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Heavy metal ions are one of the main sources of water pollution. Most heavy metal ions are carcinogens
that pose a threat to both ecological balance and human health. With the increasing demand for heavy
metal detection, electrochemical detection is favorable due to its high sensitivity and efficiency. Here,
after discussing the pollution sources and toxicities of Hg(n), Cd(i), As(m), Pb(i), UO,(), TL(1), Crlvi), Agl),
and Cu(i), we review a variety of recent electrochemical methods for detecting heavy metal ions.
Compared with traditional methods, electrochemical methods are portable, fast, and cost-effective, and
they can be adapted to various on-site inspection sites. Our review shows that the electrochemical
detection of heavy metal ions is a very promising strategy that has attracted widespread attention and

Received 21st February 2021,
Accepted 9th June 2021

DOI: 10.1039/d1cc00983d

Published on 09 June 2021. Downloaded on 6/1/2024 9:03:04 PM.

rsc.li/chemcomm

1. Introduction

With the advancement of industry, global environmental pollu-
tion has become more severe.'® Heavy metal ions are one type
of the most significant contaminants in water pollution and
they have affected various parts of the environment, such as
terrestrial and aquatic communities.” The main source of these
heavy metal ions is cosmetics and their by-products. In addition,
the widespread use of chemical fertilizers has caused serious heavy
metal ion pollution. Another source is the chemical substances
produced by industrial or household waste. Heavy metal ions are
distributed ubiquitously and cannot be degraded. As such, they
threaten both human health and the environment.> These ions are
emitted from factories, accumulate in the biosphere, and enter
organisms by the alimentary chain. Heavy metal ions like mercury,
cadmium, arsenic, and lead are a risk to human health even in low
concentrations because the metal ions react with the thiol group of
proteins and then enter the cells to change the biochemical
lifecycle. Moreover, high concentrations of silver and copper have
toxic effects as well.*™

These heavy metal ions are extremely dangerous pollutants,
ranking in the top ten on the “Priority List of Hazardous
Substances of Toxic Substances and Disease Registry”.”™!
Major international organizations such as the World Health
Organization, US Environmental Protection Agency, Centers for
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can be applied in agriculture, life science, clinical diagnosis, and analysis.

Disease Control, and the European Union have listed heavy
metals as priority substances and established a series of allow-
able concentration limits."> The Joint Food and Agricultural
Organization/World Health Organization Expert Committee
on Food Additives and the International Agency for Research
on Cancer continue to evaluate the toxicity of heavy metal
ions.”*™

In view of the hazards of heavy metal ions towards the
environment and the human body, accurate and efficient
detection technology is particularly important. Many methods
have been developed for the detection of heavy metal ions, such
as atomic absorption spectroscopy,'®!” inductively coupled plasma
mass spectroscopy,'®?* neutron activation analysis,>*** X-ray
fluorescence spectrometry,”>>° and inductively coupled plasma-
optical emission spectrometry.””*** These technologies offer
excellent detection limits and can simultaneously measure multi-
ple metal ions. However, spectroscopic techniques are expensive.
Only trained personnel can operate the instruments needed for
these techniques, which entail complex sample pretreatment and
analysis procedures. Although optical techniques can accurately
detect heavy metal ions, costly equipment and complicated opera-
tions are indispensable. Moreover, these techniques are unsuitable
for on-site detection.*>=*® Therefore, efficient, low cost, simple, and
accurate detection technology is a critical direction for the in situ
detection of metal ions.*”

Electrochemical detection can be employed to overcome
the limitations of other methods. Electrochemical techniques
are user-friendly, inexpensive, and reliable. Furthermore, elec-
trochemical detection can be deployed in the field offering
portability and rapid responses for the in situ analysis of
polluted samples. Modifying electrochemical sensors with spe-
cific substances can significantly improve their performance.
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For example, loading precious metal nanoparticles can accel-
erate the electron transfer rate between the analyte and the
electrode. Semiconductor nanomaterials are able to promote
the efficiency of photochemical reactions and improve the
detection performance of heavy metal ions.***° The sensitivity
and detection limit of electrochemical methods can be
enhanced by using different electrochemical sensors coupled
with various electrochemical techniques.*'™* Here, we review
the latest developments in electrochemical techniques for the
detection of heavy metal ions such as Hg(u), Cd(u), As(u1), Pb(u),
Ag(1), and Cu(u) in water samples, as well as current develop-
ments in various interface materials that modify the electrodes
used by these techniques.**™*®

2. The basic mechanism of
electrochemical sensors to detect
heavy metal ions

The basic mechanism of electrochemical sensors is output
transducer signals and identification of the potential difference
by using a potentiostat. A conducting wire is used to collect the
sensing signal of the electrochemical sensor, which allows the
building up these sensors into a compact system.*” Besides,
the defined redox potential of heavy metal ions allows bare
electrode sensing, thereby eliminating the requirement for the
molecular recognition probes used in optical sensors. The main
techniques applied in electrochemical detection include
voltammetry, impedimentary, potentiometry, conductometry
and amperometry, in which voltammetry includes cyclic vol-
tammetry, differential pulse voltammetry (DPV), anodic strip-
ping voltammetry (ASV) and linear sweep voltammetry
(LSV).**** The time waveform generated by the respective
functional applications is the significant difference between
these technologies. There are two main steps in ASV detection:
the first one is the pre-concentration, which involves the
electro-reduction (deposition) of the metal ion species in the
solution to the corresponding zero-valent metal on the surface
of the working electrode under a constant potential. In the
second step, the zero-valent metal is re-oxidized to the corres-
ponding cations by applying a voltage sweep in the anode
direction, so that the analyte deposited on the electrode surface
is stripped (dissolved) at a specific potential.’® This method can
realize the specific detection of different metal ions, based on
the specific oxidation potential of each metal.®

3. Toxicity and electrochemical
detection of different heavy metal ions
3.1 Mercury (Hg)

3.1.1 Sources and toxicity of mercury. Mercury is a chemi-
cally stable silvery white shiny heavy liquid that is not soluble
in either acid or alkali and mainly exists in two forms.>* One
form is organic mercury containing methyl, ethyl, phenyl, or
similar group compounds. The other form is inorganic mercury
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containing mercurous Hg(un) or mercuric Hg(1), salts metallic
mercury, and mercury vapor (HgO).>> Organic mercury and
inorganic mercury compounds are carcinogens recognized by
the International Agency for Research on Cancer of the World
Health Organization. In addition, mercury is also the main
contaminant in heavy metal water pollution.”*™>® The main
sources of mercury in cities are municipal solid waste incineration,
coal combustion, and volcanic emissions.”® Fish and shellfish
absorb water-soluble mercury that is ultimately transported to
the human body through the food chain. Mercury has a strong
affinity with sulfur, and it is extremely easy to combine with thiol-
containing molecules such as cysteine, superoxide dismutase, and
glutathione reductase in the human body, thereby inhibiting the
activity of a series of enzymes and the tricarboxylic acid cycle.”””
In addition, mercury can affect the normal operation of mito-
chondria and cause oxidative stress. These effects can damage the
human nervous system, digestive system, immune system, lungs,
kidneys, skin, and eyes, causing Minamata disease, hypertension,
hypotonia, acrodynia, and increased salivation. Dimethylmercury
is the most dangerous organic mercury compound.”®*® Even a few
microliters can lead to death if it comes into direct contact with the
skin. Therefore, the detection and monitoring of mercury have
long been a concern.®**

3.1.2 Electrochemical detection of mercury. According to
data from the Food and Agriculture Organization of the United
Nations and the World Health Organization, the human body
should not consume more than 0.3 mg of mercury per
week.®"®> A weekly intake of mercury below 0.3 mg will not
cause detectable damage to the human body.®®®® There are
many methods for detecting mercury, including cold vapor
atomic absorption spectroscopy,®”’° high-performance liquid
chromatography,”’ enzyme linked immunosorbent assay
(ELISA),”> and inductively coupled plasma mass spectro-
metry.”> However, most of these methods are costly, and they
require highly accurate sample preparation, expensive experi-
mental equipment, and a long test time, making them unsuitable
for rapid detection and field applications.”*”> Thus, there is an
urgent need to develop a simple and reliable method to detect
Hg(u) efficiently and sensitively.

Electrochemical detection has excellent potential in detect-
ing mercury ions due to its high sensitivity and convenience.
Mariyappan et al. integrated Sr-doped FeNi-S nanoparticles
with single-walled carbon nanotubes (Sr@FeNi-S/SWCNTs)
using a common ultrasonication method.”® Sr-Doped FeNi-S
nanoparticles were synthesized by a single step pyrolysis pro-
cess (Fig. 1). The bimetallic FeNi-based sulfide with unique
structure and morphology is a potential electrode catalyst due
to its excellent active site distribution and sensitivity. In addition,
doping Sr as an alkaline earth element into the bimetallic FeNi-S
can further improve its conductivity and greatly enhance its
electrochemical performance. However, Sr@FeNi-S nanoparticles
have the disadvantages of fewer active sites and poor cycle life.
Therefore, they doped the nanoparticles with SWCNT. On the one
hand, it provides a large number of active sites, which accelerate
the redox reaction of FeNi-S; on the other hand, it provides
excellent stability to improve the cycle life. The data on the

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1cc00983d

Published on 09 June 2021. Downloaded on 6/1/2024 9:03:04 PM.

View Article Online

ChemComm Feature Article
a b
Electrochemical
Detection of Hg™
Qz 30
3as
* Evs. AgiAgll (V) -
Sr@FeNi-S/SWCNTs/GCE
-500 —8— Sr@ FeNI-SSWCNTs d 60 ®
—&— Sr(@FeNi-S -
-400; —e—FeNi-S 2 404 300 M 3" i
E —o— SWONTSs =5 E " \\
= -3004 —&— Bare GCE :’ 204 | 3 J ool “" {
3 g’ 50 "M E vs. Ag/AgCl
N 5
(&)
v i b Ll L .40 v
0 200 400 600 800 1000 03 00 0.9

Z’ (ohm)

03 06
E vs. Ag/AgCI (V)

Fig. 1 (a) The electrochemical behavior of Sr@FeNi-S/SWCNTs. (b) FE-SEM images of Sr@FeNi-S/SWCNTs. (c) Nyquist plots of the bare GCE and
different catalyst modified GCEs (inset: equivalent circuit). (d) CV profiles of Sr@FeNi-S/SWCNTs/GCE at various concentrations of Hg(i). Adapted with

permission from ref. 76. Copyright©2020 American Chemical Society.

Sr@FeNi S/SWCNT electrode electrochemical impedance demon-
strate favorable kinetic charges for the transport and are better
than the data from single Sr@FeNi-S and SWCNT electrodes for
detecting trace amounts of Hg(u). Using Sr@FeNi-S/SWCNTs to
modify a glassy carbon electrode, Mariyappan et al. investigated
the mechanism and electrochemical behavior using cyclic voltam-
metry. Based on differential pulse voltammetry in a wide linear
range (WLR: 0.05-279 puM), ultralow levels of Hg can be measured
sensitively and accurately. The detection limit was as low as
0.52 nM. There are many advantages to their method, and it
showed excellent repeatability, reproducibility, and stability. The
authors tested the method in lake and river water to demonstrate
its ability to detect added Hg(u).

Unlike common electrochemical detection methods, the
specific binding of DNA and heavy metal ions achieves sensitive
detection of trace Hg(u). As shown in Fig. 2, Wen et al. designed
a T-Hg(u)-T pairing mercury Hg(u) sensing platform using a
single-channel recording technique.”” They chose appropriate
ssDNA to generate a stable hairpin structure in the duplex
formation mediated by Hg(i), which significantly changed the
ssDNA translocation profile through an oHL nanopore. The
quantitative analysis of Hg(un) can be achieved by analyzing
the current blocking and residence time. Events with a blocking
rate greater than 70% are selected as the “Hg(u) signal area”.
At lower concentrations, the asymmetric electrolyte gradient
can greatly increase the rate of trapping ions without decreasing
the translocation time, thereby effectively improving the sensi-
tivity. The sensor can detect Hg(u) higher than 7 nM within
30 minutes. The sensor can accurately detect Hg(un) without
interference from other metal ions and can be easily made from

This journal is © The Royal Society of Chemistry 2021

existing materials without the need for synthesis, probe produc-
tion, purification and other processes. Therefore, their method
illustrates the potential for identifying various types of analytes
that have specific interactions with DNA molecules.

3.2 Cadmium (Cd)

3.2.1 Sources and toxicity of cadmium. In nature, cad-
mium (Cd) mainly exists as compounds in various minerals.
Since the discovery of cadmium in the early 20th century, it has
been increasingly produced.”® Cadmium is widely used in the
electroplating industry, chemical industry, electronics industry,
and nuclear industry.”>®® Cadmium is a by-product of zinc
smelting. It is mainly applied in batteries, dyes, and plastic
stabilizers, and it is more easily absorbed by crops than other
heavy metals.®’ A considerable amount of cadmium is dis-
charged into the environment through waste gas, wastewater,
and waste residue, causing pollution.®> The pollution sources
are mainly lead-zinc mines as well as non-ferrous metal smelting,
electroplating, and factories that use cadmium compounds as raw
materials or catalysts.”®* Cadmium is mainly discharged into the
environment through wastewater and exhaust gas.** When cad-
mium enters the body, it easily accumulates in the kidneys and
liver through the blood supply. Cadmium is a strong carcinogen
that inhibits the activity of enzymes involved in DNA error
correction, amplifying cell errors and gene mutations, and even-
tually leading to cancer. The long-term ingestion of spacers can
damage renal tubules and glomeruli, resulting in urine protein,
amino aciduria, and diabetes. In addition, cadmium ions
seriously affect the deposition of calcium in bones and the
solidification of collagen, leading to rickets. In the late 1940s,
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(a) Representation of the translocation of ssDNA (DNA2), T-Hg(i)—-T containing DNA2—-Hg(), and natural DNA hairpin (DNA3) using a single aHL

nanopore. (D) Schematic illustration of DNA2, Hg(i)-DNA2, and DNA3 passing through aHL.!® (E) Representative single-channel current traces of the
translocation of DNA2, Hg(i)-DNA2, and DNAZ3. (F) An expanded view of the events indicated in the current trace by a red arrows. (G) The corresponding 2D
event distribution plots associated with DNA2, Hg(i)-DNA2, and DNA3 translocation through the pore. (b) Illustration of the “Hg(i) signal region” specified by an
oval with 95% confidence level. Note that data with a current blockage smaller than 70% and a duration shorter than 3 ms were truncated. (c) The generation of
the Hg(i) signal oval in the control group. (d) A plot of Pyg versus Hgl) concentration (number of individual experiments n = 6). The control group value has been

offset to zero. The existence of Hg(i) can be confirmed at

~0.7 uM or higher. (e) A histogram representation of DNA2 translocation in the presence of 7 uM Hg(i)

or interfering metal ions Pb(i), Cd(i), and Cr(m). Adapted with permission from ref. 77. Copyright©2011 American Chemical Society.

Itai-Itai disease occurred in Jinzugawa, Japan, and studies
showed that it was closely related to excessive cadmium in
patients.®” Patients exhibited symptoms of osteocalcin, osteo-
porosis, and fractures. There is no doubt that Cd is extremely
harmful to humans. Therefore, strengthening the detection
technology for cadmium is undoubtedly of great significance.
Several electrochemical techniques for detecting cadmium ions
are introduced below.

3.2.2 Electrochemical detection of cadmium. Liao et al
thoroughly studied the relationship between metal ions and the
surface of a material and then developed TiO, nanocrystals
with highly active exposed crystal faces, which were used for the
electrochemical detection of cadmium and lead by the ASV
method (Fig. 3).5*%° Based on density functional theory calcula-
tions, titanium dioxide (001) has a relatively large adsorption
energy and low diffusion energy barrier in heavy metal
ions, which is conducive to obtaining better electrochemical
stripping performance and lowering the detection limit.
By changing the volume of HF in the TiO, reaction system,
they successfully synthesized TiO, nanocrystals with different
ratios of exposed (001) and (101) faces. As shown in Fig. 2a, as
the percentage of the (001) surface exposure increases, Pb(u)
and Cd(u) are more easily absorbed by TiO, crystals, and the
sensitivity increases accordingly. The data showed that when
the percentage of the exposed (001) surface increased from 7%
to 80%, the sensitivity of Pb(u) and Cd(u) also increased to

7218 | Chem. Commun., 2021, 57, 7215-7231

190% and 93%, respectively. They proposed a crystal facet
engineering strategy that can serve as an important reference
for the design of electrochemical sensing materials in the
future.

Paper-based potentiometric and voltametric devices are
highly portable and can be used to determine heavy metal ions
with high-cost performance.’® Ding’s group discussed the
interaction between paper-based sensors and heavy metals, as
well as the impact on the sensor response, and modification
methods to improve the performance of paper-based electro-
chemical sensors.®” They demonstrated the possibility of using
paper-based sensors in liquid samples containing solid impu-
rities, and successfully improved the accuracy and sensitivity of
the device by modifying the paper substrate. Paper is suitable
for real sample testing. Samples containing solids are adsorbed
and passed through a pore filtration system to effectively
separate liquids from solids.®® Using different models, the
method can detect trace amounts of various heavy metal ions.
Bi et al. developed a time and cost-effective method for the rapid
determination of cadmium(u) in rice using electrochemical
detection in paper-based analytical devices (PADs). Double-
sided conductive carbon tape coated with a thin layer of gold
is used as a disposable electrochemical sensor for the exfoliation
analysis of Cd(i1) combined with the in situ electrodeposition of
bismuth. With just 10 seconds of gold sputtering time, the
maximum electrochemical response of Cd(n) can be obtained,

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Schematic diagrams illuminate how the adsorption—release process affects the heavy metal ion sensing at TiO,(001) and (101) facets.
(b) Square Wave Stripping Voltammetry (SWASV) responses of HFO, HF1.5, and HF3 (different volumes of hydrofluoric acid treated TiO, correspond to
0 mL, 1.5 mL, and 3 mL) modified GCE in the presence of Pb(i) and Cd(i) ions. The insets show the corresponding calibration curves. Adapted with

permission from ref. 84. Copyright©2018 Elsevier.

indicating that the retained nanostructure of the carbon tape can
facilitate the peeling analysis based on differential pulse voltam-
metry. Its detection limit can reach 0.1 pg L™', and it has been
successfully applied in the detection of Cd(n) in rice samples.”®
Paper-based sensors have extremely broad application prospects
in the field of heavy metal ion detection.

The synthesized functional organic modified electrode can
detect a variety of heavy metal ions sensitively. Sultan’s group
constructed a multifunctional calixarene-modified glassy
carbon electrode, which simultaneously achieved the sensitive
detection of Cd(u), Pb(un) and Hg(u) by anodic stripping voltam-
metry (Fig. 4).°" The bis-imidazole phenanthroline appended
bis-triazolo calixarene (8), abbreviated as compound (8). The
imidazole and bis-triazolo calix in compound (8) have a strong
specific binding ability to Cd(u), Pb(u), and Hg(u), can effec-
tively capture target ions to form complexes and provide
abundant activity sites, thus enhancing the sensitivity of the
electrode. Therefore, the detection limits of Cd(u), Pb(u) and
Hg(u) can reach 0.037, 0.015 and 0.025 nM, respectively. In
addition, in the presence of common competitive metal ions,
the modified electrode showed excellent repeatability, repro-
ducibility, and selectivity for Cd(u), Pb(u), and Hg(u). Their
research was extended to actual water samples, and the results
illustrated that compound (8)/GCE is an extremely sensitive,
cheap, and portable electrochemical platform for detecting
multiple heavy metal ions in drinking water reservoirs and
seawater.

Cui et al. used a metal-organogel (MOG) template to synthe-
size a nitrogen-doped porous carbon material with a uniform
interconnecting structure. Benefiting from its porous structure
and the ability of rapid electron transmission, the N@MOG-C
sensor can detect Cd(n) efficiently and sensitively (LOD = 2.2 nM).*®

This journal is © The Royal Society of Chemistry 2021

Furthermore, they also designed a bismuth-nanoparticle nano-
porous carbon on graphene nanocomposite to achieve an excellent
LOD of 4.1 nM for Cd(n).*®

3.3 Arsenic (As)

3.3.1 Sources and toxicity of arsenic. Arsenic is common in
nature, and hundreds of arsenic minerals have been discovered.
Arsenic is not toxic, but most of its oxides and arsenates are
highly toxic, so it is usually used in the manufacture of preserva-
tives, insecticides, and herbicides.”> Among heavy metal com-
pounds, arsenic is the most toxic, in which As(ur) compounds are
more toxic than As(v).”> The main source of natural arsenic
comes from the misuse of arsenic-containing preservatives and
pesticides, sewage released from heavy industrial areas, and the
oxidation of pyrite and arsenopyrite. The inorganic arsenic
compound As203 is mainly found in the air, while arsenate is
mainly exist in water, soil and food.”*

Arsenic can cause great damage to the human body.
It directly damages the walls of small arteries and capillaries
in the human body and interferes with the vasomotor center.
In addition, excessive amounts of arsenic can interfere with the
normal metabolism of cells, affect respiration and oxidation
processes, and cause cell damage. Arsenic can enter the human
body through skin contact or wounds. Long-term exposure to
arsenic can induce cancer, including skin cancer, lung cancer,
urinary tract cancer, and liver cancer.”® Similarly, excessive
amounts of arsenic in drinking water will greatly increase the
incidence of cancer. Due to the threat of arsenic, both the
World Health Organization and United States Environmental
Protection Agency have set the maximum pollution level of
arsenic in water to 10 ppb.°® However, there are still many areas
where the concentration of arsenic exceeds this standard, so it

Chem. Commun., 2021, 57, 7215-7231 | 7219
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Fig. 4 (a) Synthesis of fluorescent bis(imidazole phenanthroline) based molecular tweezers. (b) SWASV responses at compound 8/GCE for the
simultaneous determination of Hg(i), Cd(i) and Pb(i) with different concentrations. (c) Calibration curves obtained for the simultaneous analysis of
Hg(i), Cd(i) and Pb(i) under optimized conditions. Adapted with permission from ref. 91. Copyright©2019 The Electrochemical Society.

is vital to monitor the arsenic content in drinking water and
food. Here, we introduce several emerging electrochemical
detection methods.

3.3.2 Electrochemical detection of arsenic. In 2018,
Podesva et al. presented a 3D nanostructured Au microelec-
trode array by electrochemical deposition (Fig. 5).”” They
formed a special structure by selectively electrodepositing gold
in a gelatin matrix, which significantly enhanced the specific
surface area of the gold microcurrent array. Compared with the
original array based on photolithography, the specific surface
of gold increased by 1440 times. This excellent specific surface
area greatly enhanced the sensitivity of the sensor and
improved the signal-to-noise ratio. They used the array to detect
As(ur) content by stripping voltammetry with ultra-sensitive
detection, with a detection limit as low as 0.0212 ppb (signal-
to-noise ratio = 3.3). The LOD of As(m) is 470 times lower than
that of the standards set by the World Health Organization.”?
In addition, light can further control the morphology of the
array to detect other types of heavy metal ions. The excellent
performance exhibited by this material can be used to develop
promising ultrasensitive heavy metal detection systems.

The combination of microorganisms and sensors can greatly
improve the sensitivity of electrochemical detection and has
recently become one of the most popular methods for detecting

7220 | Chem. Commun., 2021, 57, 7215-7231

heavy metal ions. Sciuto et al. developed a novel, portable
electrochemical biosensing platform to specifically analyze the
metal ions in water samples with high sensitivity (Fig. 6).°> The
sensor system utilizes the synergy between two interface sensing
modules: one is a module based on the entire unit, using
engineered E. coli as a full-cell sensing element; the other one
is an electrochemical module based on a silicon chip, which
integrates an electrochemical cell (EC-CELL) composed of three
flat microelectrodes and a portable EC reader performs cyclic
voltammetry (CV) analysis. The genetically modified full-legacy
sensor element produces redox active 4-aminophenol, which acts
as a mediator and interacts with the metal target in a highly
proportional manner each time. Due to the electrochemical
detection of the mediator, metals are detected and quantified
indirectly. The sensor can specifically recognize As(m) and Hg(u)
by cyclic voltammetry due to the selective binding of engineered
E. coli to specific metals. The miniature biosensor is capable
of portable and highly sensitive detection with a sensitivity of
0.122 pA ppb ! to As(m). The LOD and LOQ are 1.5 and 5 ppb,
respectively. The electrochemical biosensing platform fully meets
the requirements of the World Trade Organization for arsenic
detection.

Cui et al. produced an aptasensor for highly sensitive and
selective electrochemical detection, which has label-free As(im)

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a) Schematic diagram of the morphology of the nanostructured gold microelectrode array and the detection of As(i). (b) The synthetic

schematic diagram of the NiCr/Au/Pd/Si sandwich structure on a glass wafer. (c) An overview of the nanostructured clusters array showing shape
variability. (d) A detailed top view of a single nanostructured Au cluster showing a flat central part and branching outer region. (e) The detail of the cluster
central part with the tabular crystals structure. (f) A side overview of the nanostructured Au cluster showing that the peripheral structure part is not in
contact with the substrate and growing upward. (g) The detail of the branch with individual Au leaf-like structures resembling an Araucaria araucana
leaves arrangement. (h) Reductive desorption of cysteine. The desorption of cysteine (black curve). The peak area (red) corresponding to Au with a
domain is larger than one of the peak areas (orange) and corresponds to Au with the domain (blue). The color curve represents the third cycle. The blue
curve represents the third cycle. (i) Determination of LOD for the nanostructured gold microelectrode array by a standard addition and calibration curve

for the same. Adapted with permission from ref. 97. Copyright@©2017 American Chemical Society.

binding that can be self-assembled on a screen-printed carbon
electrode (SPCE) through Au-S bonds. DNA aptamer (Ars-3) can
adsorb cationic polymer dimethyl ammonium (PDDA) through
electrostatic interaction to repel other cationic species. In the
presence of As(m), there is less adsorption of PDDA due to the
formation of the Ars/arsenate complex, and more positive
charges can be absorbed by the complex. The electrochemical
active indicator on the surface of the aptasensor produces a
sensitive “turn-on” response. The target-induced structure
switching can be used for the sensitive detection of As(u),
and the detection limit is down to 0.15 nM.**

3.4 Lead (Pb)

3.4.1 Sources and toxicity of lead. Lead (Pb) is a high
density, soft blue-gray metal. It is a typical nonbiodegradable
environmental pollutant in the environment.”® The main
source of lead pollution is from the processing of PVC pipes

This journal is © The Royal Society of Chemistry 2021

in sanitation and agriculture, lead batteries, lunch boxes, etc.”®
It is harmful to human health and highly toxic, and it especially
affects the development of children’s intellect and bones.'**°*
Lead can cause indigestion, endocrine disorders, anemia, high
blood pressure, and arrhythmia, and it can damage the kidneys
and immune system.'®%* In addition, it can penetrate the
protective blood-brain barrier and has been proven to be a risk
factor for Alzheimer’s disease.'®

3.4.2 Electrochemical detection of lead. There are many
detection methods for Pb(u), ranging from simple colorimetric
analysis to complex laboratory tests. Colorimetric kits are
simple and cost-effective, and they have high detection limits
(>10 pug L), but these types of tests often lack accuracy and
require toxic chemicals. Ang’s team designed a cost-effective
copper-based sensor (Fig. 7). Although the sensor cannot reach
the detection limits of conventional electrode sensors, it is
particularly suitable for low cost, portable field detection.'*®

Chem. Commun., 2021, 57, 7215-7231 | 7221
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Fig. 6 (a) Details of the EC cell used for the sensing and principle of the biochemical method based on whole-cell sensing using the engineered E. coli as
the sensing element. CE, counter electrode; EC, electrochemical; RE, reference electrode; and WE, working electrode. (b) Miniaturized electrochemical
silicon chip integrating four layouts of EC cells with three planar microelectrodes made in Pt (WE) and Au (CE and RE). (c) CV curves of an arsenic-
sensitive E. coli strain in the presence of As(in) at O (black line), 2.5 ppb (red line), 10 ppb (blue line), 50 ppb (green line), and 100 ppb (orange line) and the
relative current increase (blue dashed arrow). Inset: Details of the PAP peak voltage shift (green dashed arrow). Adapted with permission from ref. 92.
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Compared with precious metals, copper-based sensors have a
huge advantage in price, and they are especially suitable for
mass production. The copper-based sensor that they made can
reach a detection limit of 21 nM (4.4 ppb) for Pb(u), which is
lower than the 10 ppb limit for safe drinking water.'®”"*® Its
simple structure also helps to reduce the physical differences
between the various sensors, thereby providing a certain degree of
repeatability. Their copper-based sensor is promising for the rapid
detection of Pb(u) in the environment and in drinking water.

Biosensors remain suitable for the electrochemical detec-
tion of Pb(u). In 2017, Li et al. designed a Fe/Mg/Ni-ternary
lactate dehydrogenase composite sensor for the selective and
sensitive detection of Pb(u) (Fig. 8).®® Lactate dehydrogenase is
a potential heavy metal adsorbent. The modified sensor con-
tains large amounts of Fe(u) and Mg(u), which have a strong
affinity with Pb(u) and can effectively capture Pb(u) to form
Fe-O-Pb and Mg-O-Pb. In addition, the presence of Ni as a
catalyst can effectively enhance the ability to capture Pb(u).
Based on this mechanism, the Fe/Mg/Ni-ternary lactate
dehydrogenase sensor can enrich Pb(u), thereby significantly
improving the selectivity and sensitivity to Pb(u). The sensitivity
can reach 68.1 pA uM ' It is worth mentioning that the
formation of molybdenum lead oxide contributes to the high
adsorption capacity of iron/magnesium/nickel-lactate dehydro-
genase for Pb(i1) based on the XPS data of the material. Their
discovery successfully combines the adsorption of nanomaterials
with the electrochemical detection of heavy metal ions. This is of
great significance for the detection of heavy metal ions with high
sensitivity and selectivity through stratification.

7222 | Chem. Commun., 2021, 57, 7215-723]1

Li et al. synthesized a NOx organic hybrid WOX-ethylene-
diamine (WOX-EDA) nanowire with a high area-to-volume ratio
and abundant amino groups for the selective and sensitive
electrochemical determination of Pb(u).'°” Due to the chelation
between the amino group and Pb(u), the modified electrode
shows a selective response to Pb(u) and can directly detect Pb(i)
at 0.01-10 puM, with a limit of detection down to 3.2 nM by the
ASV method.

Zang et al. designed a reduced graphene oxide (RGO)/Cds/
aptamer platform for Pb(u) trace detection by using electro-
chemical impedance spectroscopy.'®® Based on the Pb(u)-
induced conformational transition, the amplification effect of
RGO and resonance energy transfer between Cds quantum
dots (QDs) and gold nanoparticles (AuNPs), they designed a
“signal-on” photoelectrochemical sensor that selectively mea-
sures Pb(u). In the absence of Pb(u), AuNP-labeled DNA serves
as the signal quenching element, which can be introduced by
hybridizing with an aptamer on the surface of the sensing
platform to quench the photocurrent of quantum dots using an
energy transfer process. In the presence of Pb(u), the aptamer is
induced into a G-quadruplex structure. Due to competition to
occupy the binding site and space effects, the hybridization
between the aptamer and AuNP-labeled DNA can be greatly
hindered, resulting in the recovery of the photocurrent.
This clever structure can accurately reach a detection range of
0.1-50 nM, with a detection limit of 0.05 nM. In addition, using
the DNA functionalized iron porphyrin metal organic frame-
work (GR-5/(Fe-P),-MOF) as the probe, Cui’s team developed
a high-efficiency electrochemical lead ion detection sensor."®’

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Schematics of the experiment theory and electrode configuration. (a) Illustration of ASV of Pb on a Cu working electrode. (b) Close-up of the
electrochemical cell, working electrode (WE), auxiliary electrode (AE), and reference electrode (RE). (c) A photograph of the sensor with an interface
connected to a potentiostat. Characterization of the Cu electrode for Pb determination using CV. (d) Voltammograms in acetate buffer (0.2 M) with
different pH values to demonstrate potential windows; the inset demonstrates the relationship between the Pb stripping peak potential and variation in
the buffer pH. (e) Calibration of Pb using Anodic Stripping Voltammetry in the range of 25 nM to 1 uM. Adapted with permission from ref. 106.

Copyright©2017 American Chemical Society.

GR-5 can specifically recognize Pb(u), and then using the
simulated peroxidase properties of (Fe-P),-MOF, it amplifies
the electrochemical signal and achieves a satisfactory LOD of
0.0034 nM.

3.5 Uranium (U)

3.5.1 Sources and toxicity of uranium. Uranium is the
heaviest element in nature. It is silver-white with a long half-
life, high radioactivity, and biological toxicity. Uranium com-
pounds were used to color ceramics in the early days, and then
became a vital element of nuclear fuel after nuclear fission was
discovered. It is important part for the chemical and physical
quality control of the initial, intermediate, and final products of
the fuel. Uranium is an active element with a strong positive
charge. It is able to react with almost all non-metal elements
(except inert gases) to form compounds. In the natural environ-
ment, it usually exists in the form of U(m), U(wv), UO,(1) and
UO,(u) ions."'® As we all know, the high concentration of
uranium in the environment can cause serious harm to human

This journal is © The Royal Society of Chemistry 2021

health because it can cause genetic defects and cancer (affecting
the kidneys, brain, liver, heart, etc.). Therefore, the World Health
Organization stipulates the maximum concentration of uranium
in drinking water should be 15 ppb.""*

3.5.2 Electrochemical detection of uranium. Uranium is
widely used nowadays. As a key element of nuclear power
generation, uranium contributes 13% to the global power
generation and does not emit greenhouse gases.''”> The devel-
opment of the nuclear industry is inseparable from uranium.
Nuclear leaks caused by the large-scale use of uranium have
caused environmental and health problems. Therefore, the
trace detection of uranium in the environment is crucial. The
electrochemical detection of uranium is not easy. Due to
the involvement of two axially bonded oxygen atoms, it is
difficult to reduce UO,(u) ions to U(w) ions, and catalysts are
usually needed to lower the activation barrier. Noble metal
nanoparticles have high electrocatalytic activity and can be
used for sensitive and rapid quantification of UO,(u) ions in
the water matrix. Ruma et al. found that ruthenium NPs can

Chem. Commun., 2021, 57, 7215-7231 | 7223
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effectively promote the electroreduction of UO,(u) ions and the
use of ruthenium NP modified glassy carbon electrode micro-
pass split pulse voltammetry (DPV) technology, was successfully
used for the rapid quantification of UO,(u) ions (Fig. 9a—c).'*?
The detection limit is as low as 1.95 ppb, which is far below the
standard set by the WHO. They used density functional theory
calculations to study the mechanism of Ru NPs/glassy carbon
electroreduction of UO,(u) and pointed out that 5f metal ions
are different from 4p metal ions such as U(m). The Ru NP
modified on the glassy carbon will be hydrated, which in turn
helps to adsorb uranyl sulfate through hydrogen bonds, thereby
promoting electroreduction and improving the sensitivity
of the glassy carbon electrode.'™ It can successfully detect
uranium ions in real-world samples such as sea water, lake
water and ground water.

In addition, Peled et al. used vibrating gold microelectrodes
to achieve a lower detection limit (1 ppb) using an ASV method
(Fig. 9d-f)."*® Their work is divided into two parts. First, they
use a bare disk gold large electrode to exchange two electrons
through the ASV method to reduce to insoluble UO, deposition.
However, the detection limit is not satisfactory, only reaching
10 ppm. Subsequently, they improved this method by vibrating
the microwire working electrode (vibrating frequency of 250 Hz
and amplitude of 6 V). Vibration effectively avoids the precipi-
tation of hydrogen deposited by uranyl, reduces the diffusion
layer, and increases the amount of UO, deposited, which greatly

7224 | Chem. Commun., 2021, 57, 7215-7231

improves the detection limit level to 1 ppb. They also deeply
studied the operation of frequency, amplitude and waveform and
their influence on the analysis performance. There is no doubt
that their work has an important reference value for the improve-
ment of later detection methods.

3.6 Thallium (TI)

3.6.1 Sources and toxicity of thallium. The content of
thallium is not high in the natural environment. It is an
accompanying element, and its content is less than 1 ng L™"
in natural water environment. Areas like Krakow-Silesian High-
lands (Poland) may be more susceptible to pollution because
there are a large number of zinc-lead deposits, known as
sources of thallium pollution. The natural process and proces-
sing of ores will lead to the introduction of thallium, which is
an associated element in these ores.''® The main compounds
are sulfides, oxides, halides, sulfates, etc. Thallium salts are
generally colorless and tasteless crystals, which form thallium
compounds when dissolved in water. The application of thal-
lium is quite extensive, covering various aspects of electronics,
aerospace, the chemical industry, communications and so on.
With the development of human cities and industrial expansion,
the concentration of thallium ions in water bodies is increasing
significantly. Human acute thallium poisoning can cause poly-
neuropathy, alopecia and gastroenteritis, and the peripheral
and central nervous systems are susceptible to thallium ion

This journal is © The Royal Society of Chemistry 2021
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poisoning. In addition, thallium is also closely related to the
degenerative changes in the brain, liver, heart, and kidneys.""”
The colorless and tasteless characteristics of thallium salts
make it a particularly frightening source of pollution.

3.6.2 Electrochemical detection of thallium. Based on the
threat of TI(1) to human health, it is imperative to detect the
content of TI(1) efficiently and quickly. Electrochemical detec-
tion technology, especially stripping voltammetry, has excellent
performance in detecting TIl(1). Shah et al. screened 10 amino
acids and used their metal ion binding tendency to simulta-
neously detect mercury ions and thallium ions (Fig. 10a-c)."*®
Among them, glycine had the best sensor response to mercury
ions and thallium ions in water samples. They modified the
glassy carbon electrode with glycine, and the detection limits
of Hg(u) and TI(1) by the ASV method reached 0.23 nM and
0.175 nM, respectively. It is much lower than the limit of
9.98 nM stipulated by the US Environmental Protection Agency
for Hg(n) and TI(1)."**'"® Due to the very small size of glycine,
there is only hydrogen on its side groups, which causes extre-
mely small steric hindrance, and it can be anchored to the
surface of the glassy carbon electrode in a large amount. A large
amount of glycine binds to the surface of the electrode through
amino groups, which enriches the surface of the electrode with
a large number of negatively charged carboxyl groups, and
significantly enhances the interaction force of the electrode
with positively charged Hg(u) and TI(1), and improves the
electrochemical performance of the sensor."*°

This journal is © The Royal Society of Chemistry 2021

As shown in Fig. 10e and f, Wegiel et al. reported the study of
a new type of mercury-free bismuth bulk annular band working
electrode (BiABE), which is used to detect TI(i) by differential
pulse anodic stripping voltammetry (DP ASV)."*! BiABE is easy
to prepare and stable, and has a strong chemical response to
TI(1). The ring-shaped ribbon electrode has an internal battery,
which simplifies the cleaning and electrochemical activation
of the electrode surface. BiABE has excellent sensitivity and
stability. The detection limit can reach an astonishing 0.005 nM
within a cumulative time of 300 s, and it has successfully
achieved the determination of TI(1) in tap water and river water
samples. They optimized a series of conditions, including the
influence of pH on the formation of hydroxyl compounds, the
influence of differential pressure parameters, the influence of
accumulation potential and time, and successfully reduced the
influence of interfering ions on detection using EDTA, and
finally reached the ideal detection limit.

3.7 Chromium (Cr)

3.7.1 Sources and toxicity of chromium. Elemental chro-
mium is a steel gray metal, which is the hardest metal in
nature. In the environment, it mainly exists in the form of
chromite FeCr,0,, which is produced by the reduction
of chromium oxide with aluminum or by the electrolysis of
chromium alum or chromic acid. Chromium can be used to
produce stainless steel, video tapes, auto parts, tapes, tools,
etc."®* As the most important metal in modern technology,

Chem. Commun., 2021, 57, 7215-7231 | 7225
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Fig. 10 (a) SWASVs at a scan rate of 100 mV s~* showing the influence of accumulation potential on the stripping currents of TL1) and Hgn)
electrodeposited over the GCE surface from a 0.1 mM solution of these analytes at various deposition potentials maintained for 120 s; (inset) plot
between /I, vs. Eq. (b) SWASVs showing the influence of the accumulation time on the peak current response of the analytes keeping an accumulation
potential of —1.3 V; (inset) plot between /, vs. t4. (c) Nyquist plots using electrochemical impedance spectroscopic data with an applied frequency range
varying from 100 kHz to 0.01 kHz; (inset) equivalent circuit model for the system under study. Adapted with permission from ref. 118. Copyright©2019
Elsevier. (d) A schematic diagram of the detection mechanism of the bismuth ring belt electrode in the determination of trace thallium using stripping
voltammetry. (e) Differential pulse anodic stripping voltammetry voltammograms obtained at the bismuth bulk annular band working electrode after
background correction in a nondeuterated supporting electrolyte containing increasing amounts of Tl() for the following accumulation times: t = 60 s

(left) and 300 s (right). Adapted with permission from ref. 121. Copyright@©2016 Elsevier.

the ever-changing chromium-nickel steel fused with different
percentages can meet various needs. The phenomenon of
chromium pollution has become more and more serious with
the development of technology and industry. Hexavalent chro-
mium Cr(vi) is one of the most toxic metal pollutants, and its
toxicity is much higher than that of trivalent chromium Cr(m).
Unlike Cr(m), Cr(vi) is more fluid and usually exists in drinking
water. In addition to naturally occurring Cr(vi), various indus-
tries including metal plating and stainless steel production
industries use chromic acid or other forms of Cr(vi)."*® Oral
intake may cause gastrointestinal damage, circulatory disorders
and kidney failure. Moreover, exposure to the aerosol form
of Cr(vi) can cause chronic ulcers, dermatitis, and even lung
cancer.'**

3.7.2 Electrochemical detection of chromium. Korshoj
et al. relied on the electrocatalytic reaction between Cr(vi) and
the surface-immobilized methylene blue (MB) to design and
manufacture an electrochemical sensor capable of specifically
detecting Cr(v1).'*® LMB catalyzes the reduction of freely
diffused hexavalent chromium to form trivalent chromium
and in the process regenerates methyl bromide (Fig. 11a).
The LOD of the sensor can reach 100 nM, and it has excellent
specificity, free from the interference of Cr(ur) and various other

7226 | Chem. Commun., 2021, 57, 7215-723]

metal ions (Fig. 11c). The LOD is significantly lower than the US
Environmental Protection Agency standard concentration of
1.9 uM. The fixed MB-P on the sensor has a huge impact on
its electrochemical performance, including the concentration
of MB-P, pH, probe coverage and distribution. They optimized
the concentration of the sulfhydryl probe and the concentration
of MB-P to effectively improve the sensitivity of the sensor. The
final optimal parameters were 30 uM MB-P and 4.3 probe
coverage. In addition, acidic conditions can effectively promote
the catalysis of Cr(vi), and methyl bromide is protonated while
decreasing the reduction. Therefore, they set the test conditions
at pH 4.5 acetic acid buffer conditions.

Wei et al. developed a new organic matter to detect
chromium(vi) as hexachlorocyclohexane using electrochemical
impedance spectroscopy in drinking water at pH 5.0 (Fig. 11d-f)."*°
This strategy is based on the high affinity and specific binding
of a crown ether (i.e. aza crown ether) to hydrogen chloride
through hydrogen bonding and partial interaction with the
potassium ions captured by the aza crown ether on the surface
of its self-assembled gold electrode. A sandwich compound is
formed between the two hydrogen chlorides (Fig. 11d). This
prevents the redox probe (Fe(CN)s>~/*7) from entering the self-
assembled gold electrode, which further leads to an increase in

This journal is © The Royal Society of Chemistry 2021
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Fig. 11 (a) Design and signaling mechanism of the electrochemical ion sensor for the detection of Cr(vi). (b) Dose—response curves for Cr(vi) obtained by
analyzing both the MB reduction peak current and the integrated charge in the CV scans. CV scans in the absence and presence of 0.05, 0.1, 0.5, 1, 5, 10,
and 50 puM Cr(wvi). (c) The signal enhancement recorded in the presence of 50 uM of Ca(i), Mg(i), Li(), K(), Zn(), Ni(i), Cs(1), Co(n), Cr(in), Mn(i), Cd(i), Pb(n),
Fe(m), 5 pM Hg(i) and Cr(vi). Adapted with permission from ref. 125. Copyright@©?2015 Elsevier. (d) The schematic of Cr(v)) detection via an azacrown
monolayer self-assembled on an Au electrode. (e) Electrochemical impedance spectra of the azacrown/Au electrode for the determination of Cr(vi) in
different concentrations (0, 1, 5, 10, 50, 100, 500, and 1000 ppb). (f) Stability of the azacrown monolayer/Au electrode. EIS diagrams were collected within
1 week in 5 mM Fe(CN)¢>"4~ and 0.1 M KCl in the absence of Cr(vi) (pH 5.0). The inset shows R¢/R; vs. measurement days. Ry is the first measured

impedance and R, the following impedance measurement. Adapted with permission from ref. 126. Copyright©2015 Elsevier.

the electron transfer resistance. The detection limit of this
method has reached a surprising 0.0014 ppb. This is the first
example of applying electrochemical impedance sensing to
Cr(vi), which can achieve ultra-sensitive and ultra-selective
detection of Cr(vi), has good stability, and can maintain stable
performance during eight consecutive days of measurement.
Their work demonstrates the great potential of electrochemical
impedance spectroscopy, which can undoubtedly provide
important reference for other electrochemical detection work.

3.8 Silver (Ag) and copper (Cu)

3.8.1 Sources and toxicities of silver and copper. Silver and
copper are widely used in our daily lives. Silver has been applied in
various commercial products such as filters, clothing, and food
storage, while copper is found in the industries of fertilizers,
tanning, and photovoltaic cells. The toxicities of Ag(r) and Cu(u)
are not as high as those of the other heavy metal ions mentioned
above. At higher concentrations, however, Ag(1) and Cu(u) can also
harm human health. Both silver ions and copper ions can promote
the production of ROS in cells, thereby interfering with protein
expression and leading to irreversible changes in DNA. Ag(i) can
induce gastroenteritis, neuron diseases, mental fatigue, rheuma-
tism, cartilage knots, and other diseases. Adrenal hyperfunction,
allergies, anemia, hair loss, arthritis, autism, cystic fibrosis, and
other diseases can be caused by Cu(u). The following are recent
electrochemical methods for detecting Ag(r) and Cu(u).

This journal is © The Royal Society of Chemistry 2021

3.8.2 Electrochemical detection of silver and copper.
Maldonado’s team discovered that a boron-doped diamond
disc electrode can detect trace amounts of Ag(1), analyzed using
differential pulse anodic stripping voltammetry.’*” The method
they proposed has high reproducibility and can repeat multiple
measurements to keep the data stable. In addition, mechanical
polishing can further improve the accuracy of the motor. The
detection limit of the boron-doped diamond disc electrode for
Ag() is as low as 1 ug L™, which fully meets the Environmental
Protection Agency requirement of 100 pg L™". It can also be
applied to monitor the safety of Ag(1) in drinking water.

In 2018, Lu et al. proposed an electrochemical sensing
platform based on graphene quantum dots with restricted
nanochannels.” Due to spatial repulsion and electrostatic
repulsion, the vertically arranged mesoporous silica-nano-
channel film (VMSF) can detect Cu(u), Hg(u), and Cd(u) with
high sensitivity. They found that electrophoresis confines
modified graphene quantum dots (GQDs) with different func-
tions to the nanochannels of VMSF. GQDs confined in nano-
channels have multiple functions to enhance signals, including
selective enhancers through electrostatic repulsion and enrich-
ment, recognition elements through specific interactions
with analytes, and charge transfer and transport mediators.
As such, it can be used to identify elements and signal ampli-
fiers. The operation of the sensing platform is sensitive, quick,
and simple. The detection limit of Cu(u) can reach 8.3 pM, and
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the detection limit of Hg(u) and Cd(u) can reach 9.8 pM and
4.3 nM, respectively. It can be used with complex foods (seafood
contaminated by heavy metal ions), environmental samples
(soil extract), and biological serum. In addition, the diameter
of the nanochannel can be expanded to 12 nanometers using
the two-phase layered growth method to accept larger quantum
dots or macromolecules (such as proteins) or macromolecule
functionalized quantum dots for the detection of other
substances.

Cui et al. used dithiobis[succinimide propionate] coated
gold nanoparticles to assemble silver nanoparticles (AgNPs)
and developed a high-sensitivity electrochemical sensor
regulated by using cysteine (Cys) to detect Cu(u)."*® The electro-
chemical sensor is assembled by carbon nanotubes, polyamide-
amine dendrimers and glassy carbon electrodes modified using a
digital signal processor. Without Cu(u), Cys can be bonded to the
surface of citrate-stabilized silver nanoparticles through silver—
sulfur bonds, and silver nanoparticles can be assembled to the
sensor surface through the reaction with Cys. In contrast, in the
presence of Cu(u), the copper-catalyzed dissolved oxygen oxidation
of Cys inhibits the aggregation of silver nanoparticles induced by
Cys, resulting in a decrease in the electrochemical peeling signal of
silver nanoparticles. The detectable range of the DPV method can
reach 1.0-1000 nM, and the detection limit is 0.48 nM. Wang et al.
used the formation of analyte-induced exciton trapping to cause
a reduction in the photocurrent of the sulfhydryl-terminated
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cadmium telluride quantum dot cathode, which resulted in a
sensitive cathodic photoelectrochemical method for selectively
sensing trace amounts of Cu(u) (LOD = 5.9 nM)."*®

Hao’s team develop a high-efficiency photocathode for
photoelectrochemical (PEC) biosensing based on graphite-like
carbon nitride nanosheet (CNN) sensitized cadmium telluride
quantum dots (QDs)."*° With dissolved oxygen as the electron
acceptor at —0.2 V bias, the composite photocathode exhibits
a sensitive photocurrent response under 405 nm light. The
introduction of Cu(u) on the surface of hybrid photocathode
could decrease photocurrent by the exciton trapping quenching
effect. With the support of the modified mechanism, the PEC
sensor can reach a detection limit of 3.3 nM. In a previous
work, Hao’s team used PEC to further develop a wavelength-
resolved ratio photoelectrochemical (WR-PEC) technology
(Fig. 12)."*' The WR-PEC hybrid photoelectrode is assembled
step by step from semiconductor quantum dots and photo-
sensitive dyes. Under continuous light irradiation, the photo-
current-wavelength curve reveals the dependence of the
photocurrent on the wavelength. In this part of the work, they
used CdS quantum dots and methylene blue as the photo-
sensitive model to establish a double anode WR-pulsed electro-
chemical sensor, which reached a lower detection limit of
0.37 nM (based on Cu(u). The exciton trapping on the surface
of CdTe QD and the photoinduced electron transfer process
between CNNS and Cu(u) produce a quenching effect, which
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Fig. 12 (a) Schematic illustration of carbon nitride nanosheets sensitized quantum dots as photocathode for photoelectrochemical biosensing. Adapted
with permission from ref. 130. Copyright©2015 Elsevier. (b) The schematic illustration of wavelength-resolved radiometric photoelectrochemical
photocurrent generation process of CdS and MB in a visible light range, and the sensing principle of Cul(i). (c) The optimization curve of the wavelength-
resolved radiometric photoelectrochemical sensor in response to different concentrations of Cu(n). Adapted with permission from ref. 131.
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provides the feasibility for the sensitive determination of Cu(u).
The outstanding performance and development potential of
WR-pulse electrochemical technology will undoubtedly become
a new concept of electrochemical sensors.

4. Conclusion

In this review, we discussed various electrochemical methods
for monitoring heavy metal ions in water. Compared with
the traditional detection methods, electrochemical detection
has its own significant advantages. Specifically, electrochemical
detection is cost-effective, sensitive and fast, and is quite
portable, and can be applied for on-site detection in various
locations. As discussed above, a nanostructured sensor, bio-
active molecule composite-nanocomposite matrix (biosensing
device), and nanopore sensor are excellent tools for detecting
Hg(u), Cd(u), As(ur), Pb(u), UO,(u), Tl(1), Cr(vi), Ag(1), and Cu(u) in
water. In addition, a variety of electrochemical techniques such
as cyclic voltammetry, square wave voltammetry, differential
pulse voltammetry, and the current method provide a variety of
options for the detection of heavy metal ions. Among them,
anodic stripping voltammetry is the most sensitive and effective
man-machine interface detection technology. Electrochemical
technology has shown great potential in the detection of heavy
metal ions. Modified nanocomposites have received extensive
attention due to their excellent performance, but many develop-
ment challenges still need to be addressed. For example, the
modified electrode to detect heavy metal ions needs to be detected
in aqueous media, which is difficult to achieve in solid media and
suspended substances. In addition, the toxicity of the interface
material needs to be considered before being applied to actual
water samples. After this, more preset electrodes for disposable test
strips can be developed, which can be used for more effective and
hygienic testing of residential water and drinking water.
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