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Abstract
There has been a rise in pesticide use as a result of the growing industrialization of agriculture. Organophosphorus pesticides 
have been widely applied as agricultural and domestic pest control agents for nearly five decades, and they remain as health 
and environmental hazards in water supplies, vegetables, fruits, and processed foods causing serious foodborne illness. 
Thus, the rapid and reliable detection of these harmful organophosphorus toxins with excellent sensitivity and selectivity is 
of utmost importance. Aptasensors are biosensors based on aptamers, which exhibit exceptional recognition capability for 
a variety of targets. Aptasensors offer numerous advantages over conventional approaches, including increased sensitivity, 
selectivity, design flexibility, and cost-effectiveness. As a result, interest in developing aptasensors continues to expand. 
This paper discusses the historical and modern advancements of aptasensors through the use of nanotechnology to enhance 
the signal, resulting in high sensitivity and detection accuracy. More importantly, this review summarizes the principles 
and strategies underlying different organophosphorus aptasensors, including electrochemical, electrochemiluminescent, 
fluorescent, and colorimetric ones.
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• The first review was arranged based on the types of 
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• Detection of organophosphorus pesticides is critical in 
environmental and agricultural monitoring.
• Electrochemical, fluorescent, and colorimetric aptasensors were 
investigated.
• Challenges in organophosphorus pesticide detection are 
presented.
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Abbreviations
NH2-DFNS  Amino-functionalized mesoporous den-

dritic fibrous nanosilica
AT-TWJ-DNA  AT-rich three-way junction DNA
CE  Capillary electrophoresis

CQDs  Carbon quantum dots
CTAB  Cetyltrimethylammonium bromide
RCT  Charge transfer resistance
CS  Chitosan
CHP  Chlorpyrifos
CM  Colorimetric
cDNA  Complementary DNA
CuNP  Copper nanoparticle
CV  Cyclic voltammetry
DZN  Diazinon
DPV  Differential pulse voltammetry
DMT  Dimethoate
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DMOAP  Dimethyloctadecyl[3-(trimethoxysilyl)
propyl]ammonium chloride

DNA-AgNCs  DNA-templated silver nanoclusters
dsDNA  Double-stranded DNA
DLS  Dynamic light scattering
EC  Electrochemical
EIS  Electrochemical impedance spectroscopy
ECL  Electrochemiluminescent
ESR  Electron spin resonance
EDS  Energy dispersive spectroscopy
ELISA  Enzyme-linked immunosorbent assay
Exo I  Exonuclease I
Fc  Ferrocene
FE-SEM  Field emission scanning electron 

microscopy
FS  Fluorescent
FRET  Fluoresce resonance energy transfer
FTO  Fluorine tin oxide
FT-IR  Fourier transform infrared
GC  Gas chromatography
GC-MS  Gas chromatography-mass spectrometry
GCE  Glassy carbon electrode
Au  Gold
GNP  Gold nanoparticles
GNR  Gold nanorods
GNS  Gold nanostars
g-CN  Graphitic carbon nitride
g-SPE  Graphite screen-printed electrode
G  Graphene
GO  Graphene oxide
GQDs  Graphene quantum dots
HP  Hairpin
h-BN  Hexagonal boron nitride
HPLC-MS  High-pressure liquid chromatography-

mass spectrometry
IO  Iron oxide
ICB  Isocarbophos
LOD  Limit of detection
LC-MS  Liquid chromatography-mass 

spectrometry
LC  Liquid crystal
MLT  Malathion
MS  Mass spectrometry
MC  Mesoporous carbon
MOF  Metal organic framework
MB  Methylene blue
MIP  Molecularly imprinted polymers
MWCNTs  Multiwalled carbon nanotubes
NMM  N-methyl mesoporphyrin IX
OMT  Omethoate
OPs  Organophosphorus pesticides
O-DB  Ortho-dihydroxybenzene
O-PD  Ortho-phenylenediamine

PLNRs  Persistent luminescence nanorods
PEC  Photoelectrochemical
PL  Photoluminescence
PhT  Phorate
PS  Phosphorescence
PE  Platinum electrode
PDDA  Poly(diallyldimethylammonium chloride)
PDA  Polydopamine
PEG  Polyethylene glycol
PGPMA  Poly(N-(3-guanidinopropyl) methacryla-

mide) homopolymer
PEDOT  Poly-3,4-ethylenedioxythiophene
PFF  Profenofos
QDs  Quantum dots
RGO  Reduced graphene oxide
SEM  Scanning electron microscopy
SPE  Screen-printed electrodes
SPGE  Screen-printed gold electrode
SWCNTs  Single-walled carbon nanotubes
ssDNA  Single-stranded DNA
Ag  Silver
AgNP  Silver nanoparticles
Na2MoO4  Sodium molybdate
SWV  Square wave voltammetry
SPR  Surface plasmon resonance
Tb-MOF  Terbium(III)-metal organic framework
Tn  Thionine
TEM  Transmission electron microscopy
T7 Exo  T7 exonuclease
UCNPs  Upconversion nanoparticles
USEPA  US Environmental Protection Agency
VS2QDs  Vanadium disulfide quantum dots
WS  Walking strand
WHO  World Health Organization
GOPS  (3-Glycidyloxypropyl)trimethoxysilane
TMB  3,3′,5,5′-Tetramethylbenzidine

Introduction

Nowadays, different types of agricultural pesticides are widely 
applied to increase crop yield and product quality [1–3]. Pesti-
cides are used to control the spread of infesting species in order 
to boost agricultural yield. The use of pesticides is expected to 
add approximately 30% to crop production worldwide [4]. While 
their use might boost agricultural yields, their presence in water, 
fruits, vegetables, and meals can have a detrimental effect on 
human health globally, causing diseases such as cancer, acute 
intoxication, neurological ailments, asthma, and allergies [5–7]. 
These organic and synthetic compounds are usually classified 
based on their chemical structure into four main groups: organo-
phosphorus, organochlorines, pyrethroids, and carbamates pesti-
cides [8]. Among these four groups, OPs account for more than 
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30% of all pesticides on the market [9]. These substances are 
frequently used in pest management and consequently infiltrate 
the food industry in a variety of ways, posing health risks to 
people [10]. Pesticides are mostly absorbed through the skin, 
ingestion, and inhalation. Agriculturists, pesticide sprayers, and 
loaders, as well as residents living near agricultural land where 
pesticides are often sprayed on crops, are impacted by pesti-
cides by direct skin penetration or inhalation. On the other hand, 
humans are indirectly impacted when they consume pesticide-
contaminated food. Therefore, detecting and monitoring these 
compounds is a major challenge for the advancement of human 
health. The residual OP detection in the food industry, humans, 
and animals is critical to manage and control their contamina-
tion. So far, OP residues have been detected using various meth-
ods, such as LC–MS [11–13], GC–MS [14–16], CE [17–19], 
and ELISA [20, 21]. Despite their high sensitivity and accuracy, 
these approaches involve extensive sample preparation, time-
consuming analysis, and expensive precision tools and trained 
staff. Biosensors are very attractive due to their ability to detect 
environmental pollutants, pathogens, and a variety of chemical/
biological compounds accurately and rapidly.

Antibody and aptamer are the two recognition components 
that meet the needs of high sensitivity, remarkable selectiv-
ity, and rapid reaction. Antigen–antibody-specific binding has 
been widely used in biosensors. However, antibodies against 
smaller molecules and molecules with a high toxicity are dif-
ficult to acquire, limiting its application. Alternatively, aptamers 
exhibit an excellent affinity and selectivity for small molecules 
and are more stable than antibodies. Aptasensors use a single-
stranded oligonucleotide (aptamer) that reacts specifically with 
the species [22–25]. Bonding can occur through various reac-
tions, including π-π stacking, electrostatic, and hydrogen bonds 
[26–28]. Owing to their target specific binding various aptamer-
based biosensors have been designed for qualitative and quanti-
tative monitoring. The addition of nanomaterials to the surface 
of aptamer-based biosensors has facilitated the use of biosen-
sors. The target-specific characteristics of aptasensors enable 
the cost-effective, efficient, rapid, and accurate monitoring of 
different food contaminants. Hence, aptamers have been widely 

utilized in biosensors [29–36]. Aptasensors come in a variety 
of configurations; we focused on EC and optical aptasensors.

The continuous concerns over OPs have become more alarm-
ing all over the world due to their detrimental effects on human 
health. Due to these concerns, several types of aptasensors were 
developed based on various detection techniques, such as EC and 
optical. EC and optical sensors continue to limit the capacity to 
detect several OP residues using a single sensor. Hence, to over-
come these challenges, more research should be focused on the 
use of aptasensors for OP detection, which is still in its infancy due 
to the restricted number of aptamers that have been developed so 
far. As a result, much work is required to fabricate environmen-
tally safe, long-lasting, cost-effective, and robust sensing devices 
for real-time OP residue analysis. We believe there is still opportu-
nity for new research and review articles in this field for the stated 
reasons. This review summarizes the construction of aptamers 
used in recent years to detect OPs with challenges and prospects 
for building high-performance novel OP residue aptasensors. The 
development of an aptamer-based experiment to detect OPs in 
real samples could facilitate experiments on agricultural products. 
Table 1 describes the aptamers used to detect OPs.

Types of aptasensors for organophosphorus 
pesticides

Aptasensors are thermally stable and can be synthesized in vivo. 
Their structural modifications are possible by rehybridization and 
denaturalization with various functional groups. In recent years, 
various aptasensors such as EC, ECL, FS, and CM have been 
employed to detect OP residues. EC and FS aptasensors have 
been major candidates for OP detection because of their rapid 
response, high sensitivity, outstanding properties, and low cost.

Electrochemical aptasensors

EC aptasensors generate a signal in response to the bind-
ing of a specific target substance, which is recorded 

Table 1  Specific aptamers for OP determination

OPs Sequence KD Ref

CHP CCT GCC ACG CTC CGC AAG CTT AGG GTT ACG CCT GCA GCG ATT CTT GAT CGC GCT GCT GGT AAT CCT TCT 
TTA AGC TTG GCA CCC GCA TCT 

- [33]

MLT ATC CGT CAC ACC TGC TCT TAT ACA CAA TTG TTT TTC TCT TAA CTT CTT GAC TGC TGG TGT TGG CTC CCG 
TAT 

- [34]

DZN ATC CGT CAC ACC TGC TCT AAT ATA GAG GTA TTG CTC TTG GAC AAG GTA CAG GGA TGG TGT TGG CTC CCG 
TAT 

55.5 µmol  L−1 [35]

ICB AAG CTT GCT TTA TAG CCT GCA GCG ATT CTT GAT CGG AAA AGG CTG AGA GCT ACG C 0.8 µmol  L−1 [36]
PhT AAG CTT GCT TTA TAG CCT GCA GCG ATT CTT GAT CGG AAA AGG CTG AGA GCT ACG C 1.1 µmol  L−1 [36]
PFF AAG CTT GCT TTA TAG CCT GCA GCG ATT CTT GAT CGG AAA AGG CTG AGA GCT ACG C 1.0 µmol  L−1 [36]
OMT AAG CTT TTT TGA CTG ACT GCA GCG ATT CTT GAT CGC CAC GGT CTG GAA AAA GAG 2.0 µmol  L−1 [36]
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electrochemically. Three important steps are followed in 
designing an EC aptasensor: the use of nanomaterials for 
signal amplification, aptamer binding, and sensing. In 
these aptasensors, the most common method of binding an 
aptamer to the surface is covalent bond formation [37].

Fluorescence aptasensors

FS aptasensors are one of the most often utilized sensing candi-
dates due to their great sensitivity and simplicity. Fluorescence 
is a photon emission process that occurs when a fluorophore 
is stimulated with an excitation light and is influenced by the 
surrounding environment. Then, signal changes are collected 
and observed by a spectrophotometer. FS aptasensors have two 
main types of signal measurement: “on” and “off” signals. By 
leveraging the benefits of nanoparticles and tailoring the FS 
intensity to the target binding, they are able to detect OPs [38].

Colorimetric aptasensors

The primary advantage of CM sensing is its simplicity and 
ease of use. CM aptasensors have been widely used to detect 
OPs contaminants in real samples because of they allow 
observation by the naked eye. Therefore, the primary diffi-
culty in constructing CM sensors is transforming response 
change to visual color change. Au and Ag nanoparticles are 
the most frequently used probes in CM assays. These nano-
particles, due to their capacity to amplify the plasmon surface, 
help to produce appropriate signals in colorimetry [39, 40].

Electrochemiluminescent aptasensors

Electrochemiluminescence produces photons in the UV, visible, 
and near IR. Here, the light is emitted from the EC reaction 
as the electrogenerated luminescence which is directly propor-
tional to the concentration of the reactant. The ECL lumino-
phore generated at the electrode surface undergoes high-energy 
electron transfer processes, resulting in the generation of electri-
cally excited states, or luminescent signals. Luminophores such 
as luminol and QDs are commonly employed. The advantages 
of ECL over other techniques are low background noise, low 
background emission, rapidity, and high sensitivity.

Detection of organophosphorus pesticides

Chlorpyrifos

CHP was first produced by Dow Chemical in the USA in 
1966 and marketed under various brands such as Lorsban 
and Dursban [41, 42]. It has been used as OPs with a wide 
range of uses to kill pests such as lice, flies, and herb pests in 
agricultural and residential environments [43]. Improper use 

of CHP causes high toxicity and adverse effects on aquatic 
organisms and humans [44]. Appropriate amounts of CHP 
have been measured in real samples by using chromato-
graphic techniques, such as GC–MS and LC–MS [45–48]. 
Despite their excellent accuracy, current methods for meas-
uring CHP are expensive and time consuming.

Two simplest EC aptasensors were designed by Jiao 
and coworkers. In the first study, Jiao et al. [49] designed 
an EC aptasensor for CHP detection via CV analysis of 
calibration curve with MC functionalized by CS, Fc, and 
MWCNTs (Fc@MWCNTs-CS) (Fig. 1A). Fc@MWCNTs-
CS was constructed with a simple dispersion strategy and 
the CV responses of several electrodes were investigated 
in potassium hexacyanoferrate(III/II). In this study, CS-
functionalized MC has a high specific surface area, high 
porosity, and excellent dispersibility, all of which were 
employed to efficiently capture larger volumes of mate-
rial. The linear range and LOD for CHP detection using 
CV were 1–1 ×  105 ng  mL−1 and 0.33 ng  mL−1 (S/N = 3), 
respectively. In another study, Jiao et al. [50] developed a 
CV aptasensor with GO@Fe3O4 on a GCE to detect CHP 
in vegetable samples. GO@Fe3O4 was constructed with a 
simple solvothermal process. In this case, the nanocompos-
ite of GO and  Fe3O4 formed a unique sensing film that had 
strong synergistic effect. The GO provided high surface area 
[51], and  Fe3O4 nanoparticles were evenly deposited on the 
GO surface, which made it possible to detect CHP with high 
sensitivity and low LOD. The LOD and linear range of CHP 
detection was 0.033 ng  mL−1 and 0.1–1.0 ×  105 ng  mL−1, 
respectively.

Xu et  al. [52] designed a sensitive and selective EC 
aptasensor via an  NH2-captured aptamer probe and a 
CHP aptamer with copper oxide nanoflowers-SWCNTs 
on GCE in spiked celery, cabbage, and apple samples 
(Fig. 1B). Because of their high electrocatalytic activity, 
copper oxide nanoparticles have received a lot of attention 
for signal amplification [53–55]. MB, a redox indicator 
for DNA hybridization, can bind with nucleic acid chains 
in a non-covalent manner [56]. This was shown with the 
DPV method. The obtained results showed a linear range of 
0.1–150 ng  mL−1 and a LOD of 70 pg  mL−1, respectively. 
Based on our opinion, this superior sensing capability can 
be due to the high surface-to-volume ratio of three-dimen-
sional CuO NFs and the synergistic effect of CuO NFs and 
SWCNT electrical conductivity.

A sensitive voltammetric MIP aptasensor with GNR 
as an enhancing agent on a GCE was constructed by 
Roushani et al. [57]. O–PD and O-DB were used as mon-
omers to prepare a MIP on the surface of a GCE modi-
fied with GNR (Fig. 1C). After electropolymerization, 
the films formed on the surface had suitable groups such 
as –OH and –NH, which caused the formation of effec-
tive sites for reaction [58]. The LOD and linear range 
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of this MIP aptasensor were 0.35 fmol  L−1 and 1.0 fmol 
 L−1–0.4 pmol  L−1, respectively. This MIP aptasensor 
displayed good recovery (97.6–103.2%) in lettuce and 
apple samples.

Liu et al. [59] reported a CHP aptasensor that utilizes 
aptamer as both a capture and signaling molecule. Here, 
the phosphate from the aptamer reacts with molybdate to 
form molybdophosphate precipitate, which generates an EC 
signal. The aptasensor is composed of  NH2-DFNS and GNP. 
In this study, the mesoporous dendritic fibrous nanosilica is 
sphere-shaped with three-dimensional central radial chan-
nels and hierarchical pores. It has a higher specific surface 
area and larger pore volume, which increases signal inten-
sity and sensitivity of detection. Figure 1D shows the SWV 
response of  Na2MoO4 with phosphate in ssDNA as a used 
signal generation. The proposed SWV aptasensor displayed 
a linear range and LOD from 1.0 fmol  L−1 to 1.0 nmol  L−1 
and 0.43 fmol  L−1, respectively.

Lin et al. [60] have recently constructed a turn-on DPV 
aptasensor for CHP detection by electrodepositing GNP on 
2D-Mo2C/Mo2N composites. The Fc aptamer probe and 
CHP aptamer make a dsDNA structure and connect with Au 
on the electrode surface via Au–S bonds. The CHP aptamer 
separates from the Fc probe aptamer in the presence of CHP. 
Therefore, this action increases the Fc current peak in the 
EC aptasensor. The method displayed a linear dynamic range 
and LOD of 0.1 to 400 ng  mL−1 and 0.036 ng  mL−1 CHP, 
respectively. The selectivity of the aptasensor was accept-
able in the presence of atrazine, amitrole, fenitrothion, and 
carbendazim as interference pesticides. The determina-
tion of CHP in pak choi and apple samples displayed good 
recovery and RSD ranges of 94.7–116.7% and 2.57–7.08%, 
respectively.

A signal-on FS aptasensor for CHP, MLT, and DZN 
detection was designed by Cheng et al. [61]. QD nanobe-
ads and GNS as a fluorophore quencher were developed to 

Fig. 1  A Schematic preparation of the EC aptasensor for CHP detec-
tion by Jiao et  al. [49]. B Schematic step-by-step preparation of the 
EC aptasensor for CHP detection by Xu et al. [52], C schematic prep-
aration of the EC aptasensor for CHP detection by Roushani et  al. 

[57], and D schematic step-by-step preparation of the EC aptasensor 
by  Na2MoO4 with phosphate of ssDNA as a used signal generation 
for CHP detection by Liu et al. [59]. Reprinted with permission from 
[49, 52, 57], and [59]
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detect the above pesticides in real samples, such as spin-
ach and cabbage (Fig. 2A). The LOD values of 0.73, 6.7, 
and 0.74 ng  mL−1 were obtained for of CHP, DZN, and 
MLT, respectively. The capability for multi-pesticide detec-
tion of the aptasensor was examined by recovery studies 
(82.4–112.8%). This sensitive FS aptasensor has the poten-
tial to become a valuable tool for on-site multi-pesticide 
quantification.

In another FS investigation, Liu et al. [62] studied CHP 
detection with Tb-MOF and PDDA-aggregated-GNP. In this 
study, Tb-based MOF possess exceptional luminous charac-
teristics and are therefore employed as a FS probe. Figure 2B 
shows the step-by-step quenching FS process between GNP 
and Tb-MOF. The CHP-aptamer complex forms after the 
addition of CHP, and then, PDDA causes GNP to aggre-
gate. The proposed aptasensor detected CHP sensitively with 

LOD and linear range of 3.8 and 5–600 nmol  L−1, respec-
tively. Finally, this aptasensing platform could successfully 
determine CHP in some fruit and vegetable samples with 
acceptable recovery (82.2–93.6%).

Liu et  al. [63] developed a Cu-MOF-based CM 
aptasensor for the sensitive detection of CHP by affixing 
CM labels to the magnetic carrier through the hybridi-
zation reaction between the cDNA probe and the CHP 
aptamer. The authors developed the color using a Cu-
MOF reactor catalytic TMB-H2O2 system. The color of 
TMB/H2O2 changes with CHP incubation on the aptamer 
via UV–Vis spectrophotometry (650 nm) (Fig. 2C). The 
Cu-MOF-based aptasensor displayed appropriate LOD 
(4.4 ng  mL−1) and linear range (0–1250 ng  mL−1) for 
CHP detection. In addition, the current CM aptasensor 
has been selectively applied to detect CM in vegetable 

Fig. 2  A FS aptasensor for multi-pesticide detection by Cheng et al. 
[61], B FS process of CHP detection based on Tb-MOF@PDDA 
aggregated-GNP by Liu et  al. [62], C schematic process of CM 

aptasensor for CHP detection by Liu et  al. [63], and D schematic 
process of ECL aptasensor for CHP detection by Liu et  al. [64]. 
Reprinted with permission from [61–63], and [64]
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and fruit samples with lower than 5% RSD and higher 
than 91% recovery.

In the last paper for CHP detection, Liu et  al. [64] 
designed a signal-on ECL aptasensor with  MoS2/CdS 
nanospheres and Ag/CQDs. Ag/CQDs and  MoS2/CdS nano-
spheres as receptor and light emitter, respectively, were used 
for effective ECL resonance energy transfer (Fig. 2D). The 
ECL potential was occurred on modified electrode in pH 7.4 
at 0.1 M PBS and  K2S2O8. In this study, the high lumines-
cence intensity can occur on  K2S2O8 with a large specific 
surface area and electron density of  MoS2/CdS nanospheres. 
Under optimal conditions, the range of CHP determination 
was 10 nmol  L−1–1.0 fmol  L−1, and the LOD was 0.35 fmol 
 L−1. The performance of the ECL aptasensor was evaluated 
using HPLC–MS with lower than 5% RSD and higher than 
96% recovery in vegetable and fruit samples.

Malathion

MLT is another OP [65] that, if used in large amounts, can 
cause neurological [66, 67], metabolic [68, 69], reproduc-
tive, and growth [70, 71] disorders. It is also commonly 
used to control and kill insects such as Ceratitis capitata 
that attacks fruits, vegetables, and grains. Numerous studies 
worldwide showed that many rivers, such as Central Ama-
zon River [72, 73], the Nile River in Egypt [74], the Babool 
River in Iran [75], and the Mediterranean coast [76], are 
contaminated with MLT. This insecticide is one of the most 
widely used insecticides on the planet. Numerous methods, 
such as CE [77], GC [78, 79], HPLC [80, 81], GC–MS 
[82], and HPLC–MS [83, 84], have been applied for MLT 
detection.

Prabhakar et al. [85] designed a simple DPV aptasensor 
for MLT detection by depositing CS and IO nanoparticles 
on FTO. In this study, IO nanoparticles got a lot of attention 
because they can improve conductivity, superparamagnet-
ism, and signal amplification, which imply they can improve 
sensitivity and selectivity [86, 87]. IO nanoparticles were 
synthesized using  FeCl2 and  FeCl3 with co-precipitation 
method [88]. The biotinylated MLT aptamer as a ssDNA 
structure was connected with streptavidin on modified 
electrode surface via streptavidin-S interaction. For MLT 
detection, this aptasensor had a linear dynamic range of 
0.001 ng  mL−1 to 0.01 µg  mL−1. The determination of MLT 
in soil and lettuce leave samples displayed good recoveries 
approximately 80–92%.

In another investigation, Xu et al. [89] focused on the 
dual-signal determination of MLT with an EC aptasensor. 
They modified GCE with PDA-GNP and Exo I. In addition, 
Au connected with a 3´-SH capture aptamer probe (Fig. 3A). 
The HP probe was modified to include labels for Fc and Tn 
with an amino group as a second signal at the aptamer. We 

believe that using two electrochemical responses (Fc and Tn) 
simultaneously to detect changes in MLT concentration is a 
suitable strategy for MLT determination with high accuracy 
and precision. SEM results of PDA displayed polymerized 
DA uniformly on the GCE and made an acceptable platform 
for the functional modification of material surface [90, 91]. 
The results displayed two signal responses: signal-on and 
off for Fc and Tn, respectively. The proposed aptasensor had 
LOD, linear range, stability, and reproducibility for MLT of 
0.5 ng  L−1, 0.5–600 ng  L−1, 4.48%, and 6.72%, respectively. 
Good and acceptable results of recovery (96.10–108.29%) 
and RSD (1.04–6.14%) were obtained in cauliflower and 
cabbage analyses.

Kaur et al. [92] developed a DPV aptasensor for MLT 
detection using PEDOT and carboxylated MWCNTs on 
FTO sheets by chronoamperometry at a potential of 1.0 V 
for 3 min (Fig. 3B). In this study, the PEDOT-MWCNTs 
hybrid film has a high electrical conductivity, improved 
mechanical stability, and fast electron transfer kinetics 
[93]. Therefore, the use of this hybrid has been able to 
create a suitable aptasensor for MLT determination. The 
proposed DPV aptasensor for MLT detection displayed 
LOD, linear range, and sensitivity of 0.5 fmol  L−1, 0.1 
fmol  L−1–1.0 µmol  L−1, and 27 μA/(fmol  L−1)  cm−2, 
respectively. Finally, the aptasensor was validated by 
comparison with HPLC in spiked lettuce sample with 
95–100% recovery and 0.43–3.81% RSD.

In another study, a zirconium-MOF nanocomposite 
was synthesized as a probe for an EC aptasensor for MLT 
detection by Xu et al. [95]. Zirconium-MOF has attracted 
attention in EC applications because of its outstanding 
catalytic characteristics, thermal stability, and good elec-
trical properties. It was connected with 5′-NH2-cDNA 
and carboxylated Fc. The 5′-SH-MLT aptamer was con-
nected with Au–S bond on GNP-GCE, and it formed a 
dsDNA structure with the cDNA of the nanocomposite 
probe. Finally, the nanocomposite probe was removed 
in the Tris–HCl buffer after adding MLT because of the 
strong connection of the MLT aptamer with the pesticide. 
This EC aptasensor exhibited a linear range and LOD of 
25–850 and 17.18 ng  L−1, respectively. The proposed 
aptasensor had an acceptable recovery and RSD for MLT 
detection in long bean and cucumber samples.

Bala et al. [96] reported a sensitive FS aptasensor for 
MLT determination, with a LOD and linear range of 4 pmol 
 L−1 and 0.01 nmol  L−1–1 μmol  L−1, respectively, via the FS 
response of CdTe@CdS-QDs and PGPMA as a probe. The 
signal of FS switched off after adding MLT to PBS buffer 
pH = 7.32 because of the presence of cationic polymer and 
quenched QDs. However, before the addition of MLT, the 
aptamer and the polymer were connected by electrostatic 
interactions, and the polymer did not affect the FS of QDs 
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(Fig. 3C). Finally, the proposed FS aptasensor was suc-
cessfully applied for MLT detection in three types of water 
and orange samples with acceptable recovery (84–119%).

In the last investigation, Chen et al. [97] reported a sen-
sitive turn-off FS aptasensor combining  NaYF4:Yb, Er 
UCNPs, GNPs, and PDDA as a negative, positive, and posi-
tive charge structure, respectively, to prepare FRET after the 

Fig. 3  A EC process of MLT detection based on PDA-GNP by Xu 
et al. [89], B schematic process of DPV aptasensor for MLT detection 
by Kaur et al. [92], C FS process of MLT detection based on CdTe@
CdS-QDs and PGPMA by Bala et  al. [96], D CM process of MLT 
detection based on unmodified GNPs and PDDA by Bala et al. [40], 

E schematic process of CM aptasensor for MLT detection by Bala 
et al. [9], and F schematic process of CM aptasensor reported by Bala 
et al. (2018) [98]. Reprinted with permission from [9, 40, 89, 92, 96], 
and [98]
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addition of MLT. The FS response decreased with increasing 
MLT concentration in the linear range of 0.01–1 μmol  L−1. 
Moreover, the obtained LOD was 1.42 nmol  L−1. Finally, 
the developed aptasensor displayed acceptable results for 
MLT determination such as recovery (90.00–111.75%) in 
tap water and tea powder samples.

Bala et al. [40] applied unmodified GNPs and PDDA as 
a water-soluble and cationic polymer for a sensitive CM 
aptasensing platform for determination of MLT. Here, the 
role of PDDA is important before and after the addition 
of MLT. Prior to the inclusion of MLT, the MLT aptamer 
interacts with PDDA, resulting in the red dispersion of free 
GNP. After addition of MLT, PDDA interacted with the free 
GNP and the color changed from red to blue (Fig. 3D). The 
developed CM aptasensor had a linear range and LOD of 
0.5–1000 and 0.06 pmol  L−1, respectively. At last, this apta-
sensing platform was examined by comparison with HPLC 
for MLT determination in apple and lake water samples with 
(88–104%) recovery and (3.08–7.91%) RSD.

In another study, Bala et al. [9] used unmodified GNP 
with a positively charged peptide as a linker to the MLT-
aptamer (before addition MLT) and to the GNP (after addi-
tion MLT) for a sensitive CM aptasensor of MLT detec-
tion (Fig. 3E). For MLT detection, the unmodified GNP/
peptide-based CM aptasensor showed a good linear range 
(0.01–0.75  nmol  L−1) and LOD (1.94  pmol  L−1). This 
aptasensor was used in two types of water and apple samples 
with acceptable results.

A sensitive CM aptasensor was reported by Bala et al. 
[98] using hexapeptide and AgNP for MLT detection. Hexa-
peptide was chosen for this investigation because it inter-
acts more efficiently with aptamer than other small peptides. 
Contrary to this, as AgNP has a greater molar extinction 
coefficient, it offers improved sensitivity and visibility. Here, 
the hexapeptide interacted with the MLT-aptamer and AgNP 
before and after the addition of MLT (Fig. 3F). With increas-
ing MLT concentration from 0.01 nmol  L−1 to 0.75 nmol 
 L−1 linearly, the color of the solution changed from yellow 
to orange. Also, the LOD was found to be 0.5 pmol  L−1. 
Finally, the aptasensor was examined for MLT detection 
in spiked apple, tap water, and lake water samples with 
(89–120%) recovery and (2.98–4.78%) RSD.

In the last investigation of MLT detection, Abnous et al. 
[99] reported a CM aptasensor via protecting GNP with 
a dsDNA (MLT-aptamer and cDNA). The MLT-aptamer 
releases cDNA with increasing MLT concentration and then 
separates from the GNP surface. At last, the GNP aggregate 
in the presence of salt by changing color from red to pur-
ple. In this study, the presence of dsDNA protects the GNP 
from salt-induced aggregation and improves assay sensitiv-
ity by stabilizing the GNP. The LOD and linear response of 
MLT were 1 pmol  L−1 and 5 pmol  L−1–10 nmol  L−1, respec-
tively. With 88.6–104.5% recovery and 1.9–6.8% RSD, this 

aptasensing technology was effectively employed to deter-
mine MLT in serum samples.

The ECL aptasensor developed by Chen et al. [100] was 
also used for MLT detection. They applied  NH2-MIL-88(Fe) 
MOF and CdTe QDs-S2O8

2− for determination of MLT. 
The QDs are located on the outer and inner structures of 
the desired MOF. The MLT-aptamer was adsorbed on 
 NH2-MIL-88(Fe)/CdTe QDs to prepare a nanocomposite 
ECL probe. When the Fe(II) in  NH2-MIL-88(Fe) reacted 
with peroxydisulfate ion  (S2O8

2−), generated Fe(III) from 
this reaction was reduced in the EC process. Moreover, the 
sulfate radical produced in this cycle reacted with CdTe QDs 
and created a better ECL signal. The results showed a linear 
range with the logarithm of the MLT concentration in the 
range of 1 pg  L−1–1 µg  L−1, with a LOD of 0.3 pg  L−1.

In another investigation, Liu et al. [101] designed an ECL 
simultaneous aptasensor for determination of acetamiprid 
and MLT determination via g-C3N4 and luminol on hollow 
Cu/Co-MOF as luminescence signals. The hollow MOF was 
used as the luminescent reagent carrier, which increased the 
amount of luminescent reagent that could be loaded into the 
hollow MOF. Its high conductivity improved the lumines-
cent efficiency of reagent, hence enhancing the sensitivity 
of the assay. They designed a dual-signal ECL aptasensor 
with luminol and g-C3N4 at 0.6 V (acetamiprid) and − 1.5 V 
(MLT), respectively. The LODs and linear ranges of the 
dual-signal aptasensor for acetamiprid and MLT detec-
tion were 0.015 pmol  L−1, 0.018 pmol  L−1, and 0.1 pmol 
 L−1–0.1 μmol  L−1, respectively. The suggested approach 
yielded good results for acetamiprid and MLT detection in 
apple and tomato samples, with recovery of 94–102% and 
RSD of 2.25–4.28%.

Chen et al. [102] designed a DNA-Ag nanocluster probe 
for MLT detection by a UV–Vis absorbance aptasensor. 
The DNA-Ag probe had a maximum absorption at 420 nm, 
which increased to 420 nm after adding MLT. The proposed 
aptasensor was used for the sensitive determination of MLT 
from 0 to 25 µg  mL−1 by UV–Vis absorbance spectroscopy 
with a LOD of 25 pg  mL−1. Finally, the aptasensor was 
examined by comparison with HPLC for MLT detection in 
blood samples.

Another type of optical sensors is LC sensors which Kim 
Hong and Jang [103] and Nguyen and Jang [104] reported 
for the sensitive detection of MLT.

Diazinon

Another widely used OPs is DZN (dimethylene isopropyl 
methyl primidyl thiosulfate), which is used in agriculture to 
control pests of crops such as fruits and vegetables [105]. It 
is highly soluble in water, and hence, it has the potential to 
penetrate the soil and contaminate ground water [106]. This 
pesticide is classified as a relatively dangerous toxin by the 
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WHO and the USEPA [107, 108]. DZN is absorbed through 
the skin of living organisms. More than 350 mg  kg−1 is 
lethal to humans [108]. Contamination of the body with 
DZN changes the amount of liver enzymes, which leads to 
short-term and long-term effects on humans [109]. Short-
term side effects of DZN infection include dizziness, head-
ache, diplopia, nausea, abdominal pain, and skin problems, 
and long-term side effects include neurological disorders, 
infertility, and cancer [110, 111]. Therefore, accurate meas-
urement of DZN in water, soil, and crops is crucial to pre-
vent health hazards. In recent years, many methods such as 
GC and LC [112–118] as well as CE [119] have been used 
to measure DZN.

Hassani et al. [120] investigated the development of DPV 
aptasensor for the determination of DZN. This aptasensor 
was built with a SPGE that had been modified with thiolated 
aptamers adsorbed on GNP (Fig. 4A). The best deposition 
time was 150 s. DPV was used to measure EC activity in a 
[Fe(CN)6]3−/4− solution. The current fluctuation was inves-
tigated in the DZN concentration range of 0.1–1000 nmol 
 L−1. When compared with HPLC and other CM techniques 

for DZN detection, the proposed aptasensor exhibited an 
exceedingly low LOD (0.0169 nmol  L−1).

Khosropour et al. [121] developed an EC aptasensor to 
determine DZN. As a novel category of nanocomposite, 
 VS2QDs were produced using a simple hydrothermal tech-
nique and doped on G nanoplatelets/carboxylated-MWC-
NTs. Through electrostatic contact, the produced nano-
composite on GCE was incubated with the DZN-aptamer. 
The modified electrode was utilized to detect DZN at low 
levels by monitoring the oxidation of the redox probe 
[Fe(CN)6]3−/4− (Fig. 4B). The DZN-aptamer can preferen-
tially adsorb DZN on the modified electrode, decreasing the 
DPV current and increasing the  RCT of EIS. Under optimum 
conditions, the developed EC aptasensor has low LOD val-
ues of 11 and 2 fmol  L−1, respectively, with broad linear 
dynamic ranges of 50 fmol  L−1–10 nmol  L−1 and 10 fmol 
 L−1–10 nmol  L−1 for DPV and EIS calibration curves.

Arvand and Mirroshandel [122] created a new aptasen-
sor that detects DZN with high sensitivity and specificity 
using FRET between QDs as a donor and GO as an acceptor. 
FRET was used to obtain PL quenching after GO was linked 

Fig. 4  A EC process of DZN detection based on GNP-SPGE by Has-
sani et al. [120], B schematic process of DPV and EIS aptasensor for 
DZN detection by Khosropour et  al. [121], C FS process of DZN 

detection based on GO-UCNP by Rong et al. [123], and D PEC pro-
cess of DZN detection by Tan et al. [125]. Reprinted with permission 
from [120, 121, 123], and [125]
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to aptamers. The LOD of the aptasensors was 0.13 nmol  L−1, 
and its linearity was maintained at 1.05–206 nmol  L−1. Due 
to a lack of binding affinity for the aptamers, other pesticides 
did not contribute to PL recovery, demonstrating the selec-
tivity of biosensor.

Rong et al. [123] devised a FS aptasensor for detect-
ing DZN in food at low concentrations. Aptamer-modified 
UCNPs were produced and conjugated with GO through 
π-π interaction. The FS was quenched because of the 
FRET between UCNPs and GO. When DZN was added, 
the aptamer preferred to bind to it, which resulted in the 
separation of GO and increase in FS signal (Fig. 4C). In 
this study, the presence of GO due to the high surface area 
and the placement of a large volume of UCNPs on its sur-
face increase the sensitivity in DZN detection. A wide lin-
ear detection range of 0.05–500 ng  mL−1 and a LOD of 
0.023 ng  mL−1 were achieved under ideal conditions.

Fooladi Talari et al. [124] constructed a FS aptasensor 
based on reduced GQDs and MWCNTs for DZN detection. 
A simple FS method using reduced GQDs, a DZN-aptamer, 
and MWCNTs was developed to measure DZN with a LOD 
of 0.4 nmol  L−1 in the range of 4–31 nmol  L−1. The proposed 
aptasensor was able to detect DZN with excellent accuracy 
and selectivity in real samples. The precise aptasensor cre-
ated in this study serves as a sensitive, low-cost, quick, and 
portable device for detecting DZN in contaminated samples.

Tan et al. [125] created a self-PEC aptasensor based on 
h-BN for DZN detection with high photoelectric conversion 
efficiency. In this study, the h-BN is a 2D semiconductor 
comparable to G, but with carbon atoms replaced with boron 
and nitrogen atoms. However, h-BN can only be excited by 
ultraviolet light because it has a large bandgap. This hugely 
limits the use of visible light, so element doping has been 
an important way to improve the absorption of visible light 
and to narrow the bandgap of photoactive materials. With 
an original concept to establish a Z-scheme heterojunction 
of h-BN and gCN by doping sulfur into h-BN, they were 
the first to use h-BN-based materials in a PEC aptasensor. 
The charge transfer process was explained and verified using 
the ESR spin-trap technique (Fig. 4D). The PEC aptasen-
sor recommended for DZN detection had a linear range of 
0.01–10,000 nmol  L−1, a low LOD of 6.8 pmol  L−1.

Isocarbophos

ICB is a widely used OPs that has been used in China since 
the 1980s. This pesticide is used in agriculture to control 
insect populations, including locusts, by inhibiting acetyl-
cholinesterase. Contamination of water with this pesticide 
causes poisoning of aquatic organisms such as Gobiocypris 
rarus, Brachydanio rerio, Daphnia magna, and Oryzias 
latipes [126–129]. Therefore, performing simple and sen-
sitive methods for detecting, eliminating, and measuring 

ICB can increase food safety and preserve the environment. 
GC–MS and HPLC–MS [130, 131] have been used for sensi-
tive soil measurements.

Yu et al. [132] designed an EC aptasensor on an Au elec-
trode by modifying ICB-aptamer with 5′-SH-azobenzene 
and 3′-Fc groups for the sensitive determination of ICB. 
When this aptasensor was exposed to UV light, the trans-
azobenzene structure trans formed to cis. With the addition 
of ICB, DPV current increased. The suggested aptasensor 
had a wide linear range of 10 pmol  L−1 to 10 µmol  L−1 
under optimal conditions, with a LOD of 3 pmol  L−1. This 
aptasensor was also effectively used to validate applicability 
and stability in the ICB analysis of tomato samples, with a 
recovery rate of 76.2–119.3% and RSD of 1.8–10.7%.

Wang et al. [133] suggested an EC aptasensing approach 
based on UiO-66-NH2 for ICB detection. The suggested 
MOF could bind to ICB-aptamers. The ICB-aptamers could 
undergo conformational changes and bind to them in the 
presence of ICB, preventing electron transfer to the electrode 
surface (Fig. 5A). This study demonstrates the significance 
of Zr sites and ligands in MOF structures for the develop-
ment of extremely effective aptasensors. MOFs, as we know, 
have a large surface area and a variable pore environment, 
both of which can alter sensing effectiveness. The aptasen-
sor responds to ICB linearly from 0.01 to 1 μg  mL−1 with 
a LOD of 6 ng  mL−1 (physical mixing) and from 0.001 to 
1 μg  mL−1 with a LOD of 0.9 ng  mL−1 under optimal condi-
tions (chemical combination). The results of ICB analysis in 
Chinese cabbage and apple peel samples were comparable, 
demonstrating its applicability. This work presents an alter-
native method for fabricating a food detection aptasensor 
based on UiO-66-NH2.

By modifying an aptamer using MWCNTs and G-quad-
ruplex, Li et al. [134] reported a FS aptasensor for ICB 
determination. At their respective terminals, the split ICB-
aptamer was linked to a G-quadruplex in this study. In the 
presence of ICB, the split aptamers may conformationally 
change into a sandwiched-like ternary complex, prevent-
ing them from being adsorbed to MWCNTs because of 
increased steric hindrance. The FS analysis with a LOD 
of 10 nmol  L−1 was used to determine ICB ranging from 
10 to 500 nmol  L−1. The proposed aptasensor was utilized 
to detect ICB in Chinese cabbage and apple samples, with 
recoveries ranging from 97.8 to 106.4%, indicating that its 
great promise for assessing ICB.

Fan et al. [135] designed a FS aptasensor for the ICB 
detection based on AT-TWJ-DNA stabilized CuNP and 
magnetic  Fe3O4@GO as FS signal and ssDNA adsorbent, 
respectively. The designed aptasensor had a high sensitivity 
to ICB under ideal conditions, with a low LOD of 3.38 nmol 
 L−1 and a large linear dynamic range of 10–500 nmol  L−1. 
Furthermore, the aptasensor was successful in determining 
ICB in lake water and apple samples.
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Finally, Wang et al. [136] developed a new CM and PS 
aptasensor for sensitive ICB determination.

Phorate

The PhT (O,O-diethyl s-ethylthiomethylphosphorodithio-
ate) is frequently used in agriculture due to its effectiveness 
against rodent pests such as mites, leafhoppers, leaf miners, 
nematodes, and rootworms. However, excessive use of this 
insecticide causes severe poisoning for animals and humans 
[137, 138]. Some methods such as GC [139], GC–MS [140, 
141], and HPLC–MS [142, 143] have been applied for PhT 
detection.

Bala et al. [144] used a pesticide-specific aptamer as the 
recognition element and GNP as the optical sensor. The 
aptamer offers stability to the GNP when they are linked, 
ensuring their proper dissemination. However, when the 
PhT is added, the aptamer takes on a stiff conformation, 
causing the GNP to aggregate. The color of the solution 
changed from red to blue with the addition of PhT. The 
linear range and LOD of the developed CM aptasensor 
were 0.01 nmol  L−1 − 1.3 µmol  L−1 and 0.01 nmol  L−1, 
respectively. Finally, this aptasensing platform was com-
pared with HPLC in spiked apple samples, with a recovery 
of 93–105%.

Fig. 5  A EC process of ICB detection based on UiO-66-NH2 by 
Wang et al. [133], B schematic process of CM and PS aptasensor for 
ICB detection by Wang et  al. [136], C PEC process of PFF detec-
tion based on  MoTe2NPs/RGO by Ding et al. [159], D FS process of 

OMT detection by Zhao et al. [169], and E schematic process of ECL 
aptasensor for OMT detection by Ding et  al. [171]. Reprinted with 
permission from [133, 136, 159, 169], and [171]
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Li et  al. [145] created an efficient aptasensor for 
the CM detection of PhT using DNA-AgNCs. PhT can 
cause DNA-AgNCs to aggregate; thus, the color of the 
solution changed from brown to colorless when it was 
added. A good linear relationship was found between 
altered absorbance and PhT concentration within 
25 pg  mL−1–25 µg  mL−1 under ideal conditions, and the 
LOD could reach 0.012 ng  mL−1. Furthermore, the sug-
gested aptasensor was more accurate in quantifying PhT 
in spiked blood samples when compared with GC–MS.

Profenofos

PFF is used to control pests in vegetables, fruits and crops, 
especially lepidopteran species in cotton. According to the 
WHO, this pesticide is in the category of medium to toxic 
pesticides (class II) [146]. PFF is widely used in many parts 
of the world, especially in Asia, the Indian subcontinent, 
Africa and the Americas [147–149]. Himachal Pradesh, 
one of the northern states of India, as a major producer 
of apple, widely uses PFF to protect crops from pests and 
insects [150]. The improper use of this pesticide and its 
residue in environments such as surface water and soil has 
had negative consequences for both humans and the envi-
ronment. Diagnostic methods such as GC [151, 152] and 
HPLC [153], which are devices with high prices and rela-
tively large size, have been used. It has become critical in 
recent years to employ simple and low-cost approaches for 
PFF identification.

Using GNP/polyaniline g-SPE, Selvolini et al. [154] cre-
ated a signal-off aptasensor for the EC detection of PFF. 
The hybridization reaction was assessed using a streptavi-
din–alkaline phosphatase enzyme combination that cata-
lyzes the hydrolysis of 1-naphthyl-phosphate. The analyti-
cal response ranged from 0.1 to 10 µmol  L−1 with a LOD 
of 0.27 µmol  L−1. Finally, with an 82–87% recovery, this 
aptasensing method was used to identify PFF in spiked pear 
juice samples.

Jiao et al. [155] designed another EC study. The probeʼs 
cleverly constructed HP structure was unraveled with PFF 
coupled with the aptamer sequences, and then, the target 
PFF and cDNA sequences containing HP were recycled sep-
arately using Vent polymerase and T7Exo. At the same time, 
the Fc-labeled DNA duplex could be digested into mononu-
cleotides with the use of T7Exo, allowing the end-tagged Fc 
to contact the electrode surface and provide an increased EC 
response. As a result, within the PFF concentration range 
of 0.5–6.5 ng  mL−1, the proposed aptasensor had a LOD of 
0.01 ng  mL−1. The devised method may be used to deter-
mine PFF residues in vegetables.

Zhang et  al. [156] constructed a dual-amplification 
aptasensor for PFF detection by modifying a SPCE with 
an Au nanoshell and graphitized MWCNTs in the final 

examination of the EC aptasensor. Analytical performance 
assessment showed that the proposed aptasensor featured a 
calibration plot spanning the range of 0.1–1 ×  105 ng  mL−1 
toward PFF and a LOD of 0.052 ng  mL−1. Furthermore, this 
aptasensor demonstrated good repeatability, selectivity, and 
stability, and performed well in vegetable samples.

Jinʼen et al. [157] published a self-assembled aptamer 
with PEG-GO for the FS detection of PFF. The aptamer-
PEG-GO showed better detection performance due to the 
grafting of the blocking agent PEG onto its surface, which 
improved biocompatibility and adjusted adsorption capac-
ity. FS analysis with a LOD of 0.21 ng  mL−1 was used to 
determine PFF levels ranging from 0.5 to 100 ng  mL−1. 
With recoveries of 90.8–114.2%, the proposed aptasensor 
was employed to detect PFF in milk, cabbage, and tap water 
samples.

Liu et al. [158] devised an ECL aptasensor for the detec-
tion of PFF. As a catalytic and luminescent system, AgNPs 
on PE and luminol-H2O2 were used, respectively. ECL 
detection signals were weakened when the aptamer made 
contact with the PFF, showing that the aptasensor had been 
successfully constructed. When PFF was introduced, it 
came into contact with the aptamer, resulting in a substan-
tial reduction in ECL intensity. For the detection of PFF, the 
aptasensor had a large dynamic range of 0.5–100 ng  mL−1 
and a LOD of 0.13 ng  mL−1 under ideal conditions. Finally, 
the aptasensor was used to detect PFF in grape and leaf let-
tuce samples.

Ding and colleagues [159] used  MoTe2NPs/RGO hetero-
structures with an appropriate Schottky barrier to produce 
sensitive PEC aptasensing technology for PFF detection 
(Fig. 5C).  MoTe2NPs/RGO heterostructures had photocur-
rent intensities of 21.8 and 10.5 higher than those of RGO 
and  MoTe2NPs, respectively. In this study, the co-immobi-
lization of photovoltaic nanomaterials with PFF aptamer 
was able to create a suitable way to design a new sensitive 
aptasensor for PFF detection. The signal-to-noise ratio in 
this study has improved due to electrochemical measure-
ments and has increased the sensitivity in measuring the 
PFF. The PEC aptasensor that resulted from the  MoTe2NPs/
RGO heterostructures had a linear range of 1 ng  L−1–10 mg 
 L−1 with a LOD of 0.33 ng  L−1. Two vegetables, including 
Chinese chive and potato, were used in the standard addi-
tion procedure. The RSD and recovery were 95.3–114% and 
1.47–2.21%, respectively, indicating that the suggested PEC 
aptasensor may be used to analyze real samples.

Omethoate

Another type of OPs is OMT insecticide. This insecticide is 
also widely used to control agricultural pests. The mecha-
nism of action of OMT, similar to other types of OPs, is by 
affecting on the secretion of the enzyme acetylcholinesterase, 
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which increases acetylcholine in the nervous system of the 
insect and controls its population [160, 161]. Despite the 
good performance of OMT insecticide to control agricul-
tural pests, its excessive use in agricultural products has a 
negative impact on humans and environmental pollution, 
including surface water and soil [162, 163]. Therefore, vari-
ous measurement methods have been used to detect OMT 
such as GC [164], HPLC–MS [165–167], and MS [168].

Zhao et al. [169] constructed a FS-OMT aptasensor using 
poly (T) stabilized CuNPs as the FS signal and a 3D-DNA 
walker as the signal amplifier. The aptasensor is composed 
of one strand of dsDNA and one strand of ssDNA immobi-
lized on magnetic  Fe2O3 beads. The dsDNA is hybridized 
by the target aptamer-contained DNA (Apt-1) and the par-
tially cDNA, which acts as a WS in DNA walker. WS gen-
erates a free-walking ssDNA strand when OMT and Apt-1 
bind specifically. With the help of nicking endonuclease, 
the 3D-DNA walker can produce a large amount of poly 
(T) DNA during WS. When the supernatant is combined 
with ascorbic acid and  Cu2+, poly (T)-templated CuNPs are 
formed, resulting in bright FS (Fig. 5D). Linear dynamic 
range from 5 to 200 nmol  L−1 and a low LOD of 0.22 nmol 
 L−1 were calculated. Furthermore, when utilized to detect 
OMT in cabbage, apple, and lake water samples, the selec-
tivity and functionality imply that it could be beneficial in 
practical applications.

In another study of FS-OMT aptasensors, Nair et al. [170] 
built S-GQD using specialized recognition and binding 
capabilities of OMT-aptamer based on the tunable aggre-
gation-disaggregation mechanism of S-GQD. The designed 
“signal-on” aptasensor could detect OMT in a linear range of 
0.001 to 200 µg  mL−1 with a LOD of 0.001 µg  mL−1 under 
ideal conditions. This method showed excellent selectivity 
for detecting OMT.

Ding et al. [171] developed an ECL platform to detect 
OMT using  MoTe2 nanoparticles doped into ZIF-8. Elec-
trocatalytic co-reactor  S2O8

2 is easily converted to  SO4
•−. 

As a result of faulty ZIF-8 catalysis, the ECL intensity of 
 MoTe2/ZIF-8 nanocomposites substantially increased com-
pared with those of both ZIF-8 and  MoTe2 nanoparticles 
(Fig. 5E). Changes in ECL intensity as a function of relative 
OMT concentration were investigated further, and a linear 
range of 0.1 ng  L−1 to 10 µg  L−1 was achieved with a LOD 
of 0.033 ng  L−1. Furthermore, the ECL aptasensor appeared 
to have good practical performance in detecting potato and 
spinach extraction samples, suggesting a viable direction for 
building high-efficiency ECL aptasensors.

Wang et al. [172] created ssDNA-wrapped GNP that is 
resistant to aggregation caused by salt in this CM-OMT 
aptasensor. With an increase in OMT concentration from 0.1 
to 10 µmol  L−1, the color shift during aggregation is plainly 
visible to the naked eye. The LOD of the CM aptasensor was 
0.1 µmol  L−1. This method has been used to detect OMT in 

soil samples with great success. Table 2 summarizes differ-
ent aptasensors for OP determination.

Conclusion and future perspectives

Pesticides containing OPs are used all over the world to 
avoid crop losses due to agricultural pests and to increase 
product production, quality, and appearance. Due to the 
expanding usage of OPs in agricultural production, they are 
becoming more problematic, highlighting the importance 
of developing an effective and sensitive OP detection sys-
tem. OPs often stay in the soil and water environment for a 
long period at low concentrations and some of them may 
permeate into water bodies through various routes. The 
measurement of Ops becomes more difficult because of 
the very low concentrations and the complexity of soil and 
water matrix. As a result, developing a sensitive and reli-
able approach for monitoring OPs is critical for food safety 
and human health. The continuous concerns over the pesti-
cides have become more alarming over the world to develop 
the novel detection techniques. As of now, OPs have been 
determined using a variety of analytical techniques (such as 
GC, CE, HPLC, spectrophotometry, and voltammetry) to 
meet increasing market and social requirement. Given their 
exceptional features, aptamers are good solutions for ultra-
sensitive detection in the creation of point-of-need devices. 
The ability to detect small compounds, ease of fabrication, 
stability, adaptability, reversibility of the binding, reusabil-
ity, and significantly lower price, as well as the avoidance 
of animal hosts, are the key advantages. They have been uti-
lized to build several types of aptasensors based on various 
detection techniques, such as EC and optical, because of the 
aforementioned features. However, aptasensors have promis-
ing future in determination of pesticide detection; there are 
sustainable challenges associated with each type of sensors. 
With their fast response, high sensitivity and specificity, low 
cost, and simple operation, EC aptasensors can enable multi-
plexed analysis and on-site detection. However, the stability 
of EC aptasensors should be increased, and samples must 
always be pretreated well. FS aptasensors may also provide 
high sensitivity detection with high efficiency, simplicity, 
and rapid analysis in a variety of samples. However, the FS 
life and background can affect the aptasensor’s stability and 
accuracy. Also, CM aptasensors may provide clear viewing 
of results with naked eyes with convenience, practicality, 
and low cost, although they cannot perform quantitative and 
multiple detection without the use of other equipment and 
sensitivity must be further improved. Environmental vari-
ables like temperature and pH can affect the stability of the 
aptamer. The conjugation of the recognition element with 
the functionalized nanomaterial can increase the complexity, 
cost, and lifetime of the sensor. A comprehensive overview 
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Table 2  Aptasensors for organophosphate detection

OPs Principle Linear range LOD Interferences Real samples Ref

CHP EC 1–105 ng  mL−1 0.33 ng  mL−1 Carbofuran, dichlorvos, phoxim Leek, lettuce, pak choi [49]
EC 0.1–105 ng  mL−1 0.033 ng  mL−1 Phoxim, carbofuran, methyl para-

thion, carbaryl, acetamiprid
Leek, lettuce, pak choi, cabbage [50]

EC 0.1–150 ng  mL−1 70 pg  mL−1 Fenitrothion, OMT, deltamethrin, 
carbendazim, triazolone

Apple, celery, cabbage [52]

EC 1.0 fmol  L−1–0.4 pmol  L−1 0.35 fmol  L−1 Asulam, aflatoxin-B1, 
dimethoate, acetamiprid, carbo-
furan, MLT

Apple, lettuce [57]

EC 1.0 fmol  L−1–1.0 nmol  L−1 0.43 fmol  L−1 Glyphosate, acetamiprid, carben-
dazim, methamidophos

Tomato, apple [59]

EC 0.1–400 ng  mL−1 0.036 ng  mL−1 Amitrole, carbendazim, atrazine, 
fenitrothion

Apple, pak choi [60]

FS 100 pg  mL−1–100 µg  mL−1 0.73 ng  mL−1 Atrazine, carbaryl, acetamiprid, 
2,4-D

Spinach, lettuce, cabbage [61]

FS 5–600 nmol  L−1 3.8 nmol  L−1 Carbofuran, dichlorvos, phoxim, 
acetamiprid

Tap water, cucumber, apple, cab-
bage, kiwifruit

[62]

CM 0–1250 ng  mL−1 4.4 ng  mL−1 Atrazine, carbaryl, DZN, MLT, 
bisphenol A, 2,4-D

Winter jujube, cucumber, apple, 
cabbage

[63]

ECL 10 nmol  L−1–1.0 fmol  L−1 0.35 fmol  L−1 Methyl parathion, carbendazim, 
cypermethrin, acetamiprid

Celery, apple, cabbage, tomato [64]

MLT EC 0.001 ng  mL−1–0.01 µg  mL−1 0.001 ng  mL−1 - Lettuce leave, soil [85]
EC 0.5–600 ng  L−1 0.5 ng  L−1 Amitrole, CHP, methyl-para-

thion, deltamethrin, carbenda-
zim, triazolone

Cauliflower, cabbage [89]

EC 0.1 fmol  L−1–1.0 µmol  L−1 0.5 fmol  L−1 CHP-methyl, DMT,  Cu2+,  NO3
− Lettuce [92]

EC 25–850 ng  L−1 17.18 ng  L−1 CHP, fenitrothion, OMT, 
deltamethrin, carbendazim, 
triazolone

Long bean, cucumber [95]

FS 0.01 nmol  L−1–1 μmol  L−1 4 pmol  L−1 Atrazine, chlorsulfuron, CHP, 
diuron, 2,4-D

Tap water, lake water, soil water, 
orange

[96]

FS 0.01–1 μmol  L−1 1.42 nmol  L−1 Parathion, thiamethoxam, metho-
myl, CHP, methamidophos, 
imidacloprid, acetamiprid

Tea powder, tap water [97]

CM 0.5–1000 pmol  L−1 0.06 pmol  L−1 Atrazine, chlorsulfuron, 2,4-D, 
diuron, PhT

Lake water, apple [40]

CM 0.01–0.75 nmol  L−1 1.94 pmol  L−1 Atrazine, CHP, chlorsulfuron, 
2,4-D, diuron, ethion, PhT

Lake water, mineral water, apple [9]

CM 0.01–0.75 nmol  L−1 0.5 pmol  L−1 Atrazine, chlorsulfuron, 2,4-D, 
diuron, ethion, PhT

Tap water, lake water, apple [98]

CM 5 pmol  L−1–10 nmol  L−1 1 pmol  L−1 Atrazine, fenthion, parathion, 
PhT, chlorsulfuron, diuron, 
permethrin

Human serum [99]

ECL 1 pg  L−1–1 µg  L−1 0.3 pg  L−1 Carbendazim, cypermethrin, 
glyphosate, acetamiprid, 
aldicarb

Lake water, river water [100]

ECL 0.1 pmol  L−1–0.1 μmol  L−1 0.018 pmol  L−1 Acetamiprid, glyphosate, carben-
dazim, CHP, methionine

Tomato, apple [101]

UV–Vis 0–25 μg  mL−1 25 pg  mL−1 NaOH,  KHCO3,  CH3COOK, 
 NaHSO4,  C2H7NO2,  C2H2O4, 
barbital, diazepam, morphine, 
ketamine, dichlorvos, rogor, 
dipterex, CHP-methyl

Blood sample [102]

LC 0.8–50 pmol  L−1 2.5 pmol  L−1 Ethion, fenthion Tap water, soil [103]
LC 1–600 nmol  L−1 0.465 nmol  L−1 Ethion, fenthion, fenobucarb, 

carbofuran, phosmet
Tap water, river water, apple [104]
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Table 2  (continued)

OPs Principle Linear range LOD Interferences Real samples Ref

DZN EC 0.1–1000 nmol  L−1 0.0169 nmol  L−1 MLT, CHP, deltamethrin Plasma [120]

EC 50 fmol  L−1–10 nmol  L−1

10 fmol  L−1–10 nmol  L−1
11 fmol  L−1

2 fmol  L−1
Indoxacarb, CHP, acetamiprid, 

imidacloprid, carbendazim, 
tebuconazole

River water, soil, apple, lettuce [121]

FS 1.05–206 nmol  L−1 0.13 nmol  L−1 Heptachlor, endrin, dieldrin, 
edifenphos, butachlor, chlor-
dane

River water, cucumber, apple [122]

FS 0.05–500 ng  mL−1 0.023 ng  mL−1 Glyphosate, acetamiprid, chlor-
fenapyr, DZN

Tap water, tea, apple [123]

FS 4–31 nmol  L−1 0.4 nmol  L−1 Fenthion, dichlorvos, bentazon, 
pirimicarb, MLT, deltamethrin

Tap water, urine, river water, 
agricultural runoff water

[124]

PEC 0.01–10,000 nmol  L−1 6.8 pmol  L−1 PhT, MLT, PFF, deltamethrin Tap water, apple, river water [125]
ICB EC 10 pmol  L−1–10 µmol  L−1 3 pmol  L−1 Crotophos, DMT, imidacloprid, 

OMT, triazophos, profenophos, 
methamidophos, quinalphos

Tomato [132]

EC 0.01–1 μg  mL−1

0.001–1 μg  mL−1
6 ng  mL−1

0.9 ng  mL−1
Glucose, urea, citric acid,  Mg2+, 

 NO3
−

Chinese cabbage, apple peel [133]

FS 10–500 nmol  L−1 10 nmol  L−1 Methidathion, imidacloprid, 
CHP, phoxim, acetamiprid, 
thiram, diethofencarb, atrazine, 
metalaxyl, ziram

Chinese cabbage [134]

FS 10–500 nmol  L−1 3.38 nmol  L−1 Phoxim, CHP, imidacloprid, 
acetamiprid, methidathion

Lake water [135]

CM, PS 50–500 µg  L−1

5–160 µg  L−1
7.1 µg  L−1

0.54 µg  L−1
CHP, acetamiprid, imidacloprid, 

MLT, dichlorvos,  K+,  Mg2+, 
 Fe3+,  Cu2+,  Al3+

Brassica rape, Chinese cabbage, 
lettuce

[136]

PhT CM 0.01 nmol  L−1–1.3 µmol  L−1 0.01 nmol  L−1 Atrazine, chlorsulfuron, 2,4-D, 
diuron, ethyl parathion

Apple [144]

CM 25 pg  mL−1–25 µg  mL−1 0.012 ng  mL−1 Barbital, diazepam, o-dimethyl-
O-2, OMT, CHP-methyl, 
dipterex, morphine, ketamine, 
NaOH,KHCO3,  CH3COOK, 
 NaHSO3,  CH3COONH4, 
HOOCCOOH

Blood [145]

PFF EC 0.1–10 µmol  L−1 0.27 µmol  L−1 p-nitrophenyl-phosphate Fruit juice [154]
EC 0.5–6.5 ng  mL−1 0.01 ng  mL−1 CHP, MLT, phoxim, parathion-

methyl, ICB
Leek, lettuce, pak choi, cabbage [155]

EC 0.1–1 ×  105 ng  mL−1 0.052 ng  mL−1 Monocrotophos, OMT; PhT, 
ICB, methamidophos

Spinach, lettuce, cabbage [156]

FS 0.5–100 ng  mL−1 0.21 ng  mL−1 CHP, MLT, phoxim, methyl 
parathion, OMT

Tap water, milk, cabbage [157]

ECL 0.5–100 ng  mL−1 0.13 ng  mL−1 OMT, monocrotophos, PhT Leaf lettuce, rape [158]
PEC 1 ng  L−1–10 mg  L−1 0.33 ng  L−1 Edifenphos, DZN, OMT, penta-

chlorophenol
Chinese chive, potato [159]

OMT FS 5–200 nmol  L−1 0.22 nmol  L−1 ICB, PhT, PFF, methidathion, 
phoxim, paraoxon, CHP, MLT, 
acetamiprid, metalaxyl

Cabbage, apple, lake water [169]

FS 0.001–200 µg  mL−1 0.001 µg  mL−1 Carbofuran, methyl parathion, 
thiram

[170]

ECL 0.1 ng  L−1–10 µg  L−1 0.033 ng  L−1 DZN, edifenphos, MLT, dichlo-
rvos, PFF

Potato, spinach [171]

CM 0.1–10 µmol  L−1 0.1 µmol  L−1 PhT, PFF, ICB Soil [172]
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of aptamer-based biosensors with different sensing strategies 
for OPs has been provided. The aptasensors discussed in this 
review are extremely selective and repeatable for detecting 
OPs in real samples, with the majority being built for sensi-
tive and selective detection but further research and develop-
ments are still required.

After reviewing aptasensors for OP measurements in real 
samples, it was determined that new breakthroughs are still 
being made in the lab, with in situ deployment compatibil-
ity being promised but seldom delivered. Because the few 
sensors that have been fully integrated are still in the early 
stages of commercialization, significant data can only be 
gathered through the developer’s measurements. EC sensors 
have the potential to revolutionize analysis programs, but 
bringing this scenario to fruition will take careful planning 
and dedicated study. Also, optical and EC sensors continue 
to limit the capacity to detect several pesticide residues in a 
single sensor. Hence, to overcome these challenges, further 
research can focus on:

 (i) Controlled synthesis of nanomaterials with a small 
size distribution that will improve the performance 
of the sensor, while heterogeneous distribution 
decreases accuracy

 (ii) Fabrication of portable miniaturized devices with 
wireless technology, long-term stability, and dura-
bility for on-site quantification

 (iii) Sensing techniques and portable multiplexing devices 
that can be integrated into a fully automated system 
are in high demand

 (iv) Miniaturized portable devices with minimal sample 
pretreatment or pre-separation that provide high-
quality results will pave the way for a new generation 
of analytical devices capable of real-time detection.

 (v) By incorporating sample pretreatment techniques 
such as solid phase extraction, it is possible to 
achieve successful separation and reduce the matrix 
effect in complex matrices.

 (vi) For rapid on-site detection of pesticides, the use of 
paper-based sensors in conjunction with a portable 
device such as a smart phone can improve quantifi-
cation capability and sensitivity, hence simplifying 
analysis, data recording, and dissemination.

 (vii) Developing multi-channel optical devices capable of 
detecting multiple pesticide residues simultaneously 
in a single test

 (viii) To be successfully commercialized, handheld optical 
devices must exhibit a high degree of accuracy and 
precision. The precision and accuracy of the optical 
device might be related to the well-established pro-
tocols used in conventional approaches.

 (ix) Fabricating a ratiometric sensing platform with a 
dual recognition element for use in multiple sensing 

systems and for the purpose of reducing background 
noise and increasing stability.

 (x) The use of aptasensors for pesticide detection is 
still in its infancy due to the restricted number of 
aptamers that have been developed so far. As a result, 
much work is required to improve pesticide aptamers 
through the use of split aptamers and other enrich-
ment techniques.

 (xi) Fabrication of environmentally safe, long-lasting, 
cost-effective, and robust sensing devices for real-
time pesticide residue analysis. Additionally, while 
the sensing techniques have demonstrated a signifi-
cant improvement in on-site detection of pesticide 
residue, their on-site usability and portability remain 
in development. Thus, future attempts should prior-
itize overcoming the aforementioned challenges. 
Aptamer, in conjunction with advancements in func-
tional materials and nanomaterials, will open up a 
slew of new prospects for pesticide residue profiling.
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