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REVIEW ARTICLE

Electrochemical (Bio)Sensors for the Detection of Organophosphorus Pesticides
Based on Nanomaterial-Modified Electrodes: A Review

Rong Dinga, Zhaojie Lia, Yan Xiongb, Wei Wua , Qingli Yanga, and Xiudan Houa

aCollege of Food Science and Engineering, Qingdao Agricultural University, Qingdao, China; bWeihai Customs, Weihai, China

ABSTRACT
Organophosphorus pesticides were easily remained in fruits and vegetables which would be harm
to the environmental safety and human health. In recent years, due to the simple preparation pro-
cess, fast response and high sensitivity, the electrochemical (bio)sensors have received increasing
attention, which were extensively used as the sensing platform for the detection of OPPs. The
mechanisms for the determination of OPPs mainly included redox of nitrophenyl OPPs, enzyme
hydrolysis and inhibition, immunosensor, aptasensor. Nowadays, the mainly explored electrode
material has focused on metal-organic frameworks, metal and metal derivatives, carbon materials
(carbon nanotube, graphene, g-C3N4), MXene, etc. These nanomaterials played important roles in
the electrochemical (bio)sensors, which included: (a) as an electrocatalyst to promote the redox
reaction, (b) as a carrier to load the enzyme or aptamer, (c) as a recognizer to identify the targets.
The nanomaterials-based electrochemical (bio)sensor was a rapid, cost-effective methods to detect
OPPs with high sensitivity. Besides, this review compared the analytical performance of different
nanomaterials-based electrochemical (bio)sensors, and also identified the key challenges in the
future. It would provide new ideas and insights to the further development and application of
electrochemical (bio)sensors and the detection of pesticides in real samples.
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Introduction

Pesticides (i.e., insecticides, fungicides, herbicides, etc.), as
the main food and environmental pollutants, are widely
used in agricultural production, directly acting on the plant
surface and soil.[1] However, only a small amount of sprayed
pesticides has achieved the desired goal. The accidental spill-
age of pesticides would be the long-term retention in envir-
onmental samples, and cause the environmental pollution
problem. Among them, organophosphorus pesticides
(OPPs), as a class of compounds containing ester bonds,
have been widely used in the agricultural production and
greatly improved the effectiveness of agricultural pest con-
trol due to the high efficiency and broad spectrum.[2] On
the other hand, with the rapid growth of population, the
demand for food production is also increasing, which puts
pressure on the intensive use of OPPs. However, OPPs have
a long half-life and break down when exposed to sunlight in
the air. Excessive use and accumulation in environment can
lead to the pollution of soil, water and air. In addition, it is
estimated that OPPs remains in soil (2.62-129mg kg�1),
water (0.85-16.24mg L�1), and fruits and vegetables (40 pg
g�1) for a period of time and thus can reach human systems
through the food chain with little effort, and the residual
OPPs pose serious risks to environmental safety and human
health. The high toxicity of OPPs are mainly due to the fact
that they would combine with cholinesterase to form the

stable phosphorylated cholinesterase in vivo, and the activity
of cholinesterase is inhibited.[3] Acetylcholinesterase (AChE)
can catalyze the hydrolysis of acetylcholine into choline and
acetate. When the activity of AChE is inhibited, a large
number of acetylcholine would be accumulated to cause the
high excitation of cholinergic nerve fibers and further cause
the impaired neuromuscular activity of organisms with
AChE, even fatal.[4] OPPs also pose a threat to the neuroen-
docrine, physiological and metabolic systems, leading to
complications such as neuritis, neuroteratogenesis and geno-
toxicity.[5] Upon investigation, The global consumption of
OPPs was 5 million tons in 2010 and 6.8 million tons from
2011 to 2015. In view of the widespread use of OPPs, it is
believed that OPPs contaminate fruits, vegetables and water
resources and adversely affect the health of humans and
other animals. Therefore, current and future increases in
food production must be better quality and fewer OPPs.
Therefore, it is necessary to develop efficient, rapid and sen-
sitive methods to determine OPPs.[6]

Traditional detection and analysis methods for OPPs
mainly included gas chromatography, gas chromatography-
mass spectrometry, high performance liquid chromatog-
raphy, high performance liquid chromatography-mass spec-
trometry, enzyme-linked immunosorbent assay, etc.[7–10]

These analytical techniques exhibit high accuracy and feasi-
bility for the detection of pesticides, but they also require
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extremely complex sample pretreatment, precision instru-
ments and professional technicians and long analysis time,
which greatly limit the convenience of their application in
real samples.

Electrochemical sensors have attracted more and more
attention to be as a sensing platform for the detection of
OPPs due to the simple preparation process, fast response
and high sensitivity. A chemical signal was generated
through the interaction between a sensing membrane
(namely a modified electrode material) and the target mole-
cules, and then the chemical signal was converted into a
measurable electric signal via a conversion element. The
content of unknown analyte was calculated based on the
corresponding relationship of between the displayed electro-
chemical signal and the concentration of standard analyte to
be detected. It can be broadly divided into current/potential
sensors, electrochemical luminescence sensors, electrochem-
ical impedance sensors and photoelectrochemical sensors. As
shown in Figure 1, the traditional electrochemical sensor
was composed of a three-electrode system of a working elec-
trode, a reference electrode and an auxiliary electrode.
Generally, the electrochemical techniques used for the detec-
tion of OPPs can be classified into voltammetry, amperome-
try and potentiometry. It is noteworthy that voltammetric

techniques such as cyclic voltammetry (CV), differential
pulse voltammetry (DPV), square wave voltametry (SWV),
linear sweep voltametry (LSV) and electrochemical imped-
ance spectroscopy (EIS) are the most familiarly detected
strategies.[11–13] In this process, the electrode material plays
a vital role to improve electrochemical activity and response.

Nanomaterials-based electrochemical sensor with high
sensitivity and specificity is an ideal choice for the detection
of OPPs. Therefore, this paper reviewed the recent research
progress of electrochemical sensor for detecting OPPs,
mainly including the detection mechanism for OPPs, elec-
trode materials and other characteristics of various electro-
chemical biosensors based on different electrode
materials.[14] This review summarized four types of electro-
chemical sensor for the identification toward OPPs, which
included redox of nitrophenyl OPPs, enzyme inhibition,
DNA-based electrochemical biosensor, electrochemical
immunosensor. Nowadays, the mainly explored electrode
materials have focused on metal and metal derivatives,
metal-organic frameworks (MOFs), carbon materials,
MXene, etc. The construction and integration of the sensor
based on these nanomaterials would provide a more realistic
and concise vision, and also expand the application of elec-
trochemical sensor in various fields.

Figure. 1. Schematic diagram of a conventional electrochemical sensor.
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Electrochemical mechanism

OPPs are essentially esters of phosphoric acid with different
combinations of oxygen, nitrogen, carbon and sulfur. All
OPPs have a common structural pattern, which contain a
phosphorus atom in the center connecting with a double
bond to an oxygen or sulfur atom, and alkoxy/thioalkoxy/
aryloxy (O-R, O-R’) and alkoxy/propyl/other substituents
(X) are attached to the phosphorus atom. Different X、R、
R’ resulted in the various toxicity of OPPs.[15] The represen-
tative OPPs (phorate, phoxim, chlorpyrifos, diazinon, profe-
nofos and dichlorvos, etc.) were shown in Figure 2. The
advantages and disadvantages of electrochemical (bio)sensors
with different electrochemical mechanisms for the detection
of OPPs and their applications were shown in Table 1.

Redox of nitrophenyl OPPs

Nitrophenyl OPPs (i.e., paraoxon, parathion, methyl-para-
thion, etc.) are considered to be highly toxic, and paraoxon
is the most toxic among them. Parathion and methyl-para-
thion (MP) can be decomposed into paraoxon through a
series of photolysis and oxidative decomposition.[16]

Nitrophenyl OPPs can directly generate an electrochemical
response on the electrode surface due to the structural char-
acteristics of nitrophenyl OPPs, and the response is derived
from the reduction of nitro group (-NO2). The reduction
potential is relatively negative, and a plurality of substances
which can interfere with the reduction potential are more
disadvantageous to the detection of nitrophenyl OPPs, so
OPPs can be indirectly quantified by detecting a reduction
peak of a -NO2 reduced intermediate product with a rela-
tively low potential.

Electrochemical (bio)sensors based on the reduction of
-NO2 have emerged in recent years. Gannavarapu et al
reported a simple and scalable technique for the preparation
of ordered nanostructured diatom-zirconia complexes as a
highly selective and sensitive non-enzymatic electrochemical
sensor for the detection of MP.[17] Figure 3 exhibited the
electrochemical sensing pathway. The electrochemical
response of this sensor resulted from the conversion of
-NO2 to hydroxylamine group -NHOH with a strong irre-
versible reduction peak, and the conversion of the formed
-NHOH to nitrosophenyl group (-NO) during the anodic
scanning, which was a reversible reaction. The voltammo-
grams recorded in the absence of MP yielded no peaks,
which indicated that there was no electron transfer occur-
ring in the absence of analyte. Shanmugam et al. prepared
N, S co-doped reduced graphene oxide (GO) nanocompo-
sites loaded with SnS2 nanosheets (SnS2/NS-RGO) to detect
MP through the continuous cyclic voltammetry response.[18]

In the first cycle, the irreversible current peak from NO2-
MP to NHOH-MP pair of reversible redox peaks was gener-
ated in �0.041V and �0.066V resulted from the 2e� and
2Hþ transfer. Besides, the wide-range concentration addition
of MP and the sensitivity at SnS2/NS-RGO were investigated
by using an amperometric (i-t) procedure. Results indicated
that the established method possessed high sensitivity (4.033
lA lM�1 cm�2), lower detection limit (0.17 nM), and wider
linear range (0.001-176 lM). Through the feasibility analysis
of electrochemical detection of MP in river water and black
grape samples by SnS2/NS-RGO, it was found that the added
MP had good recovery. However, in this mechanism, the
irreversible reduction process would cause huge damage to
the electrode to increase the detected cost.

Figure. 2. The chemical structure of representative OPPs.
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Enzyme hydrolysis or inhibition

Enzyme-based biosensors exhibit excellent performance in
the monitoring of pesticides, which are considered to be the
most promising alternative approach. AChE-based optical
and electrochemical sensors, whether inhibitory or non-
inhibitory biosensor systems, all possessed great prospect of
applications. In the case of amperometricresponse, OPPs
was measured through the electrochemically active products
with various immobilization strategies. Generally, the elec-
trochemical biosensor mainly included cholinesterase-based
biosensor (cholinesterase inhibitor/indirect method) and
phosphohydrolase (OPH)-based biosensors (direct method),
and due to the sensitivity of enzyme to multiple analytes,
the former was more common and less selective
for OPPs.[19]

OPH can directly catalyze the hydrolysis of phosphorus-
oxygen, phosphorus-sulfur bond, phosphoru-fluorine and
phosphorus-cyanogen bonds. OPH exhibits strong hydrolysis
toward parathion and paraoxon, and their hydrolysis prod-
ucts are usually electroactive substances. For example, OPH
can catalyze the hydrolysis of paraoxon to generate p-nitro-
phenol, and then p-nitrophenol can produce oxidation-
reduction reaction on the surface of electrode to produce
the current signal, which is proportional to the concentra-
tion of paraoxon to realize the quantitative analysis.
Stoytcheva et al. developed an electrochemical organophos-
phorus hydrolase sensor for the direct determination of par-
aoxon.[20] Firstly, the chitosan (CS), carbon nanotubes,
hydroxyapatite and organophosphorus hydrolase were
immobilized on the surface of glassy carbon electrode by
one-step electrodeposition method, and experimental condi-
tions were optimized via CV and chronoamperometry meth-
ods. A good linear relationship between the current and the
concentration of paraoxon was found in the range of 5-
80 lM L�1. The sensitivity and detection limit were 5.1 nAL

lM�1 and 0.1 lM L�1, respectively. Recoveries of paraoxon
in tap water were between 98.4% and 101.2%, and the estab-
lished sensor showed good anti-interference ability to atra-
zine and trichlorfon. Besides, the sensor had good
repeatability and relative standard deviation was less than
3%. Therefore, the electrochemical biosensor based on OPH
can directly detect OPPs quantitatively using OPPs as
enzyme substrate, but many studies have shown that the
sensitivity is low. Therefore, the current research focuses on
improving the sensitivity of the electrochemical biosensor
based on OPH to detect OPPs.

Compared with the OPH-based electrochemical biosen-
sor, the AChE-based electrochemical biosensor possessed
higher sensitivity and lower detection limit, However, it was
indirect determination and the sensor response was irrevers-
ible. Based on the inhibition of OPPs for the AChE activity,
AChE can catalyze the hydrolysis of acetylthiocholine to
generate acetic acid and thiocholine, and thiocholine as an
electroactive substance, can generate redox current under a
certain voltage. OPPs being structurally similar to acetylcho-
line, is a natural substrate of AChE, so OPPs have higher
specific bonding interaction with AChE. They can be com-
bined with hydroxyl of serine in the active center of AChE
to form stable phosphorylated or carbamylated enzyme,
thereby inhibiting the activity of enzyme, reducing the yield
of thiocholine, correspondingly, reducing the oxidation cur-
rent of thiocholine, and establishing a quantitative relation-
ship between the inhibition rate of enzyme activity and the
concentration of pesticides through the change of cur-
rent.[21,22] Therefore, the detection and quantitative analysis
of OPPs were realized. The detection process of AChE
toward OPPs based electrochemical biosensors was shown in
Figure 4. He et al reported a electrochemical biosensor for
the rapid determination method of malathion based on the
adsorption/desorption process of AChE, in which AChE was
anchored on the acicular polyaniline-coated carbon hollow
sphere core-shell (HCS@PANI) nanostructure composite.[23]

It was found that the developed electrochemical biosensor
had practicability, accuracy and applicability for the detec-
tion of malathion in food and environment samples (tap
water, apple, tomato and cucumber). The proposed method
with HCS@PANI nanocomposite as the sensitive layer for
the immobilization and catalysis of AChE had potential
application in the highly sensitive detection of pesticides.
Zhao and his colleagues have developed a disposable and
portable enzyme-based biosensor using two-dimensional

Table 1. Application of electrochemical (bio)sensors with different electrochemical mechanisms for the detection of OPPs.

Electrochemical mechanism Recognition element Advantages Disadvantages

Redox of nitrophenyl OPPs Nitro(-NO2) Simple, fast, high sensitivity Damage to electrodes, increased cost
Enzyme hydrolysis or inhibition Enzymes Wide range of detection, low

detection limit
Enzymes are easily inactivated and

not easily controlled
Electrochemical immunosensor Antigen

Antibody
High sensitivity and strong specificity High cost of identifying original

Electrochemical aptasensor Aptamers Low synthesis cost and high purity,
specific recognition

For OPPs, the screening of small
molecular substances needs to
be improved

Molecularly imprinted
electrochemical sensors

Molecularly imprinted polymer High selectivity, reliability, improved
stability, low cost

Long analysis time, slow diffusion of
target molecules on the imprinted
membrane, and uneven
distribution of binding sites

Figure. 3. Mechanism the electrochemical detection of MP.
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transition metal dihalides.[24] The screen-printed electrode
(SPE) was used as the electrode substrate to improve the
sensing performance on the basis of the modification of
MoS2 nanosheets and gold nanoparticles, and the immobil-
ization of AChE via glutaraldehyde as the crosslinking agent.
Under the optimized conditions, the electrochemical biosen-
sor showed a good linear relationship with the concentration
of paraoxon in the range of 1.0-1000 mg L�1, and a detection
limit of 0.013 mg L�1. The biosensor was successfully applied
to detect paraoxon in apple and pakchoi, and exhibited a
good response. The low-cost, rapid and reliable determin-
ation of OPPs in agricultural products was realized, which
provided a reliable method for the rapid detection of OPPs
in agricultural product.

He et al. reported a co-reactant free electro-chemilumin-
escence (ECL) enzyme-based biosensor using polymer nano-
particles (PFBT PNPs) as a luminophore for the detection of
OPPs.[25] In the absence of OPPs, H2O2 from the enzymatic
reaction inhibited the ECL signal of PFBT PNPs, resulting
in an ECL off state, whereas in the presence of OPPs, the
ECL signal was significantly enhanced. The linear range of
detection was from 1.0� 10�12-1.0� 10�7 M and the detec-
tion limit was as low as 1.5� 10�13 M. Lettuce, cabbage,
and pakchoi purchased from the local supermarket after the
preliminary treatment was used as samples to study the
effectiveness of the biosensor, indicating that this method
has the potential for rapid and sensitive detection of OPPs
in food analysis. This non-co-reactant strategy avoided the
addition of exogenous species or dissolved oxygen as a co-
reactant, and more importantly, H2O2 was released by many
oxidase-induced reactions, which opened up a promising
avenue in the field of enzymatic biosensor. Considering the
cost of AChE, Bao et al reported a cost-effective plant ester-
ase (PLaE) enzyme being alternative to AChE.[26] The high-
purity PLaE extracted from many plants such as wheat, soy-
bean, rice and sorghum at low cost, which had the same
inhibition mechanism with AChE. This method exhibited a
good response recovery in the real samples (carrots and
apples) contaminated by OPPs. PLaE was easy to obtain, so
the simple, sensitive and reliable PLaE-CS/AuNPs-GNs com-
posite biosensor had great potential in the detection of
OPPs in food and environmental safety. PLaE, a good

substitute for AChE, was expected to be one of the research
hotspots of AChE-based biosensor.

Electrochemical immunosensor

Electrochemical immunosensor, which combined the trad-
itional immunoassay and biosensing technology, was based
on the specific immunoreaction between antigen and anti-
body (Ab) to convert into the measurable electric signal.
The immunosensor had high sensitivity and strong specifi-
city.[27,28] In recent years, electrochemical immunosensors
for the detection of pesticide residues have gained more
attention and application.[29,30] A novel amperometric
immunosensor for the determination of chlorpyrifos residue
was developed by Sun et al, which used multi-walled carbon
nanotubes-thionine-chitosan (MWCNTs-THI-CHIT) nano-
composite film as electrode the modified material.[31] Then
the anti-chlorpyrifos monoclonal Ab was covalently immobi-
lized on the surface of MWCNTs-THI-CHIT/GCE at the aid
of glutaraldehyde. The modification process was character-
ized by CV and EIS. The high stability of the MWCNTs-
THI-CHIT modified GCE made it easier to immobilize anti-
bodies on the proposed immunosensor, to ensure effective
activity retention of the loaded immunoreactants, which
could improve the sensitivity and accuracy of the immuno-
sensor. Besides, because CHIT and THI could protonate
NH2 groups, the immunosensor was easily regenerated and
reused. Under the optimized conditions, the relative change
of peak current of DPV was linear with the logarithm of
chlorpyrifos concentration in the range of 0.1-1.0� 105 ng
mL�1, and the limit of detection was 0.046 ng mL�1. The
proposed immunosensor exhibited high repeatability, stabil-
ity, good selectivity and reproducibility, which made it a
potential alternative tool for the ultrasensitive detection of
chlorpyrifos residues in vegetables and fruits (cabbage, let-
tuce and Chinese chives).

So far, most of the immunosensors used to detect mul-
tiple pesticide residues have based on the superposition of
single detection. For more OPPs, it is far from meeting the
detected needs of actual samples. Therefore, a broad-spec-
trum Ab for detecting OPPs has been gradually reported,
and the Ab can effectively recognize most OPPs. It is

Figure. 4. The detection process of AChE based electrochemical biosensors toward OPPs.
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necessary to develop immunosensors based on a broad spec-
trum of Abs to detect all OPPs.

Dong et al. used a broad-spectrum Abs against OPPs as a
sensitive recognition element, and attempted to couple the
broad spectrum Abs with gold nanoparticles (AuNPs) to
form AuNP-Abs.[32] The method can not only reduce the
waste of Abs, but also enhance the combination of Abs and
nanomaterials. Prussian blue (PB) with good redox proper-
ties was immobilized on the electrode surface by electro-
chemical deposition method, which can improve the anti-
interference ability and stability of electrochemical immuno-
sensor. Under the optimal experimental conditions, the elec-
trochemical behavior of OPPs on the electrode surface was
determination, which demonstrated that the constructed
electrochemical immunosensor could be effectively applied
to the quantitative determination of OPPs concentration in
vegetable samples (cabbage and spinach). The detection
range of the electrochemical immunosensor reached
1.82� 10�3-3.29� 104 ng mL�1, and the sensitivity
was higher.

More importantly, the electrochemical immunosensor is
easy to prepare and coupled with other metal materials
(such as AuNPs) to form the capture probe, which are
modified on the electrode surface to anchor more Abs and
further improve the conductivity. The detection principle of
the immunosensor was shown in Figure 5. OPPs were cap-
tured and connected to the electrode surface through the
specific recognition of Ab with target OPPs. This method
had advantages of rapid detection speed, high sensitivity and
excellent reproducibility, which exhibited extensive develop-
ing potential in the field of immunosensor. It was unsatis-
factory that the Ab is immobilized on the surface of the
electrode, because the ability to captured the target is lim-
ited, and the signal presented in the actual detection process
decreases with the increase of the concentration of target,
and finally reaches the closed state. Therefore, the research
of signal amplification of immunosensor was particularly
important. The Ab was correctly and effectively fixed on the
surface of the electrode to further improve the anti-interfer-
ence ability and the stability of the immunosensor.

Electrochemical aptasensor

Aptamers are short single-stranded nucleic acid with the
specific sequence (DNA or RNA molecule) introduced in
1990, and have high affinity and selectivity toward the tar-
get.[33,34] Many screening methods have been developed,
including electrophoresis (Systematic Evolution of Ligands

by Exponential Enrichment, SELEX), cell SELEX, magnetic
bead-based SELEX, and other SELEX methods.[35] Aptamers
could specifically recognize various targets on the basis of
functional interactions (i.e., aromatic rings, electrostatic,
hydrogen bonding, vander Waals forces, etc.). Nowadays,
aptamers have been synthesized with low cost and high pur-
ity, greatly increasing the reproducibility of detection meth-
ods. Numerous electrochemical aptasensors based on
different transduction strategies have been designed and fab-
ricated to detect OPPs. However, due to the limited number
of aptamers being available for various OPPs, aptamers for
other OPPs still needed to be screened urgently to expand
their application.

Selvolini et al. fabricated an electrochemical DNA nucleic
acidaptamer sensor for the detection of profenofos, which
was based on the competitive format and disposable graph-
ite SPE.[36] The thiol-bound DNA capture probe was immo-
bilized on a AuNPs/polyaniline composite film modified
electrode, and the capture probe was complementary to the
selected aptamer sequence. Different solutions of profenofos
with certain amounts of biotinylated aptamers were dropped
onto the established DNA sensor. Hybridization reactions
were measured using streptavidin-alkaline phosphatase
enzyme conjugates, which would catalyze the hydrolysis of
naphthyl-1-phosphate. The enzyme product was detected by
DPV. Dose-response curves were obtained between 0.10 mM
and 10 mM with a detection limit of 0.27 mM. As shown in
Figure 6, Yang et al. A dual signal amplification strategy
based on AChE and DNA probes was developed to detect
OPPs.[37] Firstly, AChE and a hairpin auxiliary DNA probe
containing Hg2þ were immobilized on the electrode. In the
electrolyte solution, AChE would catalyze acetylthiocholine
chloride to generate thiocholines, which could interact with
Hg2þ in the stem of the hairpin auxiliary DNA probe and
further convert the DNA conformation to single-stranded
DNA. This single stranded DNA in turn triggered a hybrid-
ization chain reaction between the two hairpin probe DNAs
and produced a long double stranded DNA which could
capture many methylene blue molecules and produce a sig-
nificant current signal by DPV. OPPs could inhibit the
activity of AChE, so that the hydrolysis product was
reduced, thereby reducing the yield of long-chain double-
stranded DNA, further reducing the current signal of methy-
lene blue to realize the sensitive quantitative detection of
OPPs. A good linear relationship between the current and
the concentration of aldicarb was obtained in the range of
20-4000lg L�1, with a detection limit of 10 lg L�1. Besides,
in order to explore the potential application of the sensor

Figure. 5. Detection principle of the electrochemical immunosensor.
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strategy in the analysis of actual food samples, fresh ginger
was selected to detect aldicarb residues, and the sensor
showed good accuracy in the detection of aldicarb, with a
recovery of 98.3-105.3%.

Aptamers have outstanding characteristics, including easy
synthesis and modification, good chemical stability and high
affinity, which makes the electrochemical aptasensor exhibits
the advantages of economy, simplicity, sensitivity. However,
with the development of electrochemical aptasensor, it has
been found that the effective immobilization of aptamer on
the electrode is a great challenge. For the first time, Fu et al
proposed to immobilize the aptamer on the sensing interface
by one-step co-electrodeposition, and applied it to detect
four kinds of OPPs (phorate, profenofos, omethoate and iso-
carbophos).[38] Specifically, GO was used to link NH2-modi-
fied aptamers during the preparation of the
electrodeposition solution, which provided a basis for the
immobilization of aptamers. Secondly, the introduction of

copper nanoparticles (CuNPs) into the aptamer-GO mixed
solution can improve the conductivity of the electrodepos-
ited film, thus exhibiting the excellent electrochemical per-
formance and avoiding the complex modification steps in
the preparation process of aptasensor. Under the optimal
conditions, the detection limits of profenofos, phorate, iso-
carbophos and omethoate were 0.003 nM, 0.3 nM and
0.03 nM, respectively. The aptasensor was also successfully
applied to the analysis of phorate in vegetables. It was con-
firmed that this strategy had opened up a new way for the
effective fixation of aptamer, and developed a new type of
aptasensor for detecting OPPs, which would have broad
application prospects in other fields.

Molecularly imprinted electrochemical sensors

Molecularly imprinted polymers (MIPs) was a kind of bio-
mimetic receptor polymers by creating specific binding
pores on the surface. These structures, as well as the various
binding sites formed internally, provide high selectivity for
MIP-based electrochemical (bio)sensors.[39,40] Generally, bio-
logically excited MIPs are excellent sensing materials. They
can be prepared in batches, or thin layers on the electrode
surface with high sensitivity selectivity. In fact, the binding
efficiency of MIPs depends on the rational selection of func-
tional monomers, cross-linking agents and porogens. It is
formed in the presence of cross-linked template substances
(organic substances, metal ions, microorganisms). After the
solvent is removed, a mark is left in the polymer network.
These fingerprints constitute the acceptor site, which will
identify the template with excellent selectivity during the
recombination step.[41,42]

Electrochemical (bio)sensors based on MIPs are increas-
ingly used in various fields. Although its selectivity has been
improved, there are still limitations including long analysis
time, slow diffusion of target molecules on the entire print-
ing film, and uneven distribution of active sites. Therefore,
continuous in-depth research on new materials can achieve
better sensitivity. Motaharian et al. developed an electro-
chemical sensor based on MIP nanoparticles for the highly

Figure 7. The synthetic process of Pt@UiO66-NH2 and the detecting process toward OPPs.

Figure. 6. Principle of the electrochemical aptasensor strategy for the detection
of pesticide.(modified from [37]).
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selective and ultrasensitive determination of
diazinon(DZN).[43] In this study, DZN-imprinted polymer
nanoparticles were synthesized by the suspension polymer-
ization, and then modified on the surface of carbon paste
electrodes (CPE) The adsorption capacity of MIP nanopar-
ticles modified CPE toward diazinon was much higher than
that of CPE-based non-imprinted polymer nanoparticles.
Under optimized extraction and analysis conditions, the
proposed sensor showed excellent sensitivity (95.08 lA L
lmol�1) toward DZN with two linear ranges of 2.5� 10�9

� 1.0� 10�7 M and 1.0� 10�7 � 2.0� 10�6 M and the
detection limit of 7.9� 10�10 M.

Nanomaterials-based OPPs
electrochemical biosensors

In the application of electrochemical sensors, the modifica-
tion of the electrode surface with different nanomaterials is
crucial, which greatly improves the response of the electrical
signal and increases the sensitivity and stability of OPPs
detection. With the in-depth study of nanomaterials, in
recent years, nanomaterials commonly used for electrode
surface modification mainly include metal-organic frame-
works (MOFs), metals and metal derivatives, carbon materi-
als (carbon nanotubes (CNTs), graphene, graphitic carbon
nitride (g-C3N4), quantum dots(QDs)), MXene and so on.
These materials are widely used in enzyme or aptamer elec-
trochemical sensors for the detection of OPPs. The use of
nanomaterials can further catalyze the substrate to produce
optical or electrical signals and increase the sensor response.
Table 2 compared the detection performance of these nano-
material-based biosensors for OPPs, including recognition

element, detection method, analytes, sample type, linear
range, detection limit, etc.

Metal organic frameworks

MOF is a three-dimensional framework materials with metal
ions as nodes and organic ligands as linker.[75,76] MOFs pos-
sess the advantages of high porosity, adjustable pore diam-
eter, large specific surface area, exposed active sites and
more anchor sites provide loading other nanomaterials with
high catalytic performance. The pore size of MOFs can also
be controlled to achieved the selection of specific analytes,
which greatly increases the selectivity of sensor. These
advantages make MOF widely used in the fields of catalysis,
energy storage and separation.[77–80] Vikrant et al. also sum-
marized the widely applications of MOFs for the biosensor
detection of various pesticides (e.g., OPPs and non-
OPPs).[81] MOF could identify the target via the tunable
pore size directly and also as a carrier to load the recognizer.
Cao et al. fabricated a hierarchically Cu-BTC MOF based
electrochemical sensor for the detection of glyphosate.[46]

The Cu-BTC framework as a directly detection matrix, pos-
sessed large specific surface area to increased the reaction
site of electrode and further enhance the detection perform-
ance. Under optimized conditions, the MOF-based sensor
displayed wide detection range of 1.0� 10�12-1.0� 10�9 M
and 1.0� 10�9-1.0� 10�5 M, and the lower detection of
limit was 1.4� 10�13 M. Besides, the electrochemical sensor
had good reproducibility, stability, and good selectivity for
aminomethylphosphonic acid which was the main metabol-
ite of glyphosate. The electrochemical sensor can be used for
the detection of glyphosate in soybean in food samples. It

Figure 8. Schematic illustration of the ultrasensitive aptamer sensor for malathion assay based on UiO-66-NH2 and Fc.
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was worth mentioning that the high efficiency sensor based
on Cu-BTC had great potential application value in the
detection of OPPs in real samples.

Although MOFs are potential materials for electrochem-
ical sensors, they still have some shortcomings such as poor
conductivity and unstable structure, which limit their appli-
cation in the field of electrochemical sensors. Combination
of MOFs and other components including metal ions, bio-
polymers, nanoparticles and proteins have been developed
to enhance electrochemical properties and stability. Besides,
MOF derivatives, mainly including MOFs-derived carbon
and metal oxide nanomaterials, are also developed to
improve the stability.[82–85]

As shown in Figure 7, Ma et al. synthesized a zirconium-
based MOF nanocomposite anchored by Pt nanoparticles
(Pt@UiO66-NH2) with large specific surface area and high
dispersion to fabricate a new AChE-based electrochemical
biosensor platform for the detection of malathion.[47]

Immobilization of Pt nanoparticles onto the porous MOF to
form Pt@UiO66-NH2 was an advantageous way to enhance
the inherent characteristics of MOF, which endowed it new
functions and minimize the use of precious metals.
Pt@UiO66-NH2 with good electronic conduction channels
provided the ultrahigh surface area and many adsorption
sites for the immobilization of AChE. This sensor exhibited
high sensitivity for the detection of malathion, with a detec-
tion linearity was in the range of 1.0� 10�14-1.0� 10�9 M,
and the limit of detection was 4.9� 10�15 M. The electro-
chemical biosensor constructed by Pt@UiO66-NH2/GCE was
used to detect OPPs in cabbage and apple samples, which
showed the great potential of metal nanoparticles/MOF
composites in improving the electrochemical performance of
electrochemical biosensors.

The large specific surface area and porous structure of
MOFs provide more interfaces and active sites for the inter-
action between materials and analytes, making MOFs easy
to functionalize with various molecules and materials.[86]

Various biomolecules (enzymes, nucleic acids, antibodies)
have been incorporated into MOFs to further improve the
sensitivity and selectivity of electrochemical sensors.[49,87]

For example, Li et al. developed a simple immobilization-
free homogeneous electrochemical sensing strategy to syn-
thesize pH-responsive zeolite imidazolate framework-8/

methyl blue (ZIF-8/MB) composites through a simple one-
pot self-assembly method, using AChE as the recognition
component.[48] ZIF-8 was used as a biodegradable carrier to
encapsulate MB, and the dissolution of ZIF-8/MB composite
under acidic conditions would release a large number of MB
molecules to generate a strong diffusion current. Thus,
OPPs which was an AChE inhibitors would be monitored
through the decreased electrochemical signal. Benefiting
from the large number of MB molecules trapped in the ZIF-
8 framework, the sensing platform had achieved high analyt-
ical performance for the detection of paraoxon, with a detec-
tion limit of 1.7 ng mL�1. Moreover, the strategy was
universal for other OPPs, and worked well in real samples,
which indicated that the strategy provided a method for the
sensitivity assessment of pesticides in food and environmen-
tal samples.

To further improve the selectivity of MOF-based electro-
chemical sensors for the detection of OPPs, many people
have made efforts. As shown in Figure 8, Xu et al. con-
structed an electrochemical aptamer sensor platform toward
detection of malathion, which was coupled with complemen-
tary probe and carboxy-ferrocene via the covalent bond to
from the MOF-based nanocomposite probe.[44] Ferrocene
was immobilized on the MOF to amply its current signal.
The complex probe could hybridize with the malathion
aptamer immobilized on the electrode through a comple-
mentary base pairing reaction. The strong affinity of mala-
thion and its aptamer would cause the MOF-ferrocene
probe to be released into the buffer solution, further reduc-
ing the DPV signal of ferrocene. The fabricated sensor
showed a linear range of 25-850 ng L�1 toward malathion
with a detection limit of 17.18 ng L�1. Due to the specific
recognition of aptamers, more and more aptamer-based
electrochemical aptamers have been designed. Chen et al.
developed an ultrasensitive electrochemiluminescence (ECL)
aptamer sensor for the detection of malathion, using iron-
based MOF NH2-MIL-88 (Fe) as the nano-carrier and signal
enhancement of CdTe quantum dots (QDs).[49] NH2-MIL-
88 (Fe) could fix abundant CdTe-QDs. A mechanism for the
rapid increased of the ECL intensity of CdTe-QDs had been
established. Fe (II) of NH2-MIL-88 (Fe) was used as a signal
enhancer to generated Fe(III) through reduction reaction to
realized cyclic reaction. The novel ECL conformal sensor

Figure 9. Schematic illustration for the fabrication of CuO-CeO2/GCE and the electrochemical detection of malathion.
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derived from CdTe-QDs@NH2-MIL-88 (Fe) for the detec-
tion of malathion showed excellent sensitivity with a detec-
tion limit of 0.3 pg L�1 over the detection range of
1.0� 10�6-1.0mg L�1. Importantly, NH2-MIL-88 (Fe) as a
nanocarrier and signal enhancer provided a direction for
ultrasensitive target analysis. In addition to the electrochem-
ical (bio)sensors of the conventional three-electrode system,
Nagabooshanam et al. developed an electrochemical micro-
analytical device (EmAD) for the sensitive detection of chlor-
pyrifos in the food chain.[88] The gold microelectrode
modified with MOF (MOF-Basolite Z1200) and AChE were
excellent electroanalytical sensors for the detection of chlor-
pyrifos. This method only required 2 mL of analyte and was
tested over a linear range of 10-100 ng L�1. The detection
limit and sensitivity of the developed EmAD were 6 ng L�1

and 0.598mA ng L mm�2, respectively. The applicability of
the device for detecting chlorpyrifos from actual vegetable
samples was also tested within the prescribed limits. The
sensor had good stability and the lifetime was 20 days. The
response time of EmAD was 50 seconds, including incubation
time of 20 seconds. The developed EmAD also used blue-
tooth to integrate with a commercial low-cost handheld
potentiostat (k-Stat), enabling it to collect real-time data
results of field samples with minimum scientific skill, which
was comparable to standard electrochemical workstation.
These advantages made the new EmAD platform an attract-
ive candidate for field analysis.

Metals and metal derivatives

Metal nanoparticles
Noble metal nanomaterials such as Au, silver (Ag), platinum
(Pt), palladium (Pd) and their bimetallic alloys with core-
shell structures have unique sizes and shapes, remarkable
physical, chemical and electrochemical properties. They play
a variety of roles in the design and fabrication of electro-
chemical sensors and biosensor platforms, including simple
synthesis, easy surface functionalization, catalysis of the elec-
trochemical reaction, and enhancement of the electron
transfer process, making them attractive for many applica-
tions.[89,90] In addition, the shortcomings of fine tunable the
optical properties, high specific surface area and strong sur-
face modification ability endowed them with the potential
application for the detection of OPPs.[91,92] Recently, metal
nanoparticles had shown great potential for improving the
sensitivity and selectivity of electrochemical biosensors
through the synergistic signal amplification of biofunctional-
ized metal nanoparticles and effective nanocomposites. The
ability to integrating sensor arrays with microfluidic devices
offers the possibility for laboratory technology to detect
multiple analytes in a high-throughput manner.[93–95]

Based on the successful synthesis of phosphoryl thiogly-
colate, Zhao and his colleagues designed and prepared a
novel Au/phosphoryl thioglycolate multi-residue electro-
chemical biosensor by combining the nanoscale effect, the
strong Au-S bond and the interaction between AChE and
phosphoryl thioformamide.[51] Indirect competition method
was used to detect eleven OPPs and total OPPs. The

electrochemical behavior of the modified electrode was char-
acterized by DPV and EIS. The biosensor exhibited excellent
electrochemical performance with a wider linear range of
0.1-1500 ng mL�1 and a detection limit of 0.019-0.077 ng
mL�1. It had good stability and repeatability, so it could
detect the number of OPPs at the same time, instead of one
OPP, to achieved rapid detection of the total amount of
OPPs. Two OPPs (trichlorfon, dichlorvos) were detected in
apples and cabbages, and satisfactory results were obtained.
Except for Au NPs, other metal nanoparticles also have their
own surface chemical energy, with high specific surface area,
good biocompatibility and strong affinity. Bimetallic nano-
particle catalysts have attracted considerable attention due to
their unique chemical and physical properties. Among them,
Pd NPs exhibit high electrocatalytic activity for various ana-
lytes, which made Pd NPs a cheaper alternative in the
design of electrochemical sensing platform.[96,97]

In recent years, the research on bimetal synergistic ampli-
fication of signal had been increasing. Lu et al. a network
structure composed of bimetallic Pd@Au nanowires with
high aspect ratio had been developed.[52] The nanowire net-
work structure not only provided a plurality of electronic
channels, but also had a large acceptable electroactive sur-
face area for immobilizing enzymes due to the self-intercon-
nection of nanowires with better conductivity. Besides, the
stability of enzyme-based electrode was further improved by
adopting CS to immobilize enzyme resulting from good film
forming property, biocompatibility and innocuity of CS. It
was proved that Pd@Au nanomaterials had more advantages
than the corresponding monometallic materials due to the
synergistic effect. The biosensor based on Pd@Au nanowire
network could detect malathion in the range of 0.1 pM-
100 nM, with a detection limit of 0.037 pM. Ag NPs and Pt
NPs as electrode materials could also be prepared by chem-
ical reduction, metal vapor phase synthesis, electrochemical
and photochemical deposition methods. The prepared
method was also the key to the development of various
nanoparticles on the surface of many electrodes, and
required excellent chemical inertness, good stability, low
background current, high catalytic and sensing perform-
ance.[98–102] Pajooheshpour et al. reported that a novel sens-
ing layer composed of bovine serum albumin (BSA)
template Au-Pt bimetallic nanoclusters (Au-Pt@BSA/GCE)
and graphene nanoribbons was used as an enzyme-free elec-
trochemical sensor for rapid, selective and sensitive deter-
mination of diazinon.[53] The combination of Pt
nanoclusters and Au nanoclusters improved the adsorption
capacity, stability, sensitivity, electron transfer rate and con-
ductivity. The BSA coating layer facilitated post-synthesis
surface modifications with functional materials. Results
showed that Au-Pt@BSA/GCE could significantly catalyze
the oxidation and reduction of diazinon. The linear range of
diazinon was 0.01-10.0 lM and 10.0-170lM with a detection
limit of 0.002lM. The selectivity, stability and reproducibil-
ity of Au-Pt@BSA/GCE were also investigated, which indi-
cated that the sensor had great potential to replaced the
enzyme inhibition-based biosensors for the determination of
diazinon. The constructed electrode was used for the
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determination of diazinon in soil, various waters, fruits and
vegetables. Compared with the standard method, the method
had excellent ability for diazinon in actual samples.

As metal nanoparticles played a variety of key roles in
the design of electrochemical sensor platforms, more and
more people had been studying them. Metal nanoparticles
have the characteristics of simple synthesis, easy surface
functionalization, strong electrochemical catalytic ability and
electron transfer ability. However, due to the poor sensitivity
and selectivity of single metal nanoparticles, it could only be
improved by the synthesis of nanocomposites integrating
with other nanomaterials, which provided a strong potential
for the development of metal nanoparticle-based electro-
chemical sensor platform, and promotes the development of
other bio-functional nanoparticles and effective nanocompo-
sites. Applications and studies of electrochemical sensors
and biosensors promote the development of advanced ana-
lytical methods for environmental monitoring and food
safety applications.

Metal oxides
Metal oxide-based nanomaterials with various morphologies
and sizes have been explored as sensing materials. The syn-
thesis of nanostructured metal oxides mainly focused on the
chemical reduction and the controlled separation of formed
metal atoms from the bulk solution. They are very useful for
preparing uniform nanoparticles such as nanorods, nanofib-
ers, nanobelts, nanoclusters and nanotubes, such as ZrO2

NPs, SnO2 NPs, TiO2 nanotubes and TiO2 nanofilm.[103–105]

They possess large specific surface area, high adsorption cap-
acity, unique electrochemical activity, and long-term stabil-
ity, so they are of great significance to the design of
electrochemical biosensor platform.[106]

Cui et al. have developed a highly stable electrochemical
biosensor based on the adsorption of AChE on the CS-TiO2

sol-gel film and the reduced GO multilayer immobilized
substrate.[55] TiO2 porous sol-gel membrane, as a protein
immobilization matrix has attracted a large number of
researchers because of its large specific surface area, non-
toxic, low cost and excellent biocompatibility. However, it
also has the disadvantages of low adhesion and high brittle-
ness, resulted in poor stability of the prepared sensor. In
order to solve these problems, some nanomaterials are
mixed to form nanocomposite materials to enhance the
mechanical strength of each component. The electrochemical
biosensor was prepared with the help of good immobilized
matrix CS and carbon nanomaterials GO. The linear detec-
tion range of dichlorvos was 0.036-22.6 lM with the detec-
tion limit of 29 nM. The total detection time was about
25minutes. The biosensor had good reproducibility and sta-
bility in the process of detection and storage, which could
accurately detect the content of dichlorvos in cabbage juice.

Transition metal oxides derived from MOFs exhibit good
electrical conductivity and keep the same structure as the
original MOFs, i.e., large surface area. As shown in Figure 9,
Xie et al. prepared a nanostructured CuO-CeO2 composite
from the calcination of a Cu/Ce-MOF to be dropped onto
the surface of glass carbon electrode (GCE) for the detection

of malathion.[56] The CuO-CeO2 hybrids provided numer-
ous active sites for the identification of more malathion
molecules. The detected principle was based on the fact that
the redox signal of CuO was inhibited by malathion due to
the coordination interaction between the sulfur groups of
malathion and CuO. The excellent analytical performance
was attributed to the unique microstructure and the syner-
gistic effect of CuO and CeO2. The established method pro-
vided a linear range of 10 fM � 100 nM and a detection
limit of 3.3 fM for malathion. Similarly, Gu and other
researchers proposed a non-enzymatic electrochemical sen-
sor for pesticides based on HKUST-1 derived copper oxi-
de@mesoporous carbon (CuOx@mC) composites.[57] The
CuOx@mC was formed by the direct pyrolysis of HKUST-1.
A plurality of characterization technologies proved that the
conductivity of the porous structure of the CuOx@mC was
obviously increased after the heat treatment compared with
the porous structure of the HKUST-1, and the electrochem-
ical sensing performance of the CuOx@mC composite
material to glyphosate was also superior. The detection limit
was 7.69� 10�16 M and the linear range was 1.0� 10�15-
1.0� 10�4 M. The constructed electrochemical sensor
showed good reproducibility, stability and anti-interference
ability. The sensor was applied to the determination of gly-
phosate in real fruit samples with satisfactory results and
good recovery.

Besides, there were many reports concerning metal
oxides-based composites for the detection of OPPs. The
CuO-TiO2 hybrid nanocomposite was prepared by Tian and
his associates through a simple method, and was modified
and immobilized on a GCE, which was used as a non-
enzymatic electrochemical sensor for sensitive and selective
detection of parathion-methyl.[58] The electrochemical per-
formance of the modified electrode was studied by UV-vis,
CV and DPV, Under the optimal conditions, DPV was used
to evaluate the detection ability of the modified electrode,
and it was found that the modified electrode could sensi-
tively detect methyl parathion in a wide dynamic detection
range of 0� 2000 ppb, and the detection limit was 1.21 ppb.
The modified electrode was also used to detect methyl para-
thion in actual groundwater samples. The results showed
that the sensor has high sensitivity, which provided a new
idea for the detection of other OPPs in groundwater.

Through the previous studies, it can be found that metal
oxide nanomaterials have large specific surface area, high
adsorption capacity, unique electrochemical activity and sta-
bility, which are important materials for designing electro-
chemical sensor platform. In order to further improve the
sensitivity and detection limit of metal oxide nanomaterials
in electrochemical sensors, people continue to explore the
synthesis based on nanostructured metal oxides, and adjust
their corresponding analytical performance by adjusting the
morphology, particle size, surface area and surface function.
On the other hand, adding metal oxides to synthesize nano-
composite materials for sensing is a more common method,
which can provide a better reference for food and environ-
mental monitoring.
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Metal-based other materials
Although noble metal nanomaterials and multi-metal syner-
gistic composite materials could improved the sensitivity
and stability of assembled electrochemical biosensors by sig-
nal amplification, they were scarce in the natural world and
possess higher cost limiting the large-scale application.
Compared with precious metal nanomaterials, metal-based
other compounds have attracted much attention due to the
ease of preparation and low cost.[107] Some new transition
metal compounds have also been found and applied to the
construction of electrochemical biosensors.

For example, Zhao et al. reported the application of tran-
sition metal disulfide nanosheets in electrochemcial sensors
for pesticide detection.[24] In this work, a portable and dis-
posable enzyme-based biosensor was developed, which
adopted MoS2 nanosheets modified SPE to detect paraoxon.
The peeled ultra-thin MoS2 nanosheets could accelerate elec-
tron transfer on the electrode surface, and also assisted
AChE to immobilized via the glutaraldehyde as a cross-link-
ing agent. The MoS2 nanosheets were immobilized on the
SPE surface through the Au-S interaction. The electrochem-
ical biosensor showed a good linear relationship with the
concentration of paraoxon in the range of 1.0-1000 lg L�1,
and the detection limit of 0.013 lg L�1. The biosensor was
successfully applied for the determination of paraoxon in
pretreated apple and cabbage samples, which provided a
reliable method for the rapid analysis of OPPs in agricul-
tural products.

Nasir et al. developed single layer or multilayer lithium
stripped two-dimensional 1 T phase transition metal disul-
fide (TMDs)-AChE electrochemical biosensor.[59] TMDs as a
nanocarrier could enhance and stabilize the enzyme activity,
and the sensitive detection of fenitrothion was realized
indirectly through the enzyme inhibition pathway. Similarly,
Peng et al. adapted the one-pot solvothermal method to pre-
pare a reticulated hollow spherical cobalt-nickel sulfide

(NiCo2S4) with the rod-like structure.[60] Then NiCo2S4 was
used to assemble an AChE-based electrochemical biosensor
for the detection of parathion methyl and paraoxon due to
its special structure, superior conductivity and abundant
reaction active sites. The biosensor demonstrated a wide lin-
ear range of 1.0� 10�13-1.0� 10�10 g mL�1 with the detec-
tion limit of 3.5� 10�14 g mL�1 for paraoxon, and
1.0� 10�12-1.0� 10�8 g mL�1 with the detection limit of
4.2� 10�13 g mL�1 for methyl parathion, respectively.

In addition to metal nanoparticles and metal oxides, two-
dimensional transition metal halogen compounds are also
popular, such as TMDs and NiCo2S4, TDMs have excellent
characteristics such as ultra-fast electronic conductivity, large
surface area and ultra-high electrocatalytic activity in 1 T
phase nanosheets, which made them be extensively applied
in electrochemical sensing. The chemical properties of
TMDs can be further improved by peeling them into mono-
layer or multilayer sheets. However, the stability and sensi-
tivity of the prepared products need to be improved in
electrochemical sensing, and now there are new peeling
methods (mechanical peeling, chemical stripping and elec-
troablation) for TMDs, which facilitates the use of two-
dimensional transition metal halides in electrochem-
ical sensor.

Carbon materials

Carbon nanomaterials are often selected as modified sensi-
tizers of solid electrodes due to their high conductivity, large
specific surface area and good biocompatibility.[108] The fre-
quently-used carbon nanomaterials mainly include zero-
dimensional materials such as carbon quantum dot (CQD),
one-dimensional materials such as carbon nanofiber (CNF)
and CNTs, and two-dimensional materials such as graphene
nanosheets.[109] They can provide more loading sites for the
biological recognition element. In the electrochemical

Figure 10. Synthesized process of Pd WLNCs/g-C3N4 nanocomposites and schematic description of the fabrication of modified biosensor and response mechanism.
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sensor, carbon nanomaterials play a role in the signal trans-
mission to promote the electron transfer between the elec-
troactive substance and the electrode, and further improve
the sensitivity of electrochemical detection.[110–114]

Carbon nanotubes
CNTs are a kind of one-dimensional carbon material with
special seamless and hollow structure, which composed of
hexagonal planar layers of carbon atoms around concentric
axes to be rolled into a nanosheet of SP2 hybrid carbon.[115]

CNTs can be divided into single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs).
Since CNTs were discovered by Iijima in 1991, they are
always one of the hotspots of carbon materials and widely
used in many fields.[61,116] CNTs have excellent physical and
chemical properties, especially large surface area, to increase
active sites, enhance the adsorption capacity, and improve
the catalytic efficiency. The preparation methods of CNTs
mainly include arc discharge method, chemical vapor depos-
ition (CVD) method and laser evaporation method. Arc dis-
charge method is the earliest method, but CVD is the most
widely used commercial preparation method, which is a
simple, universal and economic manufacturing technology.
Because the process of preparing CNTs is easier to control
and the cost of raw materials is lower, it is more suitable for
the large-scale production.[117]

Many electrochemical sensors based on CNTs have been
developed, including paste electrodes, thin film electrodes,
composite electrodes and functionalized CNTs electrodes,
due to the advantages of CNTs such as fast charge transfer
and good compatibility and synergy with other electrode
materials. An electrochemical sensor based on CuO nano-
flowers (CuO NFs) and SWCNTs nanocomposites for the
reproducible and selective detection of chlorpyrifos was first
developed by Xu et al.[62] CuO NFs were used as potential
substrates to enlarge the surface area of the electrode due to
the 3D nanostructure and excellent chemical stability.
SWCNTs have excellent electrical properties to improve the
electron transfer rate and amplify the sensing signal. In this
work, SWCNTs were used to enhance the immobilization
ability of the aminated probe and the hybridization ability
of the aptamer and the aminated probe. In addition, the
aptamer sensor can be easily regenerated from urea to
achieve repeatable and continuous application of a single
electrode for the detection of trace chlorpyrifos. Under the
optimal conditions, the linear range of the biosensor for
chlorpyrifos was 0.1-150 ng mL�1, and the limit of detection
was 70 pg mL�1. The sensor exhibited high selectivity and
good repeatability, and it was also successfully applied to the
determination of chlorpyrifos in apple and celery cabbage
samples with satisfactory recoveries. Yao et al. constructed a
honeycomb porous microparticles of CNTs (h-CNT-lPs)
using droplet microfluidics combined with SiO2 NPs as sac-
rificial nanoparticles, in which droplet size and composition
could be tunable via the fluidic phases.[63] The prepared h-
CNT-lPs/Nafion/GCE electrode showed high specific sur-
face area and electrocatalytic activity. Under optimized con-
ditions, the h-CNT-lPs/Nafion/GCE-based sensor showed

linear response to methyl parathion in the concentration
range of 0.3-20.0 lM and 20.0-150.0lM. The limit of detec-
tion was 0.092lM, which indicated that the sensor pos-
sessed good sensitivity, selectivity, reproducibility and anti-
interference performance. This sensor was also used to
determine methyl parathion in tomatoes and cabbages, and
results were comparable to those measured using high per-
formance liquid chromatography. It provided a reliable
method for monitoring pesticides and other active ingre-
dients in fruits, vegetables and other scenarios.

In order to improve the sensing performance of electro-
chemical sensors, carbon nanotubes and some nanostruc-
tured clay minerals have been successfully combined as
modified materials and applied to sensors. prepared a simple
and efficient halloysite (Hal) Hal-MWCNTs nanocomposite
for the determination of MP.[64] Hal was a kind of alumino-
silicate clay mineral with hollow nanotube structure of 1:1
type. The clay material had two chemical groups (Si-O-Si
and Al-OH), which distributed on the outer surface and the
inner surface of the hollow nanotube structure, respectively,
so that the prepared Hal-MWCNTs/GCE exhibited good
biocompatibility, high recognition capability, large specific
surface area and chemical stability. The detection limit was
0.034lM and the linear range was 0.5-11 lM. The method
was applied to the detect MP in real samples (romaine let-
tuce and kiwi fruit juice) with satisfactory results. The rela-
tive standard deviations were 2.46-3.08%, and recoveries
were in the range of 98.8-101.8%. The results showed that
the coating of Hal-MWCNTs nanocomposites on the surface
of GCE was beneficial for the preparation of high-perform-
ance MP electrochemical sensor.

CNTs materials have significant mechanical strength,
excellent conductivity, high specific surface area and good
chemical stability. The application of CNTs in electrochem-
ical sensors improves the electrochemical analysis perform-
ance such as the intensity and resolution of the signal. It
is a promising electrocatalyst. However, the production
cost of high-purity CNTs is high, which limits their large-
scale industrial application. Therefore, the synthetic routes
and purification methods need to be improved, and new
low-cost and effective technologies need to be developed.
These research results will contribute to the construction
of reliable and repeatable CNT-based electrochemical sen-
sors, and expand the application of sensors in vari-
ous fields.

Graphene
Graphene is a kind of carbon nanomaterials with two-
dimensional honeycomb structure assembled by sp2 hybrid
carbon atoms, which has high specific surface area, excellent
mechanical strength and stability, extraordinary photoelec-
tric properties, good thermal conductivity, and excellent
electronic conductivity. Since the discovery, many scalable,
cost-effective and high-volume production methods have
been developed, mainly including mechanical exfoliation,
CVD, chemical oxidation, liquid exfoliation, electrochemical
method.[118–122] It is widely used in biosensors, fuel cells,
catalysts, energy storage and electronic devices and other

CRITICAL REVIEWS IN ANALYTICAL CHEMISTRY 15



fields.[123,124] Nowadays, heteroatom-doped graphene and
graphene-based nanocomposites have been widely synthe-
sized to improve the related performance. Introduction of
heteroatoms in graphene can cause the changes of charge
transport, band gap, thermal stability, optics and magnetism
to increase its active sites and improve catalytic
performance.[125]

Graphene-based nanocomposites combine the advantages
of both nanomaterials and graphene, which posses various
structures, diverse types, higher conductivity and catalytic
activity. These excellent physicochemical and electrical prop-
erties make graphene an attractive candidate material for the
fabrication of electrochemical sensor, which can improve the
signal response and analytical performance of electrochem-
ical sensors. However, there are also many defects of gra-
phene and its functional derivatives, such as easy
agglomeration, high doping amount, poor dispersion etc.,
and their excellent functional properties could not be fully
utilized. In order to solve the above defects and broaden the
application of graphene and its derivatives, it is necessary to
functionalize graphene. In order to further improve the per-
formance of graphene nanomaterials and improve their elec-
trical conductivity, many researchers start with material
synthesis methods Chen et al successfully developed a high-
performance nitrogen-doped porous graphene (N-HG) to
prepare an electrochemical sensor for detecting methyl para-
thion.[65] N-HG with hierarchical macro and nano-porous
three-dimensional structures was synthesized via a hydro-
thermal method. HG could open mass transport channels
and edge activity. Compared with pyridinic N and graphitic
N-based N-HG, N-HG with high pyrrolic N showed the
largest electron transfer rate and the best sensing perform-
ance (ultra-low limit of detection: 3.5 pg mL�1, wide linear
range: 1 ng mL�1 to 150lg mL�1), which indicated that the
pyrrolic N in N-HG played a key role in the electrochemical
process and in enhanced electrocatalysis resulted from more
active sites and electron transfer rate. With the increase of
pyrrolic N content, N-HG provided excellent conductivity
and mass transfer path to achieve efficient electron and ion
transfer and further bring lower overpotential and higher
current response. The established sensor exhibited excellent
selectivity and freedom from interference, good detecting
accuracy and satisfactory recoveries for the detection of MP
in river water, fruit and vegetable samples with recoveries in
the range of 99-102%.

Fu et al. prepared an electrochemical aptasensor of for
the specially identification and detection of four OPPs (pro-
fenofos, phorate, isocarbophos and omethoate) via the one-
step coelectrodepostion of aptamers and GO-CuNPs nano-
composite materials.[38] Aptamers were immobilized on the
sensing interface through GO modified with NH2 as a con-
necter. During the electrodeposition, GO was electrochem-
ically reduced to reduced GO with better electrical
conductivity. Besides, CuNPs were introduced to enhance
the film conductivity of electrodeposited nanomaterials.
Under the optimum conditions, the detection limits of pho-
rate, profenofos, isocarbophos and omethoate were
0.003 nM, 0.3 nM, 0.03 nM and 0.3 nM, respectively. In

addition, the selectivity of the aptamer biosensor was eval-
uated by using other five pesticides (carbaryl, malathion,
methamidophos, monocrotophos and chlorpyrifos) as inter-
ferents. The results showed that the response of the
aptamer/GO-CuNPs electrode to the interferents was not
obvious, which indicated that the aptamer/GO-CuNPs elec-
trode had good selectivity. The sensor had simple prepar-
ation process, good stability, high selectivity and high
sensitivity. It was also successfully applied to the analysis of
phorate in vegetables, which had broad application prospects
in other field.

Kaur et al. proposed a rapid electrochemical sensing tool
based on a novel bioelectrode of the redox-active protein
hemoglobin (Hb) for the detection of MP.[66,67] The bioelec-
trode was designed through the immobilization of Hb on an
electrochemically reduced graphene oxide-chitosan-based
biocompatible coating (ERGO-CS/Hb/FTO). Hb was low
cost, easy availability and good electrocatalytic performance.
However, the direct electron transfer between Hb and the
electrode was very laborious, due to the complex and
unstable surface structure of the electrode. In order to pre-
vent the electrode passivation and retain the structure, CS
with relatively low conductivity was introduced. RGO had
excellent electrocatalytic activity based on the strong p-p
stacking interaction between the large delocalized p-electron
system and the double bond of benzene ring or OPPs, which
not only improved the low conductivity of CS, but also
combined with CS through the amide bond, thus contribu-
ting to synthesize dispersed and stable composite materials.
In this study, the biocompatible ERGO-CS matrix facilitated
the direct electron transfer from the protein to the bottom
electrode without loss of the original protein structure. The
detection limit of the biosensor was 79.77 nM, and the sensi-
tivity was 45.77 Acm�2lM�1. The biosensor had high reli-
ability for the detection of MP in vegetable samples, and
recoveries were in the range of 94-101%. The biosensor
would be a promising method for the identification of MP.

Graphitic carbon nitride
g-C3N4 composed of carbon and nitrogen atoms, is a new
2D graphene analogue. It can be synthesized by solid state
reaction, solvothermal synthesis, CVD, and thermal decom-
position. Compared to the lengthy procedure of graphene,
the preparation of g-C3N4 was relatively easy and econom-
ical. Besides, it possesses another advantage of the electronic
band-gap structure easily controlled by chemical function or
doping. The electrocatalytic activity for redox reaction of g-
C3N4 made it an excellent choice for desirable elec-
trode material.

As shown in Figure 10, Wang et al. constructed a Pd
wormlike nanochains (Pd WLNCs)/g-C3N4 nanocomposite
and AChE-based electrochemical biosensor platform for the
detection of OPPs.[68] g-C3N4 could enlarged the electrode
surface due to the sheet structure. It was as a carrier for Pd
WLNCs, which exhibited highly conductive performance
and electrocatalytic activity due to the small diameter
(approxomately 5 nm). The Pd WLNCs/g-C3N4 could effect-
ively immobilize AChE and enhance the signal
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amplification. The linear range for the determination of
OPPs was from 1.00 nM-14.96lM, and the limit of detection
was 0.33 nM.

Tungsten trioxide (WO3) is a direct bandgap semicon-
ductor with a bandgap of 2.5-2.8 eV with the good electron
transfer property of 12 cm2 V�1 s�1. Bilal et al. integrated
WO3 with g-C3N4 for the fabrication of Tribolium

castaneum (Red flour beetle) (Tc) AChE-based electrochem-
ical biosensor to detect phosmet in stored grains.[69] The
WO3/g-C3N4 nanomaterial was nontoxic, biocompatible and
easily immobilize Tc-AChE on the electrode surface. The
kinetic parameters, obtained from the binding interactions
of phosmet with Tc-AChE using a modified AutoDock LGA
algorithm and an AMBER03 force field in YASARA,

Figure 11. Illustration of the formation of MnO2/Mn3O4 composite (1), MXene/Au NPs (2), the fabrication process of AChE-Chit/MXene/Au NPs/MnO2/Mn3O4/GCE
biosensor for methamidophos assay (3).
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Figure 12. The bio-recognized and responsive process of OPPs on the nanomaterials-based electrochemical platform.
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displayed the high potency of inhibitor with Tc-AChE. This
method provided the desirable recoveries of phosmet up to
99% in spiked wheat flour samples, and the result agreed
with the result of HPLC analysis.

g-C3N4 is a kind of early two-dimensional semiconductor
material. Its nanostructure has extraordinary physical and
chemical properties, excellent catalytic performance, and the
price is relatively cheap. Therefore, the integration of the g-
C3N4 structure improves the sensitivity of the electrochem-
ical sensor and makes the development of a new generation
of electrochemical sensor possible.

Quantum dots
Quantum dots (QDs) are considered as an emerging sensing
tool for electrochemical sensing strategies. They have large
surface area, volume ratio, good interface properties, high
surface reactivity and electron transfer efficiency, and excel-
lent biological phases.[126]

In addition, metal QDs are also a viable option.
Therefore, electrochemical sensors involving the use of these
QDs have been used for the determination of pollutants in
food and the environment. However, the toxicity of heavy
metal quantum dots has inevitably led to the research of
new nanomaterials to replace them. For example, graphene
quantum dot (GQD) (graphene sheets with GQDs less than
100 nanometers) was low toxicity, excellent electronic prop-
erties, strong chemical inertness, large specific surface area,
good biocompatibility and low cost. Elshafey et al. used GO
and GQDs nanocomposites (GO@GQDs) to detect ds-DNA-
dimethoate (DMT) at trace level.[127] GQDs were electrode-
posited on the GCE, and then the GO layer was cast. This
platform was used to adsorb ds-DNA to make DNA biosen-
sors (ds-DNA/GO@GQDs/GCE). The microscopic and elec-
trochemical characterization of the modified electrode was
carried out. Studies proved that the ds-DNA-GO@GQDs/
GCE sensor had fast response, reproducibility, low detection
limit and high selectivity. Dong et al. reported an innovative
method for sensitive and simple electrochemical detection of
non-electroactive OPPs.[70] The new strategy emphasized the
manufacture of oxime-based sensors by attaching phosphati-
dylamine (PAM) to GQD modified GCE. The introduction
of GQDs significantly increased the effective electrode active
area, thereby expanding the fixed amount of PAM.
Therefore, the oxidation current of PAM increased signifi-
cantly. Based on the nucleophilic substitution reaction
between oxime and OPPs, PAM was used as an electroactive
probe to detect fenthion. Under optimal conditions, the dif-
ference in oxidation current of PAM was proportional to
the concentration of fenthion, ranging from 1.0� 10�11-
5.0� 10�7 M, and the detection limit was 6.8� 10�12 M
(S/N¼ 3).

Mxene

MXene, a two-dimensional transition metal carbide or car-
bonitride, is a new graphene-like layered two-dimensional
crystal material. The unique structure, composition and

physical and chemical properties of MXene make it as a
popular material in the field of 2D material after graph-
eme.[128,129] MXene was widely used in energy storage,
catalysis, electromagnetic shielding and other fields due to
its good conductivity and hydrophilicity, excellent mechan-
ical properties and mature and controllable preparation pro-
cess.[130] Through the control of the prepared conditions,
2D MXene could be assembled into various morphologies,
such as irregular particles, nanofibers and so on, which pro-
vided more possibilities for the design of microstructured
material.[131,132] In the electrochemical biosensor, MXene
were mainly used as immobilization substrates for proteins,
biological enzymes, bioluminescent materials to improved
the electron transfer rate resulted from their large specific
surface area and high conductivity.[133,134] However, the
conductivity of MXene was affected by the functional groups
on the surface, and different functional groups have differ-
ent effects on the conductivity of MXene.[135] Therefore,
other materials (i.e., metal nanoparticles, carbon nanotubes,
etc.) were assembled with MXene to enhance the
conductivity.[136–139]

Embedded with metal nanoparticles could significantly
improve conductivity and enhance the electrochemical prop-
erty. Zhao et al. fabricated a sensing platform for the detec-
tion of paraoxon based on the Au-Pd bimetallic
nanoparticles on MXene nanosheets.[71] Ti3C2MXene was
prepared by the selective etching of Al layer from the
Ti3AlC2 powder to generated an opened interspace. It exhib-
ited an accordion-like structure with multilayer nanosheets.
The shape-controlled Au-Pd bimetallic nanoparticles were
prepared by the self-reduction process at room temperature
using ultra-thin MXene nanosheets as the natural reducing
agent and support. The prepared multi-dimensional MXene/
Au-Pd was benefit for the AChE immobilization and could
well enhance the catalytic performance, conductivity and
stability. The fabricated biosensor showed a good linear rela-
tionship with the concentration of paraoxon in the range of
0.1-1000lg L�1, and the limit of detection was 1.75 ng L�1.

Two-dimensional MXene nanosheets have become a key
material for the construction of highly sensitive biosensor
devices due to their large hydrophilic surface, low frame-
work density, high electrochemical performance and good
conductivity, which is conducive to their potential applica-
tions in the electrochemical field. Generally, there are two
common methods to synthesize MXene, which are CVD
and top-down method. The top-down method is mostly
used to prepare layered materials, which are obtained from
bulk solids through various exfoliation methods, but due to
the uncontrollability of the synthesis method, the production
will cause the stacking of nanomaterials. MXene is more
promising than other two-dimensional materials due to its
strong interaction between Ti and C bond. Song et al. pre-
pared a MOF-dervied MnO2/Mn3O4 and Ti3C2 MXene/Au
NPs composite for the loading of AChE to fabricate the
electrode, and the fabricated process was shown in Figure
11.[73] The exfoliated multilayers of MXene were less than
50 nm. The MnO2/Mn3O4 derived from MOF with 3D
structure of hierarchical microcuboids was composed of
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vertically aligned and highly ordered nanosheets. Compared
with the bare GCE (410 X), the MnO2/Mn3O4 and Ti3C2

MXene/Au NPs modified electrode possessed a much
smaller Ret (12 X), which revealed that the composite acted
as transducer could accelerate electron transfer. It showed
outstanding performance for the detection of methamido-
phos with widely linear range from 10�12-10�6 M, a low
limit of detection was 1.34� 10�13 M. Good recoveries
(95.2-101.3%) were also obtained in fresh fruits. Although
ultra-thin two-dimensional nanomaterials have been widely
used to construct electrochemical sensors, they also have
their shortcomings. These ultra-thin two-dimensional mate-
rials have relatively poor stability. The ultra-thin structure
also makes nanosheets prone to be stacking, which will also
cause the loss of nanosheets

In this study, a multi-layer structure composed of highly
orderly stacked nanosheets and MXene/Au NPs were used
to construct a sensing platform to achieved a synergistic sig-
nal amplification effect. The composite of this nanomaterial
could make the AChE sensor exhibited excellent perform-
ance, and achieved the advantages of long-term stability of
the MXene layered structure.

Sample treatment and real sample analysis

The quantitative and qualitative analysis of OPPs in envir-
onmental and food samples requires a process of sample
preparation which will decrease the interference of sample
matrices. In the process of food analysis, sample preparation
is a crucial issue in the accurate detection of pesticides.
Typically, the procedure of sample preparation require sev-
eral steps, consist of sample collection, target analytes
extracted from the sample, clean-up and analysis.
Considering the high complexity of food samples, it is
necessary to evaluate the lipid composition of food compos-
ition, sample state (liquid, granule, powder) and sample type
(meat, tissue, fruit, vegetable), etc. Besides, it is of necessity
to avoid the use of harmful organic solvents in the sample
preparation to interfere the detected result. Therefore, an
appropriate method of sample preparation should be
selected and used before the detection.[140]

Nowadays, some miniaturized extraction and preconcen-
tration techniques (i.e., QuEChERS, dispersion-liquid micro-
extraction, solid-phase microextraction, stir-bar adsorption
extraction, membrane-assisted solvent extraction, and single
drop microextraction etc.) have been used for the trace ana-
lysis of pesticides in food samples.[141,142] In the case of the
detection of pesticides using biosensors, the collected sam-
ples must be simply processed for the on-site and
fast detection.

As listed in Table 2, the detected OPPs mostly existed in
water (tap water, lake water), fruits and vegetables. The tap
water analysis required a simple pretreatment, which usually
involved diluting the sample with a buffer solution to facili-
tate the electrochemical analysis of OPPs.[143] For liquid
matrices with high complexity, including juice, processing
steps are different, including dilution with buffer solution,
pH adjustment, and filtration through filters to ensure the

proper program in the extraction of pesticides.[144,145] When
the tested samples were solid, and due to the high complex-
ity of solid matrices, a large amount of processing steps
were introduced to homogenize the samples to obtain liquid
extracts for the continuous analysis. In general, the detection
of OPPs in the stock solution from actual samples required
slicing, breaking, and homogenizing the solid matrix, and
then removing solid impurities through the centrifugation
and filter before the detection using electrochem-
ical (bio)sensors.

Although several studies have applied electrochemical
(bio)sensors in actual samples, few articles describe the
detailed validation of electrochemical (bio)sensors compared
to the standard laboratory technique, such as chromatog-
raphy. Besides, there is also a lack of real-time monitoring
technology in the processing of food raw materials, which is
still to be developed in future studies.

Conclusion and future perspectives

OPPs have been widely used in farmland. Incomplete util-
ization of OPPs leads to residues in soil, food, surface water
and groundwater, which can enter into human body and
seriously endanger human health. Therefore, the develop-
ment of detection methods for OPPs for environmental
monitoring and food safety applications has become very
important. Among these methods, the development of
highly sensitive electrochemical (bio)sensors occupies a lead-
ing position in analytical chemistry. With the remarkable
development of nanotechnology and nanoscience, electro-
chemical signal amplification based on nanomaterials has
the potential to improve the sensitivity and selectivity of
electrochemical (bio)sensors. This review classifies the mech-
anisms involved in OPPs through electrochemical (bio)sen-
sors based on sensing elements of various nanomaterials.

This paper also reviews the recent progress in the design
of electrochemical (bio)sensor platforms, and summarizes
the unique electrochemical properties of different nanomate-
rials, which promotes the development of their advanced
application. Biological recognition and response processes of
OPPs on electrochemical platforms based on different nano-
materials are summarized in Figure 12. The unique physical
and chemical properties, synthesis methods, integration
strategies and recent trends of electrochemical (bio)sensor
platforms based on the most advanced nanomaterials (such
as MOFs, metals and metal derivatives, carbon materials
(CNTs, graphene, g-C3N4), MXene) are evaluated. Emphasis
is placed on the selected sensing applications and future
prospects of these nanostructured materials in the design of
some advanced sensor platforms. However, up to now, the
analysis of OPPs using electrochemical (bio)sensing strat-
egies based on different nanomaterials still has unsatisfactory
stability and selectivity problems, which are attracting the
attention of many researchers around the world. In order to
achieve the goal of long-term application of electrochemical
(bio)sensors, the stability and reusability of these nanomate-
rials still need to be further improved to meet the key
requirements of actual sample applications. Some of the
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unsolved problems include: (1) sensing materials: with the
help of advanced nano-modified materials, the performance
of electrochemical (bio)sensors is expected to be greatly
improved through precise nano-structures. Nanomaterials
are substances that act as a bridge between electrodes and
biologically active substances to generate and transmit sig-
nals. Further research is needed to control the morphology
of nanomaterials to enhance the reaction signal between
nanomaterials and electrodes. (2) component interference: in
real samples, various ions and organics can easily cause
huge damage. In order to meet on-site and on-site detection,
the stability and reliability of the biosensor should be con-
sidered. (3) equipment development: the general three-elec-
trode system is complicated, and the actual detection
process is cumbersome to operate. More attention should be
paid to the development of portable devices. It is expected
that the progress of electrochemical (bio)sensor platforms
based on nanomaterials will become a powerful driving
force for new technologies and a major development to
ensure the human environment and food safety.
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