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Abstract
One serious environmental problem in the world is food contamination. Many of the environmental pollutants result from 
agricultural activities. Particularly pesticides, which are commonly used to protect seeds and crops, have serious negative 
implications for human health. Therefore, biosensors were developed and used to detect pesticides in food and environmental 
samples in the last few decades. Indeed, utilization of enzyme inhibition method in pesticide detection has received the great-
est interest. Therefore, this study screens previous researches on enzyme inhibition biosensors for determining pesticides and 
highlights different biological sources of these enzymes. The review acts as a guide for the detection of organophosphorus 
and carbamate pesticides in vegetable crops.
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Introduction

Agriculture is the backbone of the economy of agrarian 
country. Ensuring food safety is an arduous task with declin-
ing cultivation land resources and increasing productivity of 
crops. This necessitates the adoption of high-yielding varie-
ties, balanced fertilization and often the indiscriminate use 

of pesticides. Pesticides are largely used in vegetables such 
as brinjal, ladies’ finger, tomato, cabbage, cauliflower, clus-
ter bean, chilli, and green leafy vegetables, since they are 
highly susceptible to pests and disease (Pandey et al. 2017). 
To control in-borne pests and obtain a high market value, 
pesticides are sometimes administered to the vegetables even 
after they have been harvested (Bhavadharani et al. 2019). 
Organophosphorus (OP) pesticides are commonly used for 
pest control, because of their expeditious breakdown and 
low persistence in the environment. However, OP pesticides 
cause many adverse health effects like headache, fatigue, 
breathing problems, abdominal cramps, tingling in extremi-
ties, and depression of cholinesterase activity (Nguyen et al. 
2019).

The term “enzyme inhibition” means inhibition or 
decrease of enzymes, processes related to its production, or 
enzyme activity (Alsanosi et al. 2014). Inhibition by small 
molecules is often regarded as a control mechanism for vari-
ous biological systems whose mechanisms are exploited in 
drug discovery programs (Mazzei et al. 2016). Biosensors 
have been developed and used to detect insecticides in food 
and environmental substances during the last few decades. 
Due to health issues, the food and environmental sectors 
demand a sensitive, precise, and rapid approach to monitor 
the release of hazardous compounds from natural or deliber-
ate pollution (Ghosh et al. 2021).
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Traditional methods and adequate for detecting pesti-
cides, but they are time-consuming, costly, require chemicals 
and specialized personnel, and are not suited for real-time 
analysis (Huertas-Pérez and García-Campaña 2008; Nguyen 
et al. 2019).

The response of an enzyme inhibition-based biosensor 
is dependent on the enzyme concentration on the biosen-
sor interface and its interaction with the substrate. Several 
analytical methods are available to monitor pesticide resi-
dues, and include liquid chromatography-mass spectrometry, 
gas chromatography equipped with a mass spectrometer, 
high-performance liquid chromatography, and bio-sensors. 
However, these methods are time-consuming and require a 
substantial initial investment (Ramachandran et al. 2015), 
which is reflected in the cost of per sample analysis. Con-
sequently, a number of enzymes inhibition-based biosen-
sors with biological receptors have been developed as an 
alternative because of their low reagent usage, low cost of 
production, quick analysis, and low powered requirements 
(Duford et al. 2013). The logical basis of the application of 
enzyme inhibition method in pesticide detection depends 
on incubation of a known amount of active enzyme with the 
sample (e.g. a vegetable crop species), hence the remaining 
activity is inversely proportional to the amount of inhibi-
tor (i.e. the pesticide) in the sample (Rajangam et al. 2018; 
Zhai et al. 2021). The substrate used in the construction of 
a biosensor is an important consideration since the choice 
of transducing agent and detection method is dependent on 
the substrate chosen. For example, when using Acetylcho-
line and butyrylcholine salts as substrates for cholinesterase 
in both acetyl and butyryl forms, potentiometric detection 
is favoured due to the formation of of H + ions during the 
process. But, amperometric and piezoelectric transducers 
are favoured when utilizing thiocholine and acetate salts 
as substrates (Rajangam et al. 2018). Indeed, other factors 
affect the biosensor efficiency like the type and concentra-
tion of the chosen enzyme, enzyme purity and loading, PH 
range, type of organic solvents, and substrate concentration 
(Rajangam et al. 2018). Therefore, the goals of this study 
are to (1) describe enzyme based-biosensors, (2) discuss dif-
ferent strategies of pesticide detection, (3) clarify the appli-
cation of nanotechnology in biosensor manufacturing, (4) 
highlight different biological sources of enzymes utilized in 
pesticide detection, and (5) screen for progress in research 
on enzymes utilized in pesticide detection.

Toxicity of Organophosphorus 
and Carbamate Pesticide Residues 
in Vegetable Crops

Organophosphorus and carbamate compounds are exten-
sively used in agriculture due to their lower toxicity and 
cheaper cost compared to other pesticides (Chowdhury 
et al. 2012). Nonetheless, these pesticides pose a serious 
health danger to humans through the consumption of veg-
etable crops in daily meals. Several of these compounds 
are genotoxic and carcinogenic, which can induce mild to 
severe respiratory and neurological damage. Chlorpyrifos 
has been linked to neurological diseases such as attention 
deficit hyperactivity disorder (ADHD) and a developmen-
tal disorder in both foetuses and children. Carbofuran, a 
carbamate, has been linked to major reproductive issues, 
whereas occupational exposure to carbaryl has been linked 
to nausea, vomiting, blurred vision, unconsciousness, and 
breathing difficulties (Chowdhury et al. 2012).

Pesticide detection by enzyme inhibition is intended for 
pesticides that inhibit enzymes, particularly phosphoric and 
thiophosphoric acid esters, as well as organophosphorus 
and carbamate pesticide residues (Maghsoudi et al. 2021a, 
2021b). The pesticide residues inhibit the enzyme by form-
ing an enzyme-inhibitor complex via a chemical process in 
which the serine hydroxyl moiety in the enzyme active site 
is phosphorylated or carbamylated (Fukuto 1990).

Recent research revealed that organophosphorus and 
carbamate pesticide residues adhered more to vegetables 

Fig. 1  Statistics of concentration percentage of pesticide residues that 
exceed maximum residue limit (MRL) in vegetable crops
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than fruits and cereals. This could be because vegetables 
have a larger surface area to size ratio than fruits and 
cereals, thus allowing for more contact with pesticides 
(Fatunsin et al. 2020). Recently, Ramadan et al. (2020) 
determined pesticide concentrations in 211 vegetable sam-
ples. Except for carrot, cauliflower and lettuce, all of the 
examined vegetables had a significant percentage of identi-
fied residues (Fig. 1).

Principle of Enzyme‑Based Biosensors

Food contaminants and environmental pollutants have seri-
ous repercussions for human being health (Duford et al. 
2013; Rajangam et  al. 2018; Salam et  al. 2016). Many 
environmental pollutants result from agricultural activities 
(Mushtaq et al. 2020), particularly pesticides that are com-
monly used to protect seeds and crops. Thus, their frequent 
use contributes to human health issues. Arduini et al. (2010) 
illustrated that organophosphate and carbamate pesticides 
inhibit acetylcholine esterase (AChE), which is an enzyme 
involved with the transmission of nerve impulses. Accord-
ingly, corresponding health concerns brought stricter limi-
tations and mounting pressure on analysis laboratories for 
the proper monitoring of samples. The advantages of using 
enzymes, such as the high specificity of enzyme–substrate 
interactions and the high turnover rates of biocatalysts, have 
made enzyme-based biosensors one of the most extensively 

studied areas. In addition, they are attractive in food safety 
and clinical research than the other non-enzymatic sensors 
due to their high sensitivity and specificity, portability, cost-
effectiveness, and the possibilities for miniaturization and 
point-of-care diagnostic testing (Nguyen et al. 2019).

Pesticide detection in food and environmental samples 
using biosensors focuses on measuring the activity of an 
enzyme (pesticide detection process by biosensors is illus-
trated in Fig. 2). The enzyme is immobilized to transduce 
elements either directly or indirectly and the immobilized 
enzyme activity is measured in terms of current, voltage or 
conductivity (total ions present in the solution), or changes 
in optical characteristics (Xuejiang et al. 2006). The inhibi-
tion percentage is calculated as the ratio of the differences 
between enzyme activity before and after inhibition. The 
enzyme reaction could be controlled through kinetics (Clar-
isse et al. 2010). Most biosensors are based on kinetically 
controlled reactions. The percentage of inhibition is calcu-
lated by the ratio of difference between activity before and 
after inhibition to immobilized enzyme activity (Guodong 
and Yuehe 2006). The selection of the immobilization meth-
ods depends on the cost of the enzyme, the reagents, and 
the efficacy of immobilized enzyme in commercial applica-
tions. Newer factors such as the buffering capacity of solu-
tions and the membranes used to entrap the biosensors are 
currently considered. These factors lead to enhanced sen-
sitivity and low limits of detection for organophosphorus 
compounds (Zhang et al. 2009; Rajangam et al. 2018). Also, 

Fig. 2  The detection mechanism 
of biosensors
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AChE immobilization on membranes and the screen-printed 
electrodes are advantageous as the miniaturization reduces 
material cost (Zhang et al. 2009). For instance, the adsorp-
tion of Creatinine deiminase in a conductometric enzyme 
biosensor utilizing Creatinine as a substrate (Nguyen et al. 
2019). In addition, detection of organophosphorus pesticides 
remaining in the potted vegetables was applied successfully 
using potentiometric enzymatic membrane biosensor based 
on Methylcellulose immobilization (Zhang et al. 2009).

The AChE and butyrylcholinesterases are immobilized 
using glutaraldehyde and bovine serum albumin (BSA) 
using a cross-linking technique to detect the paraoxon ethyl, 
diisopropyl fluorophosphates, paraoxon‐methyl and trichlo-
rfon (Salam et al. 2016; Duford et al. 2013). Both enzymes 
have different sensitivities towards pesticides, which encour-
ages the development of multi-biosensors.

Diehl-Faxon et al. (1996) detected trichlorfon with poten-
tiometric biosensors using enzyme immobilization. A tri-
enzyme electrode made of highly teflonized carbon black 
was used. The procedure included adsorption of peroxidases 
and immobilization of choline oxidase and choline esterase 
using glutaraldehyde as a binding agent. Even after 1 month 
of being stored at 4 °C, the electrode retained 95% of its 
activity. This work exhibited the potential of using poten-
tiometric enzyme electrodes, which included electrocataly-
sis of the enzymes, for fast and sensitive organophosphate 
assays (Rajangam et al. 2018). The AChE is immobilized 
around the pH electrode with membranes made of gelatine 
and chitosan. Improved stability is researched by changing 
the parameters affecting the responses of the biosensors. In 
addition, cholinesterase from several sources was immobi-
lized using antimony electrode surfaces with a commercially 
available membrane (nylon and cellulose nitrates), glutaral-
dehyde vapours and aqueous solutions (Ivanov et al. 2000). 
Silica gel is also used as supporting material to immobi-
lize acetylcholinesterase, which decreases the volume of 
the sample needed (Suwansa-ard et al. 2005). The use of a 
simple solution allowed operating biosensors at a low cost.

Biosensors based on 7,7,8,8‐tetracyanoquino dimethane 
modified screen-printed electrodes containing immobilized 
AChE were generated (Ivanov et al. 2003). This solved the 
problem of pesticide detection by activating phosphorothio-
ate with the chloroperoxidase in the sample. The activity of 
the biosensor was evaluated before and after incubation with 
the activated specimen. This innovative enzymatic activation 
and detection of phosphorothioate were applied to food sam-
ples without using time-consuming and costly pre-treatment 
techniques. Chlorpyrifos, parathion methyl, methidathion, 
fenitrothion and triazophos were all tested using this method. 
Triazophos and chlorpyrifos were completely oxidized, but 
the rest were converted 54 to 61 percent of the time (Ivanov 
et al. 2003). Chlorpyrifos had a detection limit of 5 g/L. 
Pesticide analysis took two hours using this procedure.

Enzyme Inhibitor Systems

The information about the inhibition kinetics of the free 
and the immobilized enzymes are essential in developing 
inhibitory biosensors (Rajangam et al. 2018; Bucur et al. 
2018; Kaur and Singh 2020). The enzyme inhibitory sys-
tems are complex, with reversible and irreversible mecha-
nisms. The dissociation constant describing the binding 
affinity between the inhibitor and the enzyme (Ki value) 
is needed to determine the lowest detection limit. Kaur 
and Singh (2020) explained the non-competitive sup-
pression of a pesticide by preincubating the enzyme with 
the pesticide. Both substrate and inhibitor doses affected 
inhibition. The degree of inhibition is determined by the 
incubation time. The Aldridge equation log (100/ percent 
I) = K2 [I] t describes the relationship between inhibition 
and preincubation time, where K2 is a biomolecular rate 
constant (Rajangam et al. 2018). A biosensor was prein-
cubated with pesticide for different durations and the sub-
strate was added to determine the suppression of enzyme 
activity (Rajangam et al. 2018), the inhibition of which 
was non-competitive. The choice of substrate concentra-
tion [S] is critical when conducting inhibition research and 
calculating the percentage of inhibition. Higher inhibition 
was reported at high [S], but pesticide detection was not 
possible at low substrate concentrations. Kuusk and Rinken 
(2004) explored the seismic behavior of a biosensor using 
tyrosinase for the determination of carbaryl (see Fig. 3). 
They constructed a model with two independent parameters 
to identify carbaryl concerning an acceptable value, which 
was reached within 10 min. Pesticide detection was simple 
and quick with this method, compared to a time-consuming 
steady-state analysis. Kesik et al. (2014) developed an ace-
tylcholinesterase biosensor for serine detection. Serine was 
discovered to be a reversible competitive inhibitor with a 
detection range of 1.0–100 M in inhibition kinetic stud-
ies. Enzymes used in biosensor pesticide detection can 
be extracted from different natural sources such as plants 
(Bedair 2020; Bedair et al. 2020), algae, insects, animals 
or microorganisms (Table 1).

Pesticide Detection Strategies

Optical Methods

Optical Biosensors

Optical biosensors are based on enzyme inhibition (Table 2). 
Optical biosensors are devices that use biological molecules 
to detect pesticides in samples. These are effectively used 
to identify organophosphorus pesticide deposits in environ-
mental samples and food. For this situation, the information 
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is assembled from the assessment of photons (than 
electrons in the case of terminals). The production of 
optical biosensors relies upon acetylcholinesterase that 
returns as a bio-recognizer of the separate organophos-
phorus compound’s pesticides (enzymatic limitation 
as depicted already). The progressions in the optical 
limits like chemiluminescence, absorbance, and f lu-
orescence (FL) are assessed by using optoelectronic 
transducers. Figure 4 shows the schematic portrayal 
of various optical detecting systems dependent on the 
hindrance of ACHE by organophosphorus compounds. 
Figure 5 gives a classification of enzyme inhibition-
based applications for organophosphorus compounds 
and carbamates (Cao et al. 2020).

Optical Colorimetric Assay

The optical colorimetric assay directly tests for ACHE 
hindrance-based organophosphorus compounds. By utiliz-
ing the colorimetric technique, Ellman et al. (1961) pro-
posed a strategy to ensure ACHE action in organic tissues 
(Cao et al. 2020). The strategy was to gauge the reaction 
rate of thiocholine, which is dependent on acetylthiocho-
line hydrolysis. Thiocholine reacts with 5, 5'- dithio-bis 
(2-nitrobenzoic) corrosive (DTNB) to form a yellow prod-
uct. This technique is commonly used to test for pesticide 
accumulation in different environments. It is irrefutable 
that Ellman's strategy played a vital role in pesticide 
detection, but has inadequate sensitivity and specificity 
(Rajangam et al. 2018).

Metal nanoparticles containing elements such as gold 
(Au) and silver (Ag) are used in the detection of pesticides 

by affecting the dispersion and absolute state of solutions 
(Cao et al. 2020). Generally, gold nanoparticles (AuNPs) 
are red in a dispersed state, but change to steel-blue with 
thiocholine adsorption. Owing to the color change, differ-
ent colorimetric methods using the hydrolytic reaction of 
AChE and AuNPs have been created. Numerous nanoparti-
cles, notably AuNPs and platinum 4 nanoparticles (PINPs), 
exhibit peroxidase-like activity (Cao et al. 2020). Tetrame-
thyl benzidine (TMB), which is highly sensitive to peroxi-
dase activity, is often used in conjunction with nanoparticles 
in colorimetric tests. Hydrogen peroxide  (H2O2) oxidizes 
tetramethyl benzidine from colourless to blue. However, the 
resulting sulfhydryl-containing thiocholine from the AChE 
reaction can reduce the catalytic efficiency of nanoparticles 
(Cao et al. 2020).

Rapid Test Card (Strip)

The rapid test card (strip) was devised by immobilizing pro-
tein, substrate, and chromogenic compounds on a paper sys-
tem for visual confirmation of pesticides (Cao et al. 2020). 
This methodology has the benefits of the ability to transfer, 
rate, basic activity, and ease. Protein activity is viable for 
2 months at 4 °C, but lower when stored at room tempera-
ture for a longer time (Sun et al. 2017). For visual detection 
of pesticide deposits, improving the shading goal implies 
improvement in the exactness (Guo et al. 2013). Examina-
tion on visual sharpness has shown that the visual cells of 
people are generally delicate to a frequency close to the 
blue-green. In this setting, Sun et al. (2011) planned a two-
fold film screening card, made out of glass fiber RB 65 and 
polyester fiber VL 78, which contains acetylcholinesterase 

Fig. 3  The utilized enzymes 
concerning pesticide detection 
in biosensor operations
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and its substrate (indoxyl acetic acid derivation), respec-
tively. The card was able to adsorb and deliver the full por-
tion of protein or substrate (Cao et al. 2020).

Chemiluminescence and Fluorescence Methods

Fluorescence‑Based Systems

Chemosensors can detect multiple compounds simultane-
ously. Cao et al. (2020) successfully predicted the concen-
trations of the oxyanions, oxalate, citrate, and malonate 
simultaneously by using the respective fluorescence changes. 
Contrasted and Ultraviolet-noticeable spectrophotom-
etry, fluorescence spectrophotometry is more delicate (a 
few significant degrees), has a lower location limit, is less 
influenced by grid obstructions, and fluorescence synthetic 
compounds are steady at a level of durable fluorescence 
power (Cao et al. 2020). A few substances, (for example, 
indoxyl acetic acid derivation, a-naphthyl acetic acid deri-
vation) have no fluorescence, but their hydrolysis products 
have, which can in a roundabout way be utilized to deter-
mine pesticide concentrations (Cao et al. 2020). Moreover, 
7-acetoxy-l-methylquinolinium iodide (AMQI) was used as 
a fluorogenic substrate with a high fluorescence quantum 
yield. Quantum dot (QD) is a decent fluorescent test, whose 
regular fluorescence can be extinguished by the chemically 
created product thiocholine (Keshri et al. 2021).

Luminescent‑Based Systems

The physical and substance strength of the luminescence 
is one of the necessities for identifying intensity. Thus, 
a low grapheme quantum dots (GQDs) was applied as a 
photoluminescence (PL) test for dichlorvos affirmation 
with the lowest detection limit of 0.172 mg L' using a bi-
enzymatic catalysis instrument. Without organophospho-
rus compounds, the GODs/AChE/ChOx (choline oxidase) 
system showed “switch-off Photoluminescence (PL) radia-
tion, due to the dousing of GQDs during HO creation”. 
With dichlorvos and methyl paraoxon, the system showed 
a strong PL signal as a result of the obstruction in  H2O2. 
This strategy showed incredible recovery rates in the cer-
tifiable model assessment. Moreover, the presence of  Hg2+ 
could impact the quenching of GQDs. Apart from PL-
based procedures, chemiluminescence-based organophos-
phorus compounds detection methods have been applied. 
Overall, the chemiluminescence sensors worked on the 
light surge from the compound reactions with enhanced 
analytical displays in view of the shortfall of background 
sway. Thus, the advancement of LDH-@ ZIF-8 to the 
AChE/A TCh/Cho structure accomplished the time of 
OH free enthusiasts and expansion the chemiluminescence 
transmission through the creation of RhoB particles, while PS
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Table 2  Strategies utilized in pesticide detection in brief

Strategy Basis

Optical biosensors Rely upon acetylcholinesterase that returns as a bio-recognizer and using optoelectronic transducers
Optical colorimetric assay Resemble optical biosensor, but utilizes Ellman’s strategy as a colorimetric technique
Fluorescence-based systems Utilize UV-noticeable spectrophotometry, fluorescence spectrophotometry or a fluorogenic substrate
Electrochemical biosensors Depend on the change in the impedance, voltage and current due to the presence of analyte on the 

electrode surface
Luminescent based systems Depends on photoluminescence test
Conductometric based enzyme strategy can be used to study enzymatic reactions that produce changes in the concentration of charged species 

in a sample
Amperometry based enzyme strategy Measures current resulting from the oxidation or reduction of an electroactive species in a biochemical 

reaction
Rapid test card (strip) Utilizes protein, substrate, and chromogenic compounds on a paper system for visual confirmation of 

pesticides
Microfluidic device A few square centimetre cards utilized for for on-site food analysis

Fig. 4  Schematic portrayal 
of various optical detecting 
systems dependent on the hin-
drance of acetylcholinesterase 
(AChE) by organophosphorus 
compounds (OPs)
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the relationship of diazinon to AChE perplexes the  H2O2 
creation in this manner decreases the flood of the chemical 
luminescence discharge.

Electrochemical Techniques

Electrochemical Biosensors

Colorimetric technique with high selectivity and affect-
ability, which can be scaled down for on-site use (Cao 
et  al. 2020). As prior examinations have stressed the 
exploration progress of compound hindrance-based bio-
sensors for recognition of pesticides in different grids. 
Albeit extensive advances have been accomplished in this 
exploration heading, it has a specific separation from the 
method of useful applications (Van Dyk and Pletschke 
2011). One reason is that the irreversible inhibitors struc-
ture covalent adducts with their protein targets. None-
theless, it is feasible to reactivate the protein utilizing 
nucleophilic oximes, for example, Pyridine 2-aldoxime 
methochloride (2-PAM) (Cao et al. 2020). An electro-
chemical biosensor is dependent on the change in the 
impedance, voltage and current due to the presence of 
analyte on the electrode surface.

Conductometric‑Based Enzyme Strategy

It can be used to study enzymatic reactions that produce 
changes in the concentration of charged species in a sample. 
Immobilized Arthrospira platensis cells on gold cathodes 
were used in an enzymatic conductometric biosensor to 
detect pesticides in water (Tekaya et al. 2013). Cholinest-
erase movement (AChE) was hindered by pesticides and 

varied neighboring conductivity was estimated after expan-
sion of the substrate acetylthiocholine chloride (AChCl). 
The Michaelis–Menten steady (Km) was assessed to be 
1.8 mM through an adjustment of acetylcholine chloride 
(AChCl) (Tekaya et al. 2013). Limitation of AChE was 
seen with paraoxon-methyl, parathion-methyl, triazine, 
and diuron with a respective recognizable detection limit 
of 10 − 18 M, 10 − 20 M, 10 − 20 M, and 10 − 12 M, and a 
respective half-maximal inhibitory concentration (IC 50) of 
10 − 16 M, 10 − 20 M, 10 − 18 M, and 10 − 06 M (Tekaya 
et al. 2013). After 30 min of cell receptivity to pesticides, 
a crucial reduction in response time of 90% was seen for 
AChE reaction to AChCl (Tekaya et al. 2013).

Amperometry‑Based Enzyme Strategy

It measures current resulting from the oxidation or reduc-
tion of an electroactive species in a biochemical reaction. 
For example, a sensitive amperometric technique for the 
identification of organophosphorus compounds was created 
(Ciucu et al. 2003). The procedure relies upon a ferophthalo-
cyanine negatively changed carbon stick cathode with ace-
tylcholinesterase and choline oxidase co-immobilized on the 
outside (Ciucu et al. 2003). The development of cholinester-
ase is immobilized with pesticides (Ciucu et al. 2003). The 
best inhibitory effect was found with a film containing low 
compound stacking and was used to improve amperometric 
biosensors for pesticides (Ciucu et al. 2003). The experi-
ments were carried out using acetylcholine as a substrate; 
choline produced by hydrolysis in the enzymatic layer was 
oxidized by choline-oxidase, and the resulting hydrogen 
peroxide  (H2O2) was detected electrochemically at + 0.35 V 
vs Ag/AgCl (Ciucu et al. 2003). The reducing of substrate 

Fig. 5  Classification of enzyme 
inhibition-based applications
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predictable state current achieved by the development of 
pesticide was used for appraisal. With this technique, up 
to 10–10 M of paraoxon and carbofuran can be recognized 
(Ciucu et al. 2003).

Microfluidic Device

Biological laboratory work can be miniaturized onto a few 
square centimetre cards using microfluidic devices (Cao 
et al. 2020). Hence, it is named “chip research office” or 
“lab-on-a-chip.” In the early and mid-1990s, the microflu-
idic chip was made with thin electrophoresis. Owing to the 
natural advantages of conveyance ability, low model/rea-
gent use and wastage, low working cost, and high through-
put, microfabricated devices are important in various fields 
(Oedit et al. 2015). Currently, significant advances in food 
processing have been accomplished. For instance, Duford 
et al. arranged two diffusive microfluidic devices (one for 
vegetables and one for soil) to detect pesticides (Cao et al. 
2020).

Nanoparticle‑Based Biosensors

Carbon nanomaterials, metal oxides, conducting polymers, 
and clays-based materials have been proved to be effective 
as electrode materials for the detection of toxic pesticides 
and herbicides (Ramachandran et al. 2015; Abd Elkodous 
et al. 2021). Vohra et al. (2020), Srivastava et al. (2018), 
and Bucur et al. (2018) illustrated that the high sensitiv-
ity, stability, and efficiency of nanoparticle-based biosen-
sors make them very suitable for pesticide detection on-site. 

As pesticide analysis is essential to enhance and improve 
crop yield and their impacts on human health, biosensor 
research led to the utilization of nanoparticles due to their 
selective and sensitive detection of pesticides. Silver, tita-
nium, and gold on graphene nanocomposites and titanium 
dioxide  (TiO2) on graphene have been used to detect small 
molecules including pesticides. A sensitive electrochemical 
sensor was developed by Govindasamy et al. (2017) using 
silver particles supported graphene nanoribbons for detec-
tion of Organophosphorus pesticide methyl parathion (MP) 
on fruits and vegetables.

Organophosphate pesticides like malathion and rhoda-
mine, herbicides like simazine, and insecticides like mono-
crotophos, paraoxon, methyl parathion, phoxim, and carbo-
furan have been detected in water, food, and soil (Bucur et al. 
2018). Interestingly, gold nanoparticles (AuNP) absorb and 
also scatter light at their surface plasmon resonance (SPR) 
wavelength region. This characteristic as well as the afford-
ability makes AuNP a most useful optical probe (Vohra et al. 
2020). The SPR characteristic of nanoparticles facilitates the 
identification of pesticides at very low concentrations and 
maintains sensor activity to a large extent with a good shelf-
life. Table 3 represents an overview of nanoparticle-based 
biosensors reported in literature.

Nanomaterials in Biosensors Design

 Maghsoudi et al. 2021a, 2021b) and Rajaji et al. (2021) 
illustrate that a wide range of metals like gold, silver, and 
copper nanoparticles, non-metallic carbon-based com-
pounds such as graphene, carbon nanotubes, and graphite 

Table 3  Gold nanoparticles based biosensors for detection of pesticides (Vohra et al. 2020)

Fe3O4 magnetite and CdTe cadmium telluride

Type of material Pesticide detected Principle of detection

Gold nanoparticles (AuNP) Herbicide simazine Electrochemical
Organophosphate pesticides Colorimetric
Methyl parathion Electrochemical
Methyl paraoxon; carbofuran; phoxim Amperometric
Dichlorodiphenyltrichloroethane (DDT) Dipstick immunoassay
Paraoxon Electrochemical
Paraoxon
Carbofuran

Amperometric

Gold nanoparticles/ dragon fly arrays Rhodamine Surface-Enhanced Raman 
Spectroscopy (SERS)

Fe3O4 functionalized grapheme oxide –AuNP Catechol hydroquinone Electrochemical
4-amini-3 mercaptobenzoic acid- functionalized AuNP Cyhalothrin Colorimetric
Au-Na dodecylbenzene sulphonate nanoparticles Methyl parathion Electrochemical
CdTe quantum dots/ AuNPs Monocrotophos Amperometric
Aptamers based nanoprobes Malathion Optical

Malathion Optical and electrochemical
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can be used in the design of biosensors (Fig. 6A, and 6B). 
Kucherenko et al. (2019) illustrated that the most com-
mon inorganic nanomaterials are nano particles of metals 
and metal oxides  (TiO2,  Al2O3,  Fe2O3,  ZrO2,  MoO3, and 
 CeO2), quantum dots and zeolites. They can be produced 
either physically (by fragmentation of the initial material 
to nano-scaled particles) or chemically (by synthesis from 
precursors). Inorganic nanomaterials show promise in the 
development of electrochemical enzyme-based biosensors, 
since they have unique physical and chemical properties, 
are easily produced, catalysed by chemical reactions, can 
have various surface modifications, accelerated electron 
transfer, improve enzyme immobilization, and biocompat-
ibility (Kucherenko et al. 2019).

Kucherenko et al. (2019) explained that the organic 
nanomaterials represented by carbon nanotubes, gra-
phene, carbon nanofibers, calixarenes, fullerenes, organic 
quantum dots, and inter alia are used in developing elec-
trochemical biosensors. Organic nanomaterials have a 
high level of biocompatibility, but are often lower than 
inorganic nanomaterials. Aromatic molecules can be non-
covalently bound to the surface of graphene and carbon 
nanotubes via strong π–π interactions. Organic nanoma-
terials’ hydrophobic surfaces may interact with hydropho-
bic compounds. Fouling, which is a serious challenge for 
biological applications of graphene- or carbon nanotube-
based biosensors, could be the effect of this (Zhai et al. 
2021).

Kucherenko et al. (2019) mentioned that nanomaterials 
in biosensors enhance important features such as the limit of 
detection, sensitivity, linear detection range, reproducibility, 
selectivity, response time and stability. Some valuable fea-
tures of nanomaterials such as the high surface to volume 
ratio, ensures a remarkable rise in the surface sensitivity 
of the transducer and efficiency in enzyme immobilization. 
In addition, nanomaterials are known for their high electri-
cal conductivity, catalytic activity and magnetic properties, 
which are essential for biosensors (Kucherenko et al. 2019; 
Zhai et al. 2021).

Embedding of Nanoparticles in Enzyme Biosensors

Kucherenko et al. (2019) explained that nanomaterials could 
be directly generated on the transducer surface through 
the application of a constant or a variable voltage, and the 
enzyme is then adsorbed or immobilized on the nanoma-
terials. Nanomaterials are integrated by immobilizing the 
enzyme on the material and then by attaching the enzyme/
nanomaterial composite to the electrode (Fig. 7A, B, C, D). 
Nanomaterials in biosensors enhance electron transport, 
which are produced or used in the enzymatic reaction among 
the enzyme and transducer surface; increases the sensor sur-
face sensitivity, enabling the adsorption of a greater number 
of enzyme molecules; enhances the stability of the enzyme 
and efficiency; and catalyzes several additional chemical 
reactions (Kucherenko et al. 2019).

Fig. 6  Nanomaterials in biosensors design. (A) The possible nanomaterials used in biosensing system of heavy metal ions. (B) Representation of 
the design of biosensors with the cooperation of nanotechnology
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Therefore, type of the biosensor is dependent on the uti-
lized signal transduction technique. Because of their cheap 
cost, high sensitivity, tiny size, and simple design, electro-
chemical transducers have been frequently used in biosen-
sors for pesticide detection (Audrey et al. 2012). In case of 
enzyme inhibition biosensors, type of detection technique 
is dependent on type of utilized substrate. For instance, 
potentiometric detection is favoured when acetylcholine 
and butyrylcholine salts are utilised as substrates for cho-
linesterase because of the production of  H+ ions following 
the enzymatic reaction (Rajangam et al. 2018). However, 
when thiocholine and acetate salts are utilised as substrates, 
amperometric and piezoelectric transducers are the recom-
mended detection techniques. The production of electroac-
tive species and changes in mass due to the precipitation 
of 3-indoxyl, 4-aminophenyl, nitrophenyl, and indophe-
nyl acetate after hydrolysis are the basis of their sensing 
method (Rajangam et al. 2018). Utilizing optical biosensors 
is limited because it is only effective in detecting organo-
phosphorus pesticides. Fluorescence-based systems are 
also limited because some substances have no fluorescence 
(Cao et al. 2020). Luminescent biosensor relies on evalu-
ation the intensity of light emitted of a chemiluminescent 

substrate. This strategy has proved its efficiency in enzyme-
based biosensors, but the need for entrapping luminescent 
cosubstrates in case of non-luminescent substrates is a dif-
ficulty (Blum and Coulet 2000). The present demand for 
food contamination detection necessitates a food sample 
analysis that is fast, on-site, and preferably naked eye pesti-
cide detection (Chiou et al. 2015). Hence, rapid test strip is 
a good choice for on-site pesticide detection, despite its low 
detection limit (LOD). Consequently, it is recommended to 
combine rapid testing screening with conventional testing 
methods such as chromatography for obtaining best results 
(Chiou et al. 2015). Whitesides (2006) was the first to sug-
gest the concept of a “microfluidic paper analysis device” 
in 2006. Amazingly, application of microfluidic devices in 
food safety sensing is the most effective technique due to 
its less sample utilization, quick detection, multi-functional 
integration, easy handling, and mobility are all advantages 
of this strategy. In the future, the industrialization of micro-
fluidic analysis system combined with aptamer, nanoma-
terials, and new biomolecules will become a development 
trend. Microfluidic chips will undergo more in-depth basic 
research in the coming years in many fields, especially in 
food safety analysis.

Fig. 7  Illustration of the embedding of nanoparticles in enzyme bio-
sensors. (A) Enzyme immobilization on the nanomaterial-modified 
electrode. (B) Schematic of a biosensor based on phosphor triester-
ase (PTE) immobilized via glutaraldehyde on a graphene surface with 

platinum nanoparticles. (C) Enzyme/nanomaterial co-immobilization 
on the electrode. (D) Schematic of a biosensor based on glucose oxi-
dase encapsulated in a chitosan-kappa-carrageenan bio nano-compos-
ite (Modified from Kucherenko et al. 2019 with permission)
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Parameters Influencing the Performance 
of Biosensors

Impact of pH

pH is a significant determinant in the characterization 
of the free and immobilized components of biosensors. 
The ionization of amino acids depends on pH, and con-
sequently the immobilization of proteins and compounds 
to grids or terminal surfaces (biosensor) (Rajangam 
et al. 2018). The impact of pH-based framework has not 
received as much attention as amperometric biosensors, 
especially those comprising screen-printed cathodes 
(Rajangam et  al. 2018). The research concentrated on 
immobilization frameworks dependent on film techniques, 
because the process causes adjustments in the reaction of 
the sensors. A potentiometric butyrylcholine sensor for 
organophosphate pesticides was analyzed by Imato and 
Ishibashi (1995) where they determined the influence 
of pH ranging from 2.0 to 10.5 on biosensors. The best 
results were recorded in the pH range 4.0 to 8.0 (Rajangam 
et al. 2018).

Zhang et al. (2001) developed an amperometric enzy-
matic biosensor for the detection of paraoxon and deter-
mined the effect of pH (ranging from 4.0 to 10.0) on 
the process. The authors recorded an optimal pH range 
between 6.5 and 7.5 with reduced detection under pH 
6.0 and hydrolysis above pH 8.0. Andreescu et al. (2002) 
identified organophosphorus compounds in insect sprays 
with compound sensors (AChE and tyrosinase) (Pogačnik 
and Franko 2003). Different pH ranges were tested in an 
amperometric sensor with a phosphate buffer with the best 
results recorded for pH ranging from 5 to 9 (Rajangam 
et al. 2018). The ideal pH for the tyrosinase range was 6 to 
6.5, while for AChE it was at 8.0. The detection of carba-
mate pesticides and organophosphates on vegetables was 
determined by Pogačnik and Franko (2003) with a pho-
tothermal biosensor (Rajangam et al. 2018). Two buffers 
were examined, namely Tris (pH 7.4) and phosphate buffer 
(pH 8.0) for optimal conditions for cholinesterase. Phos-
phate buffer was superior to Tris (Rajangam et al. 2018). A 
nanostructured polyacrylonitrile layer for immobilization 
of AChE was created by Marinov et al. (2009) and the 
effect of pH range 6.0 to 9.0 was tested. The ideal pH is 
8.0, though diverse for immobilized AChE.

Impact of Substrate Concentration

Biosensor processes are highly dependent on substrate 
concentration. A biosensor’s conductometric process is 
used to determine organophosphorus compounds. The 

effect of an acetylcholine center during immobilization and 
substrate combinations of 8 mM was chosen for pesticide 
detection with reaction periods of 10–30 min. The effect 
of substrate concentration was minimal for carbon nano-
tube biosensors. A stream-dependent biosensor system for 
the detection of carbofuran and carbaryl was devised and 
the influence of the substrate centre was determined with 
varying acetylcholine from 0.5 to 7.0 mM; the optimum 
concentration was 2.5 mM (Rajangam et al. 2018).

Impact of Enzyme Concentration

Optimum biosensor procedures are determined by vary-
ing enzyme concentrations keeping in mind that smaller 
concentrations will irreversibly result in higher inhibitions 
(Rajangam et al. 2018). A potentiometric polyaniline bio-
sensor was developed comprising of different enzymes, in 
Bovine Serum Albumin (BSA) and inter-linked with gluta-
raldehyde, with 1 uL of enzyme solution giving acceptable 
results (Rajangam et al. 2018). In other studies, Siriwuan 
et al. (in Rajangam et al. 2018) used enzyme concentrations 
of 200 and 150 units in potentiometric and conductomet-
ric biosensor experiments; a BSA stabilized biosensor was 
used and enzyme concentration of 1 U/μL. The influence of 
immobilization procedures such as precipitation, sol–gel, 
gelatine membranes, and graphite micro-particles on enzyme 
concentration has been studied. Precipitation of organophos-
phorus compounds exhibited good inhibition responses 
(Pohanka et  al. 2011). Song et  al. (2011) developed an 
amperometric biosensor where Prussian blue-chitosan was 
electropolymerized. on a carbon electrode to detect carbaryl. 
The authors found that an increase in enzyme concentration, 
increased the biosensor response until 25 U/ml after which 
it decreased.

Impact of Organic Solvents

Organic solvents are often used in pesticide extraction and 
inhibition studies, each with distinct solubilities. Thus, 
the influence of organic solvents on free and immobilized 
enzymes during biosensor reactions must be considered. 
Organic solvents are also the substrate, compound, and 
immobilized network. Subsequently, the impact of nonpolar 
and polar solvents on components of biosensor reactions is 
examined (Campanella et al. 1999).

A bienzymatic framework was created comprising cho-
line oxidase and butyryl cholinesterase for the recognition 
of aldicarb and paraoxon in a 50% water-immersed chlo-
roform-hexane combination. The biosensor reacted well in 
the solvent combination with a 4.5 ug/L detection limit for 
aldicarb and paraoxon (Rajangam et al. 2018). Andreescu 
et al. (2002) as cited in Rajangam et al. 2018) investigated 
the effect of hexane on bienzyme framework with a phenyl 
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acetate substrate. Hexane did not inhibit the biosensor pro-
cess and could thus be used for pesticide extraction. Schulze 
et al. (2002) created a dispensable sensor to detect the pres-
ence of paraoxon in orange juice with iso-octane as solvent. 
In this study, iso-octane reduced immobilized enzyme activ-
ity by 3% within 30 min of incubation. An amperometric 
biosensor for methyl paraoxon, carbaryl, dichlorvos, and 
carbofuran incubated in 20%, 10%, 5%, and 1% acetoni-
trile with a phosphate buffer was studied. The biosensor’s 
activity was low for all acetonitrile concentrations, but bet-
ter in the 5% and 1% concentrations (Wilkins et al. 2000). 
Thus, 5% acetonitrile was used in further experiments with 
no change in activity. Another amperometric biosensor 
comprising AChE immobilized on graphite cathodes was 
examined and electron properties were improved by adding 
Prussian blue (Rajangam et al. 2018). The biosensor was 
tested with cyclohexanone, ethanol, propanol and benzene, 
of which ethanol was the best. The activity of the immobi-
lized enzyme in 10% water–ethanol exhibited better activity 
than in an organic solvent framework. The dielectric con-
stant of the enzyme activity decreased and variation in the 
water-polar framework could enhance electron movement in 
the framework (Rajangam et al. 2018).

Enzymes Previously Used in Biosensor 
Pesticide Detection

Research on enzyme inhibition methods for pesticide detec-
tion started in the 1980s. Kindervater et al. (1990) detected 
carbofuran in European drinking water using acetylcho-
linesterase and a flow-injection device. Many sensors were 
designed for organophosphorus and carbamate insecticides 
detection using cholinesterase with various detection meth-
ods such as semi-conductors (Vlasov et al. 1991), fiber-
optics (Rogers et al. 1991), amperometric (Razumas et al. 
1981), and potentiometric (Durand and Thomas 1984). 
Marty et al. (1993) designed biosensors with a one enzyme 
system, namely acetylcholinesterase for detection of organ-
ophosphorus and carbamate insecticides, aldehyde dehy-
drogenase for dithiocarbamate fungicides and acetolactate 
synthase for sulfonylurea and imidazolinone herbicides. 
Through the years, many enzymes other than cholinesterase 
were investigated in pesticide detection methods (Table 4). 
Pesticide detection was carried out with classic methods 
until 2014 when a Chinese research team developed a novel 
tablet based on colorimetric detection of pesticides in plants. 
The enzyme tablet was composed of acetylcholinesterase 
that hydrolyzed indoxyl acetate into indole, which was oxi-
dized quickly in the air to form a blue-green color. In the 
case of pesticide persistence, the colour could not be formed 
(Zhu et al. 2014).

Conclusion

Biosensors measure enzyme activity to detect pesticides 
in food and environmental samples. Although much 
research had been done on developing an efficient pes-
ticide detection method, the envisaged outcome has not 
been achieved yet. Biosensor methods for pesticide detec-
tion could become a useful tool for monitoring and screen-
ing contaminants and harmful substances in the agricul-
tural sector. Pesticide detection using enzyme inhibition 
method is mostly dependent on cholinesterase that is 
mainly inhibited by organophosphate and carbamate pes-
ticides. Although electrochemical, luminescent-based, and 
rapid testing strategies have proved their efficiency in food 
safety analysis, the microfluidic chip can condense numer-
ous phases of sample detection on a microchip that has 
very high throughput compared to the traditional methods. 
Mass production of microfluidic analytic systems combin-
ing aptamer, nanomaterials, and novel biomolecules will 
become a growing trend in the coming years.

Way Forward

The review suggests that the use of enzyme inhibition for 
pesticide detection is useful in sustainable farming prac-
tices. Rather than relying on traditional methods of pest 
detection, a broader, more systemic approach is needed. 
Overall, eco-friendly production of crops in any nation will 
need conservation agricultural practices with proper pest 
control. Therefore, farmers should be actively engaged in 
environmental, ecological, and economic management, 
which are vital to sustainable agriculture. Researchers 
need to contribute to conservation agriculture to main-
tain optimum production levels. With regard to pesticide 
detection, an effective approach would be rapid test cards 
or microfluidic chips using enzyme inhibition. Research-
ers should collaborate in developing pesticide detection 
processes, which benefit farmers and ensure healthy crop 
cultivation. Although pesticide detection using enzyme 
inhibition technique has high conductive efficiency and 
detection sensitivity, biological enzymes still have limita-
tions such as poor stability and tolerance. The sensitivity 
and detection limit of the enzyme inhibition-based bio-
sensor could be enhanced in the future as follows: 1) by 
combining effective immobilisation technologies such as 
self-assembled monolayers and thin polymer films, 2) by 
integrating carbon nanotubes or metal nanoparticles such 
as Au nanomaterials, 3) by selecting the suitable trans-
ducer, 4) by modifying the natural enzymes using genetic 
engineering technologies to generate high tolerant and 
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stable enzymes or 5) by employing highly effective artifi-
cial mimic enzymes to eliminate false positives results in 
the detection process.
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