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Non-enzymatic electrochemical sensors based on
nanomaterials for detection of organophosphorus
pesticide residues

Chuangin Zhou, Jinxia Feng, Yaling Tian, Yiyong Wu, Quanguo He, ©* Guangli L®
and Jun Liu*

Organophosphorus pesticides (OPPs) are one of the most popular pesticides. Once used, they inevitably
affect the ecological chains and food chains of water, soil, and foodstuff sources, which can severely
damage the ecosystem, and adversely affect human health. The shortcoming of enzymatic sensors,
being the way in which enzymes are susceptible and vulnerable to environmental factors, could be
compensated for, by using non-enzymatic nanosensors. Thus, it is important to develop effective non-
enzymatic methods for the simple and fast analysis of the residues of OPPs. In order to develop new
detection methods, a range of nanomaterials are being innovatively used to construct non-enzymatic
electrochemical sensors endowed with specificity, selectivity, and cost-effectiveness. Herein, we review
the latest research progress in the field of nano-materials and related composites used for the
electrochemical non-enzymatic sensing of OPPs. The design method, detection limit, and sensing
performances of both non-enzymatic nanomaterials and enzymatic ones were highlighted and
compared. The challenges and prospects in this field are found and discussed. Undoubtedly, non-
enzymatic sensors for OPP detection will facilitate the increasing demands of food and ecosystem
monitoring and safeguarding.

This article reviews the hazards of organophosphorus pesticides and the mechanisms of metabolism in vivo and in the environment. It summarizes and

compares recent research advances in the field of nanomaterials and related composites for the electrochemical detection of organophosphorus pesticides,

frequently used electrochemical detection mechanisms, the performance of electrochemical sensors, and the future prospects of non-enzymatic electrochemical

detection.

1. Introduction

proportion of the pesticides are used up in the protection of the
crops, with the rest being left in the ecological chain, or food

As we all know, pesticides are mainly used to control or elimi-
nate pests, weeds, bacteria, rodents, and many other undesir-
able animals that do serious harm to modern agriculture. This
is to improve the yield of crops.” However, only a small
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chain, ending up in water, soil, and food. This severely damages
the ecosystem and adversely affects human health and the
environment.>* Organophosphorus pesticides (OPPs) are
derivatives of phosphoric acid, phosphonic acid, phosphinic
acid, or phosphorothioate, usually in the form of esters, amides,
or mercaptan-sulfur. Due to their features of strong insecticidal
activity, short residual period, strong selectivity, high efficiency,
and fast degradation, OPPs have become one of the most widely
available pesticides in the world.>® Generally speaking, the
toxicity of OPPs can be broadly divided into three categories:
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high toxicity, medium toxicity, and low toxicity. Excessive use of
OPPs has affected crops and animals in various aquatic and
terrestrial ecosystems. In particular, it may cause moderate
toxicity in amphibians and fish (Fig. 1). The digestive tract,
respiratory tract, skin, and mucous membranes are pathways
for OPPs to enter the body. One of the main dangerous side
effects of OPPs is the inhibition of acetylcholinesterase (AChE)
activity in humans and animals, causing the accumulation of
the neurotransmitter acetylcholine, and the stimulation of
acetylcholine receptors. This can lead to many human diseases,
such as contact dermatitis, respiratory difficulties, deformities,
cancer, systemic paralysis, and even death.”™> According to data
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from the World Health Organization (WHO), there are 1500
million cases of diarrhea in children, caused by food and water
pollution, every year, and more than 3 million deaths which are
directly or indirectly caused by pesticide residues.

Like other organic compounds, OPPs undergo the processes
of adsorption, volatilization, desorption, dissolution, hydro-
lysis, photodegradation, bioconcentration, and incomplete
metabolism, if released into the environment. At present, OPPs
in soil and water are mainly degraded by microorganisms,
which means that pesticides are broken down into small inert
products.”® Different factors have certain impacts on the
degradation rate, such as microbial composition, pH, temper-
ature, and sunlight utilization rate.”* However, the toxicity of
some degradation products may be reduced, and others
increased, owing to their incomplete degradation. For example,
dibromophosphorus could be reduced by metal, to form the
more toxic dichlorvos. Therefore, in order to use OPPs sensibly,
many countries have stipulated maximum pesticide residue
amounts in food and agricultural products.***” The American
Food and Drug Administration (FDA) has issued about 1045
maximum limits of pesticide residues. The European Commu-
nity (EC) has published the Maximum Residue Limit (MRL)
with respect to pesticides in food or feed. Canada and Japan
have formulated their own limit standards. China has also
formulated and introduced the national food safety standard
‘Maximum Residue Limits of Pesticides in Foods GB 2763-2021’
to replace the old standards and regulations. Compared with
the previous standards, the new national standard has added
and revised numerous pesticide residue limits, greatly
increasing the coverage of pesticide residue limits. For example,
the maximum residues of OPPs in citrus allowed by different
countries have been summarized and listed in Table 1. As
shown in Table 1, the EU has extremely strict limits for
dimethoate, glufosinate-ammonium, and fenitrothion. This is
due to the EU being the most strictly regulated pesticide region
in the world, and the toxic side effects of these pesticides being
relatively significant.

Although most of the pesticide residues in food testing are
within the prescribed limits, when determined with specific
detection methods, bioaccumulation inevitably leads to
increased risks to human health. Thus, efficient approaches for
analyzing the residues of OPPs are urgently needed to ensure
food safety, protect ecosystems, and safeguard human health.
At present, the conventional detection methods for OPPs
include gas chromatography (GC),'** high-performance liquid
chromatography (HPLC),**?* gas chromatography-mass spec-
trometry (GC-MS),>"*® enzyme-linked immunosorbent assay,>***
and so on. These methods can effectively detect different OPP
compounds and residues, but there are disadvantages,
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Fig. 1 Toxicity of organophosphorus pesticides to terrestrial and
aquatic life.

commonly including complicated sample pretreatment and
purification steps, and onerous requirements in technical
personnel and equipment. These disadvantages restrict their
practical use for fast and simple determination of OPPs. These
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newly emerging electrochemical sensors are considered to be
more suitable means for the chemical analysis of OPPs, due to
their greater convenience and improved availability.**¢ Since
OPPs can inhibit the activity of AChE, many enzymatic elec-
trochemical sensors have been designed and developed based
on the sensitivity of AChE to OPPs (the principle of the enzyme
sensor is shown in Fig. 2). The AChE can catalyse acetylth-
iocholine chloride (ATCl), which produces thiocholine, an
electroactive substance whose oxidation leads to an irreversible
peak.’”*® Sahub et al* designed an enzyme-dependent lumi-
nescent biosensor for the detection of OPPs. Hydrogen peroxide
from the enzymatic reactions of acetylcholinesterase and
choline oxidase in this sensor could cause the graphene
quantum dot fluorescence to be reduced, while OPPs weaken
the enzymatic reactions and restore the fluorescence; Mah-
moudi et al.* investigated an electrochemical biosensor with
a modified metal-organic framework that introduced cerium
(Ce) metal into the metal-organic framework, enhancing the
loading site for acetylcholinesterase; and Yu et al** fixed
acetylcholinesterase on carbon nanotubes for the detection of
OPPs. Experiments have shown that aminated carbon nano-
tubes have higher adsorption of enzymes and are more likely to
promote enzymatic reactions. These enzyme-dependent sensors
have good detection limits for OPPs. However, enzymes are
usually affected by many uncontrollable environmental factors
and are easily destroyed, making their use costly.

Recently, a variety of nanomaterials and composites with
excellent electrochemical performance when combined with

Table 1 Different countries stipulate the maximum residue limit of OPPs in citrus®

OPPs Structural formulas U.S. CODEX EU Canada Korea China
o H;
ll\i ()\Pés
Dimethoate e’ Y\/ o 2 5 0.01 1.5 2 2
9 wme
o]
\P//0
Glufosinate-ammonium o Oxp, 0.15 0.05 0.05 0.1 0.05 0.5
NH,
0 s
Il
HJ(/\O S—P—OCH,
Malathion ocH 8 7 2 0.1 7 2
HC~_©
(o]
Cl N Cl
| s
3 Cl \'/ 0——{1—1)
Chlorpyrifos | N on 1 1 1.5 1 1 1
O,
CH;
(o]
(lu H
Phosmet AL B 5 3 0.5 0.1 3 5
S
o
S
g:) i
O;N O—P—OCH;
Fenitrothion (l,( . — — 0.01 2 — 0.5
H;C ’
“ The units are ppm. “~” indicates that the MRL of this pesticide in citrus is not specified.
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Fig. 2 The principle of the enzyme sensor.

metals, metal oxides, and polymers, to prepare non-enzymatic
electrochemical sensors have been continuously reported by
many researchers.”*® In this work, we have summarized the
research progress of non-enzymatic carbon nanotubes, graphene,
metal nanoparticles, metal oxides, conductive polymers, metal-
organic frameworks and derivatives, molecularly imprinted poly-
mers and their nanocomposite-modified electrodes, used in the
electrochemical detection of OPPs (Fig. 3). Non-enzymatic sensors
made from these materials offer simple fabrication, rapid pro-
cessing, low technician and equipment requirements, and good
anti-interference properties for the detection of OPPs in real
samples. In addition, Table 2 shows the comparison with enzyme
sensors, in which it can be seen that they have linear range and
detection limits comparable to those of enzyme sensors, as well as
superior stability. For example, the electrochemical sensor

Non-enzyme nanometer
electrochemical
sensor for
organophosphorus detection

l—J‘L

Molecularly
imprinted polymers

Fig. 3 Non-enzyme nanometer electrochemical sensor for organo-
phosphorus detection.
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BNQDs-GO/GCE (boron nitride quantum dots-graphene oxide/
glassy carbon electrode) has a similar linear range to the
biosensor AChE/Ce/UiO-66@MWCNTSs/GCE (acetylcholinesterase/
cerium/Zr-based MOFs/multi-walled carbon nanotubes) and
shows a better detection limit and stability. Finally, we have dis-
cussed the problems and deficiencies that need to be considered
in the construction of non-enzyme nanomaterials and modified
electrodes. The challenges and prospects in this field are worth
exploring further.

2. Toxicological effects of OPPs and
their metabolism in vivo and in the
environment

OPPs are heavily used because of their unique ability in
improving crop yields and their relative environmental friend-
liness compared to organochlorine pesticides. However, their
excessive use has had serious impacts on plants, animals, and
the environment. Organophosphorus pesticide residues and
their metabolites have been detected in humans, animals,
plants, soil, and water sources, and have attracted widespread
attention from scholars around the world.*”

OPPs can inhibit the activity of a nervous system enzyme by
a toxic mechanism that attacks the oxygen of the serine hydroxyl
group at the active site of cholinesterase, causing the enzyme to
be phosphorylated and thus inhibiting its physiological activity,
leading to elevated levels of acetylcholine. This ultimately
results in many pathologies.*®

Most OPPs are phosphate esters or phosphorothioates. Their
main structural type is shown in Fig. 4: “Z” is an oxygen or sulfur
atom, such as parathion and paraoxon (the structural formula is
shown in Table 2); “R;” and “R,” are mostly methoxy or ethoxy,
such as fenitrothion and diazinon (the structural formula is
shown in Table 2); and “X” is mostly alkoxy, aryloxy or others,
such as fenamiphos and chlorpyrifos (the structural formula is
shown in Table 2). Among them, OPPs with P=0 functional
groups are more toxic than those with P=S. The metabolism of
OPPs in the body includes oxidation, hydrolysis, alkyl and
aromatic transfer, reduction, and coupling. The enzymes that

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3va00045a

Open Access Article. Published on 19 April 2023. Downloaded on 2/8/2026 3:48:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical Review

(1 <+ T <
3} = — I <+ Q0O
& o < < a =} - N2
© <
. g°
=1 2 &
[s] 2 a
£ g3
= 2%
o o 5
- g
=] >
5 2 g°
X s b5 ]
S S8gawzr Y3
= ES3ToL s
=, S cagsE &g
&g g S0 0EE QO
-9 o ._;:..a%& 2 =
> 5 b >ac a8 g
%) _:O ] S ae o C}t})
& = & & s 3 8ol EBZ
[ - =1 2822 B9
O| =& & AQAARSTO =79
= E
= 22
2 Qg
= 22 02 - o2 o <8
o= < <
5 |22 2§ oz %E %
SET|EE E 5§ E 5 g3
ET5 ol AR A Z A zZ SE
ERs
g:
8 ERS
5 = - - S
I =t =1 s -8
S s 8 3L gA
55 88 B T v T 2%
SE| 22 © % X % 8%
<&/ 00 O & & & 9%
= B
2 2 g 23
Z g & 8 g°
Z| <% 2T T T T i%
sl S & % % % 58
i =}
a| Z0 O A A A 2%
= O
w
5 <IN~
= £ o @
g .8 EN
o = )
- o ~
s 5 = g
cE= g E
= @ .2
Eflz. .. 2oL EE
o @ S o o =3 =) =3 H o
[SEe] 2 N S S o o N &
< ® -~ © — — < g9
R
=
TS s_g
5 S g
o &
— %8
X Sg
. 22
© &=
- L e
— © n © + "o o ~EN
T j T T = G
= o o o o o o o =
= — — — R e = >
= SR
A X X X X XX El
Q « S < 1 -9 9B
— o < =) o0 0 on S %;
=9
)
0 x < a.ig
- S o X 9 Z=
=] [Se} ~ S - g
— o 4 N o o B2
b= \ | | I i SN
= = = = M = =
[T - - - - o \n go
S S| T % Xa Xa HTX =g
£5| ¥ 2o X2 S8
- = S A= = == = g 8D
L
0N
o 3 2R
Q = ;
(o] b=t T @
g 3 233
o [=} 8 LT O
2 S5 L S¢eE
(8] s o =] =589
2| g£| £ °gs3
sl %1%z z & oz g 5%
3 RE| 28 & & & A T.&
N 0 53
c RR-=
] = L=
u © T
£ = g%
E & % S
S IR £.55
I 3 8 9 5 o0 &
L 13 o) 55 &
= O@ 6] Y C:q_)>‘
© o = & = g g &
g 53¢ £ § 38 SE%
S 52 7 £ 3 o 2.5
i
© v €% £ 2 O W g8y
g 5| =& < 5 T 2f<
~ & 290 D9 I ] ] =l
7] 3 9 T /2 25 8
) 8 0 S RSI <) < =9k
red O 2 Q=m e G} ¢ = £4£579
Q £3s| UOT A Z & Ox9
— = & O <0< o m A v OO

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Advances

play these roles are CYPs (the cytochrome p450-dependent
monooxygenase system), FMOs (the flavin-containing mono-
oxygenases), esterases, glutathione transferases, glucuronosyl-
transferases, sulfotransferases and acetyltransferases.*

The initial metabolism of OPPs into the body is by CYP or
FMO-mediated desulfurization and oxidation, a process in
which the toxicity of OPPs is activated. For example, chlorpyr-
ifos undergoes desulfurization by CYPs to produce chlorpyrifos-
oxons that are thousands of times more toxic than themselves.
In addition, a parallel and competing reaction to the desulfur-
ization reaction is the dearylation, which is a CYP-mediated
detoxification reaction. Another detoxification reaction medi-
ated by CYPs is the dealkylation of OPPs, which leaves a mon-
oalkyl phosphorothioate and aldehyde, and prevents
subsequent desulfurization to achieve detoxification, such as
the formation of monomethyl parathion and formaldehyde
from methyl parathion. Besides, certain leaving groups of OPPs
are sensitive to CYPs and can be subject to oxidation, after
which they can be more easily involved in subsequent metab-
olism, such as hydroxylation, increasing their hydrophilicity
and contributing to excretion. CYPs and FMOs can also mediate
the sulfonation of the sulfur ether in phorate or phorate-oxon,
which can be oxidized twice, the second oxidation from sulf-
oxide to sulfone only being able to be mediated by CYPs. This all
increases the toxicity of the pesticide.*>*°

2.1 Hydrolysis of OPPs in vivo

OPPs are extremely susceptible to hydrolysis by esterases, which
is a detoxification process. The only insecticides or oxons that
can be hydrolysed by A-esterases are those that have a P=0
group in them. Thus, their ability to hydrolyse and detoxify
phosphorothioate oxy-metabolites is a potentially important
pathway for the detoxification of oxons, following CYP-
mediated desulfurization to form oxons. Another relatively
important hydrolytic enzyme is carboxylesterase. CarbEs
(carboxylate esterase) can hydrolyse carboxylate esters such as
in its hydrolysis of malathion, which is one of the most selective
organophosphorus insecticides, as it is easily hydrolyzed by
mammals but rarely by insects. CarbEs also has a detoxifying
effect on many oxidants, this detoxification being saturable,
such that if the concentration of OPPs is very high, its efficacy is
limited.>

2.2 The next phase of metabolism

The biotransformations generated after pre-metabolism, where
hydrophilic substituents are added to them so that they can be
easily excreted, and their metabolites are detoxification prod-
ucts. For example, they are combined with glutathione and
excreted intact from the bile by glutathione transferase, or
converted to thiourea acid in the kidneys and hence excreted in
the urine.**>°

Although the toxicity of the final products eliminated from
the body is reduced, they may still be toxic, and in some cases
may even induce a variety of diseases. In the environment, the
metabolism of OPPs is primarily dependent on microbial

decomposition, involving hydrolysis, oxidation, alkylation, and

Environ. Sci.: Adv., 2023, 2, 933-956 | 937
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dealkylation, which are enzymatic reactions in nature. However,
the metabolism of microorganisms is long, the metabolic rate is
low and the products of metabolism are still potentially harmful
to the environment.**

3. Typical mechanisms involved in
OPP electrochemical detection

Most OPPs are phosphate esters or phosphorothioates. There
are two different categories of OPP detection methods, enzy-
matic and non-enzymatic. The enzymatic detection principle is
based on the inhibition of cholinesterase by OPPs. Enzymatic-
based sensors for OPP detection have been intensively investi-
gated in recent years. However, the instability of enzymes limits
their use. Compared to other methods for detecting OPPs, non-
enzymatic electrochemical methods are simple, fast, sensitive,
and selective. Currently, the typical mechanisms of non-
enzymatic electrochemical sensors used to detect residues of
OPPs are: direct electrochemical detection® and indirect elec-
trochemical detection.>**

Direct electrochemical detection means that the OPPs are
directly detected by the redox reaction having an effect on
electrode potential. For example, Wang et al.*® designed gra-
phene oxide dispersions modified with glassy carbon elec-
trodes, to detect signals from the redox reaction of fenitrothion.
OPPs are phosphate esters or phosphorothioates, and various
types of direct electrochemical detection principles for OPPs are
shown in Table 3. When the X-group (As shown in Fig. 3) of
OPPs contains nitrogen or sulfur atoms, such as fenamiphos*
and methyl parathion,* the redox reaction at these sites could
be detected on electrochemical sensors, When the X-group
contains the N (nitrogen) or C (carbon) double bond, such as
diazinon®® and dichlorvos,** the redox reaction at these sites
could be detected on electrochemical sensors. In addition, in
special environments, P=S groups could undergo desulfuriza-
tion reactions, such as with malathion.®

Indirect electrochemical detection is the indirect detection
of OPP concentrations by detecting other chemical/biological,
energy, and signal transformations, under the influence of
a working electrode. For example, Bakytkarim et al.** fabricated
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a sensor modified with composite nanomaterials of silicon
carbide and copper oxide, for the detection of malathion. The
mechanism of the sensor is that CuO (copper oxide) exhibits
excellent electrochemical behaviour in a blank buffer system,
but when malathion is added to the solution, the electro-
chemical behaviour of CuO is inhibited, due to the high affinity
of CuO for malathion, resulting in indirect detection of the
amount of malathion. Furthermore, Kamyabi et al.®® used ZnO
(zinc oxide)/Ni-foam nanocomposites to construct an electro-
chemiluminescent sensor for the detection of chlorpyrifos. The
principle behind this is that the disulfate anion is reduced and
produces reactive radicals as SO,  radical sites, and ZnO is
reduced at the negative potential, to produce anion radicals of
ZnO™ . Then, the SO, " radicals can interact with the ZnO™" by
injecting a hole into the valence band of ZnO and producing
ZnO*. Finally, ZnO* generates a strong ECL signal.

4. Nonenzymatic nanomaterials for
OPP detection

Nanomaterials have an increasing range of applications in
electrochemical sensors and are a current research focus. Their
excellent physical, chemical, and electrocatalytic properties
could raise the performance of sensors to a new level.
Nanomaterial-based non-enzymatic electrochemical sensors
have the advantages of small size, simple operation, cost-
effectiveness, high speed, and excellent sensitivity. Based on
current research interests, nanomaterials used in non-
enzymatic electrochemical sensors could be classified as
carbon nanomaterials and composites, metal nanoparticles and
composites, metal oxide nanoparticles and composites,
conductive nano-polymers and composites, metal-organic
frameworks and composites and molecularly imprinted poly-
mers and composites. The types of nanomaterials include
nanoparticles, nanotubes, nanowires, nanorods, nanofibres,
nanofilms, and nanoblocks, which can be synthesized by gas-
phase, liquid-phase, and solid-phase methods. Non-enzymatic
sensors made from these materials offer simple fabrication,
rapid processing, low technician and equipment requirements,
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and good anti-interference properties for the detection of OPPs
in real samples.

4.1 Carbon nanomaterials and composites

Carbon nanomaterials are one of the most widely used mate-
rials in electrochemistry, owing to their excellent structure,
scalable performance, and remarkable abilities.®**® Various
allotropes of carbon nanomaterials, such as carbon nanotubes
(CNTs), graphene, and their derivatives are already being used
as electrode materials for sensors.®*”* Besides, the hidden
potential applications of carbon nanomaterials and their
composites in various fields are continually being found and
exploited.””” They have also been successfully used in the
detection of OPPs. Different carbon nanomaterial electro-
catalysts for the detection of OPPs are discussed in our work.

4.1.1 Graphene and composites. A novel material, gra-
phene is a two-dimensional (2D) honeycomb lattice structure,
in which carbon atoms linked by sp> hybrids are packed tightly
into a single layer. It's able to fold into fullerenes, to roll into
one-dimensional (1D) CNTs (carbon nanotubes), and to stack to
obtain three-dimensional (3D) graphite. Due to its fast electron
mobility, high surface area, remarkably high mechanical
strength, stable chemical properties, and outstanding electrical
conductivity, graphene has been utilized as an active catalytic
material in fuel cells,”® supercapacitors,”>*® lithium-ion
batteries®*> and solar cells.*® In addition, there are applica-
tions of graphene oxide (GO), reduced graphene oxide (RGO),
and functionalized graphene for the detection of numerous
analytes in electrochemical sensors.®* !

Given the redox behavior of the OPP fenitrothion on the
modified electrode, Wang et al.*® established a new signal
amplification electrochemical analysis method by modifying
the GO on a glassy carbon electrode (GCE). The electrochemical
reaction mechanism is that the nitrobenzene captures four
electrons to form phenylhydroxylamine, resulting in an irre-
versible reduction peak. Then, a reversible peak is formed by the
two-electron transfer between phenylhydroxylamine and nitro-
sobenzene. The porous structure of graphene oxide increases

940 | Environ. Sci.: Adv., 2023, 2, 933-956

the sensitivity of the electrode to signals. Wu et al.®* constructed
a diethyl cyanate sensor with a 3D graphene-Au nanoparticles/4-
aminoacetophenone oxime (3DGH-AuNPs/APO) composite
(Fig. 5). 3DGH-AuNPs were constructed by a straightforward
one-pot hydrothermal method, in which hydroxylamine hydro-
chloride was used as the reducing agent, to obtain 4-amino-
acetophenone oxime through an oximation reaction. 3D
graphene can provide strong sites for AuNPs (Au nanoparticles),
due to its high specific surface area and porous and fluffy
structure, so that AuNPs can be distributed evenly. Additionally,
AuNPs can not only greatly improve the conductivity of the
sensor, but also serve as the binding site of 4-amino-
acetophenone oxime.

Yola®* proposed a new voltammetric sensor, fabricated with
monodisperse boron nitride quantum dots (BNQDs) and GO,
which was synthesized by a hydrothermal method, to simulta-
neously detect direct redox reactions with parathion-methyl,
chlorpyrifos and diazinon in aqueous samples. The high
surface area of GO creates more active sites at the surface of the
electrode, enhancing the electrochemical response. Also, the
synergistic effect between GO and BNQD increases the sensi-
tivity to pesticide molecules, which further enhances the elec-
trochemical activity of the electrode. Additionally, Rajaji et al.**
designed a non-enzymatic electrochemical sensor for the
detection of direct redox reactions of methyl paraoxon with 3D
porous GO sheets coated chalcopyrite (copper iron(u) sulfide)
(GOS@CuFeS,). Bimetallic sulfide nanocomposites were used
to build a fast and sensitive electrochemical sensor. The linear
range was 0.073-801.5 uM, and the detection limit was 4.5 nM.
Hashemi et al.** developed a new non-enzymatic electro-
chemical sensor to simultaneously detect two pesticides, con-
sisting of reduced graphene oxide-Cu/CuO-Ag nanocomposites
(rGO/Cu/CuO-Ag/GCE) modified on glassy carbon electrodes
which exhibit excellent catalytic activity for the oxidation of
carbaryl and fenamiphos pesticides. GO was synthesized by the
modified Hummers' method and then dispersed in Cu/CuO-Ag
solution to obtain rGO/Cu/CuO-Ag nanocomposites. Gao et al.**
proposed that graphene nanosheets modified with gold and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Scheme of preparation for the 3DGH-AuNPs/APO/GCE electrochemical sensor and electrochemical detection of 4-amino-
acetophenone oxime; TEM image of the 3DGH-AuNPs composite (A and B). Reproduced from ref. 92 with permission from Elsevier, copyright

2017.

zirconium oxide nanocomposites could be synthesized by
a simple electrochemical co-deposition on glassy carbon elec-
trodes (Au-ZrO,-GNs/GCE) to detect methyl parathion, in which
redox reactions occur. The strong affinity of zirconium oxide for
phosphate groups and the remarkably high level of conductivity
of graphene enabled the sensor to have excellent performance.
Chen et al.*® fabricated layered and porous three-dimensional
structures of high-performance nitrogen-doped graphene (N-
HG) electrochemical sensors which were synthesized by
a hydrothermal method, to detect methyl parathion, by a redox
reaction. The configuration of N bonds in N-HG was further
investigated, and the results showed that pyrrolic-N has
a crucial role in electrochemical processes and enhanced
electrocatalysis.

4.1.2 Carbon nanotubes and composites. After the
discovery of carbon nanotubes (CNTs) in 1991,* the excellent
properties of CNTs in physical and chemical applications have
received significant interest. A large number of studies on the
synthesis, structure, and performance of CNTs have been con-
ducted, which has promoted the advancement of CNTs. Nor-
mally, CNTs are categorized into two groups: single-walled
carbon nanotubes (SWCNTs) and multi-walled carbon nano-
tubes (MWCNTs). There are several advantages of CNTs,
including their high surface area, conductivity, mechanical
resistance, variable surface chemistry, and their relative

© 2023 The Author(s). Published by the Royal Society of Chemistry

chemical inertness in most electrolytes, which mean that CNTs
can be broadly employed in the field of electrochemical
sensors.”**

Salehzadeh et al.”® functionalized and dispersed CNTs in
absolute ethanol to obtain CNTs with multiple hydroxyl groups,
then modified them on a GCE to simultaneously determine the
redox reactions of fenoxaphos and bifenox. The linear rela-
tionship was obtained in the range of 0.2-60 uM, and the
detection limit was 0.08 pM. Despite CNTs showing excellent
performance, the CNTs were often used in combination with
other materials, like metallic nanoparticles and oxides, in
previous studies. In the work of Dong et al.,*** MWCNTs-cerium
dioxide-Au nanocomposites (MWCNTs-CeO,-Au) were ob-
tained by the precipitation method and then used to detect p-
sulfuric acid. The CeO, and AuNPs are uniformly distributed on
the surface of MWCNTSs. Compared to GCE and MWCNTs/GCE,
MWCNTs-CeO,-Au showed a significantly larger effective elec-
trode surface area, which is mainly due to the increased specific
surface area and volumetric ratio of CeO, and AuNPs decorated
with MWCNTSs. The specific surface area increase can improve
the sensitivity of the detection, by enlarging the electrode
reaction site, enhancing the adsorption capacity, and ampli-
fying the current response of methyl parathion when redox
reactions occur. The detection limit of methyl parathion was
0.0302 nM on the MWCNTSs-CeO,-Au/GCE.

Environ. Sci.. Adv, 2023, 2, 933-956 | 941
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Fig. 6 Scheme of preparation for the MWCNT/ZrO,/CPE electrochemical sensor and electrochemical detection of methyl parathion. Repro-

duced from ref. 101 with permission from Elsevier, copyright 2020.

Additionally, Huo et al® developed a novel sensor for
malathion determination with a composite composed of
SWCNTs and CuO nanowires (CuO NWs), which were prepared
by thermal oxidation. The strong adsorption force between the
SWCNTs with a network structure and the malathion, and the
good affinity between CuO NWs and malathion, allow the
indirect detection of malaprop by enhanced electron transfer
capacity. Thereby, the improved performance and good stability
of CuO NWs-SWCNTSs serve as the basis for the electrochemical
quantification of malathion. Ghodsi et al.>® developed a sensor
with MWCNTSs/TiO, (titanium dioxide) NPs to detect diazinon
based on diazinon reduction. MWCNTSs/TiO,NPs, synthesized
by the calcination method were employed successfully to the
determination of diazinon in actual samples, which can be
ascribed to their excellent synergistic electrocatalytic perfor-
mance. Dos Santos Caetano et al.'® dispersed multi-walled
carbon nanotubes (MWCNT) in a zirconia matrix, synthesized
by the sol-gel method for the detection of methyl parathion, by
a redox reaction (Fig. 6). The MWCNT/ZrO, (zirconium dioxide)
nanocomposite has a multiporous structure and its modified
carbon paste electrode has excellent performance.

In summary, carbon nanomaterials have the benefits of
significant specific surface area, simple synthesis methods, and
good catalytic capability. Generally, the high specific surface
area of carbon nanomaterials is used to enhance the strong
adsorption of the target analyte, and the improved electro-
chemical reaction signal, by using the affinity of their surface
for the target analyte to enhance electron transfer. Furthermore,
compared with carbon nanomaterials that work alone, the
combination of other conductive materials with carbon nano-
composites can produce synergistic effects, which can enhance
the reaction sites and the electron transfer rate, to obtain better
results. The relevant data of electrochemical sensors for detec-
tion of different OPPs using graphene and carbon nanotube
composites are listed in Table 4. Graphene and carbon nano-
tube composites have an obvious detection ability for OPPs. It is
worth noting that the composite material of GO and BNQDs
forms a specific and sensitive pesticide molecular cavity,
resulting in a lower LOD, which can reach the ppm range. The
maximum allowable residues of diazinon and chlorpyrifos in

942 | Environ. Sci: Adv., 2023, 2, 933-956

vegetables and crops are 0.1 ppm and 1 ppm in China. BNQDs-
GO/GCE is expected to become a convenient method to analyze
actual samples in the future. A large amount of data indicate
that composite materials are more conducive to the electro-
chemical detection of pesticides. Therefore, we hope to develop
more carbon nanomaterials and composites, to fabricate OPP
electrochemical sensors with simple preparation processes and
excellent performance. The commercialization of convenient
and fast micro-sensors will also be a direction of future
development.

4.2 Metal nanoparticles and composites

The development of electrochemical sensors based on metal
nanoparticles (NPs) has always been a hot topic. Generally
speaking, sensors prepared from metal NPs have a host of
advantages, such as large specific surface area, fast electron
transfer, and mass transfer speed. Besides, they can also
improve analysis parameters, such as detection limit, sensi-
tivity, stability, and multiple detection capabilities. Among the
existing metal NPs, AuNPs have made a great contribution to
sensors used in the environment, a fact attributable to their fine
optical properties, high surface area, and surface modification
capabilities. They have been employed as an effective electro-
catalyst in many electrochemical reactions, because they are
stable and can be reused in the redox process. With these
remarkable characteristics, electrochemical sensors fabricated
with metal NPs and their composites, for the detection of OPP
pesticides, are summarized in this work.

In the work of Gao et al,' nanoporous gold (NPG) was
fabricated by chemical corrosion of the Au/Ag binary alloy in
concentrated HNOj; for GCE modification. Then, NPG/GCE was
constructed to directly detect methyl parathion and carbenda-
zim simultaneously, using NPG as the active electrocatalyst.
During the dealloying process, when the Au/Ag alloy was
immersed in concentrated HNO; (nitric acid), the active Ag
atoms in the alloy were removed, and the remaining inert Au
atoms self-assembled into an open continuous 3D sponge-like
structure. Moreover, the thickness of the AuNP film is about
100 nm, making it easy to combine with the GCE. CV and DPV
were utilized to study the electrochemical properties of NPG/

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of electrochemical properties of carbon nanomaterials and their composite modified electrodes for OPP determination

Detection Accumulation/ Anti- Preparation
Electrode material method Linear range (uM) LOD (uM) adsorption time Stability interference difficulty level OPPs Ref.
rGO/Cu/ DPV 5.0 x 1072 - 20.0 3.0 x 107° N/A Average Good Normal Fenamiphos 42
CuO-Ag/GCE*
Au-ZrO,-GNs/GCE” SWV 3.8 x 107%9.1 3.8 x107° 720's Good  Good Normal Methyl parathion 44
N-HG;5,/GCE® DPV 3.8 x 107°-570 1.3 x 107° N/A Good Excellent ~ Normal Methyl parathion 46
GO/GCE* SWv 3.6 x 107°-1.4 3.6 x 107" 1205 +240s  Average Good Easy Fenitrothion 56
MWCNTs/ SWvV 1.1 x 107-8.4 3.0x107° 5 Good  N/A Normal Diazinon 59
TiO,NPs/GCE®
SWCNTs- DPV 0-0.6 3.0 x 107" 160 s Excellent Excellent =~ Normal Malathion 69
CuO NWs/GCE
3DGH-AuNPs/ DPV 1.0 X 107°-7.0 x 10 2 3.5 x 10°° 100 s Excellent Excellent ~ Normal Diethylcyano- 92
APO/GCE? phosphonate
BNQDs-GO/ DPV 1 x 10°°-0.01 3.1 x 10°% 1800 s Excellent Excellent  Difficult Parathion-methyl; 93
GCE" 6.7 x 1075 diazinon; chlorpyrifos

3.3 x10°°

GOS@CuFeS,/ DPV 7.3 x 1072-801.5 4.5 x 107° N/A Good  Excellent  Normal Methyl paraoxon 94
GCE’
MWCNTSs/ SWv 0.2-60.0 8.0 x 1072 90s N/A Excellent  Easy Fenitrothion 99
GCF
MWCNTs-CeO,-  DPV 1.0 x 107*-0.1 3.0 x 107° N/A Excellent N/A Normal Parathion-methyl 100
Au/GCEF
MWCNT/ DPV 176.8-19.9 x 10° 9.0 x107° 155 +60s N/A Good Normal Methyl paraoxon 101
ZrO,/CPE’
Pd/MWCNTs/ DPV 0.4-53.2 0.2 N/A Excellent Good Normal Methyl parathion 105
GCE™

“ Reduced graphene oxide-Cu/CuO-Ag nanocomposite/glassy carbon electrode. ” Gold-zirconia nanocomposites/graphene nanosheets/glassy
carbon electrode. ¢ Nitrogen-doped holey graphene/glassy carbon electrode. ¢ Graphene oxide/glassy carbon electrode. ¢ Multiwalled carbon
nanotubes/TiO, nanoparticles/glassy carbon electrode. / Single carbon nanotubes-CuO nanowires/glassy carbon electrode. € 3D graphene-Au
nanoparticles/4-aminoacetophenone oxime/glassy carbon electrode. ” Boron nitride quantum dots-graphene oxide/glassy carbon electrode. 3D
porous graphene oxide coated chalcopyrite/glassy carbon electrode.” Multiwalled carbon nanotubes/glassy carbon electrode. * Multiwalled carbon
nanotubes-CeO,-Au/glassy carbon electrode. ' Multiwalled carbon nanotubes/zirconia/carbon paste electrode. ™ Palladium/multiwalled carbon

nanotubes/glassy carbon electrode.

GCE in relation to methyl parathion and carbendazim. It was
found that AuNPs/GCE has good selectivity and anti-
interference ability. The detection limits of methyl parathion
and carbendazim were 0.02 pM and 0.24 pM, respectively.
Balasubramanian et al.*” adopted tannin as a bifunctional green
reducing and stabilizing agent, to obtain tannic acid-coated
AuNPs (TA@AuNPs) for the direct detection of methyl para-
thion, following a simple classical nucleation and growth
mechanism. TA@AuNPs show a stronger affinity for methyl
parathion than metal ions and other nitroaromatic compounds.
Yan et al.®* detected dichlorvos by covalently attaching AuNPs
and RGO to polyamine-based ferrocene dendrimer (FcDr)
(Fig. 7). Dichlorvos can be absorbed by electrostatic action onto
the FcDr/rGO surface and then react with FcDr, leading to
a redox signal. In the work, the dendrimer FcDr has a natural
redox signal center (Fe*'/Fe*), which can provide a large
amount of active termini of carboxyl groups and a compact
matrix for the covalent connection of RGO and AuNPs. The
purpose of using RGO nanosheets with larger surface areas is
that more AuNPs with superior electrical conductivity and
catalytic activity can be deposited on their surface. Together,
AuNPs and rGO nanosheets can accelerate the electron transfer
from FcDr to the glassy carbon electrode (GCE), resulting in
amplified electrochemical signals from AuNPs/FcDr/rGO/GCE

© 2023 The Author(s). Published by the Royal Society of Chemistry

sensors. Gong et al'® chose chitosan as a stabilizer, to
prepare a chitosan-graphene solution, in order to prevent gra-
phene from forming irreversible agglomerates. AuNPs were
deposited at the chitosan-graphene-modified electrode surface,
and the AuNPs-chitosan-graphene modified electrode (AuNPs-
chi-GNs/GCE) was prepared. The sensor promotes the enrich-
ment of nitroaromatic chemicals. Methyl parathion was
enriched on AuNPs-chi-GNs/GCE, resulting in a redox reaction.

PdNPs (palladium nanoparticles) also show high electro-
catalytic activity for various analytes, and the cost of Pd (palla-
dium) is relatively low compared to Au and Pt, which means that
Pd is a suitable alternative in an electrochemical sensor. Thus,
a great number of studies for OPP determination based on
PdNPs and their composites have been reported. Renganathan
et al.*** fabricated PANPs/boron nitride heterojunctions (PdNPs/
BN HJs) using sonochemical methods, for paraoxon ethyl
detection, in which the nitro group is converted to phenyl-
hydroxylamine. During the synthesis process, BN was func-
tionalized with hydroquinone (HQ) and acted as a reducing
agent for PANPs. The obtained PANPs/BN HJs have significant
electrocatalytic performance for paraoxon, which is ascribed to
the large surface area of the BN HJs, the good conductivity of
PdNPs, and their synergy. Huang et al.*®® prepared PA/MWCNTSs
in ethylene glycol (EG) solution by a reduction method. The Pd/

Environ. Sci.: Adv., 2023, 2, 933-956 | 943
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MWCNTSs/GCE sensor was used to detect methyl parathion.
Through the electrochemical behavior of methyl parathion on
Pd/MWCNTSs/GCE, it was found that PANPs have the charac-
teristics of reversible hydrogen adsorption and desorption. Both
the H" involved in the reaction and the large surface area of Pd/
MWCNT are beneficial to the adsorption and reduction of
methyl parathion. Additionally, Sreedhar et al'® used
composites with Ag/Cu alloy nanoparticles and graphene to
increase the electron transfer rate and electrical conductivity of
the sensor, to detect chlorpyrifos through the reductive cleavage
of the C-Cl (carbon-chlorine) bond. The sensor mixes Ag/Cu
alloy nanoparticles, graphene, and mineral oil at a ratio of 65/
5/30 (w/w) %. Bimetallic nanoparticles combined with gra-
phene increase the stability, catalytic activity, and active sites of
the electrode.

100nm
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In Table 5, the analysis parameters of non-enzyme catalyzed
OPP sensors based on precious metal and bimetal nano-
composite were compared. Metal NPs play an important role in
the electrochemical detection of OPPs. Metal NPs with
a common structure usually have high conductivity and fast
electron transferability, while metal nanoparticles with 3D or
porous structures can provide a larger surface area for
combining with other materials. It is because of these advan-
tages that electrochemical sensors based on metal nano-
particles can achieve lower detection limits. Take the
electrochemical detection of parathion-methyl as an example,
the lowest detection limit can reach the nm range with AuNP
and PANP composites. However the detection limit of
parathion-methyl determined by the GC in the Chinese national
standard ‘GB/T 5009.20-2003’ can reach the ppm level.
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Fig.7 Scheme of the AuNPs/FcDr/RGO/GCE electrochemical sensor to detect dichlorvos, SEM images of rGO nanosheet (a), FcDr/rGO (b) and
AuNPs/FcDr/rGO (c), and SEM images of rGO/GCE (d), monolayered Au/FcDr/rGO/GCE (e), and double layered Au/FcDr/rGO/GCE (f). Repro-

duced from ref. 62 with permission from Elsevier, copyright 2020.
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Table 5 Comparison of electrochemical properties of nano-metal particles and their composite modified electrodes for OPP determination

Preparation
Detection Accumulation/ Anti- difficulty
Electrode material method Linear range (WM) LOD (uM) adsorption time Stability interference level OPPs Ref.
TA@AuNPs/GCE* DPV 3.3 x107%-167.7 1.1 x 10 * 150s Good Excellent Easy Methyl paraoxon 57
CoNPs/PPy/GCE” SWV 2.5 x107%-12.0 4.5x10° 50s Average Excellent  Normal Phoxim 60
AuNPs/FcDr/RGO/GCE® DPV 0.4-218.4 0.2 1.8s Excellent Good Difficult Dichlorvos 62
NPG/GCE? DPV 0.5-150 2.0 x 107> N/A N/A Excellent Easy Methyl paraoxon 102
AuNPs-chi-GNs/GCE®  SWV 3.8 x 107°-0.4; 2.3 x 107% 1200s N/A Excellent Normal Methyl paraoxon 103
0.8-3.8
PANPs/BN HJ/GCE LSV 9.0 x 1072-210.0 5.0 x 107> N/A N/A Excellent Easy Methyl paraoxon 104
Pd/MWCNTSs/GCE? DPV 0.4-53.2 0.2 N/A Excellent Good Normal Methyl paraoxon 105
Ag/Cu-GRPE" DPV 0.1 x 107*-0.1 4.0 x107° 120s Excellent Excellent  Easy Chlorpyrifos 106
CuNPs@GR-MIP' DPV 5.0 x 10 >-50.0 0.2 x 10> 720 s Excellent Excellent  Normal Parathion methyl 149

“ Tannic acid-coated AuNPs/glassy carbon electrode. ? Cobalt nanoparticles/polypyrrole/glassy carbon electrode. © AuNPs/dendrimer/reduced
graphene oxide/glassy carbon electrode. ¢ Nanoporous Au/glassy carbon electrode. © AuNPs-chitosan-graphene/glassy carbon electrode. PANPs/
BN heterojunctions/glassy carbon electrode. ¢ Pd/multi-walled carbon nanotubes/glassy carbon electrode. * Ag/Cu alloy nanoparticles/graphene
nanocomposite paste electrode. * Copper nanoparticle-decorated vinyl-functionalized graphene/glassy carbon electrode.

Therefore, electrochemical sensor materials with better perfor-
mance and lower cost will need to be developed in the future.

4.3 Metal oxide nanoparticles and composites

Although noble metals are ideal materials for constructing non-
enzymatic OPP sensors, the application is greatly restricted,
owing to their high cost. Metal oxides, as a cost-effective choice,
are usually combined with conductive materials, such as 3D
graphene, MWCNTs, and organometallic frameworks, to
improve their conductivity and form layered nanostructures
with large surface areas and more active sites. Using different
preparation methods, metal oxides can be made into different
shapes (tubes, fibers, threads, needles, rods, and balls) and give
them various properties. Therefore, various electrochemical
sensors can be prepared, as required.

In recent reports, nano CuO has been used for OPP detection
because it can bind with the phosphate groups in OPPs. CuO
with a large surface area and active sites, excellent redox
performance, and chemical stability, is considered a promising
material. However, due to poor electrical conductivity, CuO is
often compounded with other conductive materials. Xie et al.*
synthesized 3D graphene (3DGR) by a hydrothermal method.
The three-dimensional graphene framework provides a large
surface area for the dispersion of CuO-NPs and also improves
the conductivity of the electrodes. As the result of the electro-
chemical behavior indicated, the specific adsorption of mala-
thion on CuO-NPs can block the redox reaction on the surface of
CuO-NPs (Fig. 8). The detection range was 0.03-1.5 nM, and the
detection limit was 0.01 nM. Gu et al.**” used CuO@mesoporous
carbon (CuOx@mC) which was synthesized by direct pyrolysis
of the metal-organic skeleton to construct glyphosate electro-
chemical sensors. There was strong chelation between the
groups (P=0, C=0, N-H) and Cu®", which can lead to
producing a stable glyphosate Cu(u) complex. The mesoporous
carbon has an ultra-high porosity and a larger surface area,
which provides more active sites for CuO and increases the

© 2023 The Author(s). Published by the Royal Society of Chemistry

electron transfer rate, thereby accelerating the reaction of
glyphosate and CuO. Tian et al'® used a liquid-controlled
precipitation method to prepare CuO-TiO, and modified it on
a GCE for methyl parathion determination. The high active
surface area and good biocompatibility of TiO, greatly improve
the electron transfer capability of the CuO and the electrode.
The electrodes show a strong affinity for methyl parathion,
inhibiting the redox reaction of CuO and thereby indirectly
detecting methyl parathion. In addition, Xie et al.'® calcined
Cu(u)/Ce(m) metal-organic frameworks to prepare nano-
structured copper-cerium oxide (CuO-CeO,) composites for the
determination of malathion. The principle of this sensor for
malathion detection is also based on the affinity of CuO for
malathion. Synergistic interactions between CuO and CeO,
improve the detection performance.

Furthermore, Ghodsi et al.>* employed TiO, NPs/MWCNTs/
GCE to detect diazinon. MWCNTSs/TiO,NPs which were
synthesized by calcination exhibited excellent synergistic elec-
trocatalytic performance in diazinon reduction. Kumaravel
et al."*® covered the surface of a GCE with TiO,/Nafion, to form
a uniform film that was used for the direct detection of feni-
trothion. It was found that there is an interaction between TiO,
and Nafion, because the transition metal Ti tends to form
coordination compounds with the sulfur atoms of the sulfonic
acid group in Nafion, indicating that the combination of the
phosphoric acid group in fenthion and the TiO, nanoparticles
with carboxyl groups enhances the ability in electron transfer.
ReddyPrasad et al.' modified carbon dots/zirconium dioxide
(C-dots/ZrO,) on the GCE by electrochemical deposition, to
prepare a methyl parathion sensor. Compared with C-dots/GCE
and ZrO,/GCE, C-dots/ZrO,/GCE showed a better electro-
chemical response. The reason is that the modified C-dots/ZrO,
combines the advantages of the large surface area of C-dots and
the strong affinity of ZrO, for phosphate groups, and the
embedding of ZrO, on C-dots increases the contact area
between the two. Nitroaromatic OPPs exhibit good redox capa-
bilities on the electrode. Ravi et al®® electrodeposited o-
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Fig. 8 Scheme of preparation of CuO-NPs/3D GR/GCE and electrochemical detection of malathion; SEM images of 3DGR (A); (B) low- and (C)
high-magnification SEM images of the CuO-NPs/3DGR nanocomposite. Reproduced from ref. 53 with permission from Elsevier, copyright 2018.

manganese dioxide nanorods on platinum disc electrodes
(MnO,/Pt) for the detection of 4-nitrophenyl phosphate (4-NPP)
which was adsorbed onto electrodes to cause electrochemical
reduction. Mn** ions on the electrode surface, which make it
positively charged at neutral pH, help to increase the adsorption
rate of OPPs. Rajaji et al.™ designed a strontium hexaferrite
(nanorods) decorated on porous graphitic carbon nitride
(SrFe;,040/g-C3N4/SPCE) sensor for the detection of feni-
trothion which generates a reduction reaction on the electrode
surface. Hydrothermal synthesis of SrFe;,0,9 nanorods inter-
connected with g-C;N, improved the electrocatalytic perfor-
mance of the sensor. Maji et al.™ investigated a one-step
combustion route to synthesize rGO-g-C;N,-MnCo,0, nano-
composites for the detection of chlorpyrifos directly. The sensor
has a large surface area due to rGO-g-C3;N, and the excellent
electrical conductivity of rGO and the good biocompatibility of
MnCo,0,4 nanoparticles give the sensor excellent performance.

946 | Environ. Sci. Adv, 2023, 2, 933-956

Khairy et al™ used a hydrothermal method to synthesize
macroporous nickel oxide nanoenzymes to directly detect the
reduction reaction of parathion, and the large specific surface
area and mesoporous network structure of NiO (nickel oxide)
nanoenzymes improved the sensitivity of the sensor.

Shown in Table 6 is the relevant information of electro-
chemical sensors fabricated from the above-mentioned nano
metal oxides and their composites. It can be seen that nano
metal oxides usually need to be combined with other conductive
materials in order to have good electrochemical performance in
the detection of OPPs. Some oxides have a high affinity for OPPs
containing sulfur and phosphoric acid groups, so they are easy
to combine with OPPs. Therefore, the oxidation-reduction
reaction of the functional material is hindered on the surface of
the electrode. The electrochemical response signal of the OPPs
is obtained by calculating the inhibition rate of the electro-
chemical signal of the material. The nanocomposites can

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Comparison of the electrochemical performance of nanometer metal oxides and their composite modified electrodes for OPP
determination

Accumulation/ Preparation
Detection adsorption Anti- difficulty
Electrode material method Linear range (uM) LOD (uM) time Stability interference level OPPs Ref.
CuO-NPs/3D GR/GCE® DPV 3.0x107°-1.5x 107 1.0 x 10> 90's Good  Excellent  Difficult  Malathion 53
MnO,/Pt® Ccv 0.1-0.9 1.0 x 107> N/A N/A Good Normal 4-Nitrophenyl 58
phosphate

TiO, NPs/MWCNTs  SWV 1.0 x 107 2-8.4 3.0x10°° 58 Good N/A Normal Diazinon 59
ZnO/Ni-foam? ECL 1.0 x 107%-8.5 x 107% 9.5 x 107 '° N/A Excellent Excellent ~ Normal Chlorpyrifos 65
CuOx@mC/GCE* DPV 1.0 x 107%-1.0 x 10* 7.8 x 107*° 150 s Good  Excellent  Difficult  Glyphosate 107
CuO-TiO,/GCE DPV 0-7.7 4.5 x10% 300s Good Excellent ~ Normal Parathion-methyl 108
Ce0,-CuO/GCE* DPV 1.0 x 107°-0.1 3.3%x107° 120s Excellent Excellent Normal Malathion 109
TiOZ/Naﬁon/GCE_}’ DPV 0.2-4.0 8.7 x 107> N/A N/A N/A Easy Fenitrothion 110
C-dots/ZrO,/GCE’ AdSV 7.6 x 107%-0.2 2.1 x 107" 140s Good  Excellent  Normal Parathion-methyl 111
SrFe;,040/g-C3N,/SPCE DPV 5.0 x 10 °-378.2 1.4 50 s Excellent Excellent Normal Fenitrothion 112
rGO-g-C3N,- DPV 2.8 x 10°-19.0 0.9 x 10°° 300 Excellent Good Difficult  Chlorpyrifos 113
MnCo,0,/GCE*

NiO-SPE/ DPV 0.1-30 2.4 x107% 60s N/A Excellent ~ Normal Parathion 114
Fe;0,/MIP/m-GEC™ SWv 4.6 x 10°°-9.2 4.6 x 10°° 3600 s N/A Excellent ~ Normal Methyl parathion 146
MIP/Co;0,@MOF-74/ DPV 1.0 X 107°-1.0 x 1072 3.0 x 10™® 1200 s Excellent Excellent  Normal Fenamiphos 147

cycle4/GCE"

% CuO-NPs/3D graphene/glassy carbon electrode. ? a-Manganese dioxide nano-rods/platinum electrode. ° Titanium dioxide NPs/multi-walled
carbon nanotubes/glassy carbon electrode. ¢ Zinc oxide/Ni-foam. ¢ CuO-coated mesoporous carbon/glassy carbon electrode. / Copper oxide-
titanium dioxide/glassy carbon electrode. ¢ Cerium dioxide-copper oxide/glassy carbon electrode. ” TiO,/Nafion/glassy carbon electrode.
' Carbon dots/zirconium dioxide/glassy carbon electrode. / Strontium hexaferrite/porous graphitic carbon nitride/screen printing electrode.
¥ Reduced graphene oxide-graphitic carbon nitride-manganese cobaltite/glassy carbon electrode.  Nickel oxide/screen-printed electrode.
" Triiron tetraoxide/molecularly imprinted polymers/graphite-epoxy composite. " Molecularly imprinted polymers/cobalt tetraoxide-coated

metal-organic framework-74/cycle4/glassy carbon electrode.

improve their electrocatalytic performance and electrochemical
activity, and greatly reduce the detection limit.

4.4 Conductive nano-polymers and composites

Generally, polymers are not conductive in their neutral state.
The conductivity of polymers is produced by charge carriers
after doping their conjugated backbone.'*** Conductive
polymers have the characteristics of flexibility, corrosion resis-
tance, being lightweight, and being of relatively low cost.**
These unique features make them suitable as replacements for
metals and semiconductors. For the application of conductive
polymers in various fields, a lot of research has been conducted,
such as organic light-emitting diodes,'*"'** energy storage,'**'**
and organic solar cells.”***** Recently, conductive polymers have
received increasing attention in relation to electrochemical
sensors.'****® The application of conductive nano-polymers in
the detection of OPPs is summarized as follows.

Wu'® reported the preparation of phoxim sensors with
poly(3-methylthiophene)/nitrogen-doped  graphene (P3MT/
NGE) which was prepared through drop-casting of NGE fol-
lowed by the electrodeposition of the P3MT film. The synergistic
effect of PAMT/NGE can promote electron transfer and charge
exchange between the phoxim and the modified electrode
surface. Akytiz et al.*** used solid-state electropolymerization of
a film to design a 4-azido-polyaniline/terminal alkyne-
substituted manganese phthalocyanine/ITO (indium tin oxide
coated glass substrate) sensor, which combines terminal

© 2023 The Author(s). Published by the Royal Society of Chemistry

alkyne-substituted manganese phthalocyanine (MnPc-TA) and
4-azido-polyaniline (N3-PANI), for the detection of fenitrothion,
which is catalytically reduced. The metal phthalocyanine has
a conjugated structure, stability, and redox activity which gives
the sensor outstanding performance. Additionally, a glassy
carbon electrode was modified with polazincon by Ensafi
et al.™" and the results showed that there was better electro-
chemical behaviour of the modified electrode for fenitrothion.
The -NO, functional group of fenitrothion is reduced to the
-NHOH functional group. Tiimay et al'** developed a new
electrochemical sensor based on hybrid nanomaterials with
electroactive and electropolymerizable groups. This involved
modification of ferrocene-thiophene complexes on carbon
nanotubes by click chemistry, with synergistic effects increasing
the surface area, conductivity and catalytic properties of the
electrodes, and the redox reaction of parathion at the electrode
surface. Tefera et al® prepared a cobalt nanoparticle-
polypyrrole modified glassy carbon electrode (CoNPs/PPy/GCE)
for the detection of phoxim by drop-coating cobalt nano-
particles (CoNPs) onto polypyrrole modified glassy carbon
electrodes (PPy/GCE) made by electrodeposition. Reduction of
phoxim occurred at the electrode surface. Interaction of PPy
chains with CoNPs through donor-acceptor bonds increases
the electrode surface area and reduces electron transfer
resistance.

Migliorini et al.®® used chemically reduced graphene oxide
pairs (CRGO) to modify polyamide 6 (PA6)/polypyrrole (PPy)
based polymer electrospun nanofibres for the detection of
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Fig. 9 SEM images of (a) NS-TizC,T, (inset of pristine-TisC,T,), (b) PEDOT:PSS/NS-TizC,T,, and (c) Pd—FezO4/PEDOT:PSS/NS-TizC,T,
composites. (d) TEM and HRTEM image, (e) corresponding SAED pattern, and (f) elemental mappings data of the Pd—FezO,4/PEDOT:PSS/NS-
TizC,T, composite. Reproduced from ref. 133 with permission from Elsevier, copyright 2022.

malathion directly. PPy was mixed with PA6 in a formic acid
solution and electrospun nanofibres were obtained by the
action of an electrospinning device. The electrospun nanofibres
have a large surface area and porosity, and the chemically
reduced graphene oxide has good electrical conductivity. These
are properties that enhance the performance of the sensor.
Recently, Deng et al.*** used Ti;C,T, for co-doping modification,
to synthesize NS-Ti;C,T,. PEDOT:PSS was then inserted
between NS-Ti;C,T, nanospheres as a catalytic carrier for Pd-
Fe;0,4, leading to the synthesis of a palladium-magnetic iron/
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonic acid)/
nitrogen and sulfur co-doped titanium carbide (Pd-Fe;O,/
PEDOT:PSS/NS-Ti;C,T,) composite framework for the detection
of methyl parathion. As shown in Fig. 9 (a—f), the composite has
a good composite structure and the elemental components are
evenly distributed within, giving the material a good composite
state. The sensor exhibits superior catalytic performance in
detecting the reduction reaction of methyl parathion. Joshi
et al.** developed polymeric nanocomposites (PNCs) using
polyindole-modified stainless steel substrates of tungsten
carbide, to increase the conductivity of the sensor and the
electron transfer rate for electrochemical detection of chlor-
pyrifos. This involved promotion of indole polymerization using
surfactants followed by deposition of PNCs on tungsten carbide,
resulting in a sensor with superior performance for direct redox
detection of chlorpyrifos.

In Table 7, we have summarized the non-enzymatic electro-
chemical sensors, in terms of nano-conductive polymers and
nano-composites, for OPP testing. Nano-conductive polymers

948 | Environ. Sci.: Adv,, 2023, 2, 933-956

have the characteristics of strong conductivity, redox, and
stability. When combined with metal nanoparticles, metal
compounds, or conductive carbon nanomaterials, the selec-
tivity of the sensor and the electroactive surface area of the
electrode were improved. This can make the modified electrode
exhibit fast electron transfer kinetics.

4.5 Metal-organic frameworks and composites

Metal-organic framework (MOF) materials are a new class of
porous nanomaterials, also known as porous coordination
polymers, consisting of a central metal ion and multiple
ligands, which have seen tremendous development in the last
few decades. Due to their tunable porosity, large specific surface
area, open metal sites, and easily modifiable chemical
substances, MOFs have been widely used in sensor design.'**
The application of metal-organic frameworks in the detection
of OPPs is summarized as follows.

MOFs are mainly formed by the coordination of metal
centres and organic ligands to form coordination bonds. At the
same time, hydrogen bonding, van der Waals forces, and w-
stacking play an important role in the structure of MOFs. Hu
et al."** combined Fe;0, (Triiron tetraoxide) nanoparticles with
a MOF to form a magnetic metal-organic framework composite
by a hydrothermal method. The magnetic properties and
superior porosity of the sensor allow it to accumulate methyl
parathion, resulting in superior performance in the detection of
methyl parathion reduction reactions. Gao et al.**® designed
a zirconium-based metal-organic framework material (Zr-BDC)
synthesized by a hydrothermal method with terephthalic acid as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Comparison of electrochemical performance of nano-conducting polymers and their composite modified electrodes for OPP

determination

Preparation
Detection Accumulation/ Anti- difficulty
Electrode material method Linear range (uM) LOD (uM) adsorption time Stability interference level OPPs Ref.
CONPs/PPy/GCE* SWV 2.5 x 107%-12 45x107° 50s Average Excellent  Normal Phoxim 60
PIN/WC? SWV 2.5-22.5 5.9 x 107> N/A N/A N/A Normal Chlorpyrifos 61
PA6/PPy/CRGO/FTO* DPV 1.7-67.1 2.7 x 107° N/A N/A Good Normal Malathion 63
P3MT/NGE/GCE? (6)% 2.0 x 1072-0.2; 6.4 x 10> 180 s N/A Excellent Normal Phoxim 129
0.2-2.0

N3-PANI/MnPc-TA/ITO® SWV 0.1-15.0 4.9 x 107> N/A Average N/A Normal Fenitrothion 130
Polyzincon/GCE DPV 5.0 x 10°-8.6 1.5 x107° 1758 N/A Excellent Normal Fenitrothion 131
FT@CNT/GCE® DPV 2.0 X 107%-6.5 5.3 x 10° N/A Average Excellent Normal Parathion 132
Pd-Fe;0,/PEDOT: LSV 1.0 X 1072-140.0 3.3 x 10°° N/A Good Excellent Difficult Parathion-methyl 133
PSS/NS-Ti;C,T,/GCE"

ICP@MWNT/GCE' DPV 0.2 x 107*-1.0 4.0 x 10°° N/A N/A Excellent Normal Chlorpyrifos 148

“ Cobalt nanoparticles/poly dpyrrole/glassy carbon electrode. ?
oxide/fluorine tin oxide.
substituted manganese phthalocyanme/mdlum tin oxide.
glassy carbon electrode.
titanium carbide/glassy carbon electrode.
nanotubes/glassy carbon electrode.

the ligand, which was combined with electro-reduced graphene
oxide (rGO) to form nanocomposites that not only have a high
affinity for methyl parathion, but also have a large specific
surface area and favorable electron transport capacity, thus,
favoring direct detection of methyl parathion. Karimian et al.**”
constructed sensors based on TiO,-functionalised graphene
oxide@UiO-66 (a metal-organic backbone with Zr as the metal
centre and terephthalic acid as the organic ligand) (TGO@UiO-
66) metal-organic framework composite nanomaterials by
a hydrothermal method, for the direct detection of parathion
and chlorpyrifos. The glassy carbon electrode was modified with

Polyindole/tungsten carbide. ©
Poly(3-methylthiophene)/nitrogen-doped graphene/glassy carbon electrode. ¢ 4-Azido polyaniline/terminal alkynyl
J Polyzincon/glassy carbon electrode. ¢ Ferrocene-thiophene coated carbon nanotube/
Palladlum—magnetlc iron/poly(3, 4-ethylenedioxythiophene):poly(styrenesulfonic acid)/nitrogen and sulfur co-doped
" Molecular imprinting with a conducting polythiophene copolymer-coated multiwalled carbon

Polyamide 6/polypyrrole/chemically reduced graphene

TGO@UiO-66, which enhances the electron transfer rate and
electrocatalytic performance and considerably improves the
performance of the sensor. Recently, Janjani et al.**® investi-
gated the Mn>" (manganese ions)/Fe*" (iron ions) bimetallic
organic framework, which modified screen-printed electrodes
for the direct detection of chlorpyrifos (Fig. 10). MnFe-MOF was
synthesized using a one-pot solution thermal method. Due to
the heterometallic synergy between Mn>* and Fe’" ions, both
the adsorption and electrocatalytic effect of the sensor on
chlorpyrifos were increased.
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Fig. 10 Scheme of preparation for MnFe-MOF/SPE and electrochemical detection of chlorpyrifos; PXRD pattern of MnFe-MOF (A); SEM
micrograph of MnFe—MOF (B). Reproduced from ref. 138 with permission from Elsevier, copyright 2022.
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Al'Abr et al.* used a BTCA-P-Cu-CP (copper-based porous
coordination polymer) modified CPE (carbon paste electrode) to
detect malathion. The high porosity of BTCA-P-Cu-CP increases
the adsorption of malathion and thus affects the redox reaction
of CuO. Recently, Jiang et al.**® investigated a non-enzymatic
sensor based on Cu-TCPP/AuNPs/CP (modification of carbon
paper with copper porphyrin metal-organic frameworks and
gold nanoparticles) which was synthesized by a hydrothermal
method. The sensor increased the copper sites that could bind
to glyphosate, which inhibits the redox reaction of Cu**, thus
improving selectivity and sensitivity. Khoshsafar et al.'*' intro-
duced neodymium (Nd) into a Universitetet i Oslo (UiO-66)
structure and added multi-walled carbon nanotubes to create
a Nd-UiO-66@MWCNT nanocomposite, synthesized by a sol-
vothermal procedure. The high surface area, outstanding
stability, and excellent electrocatalytic properties of the sensor
facilitate the direct detection of parathion and paraoxon. Chen
et al'™  constructed an  aptamer-based  electro-
chemiluminescence sensor (aptamer-Au NPs/CdTe (cadmium
telluride quantum dots)@rGO QDs@NH,-MIL-88(Fe)(Fe-based
metal-organic framework)/GCE which was synthesized by
a hydrothermal method, for the detection of malathion indi-
rectly, in which the iron-based organic framework NH,-MIL-
88(Fe) can be used to enhance the luminescence signal of
CdTe QDs, to achieve excellent detection performance. Fe(u) of
NH,-MIL-88(Fe) acts as a signal enhancer, reacting with S,04>~
to produce Fe(m) and SO,  free radicals, which are reduced
under electrochemical reactions, and SO, radicals, which can
react with CdTe QDs to give relatively stronger ECL signals.

Most MOF materials are insulators or semiconductors,
therefore improving the electrical conductivity of MOFs.
Designing MOFs with redox activity is the main challenge for
their application in electrochemical detection. The porous

MP L-Arg

l Polymerization

Complex

Imprinted site
Removal Rebinding S
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properties and large surface area of MOFs allow the incorpo-
ration of heterogeneous nanostructured materials, which has
facilitated the development of applications based on MOFs. An
important direction for MOFs is the exploration of nano-
material construction of MOFs. The metal-organic frameworks
and their composites for the detection of OPPs are shown in
Table 8.

4.6 Molecularly imprinted polymers and composites

Molecularly imprinted polymers (MIPs) are polymers that are
processed using molecular imprinting techniques. The idea for
this technology originated in the field of immunology. Being the
technology of polymeric materials with the ability to recognize
specific target molecules, MIPs have gained great interest in
practical applications, due to their higher physical and chem-
ical stability compared to methods that use antibodies as
bioreceptors.***

Molecular imprinting, functional monomers, and cross-
linking agents are used to form polymers, and under specific
conditions, the imprinted molecules are removed, so that the
polymers form cavities that can specifically identify the target.
Wu et al.*® constructed a non-enzymatic sensor to detect methyl-
parathion through the electropolymerization of p-ATP (p-ami-
nothiophenol) and FuAuNP (functionalized gold nanoparticles),
into which the template molecule was embedded. Gold
nanoparticle-modified carbon nanotube nanocomposites
(AuNP-MCNT) have been used to improve the effective sites and
electrical conductivity of the imprint. Additionally, electro-
polymerization of pyrrole on gold microelectrodes was done, to
construct molecularly imprinted polymer films for chlorpyrifos
detection by Napabooshanam et al'** Molecularly imprinted
polymers (MIPs) are synthesized by electrochemical deposition,

I/uA

41 DPV

-0.4 0.2 0 02
E/V vs Ag/AgCI

Recognition process

GCE/ZnOHS/MIP

Fig. 11 Scheme of preparation for MIP/ZnOHS/GCE and electrochemical detection of methyl parathion. Reproduced from ref. 145 with

permission from Elsevier, copyright 2021.
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Table 9 Comparison of electrochemical performance of molecularly imprinted polymers and their composite modified electrodes for OPP
determination

Accumulation/ Preparation
Detection Linear adsorption Anti- difficulty

Electrode material method  range (uM) LOD (uM) time Stability  interference level OPPs Ref.
FuAuNP-ATP-MIP- LSV 0.4 x 1073 0.3 x107° 360s Good Excellent Difficult Methyl parathion 55
AuNP-MCNT/GCE* -4.2 x 1072

MIPNs/SPE? DPV 1.5x 107221 1.2 x 1072 300s Average  Excellent Normal Glyphosate 66
PPy/Au-pE* DPV 1.0 x 10°°-1.0 0.9 x 10°° 480 s Excellent Excellent Normal Chlorpyrifos 144
MIP/ZnOHS/GCE?  DPV 5.0 x 107*-10.0 5.0 x 107" N/A Good Excellent Normal Methyl parathion 145
Fe;0,/MIP/m-GEC*  SWV 4.6 x 107°-9.2 4.6 x 107° 3600 s N/A Excellent Normal Methyl parathion 146
MIP/Co;0,@MOF- DPV 1.0 x 10°° 3.0 x 10°° 1200s Excellent Excellent Normal Fenamiphos 147
74/cycle4/GCE -1.0 x 1073

ICP@MWNT/GCE® DPV 0.2 x107"-1.0 4.0 x10°® N/A N/A Excellent Normal Chlorpyrifos 148
CuNPs@GR-MIP" DPV 5.0 x 1072-50.0 2.4 x 10™* 720s Excellent Excellent Normal Parathion methyl 149
MIP/Mo0S,NPs@ DPV 1.0 x 107° 2.0 x 107° N/A Excellent Excellent Difficult Paraoxon 150
MWCNTSs/GCE’ -1.0 x 10°°

“ Functionalized gold nanoparticles-p-aminothiophenol-molecularly imprinted polymer - gold nanoparticles-carbon nanotube nanocomposites/
glassy carbon electrode. ” Molecularly imprinted polypyrrole nanotubes/screen-printed electrode. ¢ Polypyrrole/gold microelectrodes.

Molecularly imprinted polymer/zinc oxide hollow spheres/glassy carbon electrode. € Triiron tetraoxide/molecularly imprinted polymer/
graphite-epoxy composite./ Molecularly imprinted polymer/cobalt tetraoxide coated metal-organic framework-74/cycle4/glassy carbon electrode.
€ Molecular imprinting with a conducting polythiophene copolymer-coated multiwalled carbon nanotubes/glassy carbon electrode. * Copper
nanoparticles decorated vinyl-functionalized graphene-molecularly imprinted polymer. * Molecularly imprinted polymer/molybdenum disulfide

nanoparticles/coated multiwalled carbon nanotubes/glassy carbon electrode.

a method that increases the stability of the sensor. Daizy et al.**®
synthesized molecularly imprinted polymer films by electro-
polymerizing the functional monomer r-arginine (1-Arg) and the
template molecule on glassy carbon electrodes modified with
zinc oxide (ZnO) hollow spheres (ZnOHS). The sensor selectively
detected methyl-parathion and the hollow structure of ZnO
provided the sensor with a large surface area and sensitivity
(Fig. 11). Ding et al.*® modified a molecularly imprinted poly-
mer, prepared by embossing glyphosate sites into the surface of
polypyrrole nanotubes, onto a screen-printed electrode and
assembled it with a 3D-printed electrode holder. The molecu-
larly imprinted polymers for this sensor had high affinity for
glyphosate and high electrical conductivity due to nanotubes.
Hassan et al.**® developed a magneto-actuated electrochemical
sensor that pre-concentrates pesticides on a magnetic molecu-
larly imprinted polymer. Magnetic molecularly imprinted
polymers are synthesized by the magnetic core-shell strategy,
and using methacrylic acid as the functional monomer. The
sensor showed excellent performance in detecting methyl
parathion when compared with a magnetic, non-imprinted
polymer sensor.

Additionally, Karimi-Maleh et al.™* modified glassy carbon
electrodes with Coz;0, (cobalt tetraoxide)@MOF-74 nano-
composites (the coordination between divalent transition
metals and 2,5-dihydroxyterephthalic acid forms the family of
MOF-74 (M: Co, Fe, Ni, Mg, and Mn)), and used pyrrole as
monomer and fenamiphos as a template, for molecularly
imprinted electrochemical sensors. Co;0,@MOF-74 nano-
composites are prepared by a solvothermal technique which
offers high sensitivity and conductivity for sensors. Anirudhan
et al.**® synthesized copolymers of 3-thiophene acetic acid and

952 | Environ. Sci.: Adv,, 2023, 2, 933-956

3,4-ethylene dioxythiophene on multi-walled carbon nanotubes
to improve the conductivity of the sensing device, which is
prepared by in situ chemical oxidative polymerization, leading
to the construction of a molecularly imprinted sensor with good
conductivity and a large surface area, that can detect chlorpyr-
ifos. Copper nanoparticles modified on vinyl-functionalized
graphene and molecularly imprinted polymers fabricated on
them were studied by Sooraj et al.*** The sensor uses methyl
parathion as a template, methacrylic acid as a monomer, and
vinyl-functionalized graphene modified with copper nano-
particles, synthesized by reducing propane copper complexes
(DAPCu) to increase the performance of the sensor. Bolitkbasi
et al.** fabricated multi-walled carbon nanotubes (MWCNTs)/
molybdenum  disulfide nanoparticle (MoS,NP) nano-
composites, which have excellent electron transfer capacity and
specific surface area, properties that are of interest, by a hydro-
thermal method to modify glassy carbon electrodes, and then
used parathion as the template and pyrrole as the monomer, to
make a molecularly imprinted electrochemical sensor that
could detect parathion.

Combining polymer films with nanomaterials provides
a large surface area and improves the accessibility of analytes to
the identified sites, and the corresponding kinetics. The
incorporation of different nanomaterials into MIPs or nano-
sized MIPs can combine and enhance the properties of poly-
meric and inorganic nanomaterials. Nanomaterial-based
composites of MIPs offer great analytical potential for
improving multi-hybrid MIP systems. The molecularly imprin-
ted polymers and their composites that are used for the detec-
tion of OPPs are shown in Table 9.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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5. Future perspectives

Herein, we briefly summarize the research progress of non-
enzymatic nanomaterials in the electrochemical detection of
OPP residues. These developments benefit from the unique
physicochemical and electrochemical properties of nano-
materials, which are useful in the creation of electrochemical
sensors. In recent years, the uses of carbon nanotubes and
graphene have attracted widespread attention, because the high
conductivity of these materials can increase the electron
transfer rate, thereby enhancing their sensitivity. The combi-
nation of various metals and metal compounds with other
materials has been continuously explored, owing to their
synergistic sensitization effect and excellent electrocatalytic
activity. These materials include alloys, metals, and metal oxide
composite materials. Polymer-modified composites are used as
electrode modification materials, due to their high selectivity
and good compatibility. Recent research on nanotechnology
has focused on the versatile preparation and application of
nanoscale structure construction. Nanostructures with unique
properties and specific selectivity have brought innovative
development of non-enzymatic OPP sensors. As a matter of fact,
enzymatic electrochemical sensors have inherent drawbacks, in
that they are easily affected by pH, temperature, and humidity
conditions, which spur research and development of nonenzy-
matic electrochemical OPP sensing alternatives. Most non-
enzymatic sensors to detect OPPs are based on functional
materials that directly redox OPPs. Other sensors are mainly
characterized by the way that they employ metal oxides to
specifically bind with the phosphate groups in OPPs, to inhibit
the further redox reaction of the material itself, on the elec-
trode. By calculating the inhibition rate of the electrochemical
signal of the material, the electrochemical response signal of
the OPP pesticide can be obtained.

However, non-enzymatic sensors also have some disadvan-
tages, such as a narrow detection range and poor selectivity for
structure-identical OPPs, which may result in the detection of total
concentrations of OPPs in complex environments. Therefore, for
the design of new nanomaterials that are compatible with
nonenzymatic OPP sensors, it is necessary to achieve higher and
better sensitivity, selectivity, and stability of electrochemical
performance. The following points need to be considered when-
ever constructing a new non-enzymatic nanomaterial: Firstly, its
size and shape should be controlled during synthesis, to generate
the best amount of, electrochemically active sites with suitable
characteristics. Secondly, the composition, structure and specific
reaction of nanomaterials with OPPs need to be a priority, to
obtain excellent selectivity. Thirdly, a substrate nanomaterial with
higher conductivity, better chemical and mechanical stability, and
larger surface area should to fabricated, to improve electro-
chemical performance. Relevant mechanisms are usually attrib-
uted to the synergistic effect among various nanomaterials used
on electrodes, but few in-depth studies have been carried out to
understand the real physicochemical mechanism. Considering
the facts, the development of new non-enzymatic OPP electro-
chemical sensors still has a long way to go. It is anticipated that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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these problems could gradually be solved in the future, so that
OPP electrochemical sensors based on non-enzymatic nano-
materials, will provide more convenience to society, and detect
OPP residues more conveniently and quickly, reducing the harm
of OPPs to the environment and human health.

In addition, there will be more breakthroughs in non-
enzymatic electrochemical sensors in the future, which will be
constantly evolving in the direction of miniaturization, flexibility,
integration, and intelligence, and electrochemical sensors with
special properties and advantages such as rapid detection of
products in the field and management of unexpected situations
will continue to emerge and have practical applications. For
example, Raymundo-Pereira et al.*** explored a wearable elec-
trochemical sensor that is embedded in a glove and can detect
multiple types of pesticides simultaneously. Fahimi-Kashani
et al.*® have developed a sensor that uses a smartphone to
detect colour changes in a proportional fluorescent probe for
rapid in situ detection of methyl parathion. Furthermore, Dhamu
et al.** designed an electrochemical sensor for field deployable
detection of glyphosate in agricultural runoff.

6. Conclusion

OPPs and the residues produced by incomplete degradation, do
indeed pose a significant threat to human beings, because of
their toxicity. Depending on the standards set by various
countries, the maximum limit value of OPPs in vegetables and
fruits is at the ppm level. To obtain a lower detection limit,
a wider linear range and increased anti-interference capability
in complex mechanisms, optimal electrochemical techniques
still need to be explored. Most of the authors recognize that
electrochemical detection technology is simple, time-saving,
and low-cost compared with other detection methods. It is of
great importance to create more materials, with excellent
performance, based on electrochemical methods. Aimed at the
detection of some OPPs, some of the reported research studies
have very low detection limits (ppm). For example, BNQDs/GO/
GCE was used for simultaneous detection of three analytes
(methyl parathion, diazinon, and chlorpyrifos) and CuOx@mcC/
GCE was used for glyphosate detection. For these pesticides,
that have been tested using sensors with low sensitivity, we
should focus on commercializing the sensors, to replace
complex and expensive detection methods. For other OPPs, the
non-enzymatic nanomaterial electrochemical sensor is a poten-
tial tool that can employ very sensitive analytical methods, so as
to ensure compliance with the maximum limits set by various
countries.
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