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A B S T R A C T

Mercury (Hg) is known as a poisonous heavy metal which stimulates a wide range of adverse effects on the
human health. Therefore, development of some feasible, practical and highly sensitive platforms would be de-
sirable in determination of Hg2+ level as low as nmol L−1 or pmol L−1. Different approaches such as ICP-MS,
AAS/AES, and nanomaterial-based nanobiosensors have been manipulated for determination of Hg2+ level.
However, these approaches suffer from expensive instruments and complicated sample preparation. Recently,
nanozymes have been assembled to address some disadvantages of conventional methods in the detection of
Hg2+. Along with the outstanding progress in nanotechnology and computational approaches, pronounced
improvement has been attained in the field of nanozymes, recently. To accentuate these progresses, this review
presents an overview on the different reports of Hg2+-induced toxicity on the different tissues followed by
various conventional approaches validated for the determination of Hg2+ level. Afterwards, different types of
nanozymes like AuNPs, PtNPs for quantitative detection of Hg2+ were surveyed. Finally, the current challenges
and the future directions were explored to alleviate the limitation of nanozyme-based platforms with potential
engineering in detection of heavy metals, namely Hg2+. The current overview can provide outstanding in-
formation to develop nano-based platforms for improvement of LOD and LOQ of analytical methods in sensitive
detection of Hg2+ and other heavy metals.

1. Introduction

Mercury (Hg) is known as one of the most frequent noxious metals
in nature and extensively exists in water, soil, and unexpectedly food.
The high levels of Hg2+are globally produced from natural events and
man-made occupations such as power plants, burning of coal, oil and
wood, industrial processes, and metal mining [1]. Interaction of Hg2+

with biological systems results in serious adverse effects against the
tissues and immune cells, even at low levels, and its accumulation in the
tissues can lead to several disorders such as neuropathic disorders [2],
cardiovascular disorders [3], recognition memory impairments [4],
variations in the salivary glands [5], hippocampal dysfunction [6],
psychiatric-like disorders [7], membranous nephropathy [8], and even
death [9]. Since the acute toxicity of Hg2+is well-documented, the
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World Health Organization (WHO) and the U.S. Environmental Pro-
tection Agency (EPA) have, respectively, announced that the maximum
approved levels of Hg2+ in water should be 6 and 2 μg L−1 [10].
Therefore, it seems necessary to apply some approaches to sense Hg2+

at very low levels down to nmol L−1.
The most common Hg2+ detection methods are AAS/AES, cold

vapor AAS, electrochemical methods, gas and liquid chromatography,
and high performance chromatography [11]. Since these methods de-
monstrate low sensitivity, expensive equipment, and time-consuming as
well as complex preparation processes, the application of NP-based
methods has received a great deal of attention, recently [12]. Currently,
some procedures are applied for Hg2+ sensing such as ICP-MS and AAS/
AES. Also, a number of nanomaterials have been used to assemble
different sensors toward Hg2+ detection in the field [13–15]. Moreover,
several new methods have been assembled for Hg2+ detection using
several NPs such as Au [16,17], Pt [18,19], and GO [20,21] based on
their intrinsic catalytic performance. These nanomaterials with intrinsic
catalytic activity, called nanozymes, show similar performance to that
of native enzymes. Consequently, nanozymes can be applied to detect
Hg2+ level based on the variations in the colorimetric or fluorogenic
reactions. In this paper we will review all applicable methods for Hg2+

detection and will discuss the principle of each assembly. We will show
that despite all classical-based assemblies providing potential analytical
activity for Hg2+ detection; they are subjected to high-cost and com-
plex surface functionalization, which needs complicated analytical
tools. Accordingly, the assembly of feasible, low-cost, and highly sen-
sitive and selective sensors based on nanozymes may develop promising
alternative platforms in determination of Hg2+ level. Therefore, we will
overview the toxicity of Hg2+ on the biological systems followed by
provided details of the various platforms such as ICP-MS, AAS/AES,
nanomaterial-based nanobiosensors, and nanozymes used for Hg2+

detection.

2. Mercury toxicity

Hg2+ is constantly exposed to human through contaminated rain,
marine water, coal, vegetables, and food chain and stimulates some
adverse effects on the human health [22–25]. Immense examination
have been carried out on people across the world who frequently intake
fish products. These people are at an enhanced risk of Hg2+ poisoning.
Fetus and children are more sensitive to side effects of Hg2+ [26,27].
Change in neuro motor functions [28] and memory loss [28,29] have
been determined among children exposed to low levels of Hg2+. Also,
neuronal damage [30], multiple sclerosis [31], Alzheimer's disease
[32], and hippocampal dysfunction and cognitive impairment [6] were
reported in adults upon exposure to low levels of Hg2+. It has been
reported that mitochondria of the neurons is considered as the site of
the injury induced by Hg2+ [33]. Also, it has been reported that Hg2+

interrupts the regeneration of neurons via inhibition of microtubule
polymerization [34].

In another study, oxidative stress, apoptosis induction and cleavage
of rho-associated, coiled-coil-containing protein kinase 1 (ROCK-1)
have been reported to play an important role in Hg2+-induced cell
mortality in astroglial cells (Fig. 1A) [35]. Similarly, oxidative stress,
neural cell mortality, and functional deficits have been reported after
exposure to Hg2+ [36]. It has been also displayed that low levels of
Hg2+ in rats induced oxidative stress, loss of neuroprotection, and
motor function [37]. Regarding heart function, it has been revealed that
chronic Hg2+ exposure disables sympathovagal balance of the rat heart
[38] and induces heart rate irregularity [39]. Exposure of virgin rats to
acute exposure of Hg2+ resulted in remarkable inflammatory infiltra-
tion and serious morphological changes, such as glomeruli atrophy,
dilatation of Bowman's capsule, tubular damage, and hepatocytes
mortality. Furthermore, these rats showed some remarkable changes
such as mitochondrial alteration, oxidative stress, and activation of
stress proteins at both kidney and liver tissues [40]. It was also shown

that chronic exposure of Hg2+ can damage kidney, liver, and brain in
rats, while vitamin C can mitigate the Hg2+-induced toxicity [41]. It
was also declared that high level of blood Hg2+ is associated with re-
duction in liver function in elderly populations [42]. However, these
Hg2+-induced liver damages are gender sensitive (Fig. 1B)[43]. It was
also demonstrated that Hg2+ contamination by lightning creams may
increase some adverse effects against normal tissues [44]. Indeed, the
source of Hg2+, routs of the exposure, Hg2+ level and the type of tissue
can determine the severity of Hg2+-induced toxicity.

Moreover, it has been indicated that reproductive impairment can
be seen in rats exposed to a low level of Hg2+ [45]. Besides, it was
reported that high levels of Hg2+ result in infertility or subfertility,
induction of menstrual and hormonal diseases, and reduction of semen
quality index [46]. Furthermore, hypertension [47] and cancer pro-
motion [48] have been also reported in the literature about Hg2+

toxicity. Based on the significant Hg2+-induced toxicities, development
of some potential systems for the Hg2+ detection at very low levels
would be promising. In the following sections we will review the ad-
vantages and disadvantages of several approaches commonly used for
Hg2+ detection.

3. Inductively coupled plasma mass spectrometry (ICP-MS)

ICP-MS can be applied to sense metals and a number of non-metals
at levels down to 10−15 M. Fang et al. [49] reported using reversed
phase chromatography based on ICP-MS approach for simultaneous
detections of arsenic and Hg2+in rice flour. The LODs of the examined
species were reported to be in the range of 0.84–2.41 μg L−1 for arsenic
and 0.01–0.04 μg L−1 for Hg2+, respectively [49]. Ma et al. [50] syn-
thesized functionalized magnetic NPs for adsorption of Hg2+species in
water and human hair trials. Then, a procedure of magnetic solid phase
extraction integrated with ICP-MS was assembled for the detection of
methyl Hg and Hg2+. The authors reported LOD for methyl Hg and
Hg2+ to be 1.6 and 1.9 ng L−1, respectively (Fig. 2A) [50]. Other re-
ports for the determination of Hg2+ level using the ICP-MS technique
are listed in Table 1.

4. Atomic absorption/emission spectrometry

AES/AAS is known as a spectro-analytical tool for the quantitative
assay of chemical elements applying the absorption/emission of light by
the gaseous status of atom. Panichev and Panicheva [51] developed a
procedure for the sensing of Hg2+in seafoods that depends on the direct
thermal evaporation of Hg2+. The LOD and the limit of quantification
for the sensing of Hg2+ in wet fish trials were 0.6 ng g−1 and
2.0 ng g−1, respectively. Almeida et al. [52] reported a simple and
effective route for Hg2+ extraction with Universol® in soil and sediment
specimen integrated with the cold vapor generation AAS technique. The
LOD were found to be 0.07 and 0.08 mg kg−1 for Hgtotal and Hg2 +,
respectively. Zhang et al. [53] demonstrated a feasible, non-chroma-
tographic and bio-analytical procedure for the sensing of Hg2+ in water
and biological samples. Hgo was formed by utilizing formic acid and
ultraviolet or ultrasonic radiation, and was then analyzed by AES. The
LOD was 0.005 and 0.01 μg L−1 for total Hg and Hg2+, respectively
(Fig. 2B) [53]. Some other data that have been used for the sensing of
Hg2+ using AAS/AES technique are tabulated in Table 2.

As summarized in Sections 1.1 and 1.2, ICP-MS and ASS/AES
methods demonstrate excellent sensitivity and selectivity, however,
they are highly-priced and need complicated equipment, instructed
operators, and prolonged sample preparation, which restrict their po-
tential implementation for on-site investigations. Therefore, the as-
sembly and development of simple and cost-effective sensors for on-site
detection of Hg2+ is highly demanded. The application of NPs can be
useful as an alternative route for simple, low-cost, and highly sensitive
detection of Hg2+.
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Fig. 1. A: Oxidative stress, caspase-3 activation and cleavage of ROCK-1 play an essential role in MeHg-induced cell death in primary astroglial cells. a; A
proposed model for MeHg-mediated mitochondrial injury, ROCK-1 activation and apoptosis in primary culture of mouse astrocytes. b-c; Time-dependent MeHg-
induced cytotoxicity in primary culture of mouse astrocytes. Astrocytes were exposed to vehicle (black bars) and 10 μM MeHg for 6 h and 24 h. (b) Cell viability was
evaluated by ATP assay and (c) LDH release. d; MeHg exposure induces a decrease in the NAD+ production in primary culture of mouse astrocytes. The ratio of
NAD+/NADH was calculated as (NADt-NADH)/NADH. e; MeHg exposure induces caspase-9 activation in primary culture of mouse astrocytes. Astrocytes were
exposed to vehicle or to 10 μM MeHg for 6 h f; MeHg exposure induces ROCK-1 cleavage/activation in primary cultures of mouse astrocytes. g; MeHg exposure
induces decrease in RhoA expression (1 h) before the onset of caspase-3 activation (6 h) in primary culture of mouse astrocytes [35]. B: Gender differences in Hg-
induced hepatotoxicity: Potential Mechanisms. a; Representative micrographs of liver sections with hematoxylin/eosin-stained from male (1, 2, 3 and 4) and
female (5, 6, 7 and 8) rats. After 18 h of a level of HgCl2 (4 mg kg−1 body weight, i.p), females showed a notable disorganization on the radial pattern of hepatocytes
and dispersed areas of fibrosis (arrow). In Hg2+-treated males, the microscopic changes were less than Hg2+-treated females. CM: Control males, Hg-M: Hg2+-treated
males, CF: Control females, Hg–F: Hg2+-treated females. b; Content of total Hg2+ in liver from Hg-M and Hg–F. c; Immunoblotting analyses for Oat3 in liver total
plasma membranes from CM, Hg-M, CF and Hg–F. Kaleidoscope Pre-stained Standards of molecular mass corresponding to bovine serum albumin (89.4 kDa) and to
carbonic anhydrase (38.9 kDa) are indicated in the right of the immunoblotting bands. d; Immunoblotting analyses for Mrp2 in liver total plasma membranes from
CM, Hg-M, CF and Hg–F. Kaleidoscope Pre-stained Standards of molecular mass corresponding to myosin (206.4 kDa), β-Galactosidase (127.5 kDa) and to carbonic
anhydrase (38.9 kDa) are indicated in the right of the immunoblotting bands [43].
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5. Nanomaterials

To overcome the above-mentioned limitations, a number of nano-
materials have been employed to assemble nano-based sensors for Hg2+

detection in different fields. Frequent detection approaches for selective
and subtle sensing require surface functionalization of nanomaterials
with different moieties. In the following sections we will review some of
the recent papers on the modification of nanomaterials and their

subsequent applications in Hg2+ detection.

5.1. NPs/oligonucleotides

In recent years, the interaction between Hg2+ and bisthymine (T-T)
has received a great deal of interest in detection of heavy metals
[54,55]. Indeed, T–T mismatch, as an Hg-specific oligonucleotide
(MSO) can bind with Hg2+ in a selective and strong manner [56,57].

Fig. 2. A: Magnetic solid phase extraction coupled with plasma mass spectrometry for the speciation of Hg2+ in samples. a; CH3Hg+ and Hg2+ exhibited
similar adsorption and different desorption behavior on Fe3O4@SiO2@γ-MPTS. b; Effect of the CH3Hg+/Hg2+ ratio on the recovery of CH3Hg+ and THg. c; Effect of
the elution volume on the recovery of CH3Hg+ and Hg2+ (20 μg L−1). d; Effect of pH on the sorption percentage of Hg2+ and CH3Hg+ (20 μg L−1) on the Fe3O4@
SiO2@γ-MPTS. e; Effect of thiourea concentration in 1.5 M HCl on the recovery of Hg2+ and CH3Hg+ (20 μg L−1) [50]. B: Application of flow injection–green
chemical vapor generation–atomic fluorescence spectrometry to detection of Hg2+ in samples. a; Schematic of the experimental setup. b; Effect of ultrasonic
power on AFS response. c; Effect of formic acid on AFS response. d; Effect of irradiation time on AFS response [53].

Table 1
Detection of Hg2+ using ICP-MS technique.

Analytical tools Sample LOD for Hg2+ Ref.

Liquid chromatography ICP-MS Fish oils 0.5–1 ng g−1 [109]
Sector field ICP-MS Hair of school children from a polluted

area
0.20–0.25 mg kg−1 [110]

High pressure liquid chromatography ICP-MS Water and fish samples 0.49–0.74 ng L−1 [111]
Isotope dilution – ICP-MS Microalgae 9 pg [112]
ICP-MS Peach and jujube 0.0003 (peach) to 0.0016 (jujube)pg [113]
Ion-pairing reversed-phase chromatography coupled to ICP-MS Freshwater fish 0.015 μg L−1 [114]
Nanoliter liquid chromatography and ICP-MS with an in-column high-pressure

nebulizer
Caprine blood 0.044–0.13 μg L−1 [115]

Electrothermal vaporizer with ICP-MS Soil 3.1 ng g−1 [116]
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Therefore, T-rich sequence can be designed to selectively bind with
Hg2+. Based on this interaction, Cui et al. [58] developed a fluorescent
nanobiosensor based on carbon dots (CDs)-tagged oligo-deoxy ribonu-
cleotide (ODN) and GO (Fig. 3A) as a quencher of Hg2+. The LOD was
in the range of 5–200 nmol L−1. Wordofa et al. [59] assembled a label-
free chemiresistorive nanobiosensor for the sensing of Hg2+ utilizing
DNA-modified single walled carbon nanotubes (SWNTs). Upon the
formation of T–Hg2+–T and subsequent release of poly-A, an alteration
in the resistance of the chemiresistive nanobiosensor is detected, which
is employed to calculate the level of Hg2+ [59]. The LOD for CH3Hg+

ions based on this nanobiosensor was in the range of 0.5–100 nmol L−1.
Memon et al. developed a colorimetric detection of Hg2+ by using

SSDNA oligonucleotides and AuNPs [62]. As a result, T–Hg2+–T do-
main as a dsDNA, cannot attach on the AuNPs. This leads to agglom-
eration of the NPs which can be detected by dynamic light scattering as
alteration in the particle hydrodynamic radius [60]. Therefore, the
authors suggested a rational assembly for the MSO with a significant
enhancement in sensing sensitivity. The LOD dropped to 15 nmol L−1

and the linear range was from 50 to 300 nmol L−1 for Hg2+ [60]. Other
investigations utilized for the detection of Hg2+using NPs/oligonu-
cleotides approach are summarized in Table 3. Finally, despite the
appropriate detection and potential sensitivity of oligonucleotide in
Hg2+ detection, further investigations are needed to overcome the
complexity of oligonucleotide-based nanobiosensor fabrication and
limited diagnosis resulted from mismatch between the probe and the
target.

5.2. NPs/thiol compounds

Thiol groups provide a strong binding affinity to Au and Hg2+.
Asadpour-Zeynali and Amini [61] developed a voltammetric nanobio-
sensor for determination of Hg2+ level using a mercapto-carboxylic
acid intercalated coated paired hydroxide NP-improved electrode with
a LOD of 0.8 nmol L−1. Devi et al. [62], using AuNPs-loaded rGO-SH
GCE, were able to design a GCE/rGO-SH/Au-NPs electrode to detect
Hg2+ with a LOD of 0.2 μM based on the electrochemical method.
Sharma et al. [63] developed a feasible and selective strategy for the
optical sensing of Hg2+ in water employing thiol terminated chitosan
(Ch) functionalized AgNPs at different pH (Fig. 3B). The color of the Ch-
AgNPs changes after interaction with Hg2+ and the LOD was calculated
to be 5 μg L−1 [63]. Other reports for the detection of Hg2+ using the
NPs/thiol compounds approach are listed in Table 4.

Surface modification of nanomaterials have also been done by dif-
ferent moieties such as proteins/peptides [64], polymers [14,65–67],
aptamers [68–70] and cysteine [71], which lead to selective binding of
Hg2+ and fortifying the signal transduction based on the level of Hg2+.
All of these approaches require a complicated sample preparation and
advanced analytical devices for readouts. Indeed, NPs should be func-
tionalized with different moieties in order to increase the selectivity
and sensitivity of the assemblies which needs time consuming and ex-
pensive procedures. The ion interference may also occur and should be
overcome by coupling formation between functional groups. To address
these disadvantages, the nanozyme-based platforms were introduced as

uncomplicated, affordable, and highly sensitive and selective nano-
based sensors for on-site detection of Hg2+.

5.3. Covalent organic frameworks in Hg2+ detection

Some of the major challenges in the determination of Hg2+ levels by
nanomaterial are the lack of accuracy, precision, and sensitivity com-
pared to conventional methods. In this regard, covalent organic fra-
mework (COFs) with different recognition methods such as chromato-
graphy, membrane separation and solid-phase extraction can be used to
improve the selective framework based sensor toward Hg2+ detection
[72]. This technique uses two- or three-dimensional porous crystals
formed through strong covalent bonds. COFs structure due to symmetry
and rigid geometry with desirable topology such as individual config-
urable sponginess, well-organized channels, optional building blocks,
expectable state of structures, easy process, large reaction areas, and
thermal as well as chemical stability provide potential properties for
sensing systems [73]. In this regard, due to the decreased catalytic
activity of AuNPs resulted from their agglomeration, Li et al. [74] by
using COF structure from 1,3,5-Tris-(4-formyl-phenyl)triazine and 4, 4′-
azodianiline polymers not only increased the stability and peroxidase-
like activity of AuNPs, but also enhanced the LOD of Hg2+ up to
0.75 nmol L−1 with a linear amplitude of 5–300 nmol L−1. The con-
structed COF-AuNPs sensor provided high sensitivity and selectivity in
detection of Hg2+. Likewise, He et al. [75] by producing COF colori-
metric sensors based on triarylamine polymer and Suzuki polymeriza-
tion, in addition to Hg2+ detection with a LOD of 22.8 μg L−1, were
able to remove Hg2+ up to 95%. Recently, Guo et al. [76] designed two-
dimensional COF containing N-doped CDs (NCDs) and Rhodamine B
(RhB) nanocomposites (NCDs-RhB@COF) that were able to detect Hg2+

based on a colorimetric sensors with a LOD of 3 15.9 nmol L−1 and a
linear range of 0.048–10 μM. These fluorescent-based nanobiosensors
can be considered as a promising platform in industrial activities be-
cause of their promising sensitivity and stability. Taken together, COFs-
based nanobiosensors can be utilized to develop a simple Hg2+ with
high sensitivity, accuracy, stability and reproducibility in real samples.

6. Nanozymes

Enzymes as biological catalysts can speed up the conversion of
substrates into products in biochemical pathways. Enzymes are com-
posed of amino acids, which allow them to reach their high catalytic
activity and maximum catalytic performance under physiological con-
ditions. Nevertheless, enzymes lose their activity after subjection to
harsh conditions such as acidic or basic pH, high temperature, and the
presence of denaturant and/or proteases which considerably hamper
their actual implementation in industry [77]. To overcome these re-
strictions, there is a growing demand to use enzyme mimetics which are
more vigorous than proteins and affordable at lower-cost to fabricate
[78]. The major part of enzyme mimetics is the utilization of organic
chemical compounds as the functional core. Furthermore, non-protein
biomolecules with enzyme-like performance have been identified, such
as Ribozymes [79], Abzymes [80] and DNAzymes [81]. However, most

Table 2
Detection of Hg2+ using AAS/AES technique.

Analytical tools Sample LOD for Hg2+ Ref.

Photochemical vapor generation graphite furnace AAS Fish tissue 0.31–3.17 μg L−1 [117]
Flow injection catalytic cold vapor AAS Urine samples 0.14 μg L−1 [118]
Cold vapor AAS Water and fish samples 10 ng L−1 [119]
Amberlite XAD-4 column integrated with flow injection cold vapor generation AAS Water and fish tissue 0.148 μg L−1 [120]
Thermal decomposition AAS Fish tissue 0.2 μg kg−1 [121]
AES Lake water samples 3 ng L−1 [122]
Ultraviolet atomization-AES Spiked environmental water 0.015 mg L−1 [123]
Cold vapor microwave plasma-AES Wild Atlantic salmon muscle tissue 0.22 μg L−1 [124]
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Fig. 3. A: a fluorescent biosensor based on CDs-labeled oligodeoxy ribonucleotide and GO for Hg detection. a; Schematic illustration of the GO-based sensor
system for Hg2+ detection. b; The fluorescence spectra of ODN–CDs and GO-based sensor system in the presence or absence of Hg2+. c; Effect of pH on the F/F0-1
value of sensor system. d; Fluorescence spectra of the GO-based sensor system containing various levels (0, 2, 5, 10, 20, 50, 100, and 200) of Hg2+. e; electivity of the
sensing system of Hg2+ to other competing metal ions, 100 nM Hg2+ and 10 μM other metal ions. f; Plot of the F/F0-1 value as a function of the Hg2+ level [58]. B:
Thiol terminated chitosan capped AgNPs for sensitive and selective detection of Hg2+ (II) ions in water. a; TEM images of the Mod-Ch-AgNPS in the (1)
absence (high-resolution in the inset) and (2) presence of Hg2+. b; Change in the UV–vis spectra of Mod-Ch-AgNPs upon the addition of increasing level of Hg2+

(0–0.4 μM). c; Plot of absorbance intensity versus Hg2+ level. d; Photographs of hydrogel of (a) Ch-AgNPs and (b) Mod-Ch-AgNPs in presence of different metal ions.
e; Photograph showing the effect of pH for the separation of Hg2+ from water using Mod-Ch-AgNPs [63].

Table 3
Detection of Hg2+ using NPs/oligonucleotides approach.

Analytical tools Detection strategy LOD for Hg2+ Ref.

Self-assembling Hg- oligonucleotide-AuNPs modified indium tin oxide (ITO) electrode Electro- chemiluminescence 5.1 pmol L−1 [125]
Guanine nanowire Electrochemical sensor 33 pmol L−1 [126]
SsDNA/nano-graphite Fluorescence 3 nmol L−1 [127]
DNA self-assembled Au nano-rods colorimetric 3.2 nmol L−1 [128]
Au NRs@T SERS 0.1 nmol L−1 [129]
GO-Au modified electrode integrated with AuNPs Electrochemical 0.001 amol L−1 [130]
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enzyme mimetics are still restricted in industrial implementation be-
cause of their low efficiency and selectivity. Therefore, nanozymes, as a
brand-new kind of enzyme mimetic, are considered as nanomaterials
with innate enzyme-like performance that can effectively catalyze the
reactions and show identical kinetics and mechanisms of native en-
zymes under physiological conditions.

The enzyme-like activities of nanozymes derive from the nanoma-
terial itself, rather than combining auxiliary enzymes onto the nano-
material. Nanozymes present a great deal of benefits in industry be-
cause their bioactivity cannot be easily reduced and digested by
proteases [82]. In addition, the catalytic activity of nanozymes can be
controlled by adjusting their physicochemical features, similar to the
properties of NPs that usually depend on dimension, morphology,
chemical composition, and functional groups. This represents an ad-
vantage for using nanozymes over other classical enzyme mimetics.
Currently, there are a number of nanomaterials that have been de-
termined to provide intrinsic activity close to enzymes such as perox-
idases [83], catalase [84], esterase [85] and others. Also, some nano-
zymes like iron NPs provide two intrinsic features, namely magnetic
properties and peroxidase-like performance. This functional duality can
be utilized in both separation of iron molecules from water and po-
tential catalyst for enzymatic reactions. Therefore, the adaptability and
stability of nanozymes cause extensive new practical applications in
chemistry, biotechnology and medicine.

Nanomaterials are chemically inert in biological media and can be
considered as bioactive molecules. Nanomaterials are synthesized via
different methods, such as physical, chemical and biological fabrica-
tions [86], to produce nanozymes with different characteristics for
catalytic applications [87], antibacterial applications [88], ultra-
sensitive cancer diagnosis [89], detection [90], and determination of
heavy metals level in environment [91]. It is indicated that nanozymes
may display the next generation of artificial enzymes. Therefore, the
nanozyme model−introducing nanomaterials with inherent enzymatic
performance−can lead to a newly prominent branch that bridges na-
notechnology and biology to medicine. In this chapter we try to over-
view some recent applications of nanozymes such as AuNPs, PtNPs and
others in detecting heavy metals such as Hg2+.

6.1. AuNPs

Han et al. [92], assembled a simple Au nanozyme-derived paper
chip (AuNZ-PAD) that showed a high level of sensitivity and selectivity
to on-site detection of Hg2+. The colorimetric detection of Hg2+ by
using AuNZ-PAD chip was developed based on the enzyme-like per-
formance of AuNPs fortified by the presence of Au–Hg2+. In this case,
highly sensitive determination of Hg2+ level was observed, demon-
strating the practicability of this system for the sensing of Hg2+ in real
samples integrated with a smartphone camera [92]. Zhao et al. [93],
manipulated a system for the colorimetric assay of Hg2+ based on the
observable signal intensification stimulated by a Cu@Au–Hg2+ trime-
tallic nanohybrid with peroxidase-like activity with a LOD of
3.0 nmol L−1.

Zohora et al. [94] biosynthesized AuNPs and showed that ester-like
phytochemicals exist on the surface of AuNPs, leading to determination
of Hg2+ level with a LOD of 1.44 μM. Huang et al. [16] used protamine-

AuNPs with peroxidase-like activity for the specific and sensitive col-
orimetric assessment of Hg2+ with a LOD of 1.16 nmol L−1. Jiang et al.
[95] reported a colorimetric sensing of Hg2+ based on the enzyme‐like
function of chitosan‐AuNPs with a LOD of 20 nmol L−1. Wang et al.
[96] also reported colorimetric analysis of Hg2+ by the Hg2+-stimu-
lated peroxidase mimicking performance of a nanohybrid fabricated
from graphitic carbon nitride and AuNPs with a LOD of 3.0 nmol L−1.
Ma et al. [91] developed a nanosystem to perform the colorimetric
assay for sensitive assay of Hg2+ by molybdenum disulfide (MoS2)–Au
nanocomposites as peroxidase mimetics (Fig. 4A). The presence of
Hg2+ increases the peroxidase-like function of nanohybrid, resulting in
the direct assay of Hg2+ with a LOD down to 5 nmol L−1.

6.2. PtNPs

Li et al. [97] used BSA to act as the nucleation template for fabri-
cation of Pt nanozymes (2 nm), showing the outstanding peroxidase-
like performance. Interestingly, Hg2+ was able to inhibit the enzymatic
function of Pt nanozymes, mainly through the reactions with PtNPs.
Therefore, it was possible to develop a colorimetric Hg2+ sensing
platform employing the peroxidase mimicking performances of PtNPs
[98]. It was shown that BSA-stabilized Pt nanozymes displayed a great
deal of possibility to detect Hg2+ without remarkable intervention
(Fig. 4B) with a LOD of 7.2 nmol L−1 and the linear response range of
0–120 nmol L−1 [97].

Zhou and Ma [99] reported that PtNPs can be used as a nanozyme
for fluorescent and colorimetric dual sensing of Hg2+ by oxidation of o-
phenylenediamine with LODs of 0.14 nmol L−1 and 0.8 nmol L−1, re-
spectively. Li et al. [100] also reported that PtNPs encapsulated meta-
l–organic frameworks can be employed for colorimetric sensing of
Hg2+ with a LOD of 0.35 nmol L−1. Peng et al. [19] used core-shell
Au@Pt NPs for simultaneous colorimetric determination of Hg2+ and
Ag+ levels with LODs of 3.5 nmol L−1and 2.0 nmol L−1, respectively.
Wang et al. [101] developed a nanohybrid that is composed of graphitic
carbon nitride functionalized PtNPs for simple and specific colorimetric
determination of Hg2+ level with a LOD of 1.23 nmol L−1. Guo et al.
[102] fabricated Pt–selenium (Pt–Se) nanozyme as potential candidates
for selective colorimetric detection of Hg2+ with a LOD of 70 nmol L−1.
Zhao et al. [103] used poly (vinyl pyrrolidone) (PVP)-functionalized
PtNPs nanozyme for the simultaneous determination of Hg2+ and Ag+

levels with LODs of 17.75 nmol L−1 and 9.75 nmol L−1, respectively.
Also, Kora and Rastogi [104] used biosynthesized PtNPs nanozymes for
colorimetric detection of Hg2+ in tap and ground waters with LODs less
than 16.9, and 47.3 nmol L−1, respectively.

6.3. Other NPs

Hsu et al. [105] explored a fabricated bismuth oxy-iodide nano-
system as an efficient nano-network to selectively sense Hg2+ and Pb2+

down to nmol L−1 levels. Huang et al. [106] developed a bio-synthe-
sized chitosan-functionalized molybdenum (IV) selenide nanozyme for
the colorimetric detection of Hg2+. The sensing system is based on the
activating effect of Hg2+ on the synthesized nanozyme performance by
the in-situ reduction of chitosan-adsorbed Hg2+. The levels of Hg2+ can
be selectively determined with a LOD of less than 5 nmol L−1, using

Table 4
Detection of Hg2+ using NPs/thiol compounds approach.

Analytical tools Detection strategy LOD for Hg2+ Ref.

Thiol-functionalized silver (Ag) NPs SERS 0.0024 μmol L−1 [131]
AuNPs- thiocyanuric acid colorimetric aptasensor 0.5 nmol L−1 [132]
Thiol-functionalized polysiloxanes modified by lead NPs Voltammetric sensor 0.35 nmol L−1 [133]
Nitrogen-doped, thiol-functionalized CDs Fluorescence 6.8 nmol L−1 [134]
Au, Hexanedithiol and Rhodamine B nanocomposite Absorption and fluorescence 0.5 ng mL-1 [135]
Tween 20-modified Au nanorods-DTT Spectrometric, aggregation 0.42 pmol L−1 [136]
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Fig. 4. A: Colorimetric determination of Hg2+ level in water based on peroxidase mimetic activity. a; Characterization of MoS2–Au composites: (1) SEM, (2)
TEM images. b; UV–vis absorption spectra of sodium acetate buffer solution containing 150 μM TMB and 50 mM H2O2: (a) No MoS2–Au and Hg2+, (b) in the presence
of 20 μg/mL MoS2–Au, (c) In the presence of 20 μg/mL MoS2–Au and 50 μM Hg2+. c; Effect of the Hg2+ level on the fluorescence intensity in the terephthalic acid-
H2O2 system catalyzed by MoS2–Au. d; Linear calibration plot for Hg2+ detection. The inset shows the color change of the chromogenic reaction in the presence of
different levels of Hg2+ [91]. B: BSA-stabilized Pt nanozyme for peroxidase mimetics and its application in colorimetric detection of Hg2+. a; TEM images of
BSA–Pt reduced by DMAB at pH 7.0 (1), as well as reduced by NaBH4 at pH7.0 (2). b; Photograph of the color progression with different levels of Hg2+ in the
TMB–H2O2 reaction system (pH 4.0) catalyzed by BSA–Pt at 25 °C, c; Plots of the A652 values with the level of Hg2+, d; the A652 values in the TMB–H2O2 reaction
system (pH 4.0) catalyzed by BSA–Pt in the presence of Hg2+ (1 μM) or other ions (10 μM). The A0 and A represent the A652 produced by BSA–Pt and BSA–Pt ion
[98]. C: Detection of Hg2+ based on a non-noble metal nanozyme. a; Synthesis and characterization of CS-MoSe2 NS. b; CS-MoSe2 NS-based colorimetric Hg2+

assay. (1 and 2) UV absorption spectra of the reaction system that consisted of Hg2+, 25 μg/mL CS-MoSe2 NS, 20 mM H2O2, and 0.5 mM TMB and the reaction system
that consisted of Hg2+, 50 μg/mL CS-MoSe2 NS, and 0.5 mM TMB, respectively. (3) Hg2+ level-related color changes of systems. (4 and 5) Linear relationships
between the Hg2+ level and the absorbance of the reaction system obtained from panels 1 and 2, respectively. c; Kinetic plot of ν against TMB concentration before
and after the addition of Hg2+ (10 μM) in the POD system. d; Plot of the (G + B)/2R value vs Hg2+ level in the POD channel. The images show the color of the test
strip is varied with the Hg2+ level [106].
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TMB as a colorimetric index. Furthermore, the integration of CS-MoSe2
NS, with a smartphone, was tested for determination of Hg2+ level with
a LOD of less than 10 nmol L−1 (Fig. 4C) [106]. This system demon-
strated high selectivity and enhanced applicability in real samples, and
showed a promising platform in the development of portable bio-
compatible nanozymes for the determination of Hg2+ level in a wider
range of samples such as food, water and serum. Other nanozymes that
are developed for the detection of Hg2+ are listed in Table 5.

7. Challenges and future perspective

It has been revealed that Hg2+ stimulates a wide range of adverse
effects on human health. Therefore, it is crucial to assemble some well-
developed platforms for determination of Hg2+ level as low as nmol
L−1, pmol L−1 or even fmol L−1 by different approaches. Several na-
nomaterials have been thoroughly assembled to mimic the conforma-
tion and activity of naturally existing enzymes. The development of
nanozyme in determination of heavy metals levels has recently received
a great deal of attention due to the sophisticated progress in the na-
notechnology area. The nanozyme can be integrated with some mon-
itoring systems such as well-developed software on portable phones to
simplify its applicability. These systems can result in the development
of advanced portable platforms for the determination of toxic ions and
drugs levels in real samples. Optimizing the catalytic activity of nano-
zymes, the assembly of potential nanozymes based on different kinds of
NPs with higher activity and other practical features are still required to
develop promising nanozyme-based platforms in detection of heavy
metals. Indeed, random trials of the enzyme-like functions of present
nanomaterials should be oriented toward designing of enzyme-like
performance based on those chemical compositions which are antici-
pated to accelerate enzymatic responses. Moreover, procedures to fab-
ricate nanohybrids can be explored to solve the current crucial short-
coming of nanozymes showing low functional performance, by utilizing
their synergistic impact to accelerate electron transfer between nano-
hybrid materials in the course of redox activity. Also, one of the most
reported limitations of NPs as nanozymes is their adverse effect on the
environment and biological systems. However, it seems that bio-in-
spired fabrication of NPs and their applications in the form of nano-
zymes may hold a great promise to synthesize safe and eco-friendly
nanozymes. Because, plants and microbial systems can be used for
bioremediation of Hg-containing samples [107,108]. This can be
achieved by successfully dodging the utilization of harmful materials in
classical chemical fabrication, through stimulating their applications in
environmental treatments and therapeutic platforms. Finally, mod-
ification of the nanozyme surface may result in the selective and sen-
sitive capability of nanomaterials to target potential substrates in the
practical applications of nanozymes. With the abovementioned survey,
it is anticipated that nanozymes will be extensively utilized in a number
of implementations in the near future.

Taken together, future prospects of nanozymes for detection of

Hg2+ in a wide range of samples such as food, industrial and medical
compounds have gained a wide range of interest. Because, these types
of diagnostic tools not only provide a high sensitivity and selectivity,
but also they improve the diagnostic platforms demonstrating simple,
portable and high repeatability features. Furthermore, the integration
of nanozymes with a variety of portable smart devices such as mobile
phones has led to an increased attention for their application in sensing-
based analytical approaches. However, as mentioned above, many in-
terdisciplinary activities are required to be well-developed to achieve a
potential nanozyme-based detection system. For example, despite the
rapid and accuracy of detection, the short-term stability of nanozymes
should be considered in their various biological and environmental
applications. Signaling amplification and LOD, which are addressed by
the simultaneous utilization of different NPs are considered an im-
portant issues for future application of nanozymes. Finally, changing
the phase of the sample may complicate the detection or sensing of the
samples.

8. Conclusion

In this short review, we summarized recent progresses in expanding
the determination of Hg2+ level in nature with a special focus on na-
nozymes. The nanozyme-stemmed approach is presently one of the
promising methods used in sensing of heavy metals. However, the im-
plementation of nanozymes to assemble a simple and eco-friendly
strategy needs more assessments.
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