untraditional specific targets. We also discussed the challenges
faced by nanozyme-based amperometric sensors and two perspectives were proposed,
which we hope could be helpful in terms of further research in this area.
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