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The previous few decades have seen the development of biosensors and their use in
monitoring of pesticides in food and environmental samples. Although inhibition based
biosensors have been subject of several recent research works, their performance
characteristics greatly depend on the type of immobilization, and the presence of interfering
compounds in the samples. Moreover, sensitivity, detection limits and rapidity of the
response are few of the other major features which need to be investigated further if they are
to become operationally user-friendly. This review will highlight research carried out in the
past on biosensors that are based on enzyme inhibition for determination of
organophosphorus compounds and carbamate pesticides.
Introduction
Food-borne contaminants and environmental pollutants come in a variety of sizes ranging
from simple chemical compounds to bacterial cells. Owing to health concerns, the food and
environmental sector requires a sensitive, specific and rapid method to monitor the presence
of toxic substances, which occur due to natural or deliberate contamination. Conventional
methods [1,2] are good enough to detect the pesticides, but they are very much time
consuming, need chemicals, are expensive, require skilled persons to operate and not suitable
for real time analysis. The specificity, portability, simplicity, high sensitivity, potential ability
for real-time and on-site analysis in food analysis, environmental control, clinical detection
and agricultural industries has made the use of biosensors attractive for such applications.
Biosensors are devices which convert information about the chemical substance in the system
into measurable signals like ions, electro active species, heat release, absorption and mass
change of wave propagation using a bio-sensing element. They comprise of two components:
the bio-sensing element and a transducing element (electrochemical, optical and or
piezoelectric) coupled through a suitable immobilization method.
The response of an enzyme-inhibition-based biosensor depends on the concentration of the
enzyme on its surface and its interaction with the substrate. Substrates play a vital role in
determining the activity of the enzyme; hence the choice of the substrate is an important
criterion for the development of a biosensor. Selection of a suitable substrate helps in fixing
the transducing element. Acetylcholine and butyrylcholine salts are specific and natural
substrates for cholinesterase in both acetyl and butyryl form of the enzyme. When they are
used as substrates, potentiometric detection is preferred because of the formation of H+ ions
after enzymatic reaction. Some of the other substrates used for measuring the activity of
cholinesterase are acetylthiocholine, butyrylthiocholine salts and salts of acetate (3-indoxyl
acetate, 4-aminophenyl acetate, nitrophenyl acetate, indophenyl acetate). Amperometric and
piezoelectric transducers are the preferred detection techniques when thiocholine and acetate
salts are used as substrates. Their sensing strategy is based on the formation of electro active
species and change in mass owing to precipitation of 3-indoxyl, 4-aminophenyl, nitrophenyl
and indophenyl acetate after the hydrolysis. The choice of enzyme plays a significant role in
the construction of a biosensor. Although butyrylcholinesterase has been used as a biosensing
element for detection of organophosphorus compounds, higher sensitivity and low detection
limits have been achieved using acetylcholinesterase (AChE) when compared to
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butyrylcholinesterase. The sensitivity of a biosensor depends on the amount of enzyme
loading and purity of enzymes used. High enzyme concentration (80 mUA per electrode)
have been used [3] to obtain low detection limits for pesticide presence owing to the low
specific activity of acetylcholinesterase (bovine erythrocytes). This established that
sensitivity is dependent on the purity of enzyme. Attainment of maximum signals from
enzymatic reaction helps in inhibition studies. Reports on high sensitivity using low enzyme
concentration are available in literature [4]. Different inhibitors give different degrees of
inhibition, which are proportional to the concentration of inhibitor. Quantitative analysis of
enzyme activity depends on the response of the sensor before and after the incubation with
inhibitor. Biosensor characterization is dependent on factors like enzyme loading, pH, range,
sensitivity and reproducibility. These parameters have to be determined and the most suitable
conditions for the detection have to be adopted for carrying out the detection studies using
biosensors.
Principle of Enzyme-Based Biosensor
Detection of pesticides in the food and environmental samples using biosensors is based on
the measurement of enzyme activity. The enzyme is immobilized to transducing element
either directly or indirectly and the activity of immobilized enzyme is measured in terms of
current, voltage, total ions present in the solution (conductivity), any change in optical
properties reflectance and or refractance. The percentage inhibition is calculated as the ratio
of the difference in the activity before and after the inhibition to the original activity of the
enzyme. The enzymatic reaction can be diffusion controlled or kinetically-controlled. Most
biosensors are developed based on the kinetically-controlled reaction. The percentage
inhibition is calculated as the ratio of difference in the activity before and after inhibition to
the activity of immobilized enzyme. The selection of the immobilization method depends on
the cost of enzyme and the support (organic, inorganic, other reagents) and the effectiveness
of immobilized enzyme for the purposes of commercialization. New factors such as
buffering capacity of the solution and membrane are used for entrapment of biosensor
resulting in a high sensitivity and low detection limits for organophosphorus pesticides.
Immobilization of acetylcholinesterase on membranes and screen-printed electrode are
advantageous because they lessen the cost of material and provide miniaturization and in situ
measurements.
Acetylcholinesterase and butyrylcholinesterase were immobilized with glutaraldehyde and
bovine serum albumin using cross linking method for the detection of diisopropyl
flurophosphates, trichlorofon, paraoxon-methyl and paraoxon ethyl. Both enzymes had
different sensitivity towards these pesticides. This provided a way for the development for
multibiosensors to detect pesticides in the real samples [5]. Potentiometric biosensor has
been reported [6] for the detection of trichlorofon using co-immobilization method. A
trienzyme electrode was developed by employing highly teflonized carbon black as an
electrode material. The immobilization procedure was based on physical adsorption of
peroxidase and co-immobilization of choline oxidase and cholinesterase using glutaraldehyde
as a binding agent. The electrode retained 95% of its activity even after one month of storage
at 4oC. This work demonstrated the potential for application of potentiometric enzyme
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electrodes based on mediatorless enzyme electrocatalysis for a fast and sensitive assay of
organophosphorus pesticides. Acetylcholinesterase was immobilized around pH-electrode
using gelatin and chitosan membrane. The parameters affecting the biosensor response were
investigated and optimized and the operational stability of biosensor was improved.
Cholinesterase from different sources was immobilized on the surface of antimony electrode
and commercially available membrane (nylon and cellulose nitrate) with glutaraldehyde
vapours and aqueous solutions. Cholinesterase biosensors were developed with bovine serum
albumin (BSA) and compared for the response with different immobilization procedures [7].
Silicagel was used as a supporting material to immobilize acetycholinesterase and reduce the
amount of sample volume. The use of this simple solution allowed operation of the biosensor
at a low cost [8]. In this work, the time taken for analyzing the pesticide was more than half
an hour. Higher amounts of enzyme (200 U and 150 U for potentiometric and conductometric
system) were used. Tyrosinase was immobilized on the sensitive part of the conductometric
electrode using glutaraldehyde vapour for the detection of alachor, diazion and carbaryl. The
reproducibility of biosensor was 5% [9]. This novel immobilization strategy was adopted to
immobilize the acetylcholinesterase on carbon nanotubes in flow injection system. The
developed biosensor was sensitive to paraoxon of 0.4 pM [10]. The determination of
phosphorothionate belonging to the organophosphate group in orange juice did not show
inhibition with acetycholinesterase in non metabolized form [11] as the metabolized form of
phosphorothionate was toxic. The challenge of detecting the pesticide was overcome by
activation of phosphorothionate using chloroperoxidase in the sample. Biosensor based on
7,7,8,8-tetracyanoquino dimethane modified screen printed electrode with
acetylcholinesterase immobilized on it was produced. The activity was measured before and
after incubation of biosensor in the activated juice sample. This novel enzymatic activation
and detection of phosphorothionate was developed and used in the food samples without any
tedious pretreatment methods. This method was applied to chlorpyrifos, fenitrothion,
methidathion, parathion methyl, and triazophos. Chlorpyrifos and triazophos exhibited
complete oxidation, whereas others showed conversion rates 54% and 61% only. The
detection limit of chlorpyrifos was 5µg/L. The method required 2h for analysis of the
pesticide.
Immobilization of Other Biological System
A microbial biosensor using recombinant E.coli cells containing plasmid pJK33 was
developed [12] for detection of paraoxon, parathion, methyl parathion and diazion. This
biosensor comprised of immobilized E. coli cells on polycarbonate membrane and
potentiometric transducer based on pH electrode. E.coli expressed organophosphorus
hydrolase which hydrolysed organophosphorus compounds and released protons. The signal
response was based on electrode potential of microbial response. The response was nonspecific and metabolized glucose, sucrose, and fructose simultaneously. Non-specific
response of the microbial sensor was dependent on the cell age. The sensor had short
response time with wide operational span. The screening of chlorophenols, chlorobenzoates
and their putative compounds was examined using microbial biosensor [13]. This
amperometric biosensor was developed by immobilizing the induced microbial cells on the
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polyethylene membrane on the clark type oxygen electrode. A dipstick assay for the detection
of 2,4, dichlorophenoxyacetic acid was developed [14] using monoclonal antibody. This
membrane coated with monoclonal antibody test trip was washed three times in the buffer
and the membrane was blocked with casein and bovine serum albumin (BSA) solution. The
membrane was then placed over the polystyrene strip and incubated at 4ºC for weeks.
Dipstick was dipped in the sample or standard solution and in the enzyme tracer solution.
Change in the color was measured in the portable reflectometer and color dye was
precipitated on the membrane. Dipstick assay for pesticide provided a recovery of 100%
when compared to that of ELISA test. Ultra bound membrane showed good stability over
monoclonal antibody and allowed the color dye to present on the membrane. This newly
developed dipstick assay was tested with water and urine samples. Investigations on enzyme
based activation and detection of phosphorothionate in the food samples were carried out by
[15]. The pesticide was non-toxic in non-metabolized form and toxic in metabolized form.
Phosphorothionate was activated using cytochrome p450 BM-3 (mutant) into its oxon form.
This detection method was applied to chloropyrifos, chloropyrifos methyl, methidathion,
parathion in various fruits and vegetables. Chlorpyrifos (33%), carbendazim (39%),
methidathion (11%), chloropyrifos methyl (6%) and parathion (1%) were detected in the
monitoring program of pesticides in domestic and imported fruits and vegetables. This
method had the potential ability to screen for all pesticides. The drawback of the enzyme
based activation method was the requirement of expensive NADH as cofactor. An optical
microbial biosensor was designed [16] for the detection of methyl parathion pesticide using
Flavobacterium sp. This microorganism had organophosphorus hydrolase enzyme which
hydrolysed methyl parathion and produced p-nitrophenol, with absorbance at 410 nm. The
whole cells were immobilized on glass fiber filter and stored at 4ºC till further use. This
microbial biosensor had limit of detection (LOD) 0.3 µM methyl parathion. The proposed
device was simple, fast and disposable. The applicability of biosensor for spiked samples
could be performed. An amperometric microbial biosensor was developed [17] for the
detection of paraoxon, parathion and methylparathion to p-nitrophenol. The sensor was based
on the carbon paste containing genetically engineered Moraxella sp. expressing
organophosphorus hydrolase on the surface of the cell. The sensitivity of the sensor was
based on the amount of whole cell immobilized as well as the concentration of pesticide. The
sensor signal directly measured the concentration of pesticides. The sensor had limit of
detection (LOD) of 0.2 µM paraoxon and 1 µM methyl parathion. The microbial biosensor
showed 100% activity when stored at 4ºC for 45 days. It was used to measure
organophosphorus compounds in lake water. A dipstick method [18] to detect parathionmethyl using immunoassay methods was developed. Polyclonal antibodies against parathion–
methyl were spotted on the membrane and the residual sites of the membrane were covered
with protein A or BSA. The antibody coated membrane was placed on the polystyrene strip
and washed with buffer solution before use. This dipstick ELISA using membrane allowed
quick visual detection at concentration of 10µg/L and reflection detection at concentration of
8.8 µg/L. The recovery of the assay was found to be 89%.
Enzyme-Inhibitor System
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In order to develop a biosensor based on inhibition, information on the inhibition kinetics of
free and immobilized enzyme is very important--. Enzyme inhibitor systems are very
complex with irreversible and reversible inhibition mechanisms. Inhibition rate constants (Ki)
are different for every inhibitor. Ki value is useful in the determination of lowest detection
limit. Non-competitive inhibition of pesticide was illustrated by [19] when enzyme was
preincubated with the pesticide. Inhibition is a function of both substrate and inhibitor
concentrations. The degree of inhibition depends on its incubation time. The relationship
between inhibition and preincubation time is described by the Aldridge equation log (100/%I)
= K2 [I] t., where K2 is a biomolecular rate constant. The inhibition mechanism of biosensor
was studied by [20] with carbaryl. They pre-incubated the biosensor with pesticide for
different time and then added the substrate to measure the activity of inhibited enzyme. The
inhibition was found to be non-competitive. Selection of substrate concentration [S] is
important while carrying out study on the inhibition and determining the percentage
inhibition. At high [S], higher inhibition was observed, but at low substrate concentration,
detection of pesticide could not be achieved. The dynamic response of biosensor using
tyrosinase was investigated by [21] for carbaryl determination. They developed a model with
two independent parameters to detect carbaryl with respect to the given permissible value in
less than 10 minutes. Detection of pesticide using this method was simple, quick and easy
rather than steady state method of analysis, in which detection method is time consuming.
An acetycholinesterase biosensor was developed by [22] for the detection of serine. From the
inhibition kinetic studies, it was found that serine was a reversible competitive inhibitor
which was detected in the range of 1.0 µM to 100 µM.
Limit of Detection
The term limit of detection (LOD), defined by the IUPAC as LOD= k
, in which k is
an integer that defines the number of standard deviations of separation that constitutes
„different‟. Usually k is equal to 3, which is nearly 99% probability that the two
measurements differ. This method of calculation was used by [23] to determine the lowest
detection limit of carbaryl concentration by performing ten current-time measurements of the
blank solutions. They detected 2.0×10-6 mol/L in the pure sample. This value was close to the
one established for carbaryl in tomatoes (5.0×10-7 mol/L for 0.1 mg/Kg). Similar
methodology was used by [24] to estimate the lowest detection limit of parathion and
carbaryl in different water samples and fruits. Detection limits were established by [25] by
measuring the response after injection of 20 µL, 10nM dichlorvos into the flow system. An
apparent inhibition signal three times higher than the noise with inhibition degree about
6.81% was observed in the simulated seawater. Lowest detection limit of 2.0 µg/L were
obtained by [26] for chlorpyrifos-oxon with application of 10 mU of acetylcholinesterase on
the electrodes. Lesser enzyme loading on the electrode gave lower detection limit, which was
suitable for sensing smaller concentrations of the pesticide. Acetylcholinesterase immobilized
on carbon nanotubes by [27] was used to detect carbaryl in water to the extent of 10-12 g/L.
[28] achieved smallest detection limit for genetically modified enzymes. They also found that
there was a direct correlation between the LOD and the Ki of the enzymes. The higher the Ki,
the better the theoretically achievable LOD. Detection limits of paraoxon and chlorpyrifos
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ethyloxon were established based on 20% inhibition of acetylcholinesterase and bienzymatic
system consists of acetylcholinesterase and tyrosinase [29]. The sensitivity towards inhibitors
was tested. A detection limit of 10-7 M was established by [30] for the determination of
trichlorofon using potentiometric based biosensor. Low detection limit for the determination
of paraoxon by modifying the carbon surface with dialdehydes, glutaraldehyde,
terephthaldicarboxaldehyde and then polyethyleneimine have been reported by [31]. They
found that lowest detection limit obtained for non-covalent immobilization of
acetycholinesterase onto polyethyleneimine modified carbon electrode was 10-10 M for
paraoxon. Studies based on fibre optic monitoring of carbamate pesticides using porous glass
with covalently bound chlorophenol red were carried out by [32]. Propoxur was detected at
0.4 ng/L when compared to the carbaryl 25 ng/L. Detection limit were estimated for carbaryl
and parathion using the relation ILOD % = 2×SD (standard deviations of blank solution) for
three repetitive measurements in the calibration graph for every pesticide. These values were
found to be 35.00 ng/ml for parathion and carbaryl [33]. The reuse of biosensor during
inhibition studies can be carried out by using reactivators. Pyridine 2-aldoxime methliodide
(2-PAM) was used to reactivate the biosensor inhibited by organophosphorus compounds and
atropine was used for reactivation of biosensor inhibited by carbamate pesticides by [34] who
investigated the reactivation of acetylcholinesterase using 5mM of 2-PAM in a flow injection
system with different times of incubation. They found 15 minutes incubation of sulfotep 5
nM, 50 nM and 80 nM with 97, 95 and 94% reactivation of enzyme activity respectively. A
conductometric biosensor was developed by [35] for the detection of organophosphorus
compounds. They used pyridine 2- aldoximine methiodide for the reactivation of biosensor
after the subjection with paraoxon with 5×10-6 M and 5×10-5 M with 10 and 80 minutes
incubation. It was found that there was a complete recovery of biosensor with paraoxon
concentration 5×10-6 M for 10 minutes incubation and higher concentrations than this led to
reduced reactivation of enzyme.
Parameters Influencing the Performance of Biosensors
Effect of pH
pH is an important parameter in the characterization and optimization of free and
immobilized enzyme. The characteristics of ionizable groups of amino acid depend on the
pH, hence the activity of free enzyme and enzyme attached to any immobilization matrix or
electrode surface (biosensor) plays vital role in the performance of biosensor. The effect of
pH based system has not been studied much in the case of amperometric biosensors,
particularly those made up using screen printed electrodes. Most studies have been conducted
on immobilization systems based on membrane strategies because the movement of ions
caused a change in the response of the sensor. A potentiometric butyrylcholine sensor for
organophosphate pesticides was constructed by [36] in which they studied the performance of
the biosensor by varying the pH from 2.0 to 10.5. Stability was observed in the pH range
from 4.0 to 8.0. [37] developed an amperometric bi-enzymatic biosensor for the detection of
paraoxon and studied the effect of pH on the pesticide detection by varying pH from 4.0 to
10.0. They obtained maximum response between 6.5 and 7.5. It was found that biosensor
started losing its activity below pH 6.0 and pesticide underwent hydrolysis reaction above pH
This article is protected by copyright. All rights reserved.
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8.0. The detection of organophosphorus insecticides was carried out by [29] with two enzyme
sensors (acetylcholinesterase and tyrosinase). Investigations were done at varying pH for the
amperometric system and good response was obtained while using phosphate buffer of pH
from 5 to 9. The optimum pH for tyrosinase was observed at 6 and 6.5, whereas for
acetylcholinesterase it was at 8.0. The detection of organophosphate and carbamate pesticides
in vegetables was studied by [38] using a photothermal biosensor. Comparative studies using
two buffer solutions Tris, pH 7.4 and phosphate buffer, pH 8.0 for maximum activity of
cholinestersae enzyme were conducted. Phosphate buffer was found to be better than Tris
HCl. A nanostructured polyacrilonitrile membrane for immobilization of
acetylcholinesterase was developed by [39] and studied for the effect of pH ranges from 6.0
to 9.0. The optimum pH obtained for free enzyme was 8.0 whereas it was different for
immobilized acetylcholinesterase.
Effect of Substrate Concentration
Detection techniques using biosensors are highly dependent on the substrate concentration. A
conductometric biosensor was developed for the detection of organophosphorus compounds
[5]. The effect of acetylcholine concentration during the inhibition process was studied and
saturation substrate concentration of 8 mM was selected for detection of pesticides with
incubation time of 10-30 minutes. The influence of substrate concentration was considered to
be small for biosensor made up of carbon nano-tubes. A flow based biosensor system was
developed for the detection of carbofuran and carbaryl [8]. They studied the effect of
substrate concentration by varying acetylcholine from 0.5 mM to 7.0 mM and selected an
optimum substrate concentration of 2.5 mM with response time for sensing the pesticides in
potentiometric and conductometric system.
Effect of Enzyme Concentration
Varying the concentration of enzyme helps in arriving at the right quantity of enzyme to
develop the biosensor. However, loading smaller concentration of enzyme in the reaction
system will give a maximum inhibition percentage, without possibility of reuse [40]. A
potentiometric biosensor was fabricated by using polyaniline membrane [41]. Different types
of enzymes, active acetylcholinesterase, butyrylcholinesterase and low active butyryl
cholinesterase were used on the pan membrane with BSA and crosslinked with
glutaraldehyde. The use of 1 µl of enzyme solution was found to give good sensitivity for
active acetylcholinesterase immobilized using glutaraldehyde.200 and 150 units of enzyme
for potentiometric and conductometric system have been used by [8] in screen printed
sensors. 1 U/µl of enzyme stabilized with BSA concentration with 1 µl of enzyme solution on
the sensor was used [42]. The activity in different immobilization procedure such as
precipitation, solgel, interception in gelatin membrane and capture on graphite microparticle
was investigated [42]. Good inhibition response was found for immobilization with
precipitation for organophosphorus compound. An amperometric based biosensor made up of
Prussian blue–chitosan electropolymerised on glassy carbon electrode for the detection of
carbaryl was developed by [43]. The effect of enzyme concentration on the electrode
response was studied. It was inferred that as the enzyme concentration increased, the
amperometric response increased till 25 U/ml, after that response started to decrease as
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excess application of enzyme on the surface interfered with its interaction with Prussian blue,
thereby causing decreased transfer rate at the electrode.
Effect of Organic Solvents
Inhibition determination in organic phase is a useful method for development of biosensors
for detecting pesticides. Before biosensor is applied for use with real samples, pesticides
have to be extracted from the source using organic solvents. Each pesticide has different
solubilization with different organic solvents. When enzyme based biosensor is subjected to
the pesticides in organic solution, the effect of solvents on the immobilized enzyme as well as
free enzyme solution must be taken into account. But the use of solvents will also affect the
enzyme, substrate and immobilized matrix. Hence, it is important to study the effect of polar
and non-polar organic solvent on enzyme based biosensor. A bienzymatic system was
developed consisting of butyryl cholinesterase and choline oxidase for the detection of
paraoxon and aldicarb in the 50% water saturated chloroform- hexane mixture [44]. The
biosensor showed good response in the 50% water saturated chloroform-hexane system. The
detection limit for paraoxon and aldicarb was obtained as 4.5µg/L with a long lifetime. The
effect of hexane on the bienzyme system using substrate phenyl acetate was studied by [45].
Experimental results showed zero inactivation of enzyme activity to 100% hexane. Hexane
did not induce any inhibition effect on acetylcholinesterase and tyrosinase system and it was
confirmed that biosensor could be used in the presence of hexane extracted pesticides. A
disposable biosensor for the determination of paraoxon in the orange juice sample was
developed by [46]. In this work, iso-octane was used as extraction solvent in the orange juice
sample. The effect of iso-octane on the biosensor activity before inhibition experiments was
investigated. After incubation, within 30 minutes activity of immobilized enzyme was
reduced only by 3%. An amperometric biosensor for the detection of carbofuran, dichlorvos,
carbaryl and methylparaoxon in 5% acetonitrile was developed [28]. The biosensor was
checked for its residual activity after exposure to 20%, 10%, 5% and 1 % of acetonitrile with
phosphate buffer. The residual activity of biosensor was low for 20% and 10% of acetonitrile.
It was same for 5% and 1% acetonitrile in the phosphate buffer. 5% acetonitrile was chosen
for further investigations to study the effect of substrate in the organic solvents. There was no
significant change in activity. An amperometric biosensor consisting of acetylcholinesterase
immobilized on graphite electrodes was investigated [47] and electron properties were
enhanced by adding Prussian blue. This biosensor was characterized in the presence of
ethanol, cyclohexanone, benzene and propanol. The activity of immobilized enzyme in the
presence of 10% water-ethanol system showed good activity than in pure organic solvent
system. The quantity of water-polar system lowered the dielectric constant of enzyme active
site microenvironment, which could be varied to obtain the enhanced electron communication
in the biosensor system.
Pesticide-Inhibition Investigation Using Enzyme-Based Biosensor
An amperometric based biosensor was prepared [48] for the detection of aldicarb, methomyl,
carbaryl, carbofuran and propoxur. The strategy for the development of sensor was based on
using cholinesterase of different specific activity from various sources such as bovine
erythrocytes, electric eel, human erythrocytes, human serum and horse serum. Amperometric
measurements were made by using two electrode system consisting of reference (Ag/AgCl)
This article is protected by copyright. All rights reserved.
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and working electrode (platinum paste). The working electrode was modified by coating
graphite paste with Cobalt Pthalocyanine [CoPC] and acetyl cellulose as a binder.
Cholinesterases were immobilized using 1% glutaraldehyde solution with bovine serum
albumin. The response of the biosensor from different specific activity was obtained. The
results were found to be good for acetylcholinesterase from bovine erythrocytes and electric
eel, however it was poor for acetylcholinesterase from human erythrocytes and
butyrylcholinesterase from horse and human serum. The biosensor had a linear range of 5x105
to 50 mg/Kg. The response of the biosensor was tested in the real samples especially in
vegetables. Amperometric based biosensors with improved performance were developed [3]
for the detection of pesticides by varying the enzymatic charge, substrate concentration,
sensitivity and stability. Acetylcholinesterase from electric eel and butyrycholinesterase from
horse serum were used for immobilization using glutaraldehyde solution (1% v/v) with
bovine serum albumin. The stability study of the cholinesterase inhibitors in reference water
samples was performed at different conditions: (a) at -4ºC, (b) room temperature and light in
a colorless vial, (c) light protected and stored at room temperature in a well closed vial. A
nonlinear mathematical model was proposed to extend the working range of carbofuran using
chronoamperometric method. The stability of biosensor was affected in reconstituted water at
different conditions. Relatively high percentage inhibition was observed in the water stored at
-4ºC with light and room temperature with exposed light. This biosensor was applied in the
real sample analysis in different fruit and vegetables. Fibre-optic biosensor was developed for
the monitoring of carbamate pesticides [32]. Chlorophenol red was used as optical transducer.
The reflectance signal measured gave concentration of propoxur and carbaryl. The linear
range for propoxur and carbaryl was found to be 0.03 – 0.5 mg/l and 0.8 – 3 mg/l
respectively. A portable fiber-optic pesticide biosensor for in-field use was developed by
[49]. The cholinesterase enzyme was immobilized over the three layer sandwiched
membrane. The membrane was in contact with sol-gel indicator (bromophenol blue), which
was then deposited on the glass disk. Sensor life time was for 3 weeks. The response of the
biosensor was measured in terms of absorbance which was correlated with concentration of
pesticide in the analysis. The working range for carbaryl and dichlorovos was 0.11-8 mg/l
and 5 – 30 µg/l respectively. The reproducibility was in the order of 3-5% with an accuracy
of 94.9%. A new method was developed by [50] for the detection and discrimination of
neurotoxins such as organophosphate and carbamate pesticides in the real samples. The major
drawback for the inhibition based biosensor was unpredictable cross interaction of multiple
pollutants in the real sample. This was overcome by the joint action of organophosphorus
hydrolase (OPH) and acetylcholinesterase (AChE). The former enzyme was used to
hydrolyse organophosphates and the latter one was used to measure carbamate pesticide by
means of inhibition. The combined inhibition effects in mixtures of organophosphates and
carbamates were investigated and it was found to be different than what was expected from
additive effects of single neurotoxins. Presence of more than one pesticide in the samples led
to the competition for acetylcholinesterase binding sites. It was found to be useful in
detection of non organophosphorus neurotoxins on the acetylcholinesterase and
determination of its concentration. The detection ranges of these integrated biosensors were
10-9 to 10-5 M for paraoxon or di-isopropyl fluorophosphate, and 5×10-8 to 10-5 M for
carbaryl. It was applied for detection of carbamate pesticides in the real sample.
Investigations on comparison of different methods of immobilizing acetylcholinesterase
enzyme have been conducted [29]. Immobilization of acetylcholinesterase and histidine
modified acetylcholinesterase was studied using polyvinylalcohol bearing styryl pyridinium
group polymers, sol-gel, and metal chelate affinity methods. Enzyme was entrapped inside
the polymer matrix where it was encapsulated inside sol-gel matrix. In this method, silicanitriloaceticacid-nickel had affinity to the proteins. Nickel in the metal chelate bonded with
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peptide and protein containing histidine. Enzyme entrapment in polyvinyl alcohol bearing
styryl pyridinium group polymers allowed stable sensors for more than 8 months at 4oC,
while the sensors with acetylcholinesterase encapsulated in sol-gel kept the initial activity for
six months when stored at -20oC under vacuum. The sensors with metal-chelate affinity had a
lower life time.
Amperometric based monoenzymatic and bienzymatic system were developed [45] for the
detection of parathion and chlorpyrifos ethy oxon. Monoenzymatic system was fabricated by
immobilizing acetylcholinesterase in 30% polyvinyl alcohol bearing styryl pyridinium group
polymers. Bienzymatic system was prepared by tyrosinase in carbon paste and
acetycholinesterase immobilized in 50% polyvinyl alcohol bearing styryl pyridinium group
polymers. P-aminophenylacetae was used as a substrate for the monoenzymatic system. The
calibration plot was linear and showed sensitivity of 33.2 µA/M. Phenyl acetate was used as
substrate for bienzymatic system. Acetycholinesterase was hydrolysed with phenyl acetate
and phenol as a product of first reaction. Phenol was converted into quinines and increase in
current was recorded in screen-printed electrode against Ag/AgCl as a reference electrode.
The LOD for parathion in monoenzymatic and bienzymatic systems were 1.9×10-8M and
1.82×10-8M. The LOD for chlorpyrifos ethy oxon in monoenzymatic and bienzymatic
systems were 1.76 × 10-9 M and 2.96 × 10-9 M. The response of the biosensor was improved
in both systems in the presence of hexane and applied for real sample in agriculture and
environment monitoring. A portable light addressable potentiometric sensor capable of
measuring four different ions by different sensing surface incorporated in the transducer was
developed by [51]. An easy and efficient immobilization of acetylcholinesterase was prepared
by [52] on screen printed electrodes based on adsorption method. Despite the disadvantages
such as involvement of high amount of enzyme and a gradual leaching while working, it was
used for its simplicity in immobilization. It showed better operational stability without
diffusional limitation. A potentiometric biosensor was developed by [53] using electroactive
polymer polyaniline for the detection of trichlorofon, coumaphos, methiocarb and aldicarb.
Electrochemically generated self-doped polyaniline exhibited good sensitivity of 70 mV/pH
unit. Presence of chemically doped polyaniline membrane showed improved sensitivity of
89mV/pH. This was first time study on the influence of polyaniline on the inhibition
measurements of pesticides. Acetycholinesterase and butyrylcholinesterase were immobilized
on polyaniline based glassy carbon electrode using cross linking method.
Acetylcholinesterase showed the best sensitivity of 120±5 mV/pH whereas others were 95±5
mV/pH for acetylcholine determination. The same systems were tested for inhibition
measurements. The polyaniline based biosensor provided better sensitivities for coumaphos
(69±6% inhibition per decade of concentration) and trichlorfon (69±5% inhibition per decade
of concentration). The sensitivity for methiocarb and aldicarb was in the 40% inhibition per
decade of concentration. This biosensor exhibited good performance characteristics for
organophosphorus compounds. It was stable for ten days both in dry and wet conditions.
Reports of modification of screen-printed electrodes with dialdehyde, glutaraldehyde,
terepthaldicarboxaldehyde and then with polyethyleneimine are available in literature [37].
Modified screen-printed electrode activity was improved by electrochemical reduction of 4nitrobenzene to aryl radicals. This aryl radical activated the carbon surface. It increased the
binding of enzyme to carbon surface. Monitoring of environmental pesticides was proposed
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by [54] using sono-chemically-fabricated enzyme microelectrode array. Enzymemicroelectrode arrays were prepared by electropolymerizing polydiaminobenzene, a nonconductive polymer on carbon paste containing cobalt pthalocyanine and sonicating at
frequency of 25 Hz. Sonochemical ablation of polydiaminobenzene modified screen printed
electrode led to microelectrode pores. Enzyme was then applied electrochemically on the
microelectrode array in the presence of aniline, which polymerized electrochemically and
acetycholinesterase was entrapped inside the polymer matrix. Paroxon was determined using
amperometric sensor. The working range was found to be 1×10-17 to 1×10-8 M and lowest
detection of limit was 1×10-17 M. This method was highly applicable for flow systems with
rate changes like in river or stream. A rapid and disposable amperometric biosensor was
developed by [58] for the detection of organophosphorus (parathion) and carbamate pesticide
(carbaryl). Screen-printed thin film working electrode was prepared and various mutants of
acetycholinesterase were used for immobilization to improve the sensitivity of biosensor
towards the pesticides. Double mutant acetylcholinesterase showed low detection limit
(1ug/ml) and high sensitivity with a high Ki value (1.8×10-6 M-1min-1). The effect of various
parameters on the activity of the free and immobilized enzyme were investigated by [55]. A
novel matrix was prepared using sodium alginate beads and sodium alginate-carrageenan
polymatrix. Advantages of this strategy were low cost, ease of enzyme accessibility and
hydrophilic character. It was found that for both free and immobilized enzyme, the optimum
pH was 7 at temperature of 300C. Kinetic parameters were evaluated for both free and
immobilized enzyme with Vmax as 50mM/min, 8.68mM/min, 12.7 mM/min, and KM as
6.35mM, 39.7 mM, and 52.9mM. The values of Michalis Menten parameters were high due
to diffusional limitations. Thermal stability of immobilized enzyme was found to be better
than free enzyme. The main disadvantage of entrapment method was leakage of enzyme,
when it was stored for longer days. The stability of biosensor also was affected. Improved
stability for the sensor in dry and wet state was reported by [53]. Screen-printed electrode
was electrochemically modified using nitrobenzene. Later this aminated screen printed
electrode was modified covalently and non-covalently by dialdehyde and polyethylenimine.
Stabilizers of different ranges were chosen and it was demonstrated that polyethyeneimine
modified electrodes increased dry and wet stability. Stabilizer compositions such as 5% (w/v)
sucrose and 1% (w/v) polygalacturonic acid and 5% (w/v) sucrose and 0.1% dextran sulphate
showed improved stability. Another method adopted in the same work showed less
satisfactory stability at room temperature and it had to be used immediately after preparation.
Biosensor based on flow injection analysis was developed [8] using potentiometric and
conductometric tranducers for the detection of carbaryl and carbofuran. Acetycholinesterase
was immobilized on silica gel column. The performance characteristics of potentiometric
system for carbaryl and carbofuran detection were evaluated. Carbofuran showed good
reproducibility and analysis time of 35-45 minutes. The performance characteristics for
conductometric biosensor for carbaryl and carbofuran showed good reproducibility and
analysis time of 31-37 minutes. Potentiometric system seemed to be better than the
conductometric type in terms of reproducibility of the biosensor and vice versa in terms of
analysis time. A method to improve the stability of acetylcholinesterase using nanoporus
carbon matrix was proposed by [56]. The enzyme was immobilized onto the porous carbon
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matrix by adsorption methods. The stability of immobilized and free enzyme was compared
at 25oC. Immobilized enzyme showed good storage stability for one month, whereas free
enzyme activity decreased in five days. Biosensors were proposed for the first time by
incorporating hydrophobic ionic liquids on the carbon paste [57]. Carbon paste electrodes
were constructed by entrapping heme protein in carbon and ionic liquid mixed with paraffin
oil as a binder. Covalent immobilization of acetylcholinesterase on the gate surface of the Ion
Sensitive Field Effect Transistor [ISFET] using cyanuric-chloride were reported by [24]. This
ion sensitive field effect transistor based biosensor showed better and faster response than the
electrode based enzyme biosensor. Cyanuric Chloride (CyC) was incubated at 700C in
vacuum. One of the three cyanuric-chloride groups condensed with the free hydroxyl groups
on the aluminum oxide gate surface. HCl was produced as a result of condensation reaction
and was eliminated. Later on acetylcholinesterase immobilized on CyC monolayer at room
temperature. Biosensors for the detection of carbaryl in fruit, vegetable juices without any
pretreatment were developed by [23]. The working electrode was prepared with nujol oil on
carbon paste electrode. Then, acetylcholinesterase was immobilized using 1% glutaraldehyde
on the modified carbon electrode. Amperometric response was obtained using square wave
voltammetry methods. The LOD for the biosensor was 0.4×10-3 g/L.with working range of
5×10-5 to 75×10-5M. It provided good recovery 83.4% and variation coefficient is 2.3 %.
Reproducibility of the biosensor was obtained by conducting five consecutive tests and the
variation of coefficient was 5%. A biosensor was developed by designing the potentiostat and
graphite modified screen printed electrode [26]. The instrument linearity was checked within
the range of 0-16 µg/L of chlorpyrifos-oxon. The working range of the biosensor was from 2
to 8 µg/L Concentration of pesticide for enzyme concentration of 1.0 mU. Reproducibility of
biosensor for 5 days was 5.1%. This biosensor was used for field analysis. They validated a
system with the results from chromatography methods. In another work [27] developed
amperometric-based biosensor for the detection of carbaryl in water. Single walled carbon
nanotubes dispersed in poly diallyl dimethyl ammonium chloride solution was adsorbed on
the surface of glassy carbon electrode owing to the positive charge present in poly diallyl
dimethyl ammonium chloride. The poly diallyl dimethyl ammonium chloride-single walled
carbon nanotube modified electrode was then immersed in acetylcholinesterase (10 U/ml)
and enzyme was immobilized using layer-by-layer method. This biosensor showed good
detection limit 10-12 g/l. It provided good recovery of 99.8±2.7% which was obtained from
seven times detection of carbaryl (10-10 g/l). High sensitive biosensor was developed by [58]
for the detection of carbofuran with low detection limit (10-11g/L). An amperometric based
biosensor was proposed by [59] for the detection of organophosphorus compounds such as
phoxim (0.05-10 µg/L, 10ng/L), dichlorvos (0.01-10.00 ng/L, 2.5 ng/L), omethoate (detection
range: 0.05-10 µg/L, 15 ng/L), trichlorfon (detection range : 0.03 – 5.00 µg/L, 5 ng/L). The
biosensor was developed on glassy carbon surface with electrodeposited Prussian blue.
Prussian blue was used to improve the electrocatalytic activity and to enhance the electron
transfer rate on the surface of the electrode at low potentials. Chitosan membrane was used to
improve the biostability of the enzyme, so it prevented the loss of enzyme activity. The
measurements of biosensor were tested using voltammogram method. The operational
parameters of the biosensor such as pH, substrate concentration and time were optimized and
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the values were found to be 8, 10 mM and 10 minutes. Under these conditions, inhibition
measurements of the biosensor were performed. The calibration curve was linear for all
pesticides tested. An amperometric biosensor was developed by [60] for the detection of
chlorphenvinphos. The carbon nanotube was mixed with nujol oil and formed into a paste.
Acetycholinesterase was added to this paste. This wet paste was packed into a glass tube and
used as the working electrode. The response of biosensor was measured using square wave
voltammetry method. The physical characterization of AChE-carbon nanotube was
performed by scanning electron microscopy. The electrical property of the electrode with
carbon nanotube and AChE-carbon nanotube was performed. Nyquist plot were used to give
the electrical properties of the electrode such as resistance and capacitance. The charge
transfer resistance value was higher for AChE-carbon nanotube coated electrode whereas it
was small for carbon nanotube electrode. Capacitance was higher for carbon nanotube
electrode and small for AChE-carbon nanotube electrode. The stability of biosensor was
checked by preserving them at -40C and measurements were taken each day for 20 days.
There was considerable change in the activity under optimized condition. Calibration plot for
pesticide determination was made. It was linear and working in the range of 4.90×10-7 – 4.76
×10-6M. The LOD of the biosensor developed was 1.15×10-7M. [42] based on screen printed
electrode using amperometric techniques. Simple sorption, precipitation with glutaraldehyde,
entrapment in gelatin, sol-gel, and graphite microparticles were the different methods used to
immobilize the acetylcholinesterase. The response of the biosensor was evaluated using
square wave voltammograms and cyclic voltammetry. The peaks of square wave
voltammogram are sharper, thinner than the cyclic voltammetry. So, square wave
voltammetric way of detecting the pesticides was chosen for further analysis of pesticide di
isopropyl flurophosphate. Of these different immobilization methods, enzyme immobilized
on simple sorption and precipitation with glutaraldehyde showed better activity than other
methods. The efficacy of immobilization depended on the distribution of substrates, stability
and conformation of immobilized enzyme. Since they provided long term stability, less
diffusion effects of substrates and prevented the washing out of enzyme from the membrane.
Precipitation with glutaraldehyde provided lots of pores so that enzyme could be immobilized
sufficiently within the pores and hence it provides good linear range of detection, where-as,
solgel and other methods, showed less effective activity with respect to detection limits.
Multielectrode biosensor was developed to detect as well as to discriminate the pesticides in
real sample at the same time using artificial neural networks model [61]. Zhaozhu et al., 2011
developed a biosensor with satisfactory accuracy and reproducibility for quick determination
of low concentrations of organophosphorus compounds in real vegetable and fruit samples by
integrating optical transducer of semiconductor quantum dots with acetylcholinesterase
enzyme by the layer-by-layer assembly technique. The detection limits of the proposed
biosensors were as low as 1.05 × 10-11M for paraoxon and 4.47 × 10-12 M for parathion,
which were significantly better than those of the conventional detection methods. An
automated flow-based biosensor employing genetically modified acetylcholinesterase
enzymes B394, B4 and wild type B131 was developed by Rupesh et al., 2012. The biosensor
was based on a screen printed carbon electrode that was integrated into a flow cell. The
enzymes were immobilised on cobalt (II) phthalocyanine modified electrodes by entrapment
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in a photocrosslinkable polymer. The automated flow-based biosensor was successfully used
to quantify chlorpyriphos-oxon, ethyl paraoxon and malaoxon. The total analysis time for the
assay was less than 15 min. Based on the initial biosensor performance using the enzymes in
phosphate buffer solution, calibration data in milk with the three organophosphate pesticides
in the concentration range of 5 × 10-6M to 5 × 10-12M was generated. The limit of detection
obtained in milk for chlorpyriphos-oxon, ethyl paraoxon and malaoxon were 5 × 10-12M, 5 ×
10-9M and 5 × 10-10M, respectively. This study showed that this method was inexpensive,
sensitive, portable, and non-invasive as the automated flow-based biosensor successfully
quantified the pesticides in different fat-containing milk samples. Oliviera et al., 2013
developed a novel enzymatic biosensor for carbamate pesticides detection by the direct
immobilization of Trametes versicolor laccase on graphene doped carbon paste electrode
functionalized with Prussian blue films. The Prussian blue film electrodeposited onto
graphene doped carbon paste electrode allowed considerable reduction of the charge transfer
resistance and of the capacitance of the device. The combined effects of pH, enzyme
concentration and incubation time on biosensor response were optimized using a 23 fullfactorial statistical design and response surface methodology. Based on the inhibition of
laccase activity and using 4-aminophenol as redox mediator at pH 5.0, the device exhibited
suitable characteristics in terms of sensitivity, intra- and inter-day repeatability,
reproducibility, selectivity, accuracy and stability for quantification of five carbamates widely
applied on tomato and potato crops. The attained detection limits enabled testing pesticide
levels in food samples to fit with regulations and food inspections. Weiying et al 2014 carried
out a review which gave an overview of recent advances and new trends in nanomaterialbased biosensors for environmental and biological monitoring of organophosphorus
pesticides and nerve agents. They provided background information and a general overview
of electrochemical and immunoassay detection techniques. Since nanomaterials function as
signal transducers to mediate current flow or as recognition agents, their incorporation in
biosensor fabrication improved sensitivity, selectivity and response time. In addition, they
also discussed future considerations and opportunities for advancing the use of biosensors for
environmental and health applications. Gregory et al., 2015, constructed a biosensor by
physical adsorption of the isolated endophytic fungus Eupenicillium shearii FREI-39 esterase
on halloysite, using graphite powder, multi-walled carbon nanotubes and mineral oil for the
determination of carbofuran pesticide by inhibition of the esterase using square-wave
voltammetry. Specific esterase activities were determined every two days over a period of 15
days of growth in four different inoculation media. The highest specific activity was found on
6th day, with 33.08 U. The biosensor showed good repeatability and reproducibility and
remained stable for a period of 20 weeks. Haiyan et al 2015 developed a novel sensing
platform based on electrodeposition of electrochemical reduced grapheneoxide-Au
nanoparticles-β-cyclodextrin and Prussian blue-chitosan on glass carbon electrode for
efficiently fixed acetylcholinesterase to fabricate organophosphorus pesticides (OPs)
biosensor. The Prussian blue-chitosan not only effectively catalyzed the oxidation of
thiocholine, but also shifted its oxidation potential from 0.68 to 0.2V, resulting in improved
sensitivity of the biosensor. The synergistic effect between grapheneoxide and gold
nanoparticles promoted the electron transfer between leading to enhanced electrochemical
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oxidation of thiocholine. Besides, β-cyclodextrin could interact with substrate by reversible
bonding, which further contributed to increased selectivity and sensitivity of the biosensor.
Their sensor showed wide linear ranges of 7.98-2.00 x103 pg mL-1 and 4.3-1.00 x103 pg mL-1
with low detection limits of 4.14 pg mL-1 and 1.15 pg mL-1 for malathion and carbaryl,
respectively. Everlyne and Jonathan, 2016 reviewed the recent advances in the fabrication of
enzyme biosensors for organophosphorus pesticides and their applications for toxicity
monitoring of organophosphorus pesticide residues in real samples. They focussed on the
various strategies for the biosensor construction, their analytical performance and the
advantages and disadvantages of the biosensing methods. They discussed about the recent
works done to improve the analytical performance, sensitivity and selectivity of these
biosensors. Rajni et al., 2016, demonstrated a novel sensing strategy for malathion,
employing unmodified gold nanoparticles, aptamer and a positively charged, water-soluble
polyelectrolyte. The Polydiallyl dimethyl ammonium chloride when associated with the
aptamer prevented the aggregation of the gold-nanoparticles while no such inhibition was
observed when the aptamer specific pesticide was added to the solution, thereby changing the
color of the solution from red to blue. The proposed method was linear in the concentration
range of 0.5–1000 pM with 0.06 pM as the limit of detection. Moreover, the proposed assay
selectively recognized malathion in the presence of other interfering substances and thus, can
be applied to real samples for the simple and rapid screening of malathion.

Conclusion
Considerable efforts have been made to construct a cholinesterase biosensor with improved
sensitivity and selectivity. The sensitivity of this biosensor was improved by incorporating
efficient immobilization methods such as self assembled monolayer and thin polymer films.
Additionally, carbon nanotubes and nano metal particles helped to enhance the sensitivity and
detection limit of the biosensor. Genetic engineering of cholinesterase enzyme helps in
discriminative detection of pesticides in the real sample, which will lead to the development
of multienzyme biosensors. When we see the performance of biosensor, the right choice of
transducer plays a vital role in enhancing the sensitivity. Amperometric transducer without
mediator increases the sensitivity of biosensor with mediator. It serves as a disposable
biosensor and is fast in response. In case of potentiometric biosensor, novel polymer
membrane synthesized were sensitive towards proton and ion sensitive. Field effect
transducer based sensors are easy to handle, providing an easy way of developing
multienzyme biosensor with simple immobilization method. In addition to this, the
computational model from observed data based on different inhibition mechanism with
different inhibitors helped to discriminate and detect the pesticides in the real samples at the
same time.
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Table1: Enzyme inhibition based biosensor research work carried out for the detection of organophosphorus
compounds and carbamate pesticides
Inhibitor

Paraoxon,

Enzymes

Butryl
cholinesterase

Aldicarb

Immobilizat
ion
Method

Transduci
ng
element

Sample

Kappa
Carrageenan gel
and Dialysis
membrane

Amperometri
c

50% water
saturated
chloroform
and hexane
mixture

Comments

4.5 µ g/l

Long life time

10–6M.

Butryl
cholinesterase
(Horse serum)/
Acetyl
cholinesterase
(Electric eel)

Using saturated
glutaraldehyde
vapour

Conductomet
ric

Carbofuran,
Propoxur

Acetyl
cholinesterase
(Electric eel)
Choline oxidase
(Alcaligenes sp.)

Adsorption and
Electro
polymerization
method

Amperometri
c

Pesticides
prepared in
the
standard
solution

l nM

Paraxon

Acetyl
cholinesterase,
Choline oxidase

Amperometri
c

Standard
solution

1-1.5 ppb

Butryl
cholinesterase,

Physical
entrapment,
Covalent
immobilization
on membranes
Entrapped on
plasticized

Acetyl
cholinesterase

poly vinyl
chloride

Acetyl
cholinesterase,
choline-

Coimmobilisatio
n with electrode
using
glutaraldehyde

Potentiometri
c

Direct
adsorption on
the gold surface,
Covalently
immobilized
using cystamine
functionalized
gold electrode
with aqueous
glutaraldehyde
Immobilized
with
1%
Glutaraldehyde
Cobalt (II)
Phthalocyanine

Piezoelectric

Incubation
time: 10
minutes

Potentiometri
c

Standard
solution

vinyldi methyl
phosphate,DDV
P, Profenofos
Trichlorofon

Paraoxon,

oxidase,
peroxidases
Acetyl
cholinesterase

Carbaryl

Aldicarb,
Carbaryl
Carbofuran,
Methomyl,
Propoxur

Cholinesterase
(Bovine
Erythrocytes,
Electric Eel,
Human
Erythrocytes,
Horse serum,
Human serum)

Standard
solution

Referen
ce

[62]

Paraoxon
methyl,
Paraozon ethyl,
Trichlorfon,
DFP

2,2 Dichloro

Liquid
sample

Workin
g range/
detectio
n limit

10-6 – 10-8
M
(profenofo
s),
10-5 – 10-6
M
DDVP)
Detection
limit: 5nM

Disposable,
No need for
reference
electrode,
Ability to
miniaturizatio
n
Single use,
High
sensitivity, In
situ
measurements
possible
Good
sensitivity,
Precision

[5]

[63]

[64]

Improved
selectivity

[36]

Disposable
type,
[6]
Shelf life: 1
month

Standard
solution
prepared
in ethanol

5x10-8 – 1x10- Reproducibility:
5
M
1x10-7 – 5x10±10%
5
M
Preincubation

[65]

Time: 5 minutes

Amperometri
c
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Vegetables

5x10-5 to
50 mg/kg

Disposable
sensor, Cost
effective
method, No
sample
pretreatment

[48]
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Butryl
cholinesterase
(Horse
serum) Choline
oxidase
(Alcaligenes sp.)
Acetyl
cholinesterase,

Entrapment in
Kappa
Carrageanan gel

Amperometri
c

Pesticides
standard
solution

Cross linked
with polyaniline

Potentiometri
c

River water

Butryl
cholinesterase

film

Acetyl
cholinesterase

Covalently
bound to
controlled

Coumphos,
Methiocarb,
Aldicarb
Propoxur,
Carbarylvos
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and grape
juice

Optical

Chopped
onion

(Electric eel)
pore glass

Dichlorvos,
Diazinon,
Denthion,
Fenthion

Paraoxon

Paraoxon,
Chlorfen
bimphos,
Diazinon

Paraoxon

Aldicarb

Acetyl
cholinesterase
(Electric eel)

Acetyl
cholinesterase
and choline
oxidase
Acetyl
cholinesterase
(Electric
eel),Acetyl
cholinesterase
(Bovine
erythrocytes),
Butryl
cholinesterase
Acetyl
cholinesterase

Covalently
immobilized on
film on the
graphite
electrode
Polyurethane
and
Polyethylene
oxide membrane
Crosslinking
with (0.05%)
glutaraldehyde,
(3%w/v)
hydroxyl ethyl
cellulose

Cross linking
immobilization

4.8 µg/l
0.5 µg/l

1.5× 10-7
mol/l
5.0×10-9
mol/l
8.0×10-7
mol/l
2.0×10-7
mol/l
0.03 – 0.5
mg/l, 0.8 –
3
mg/l

lettuce
Amperometri
c

Organic
solvents

Detection
limit :
0.5x10-6 M,
0.8x10-6M,
1.0x10-6 M

Well
developed for
measurement
in the organic
phase
Stable for 10
days

[7]
in wet and dry

Good
reproduci[32]
bility, Stable
for a
month
60 days under
dry
[47]
condition

Amperometri
c

Incubation
solution
containing
paraoxon

Detection
limit:10
nM

Inhibition
diffusion
mechanism

Amperometri
c

Wool
extract

Working
range:
10-2 to 10-3
M

Incubation
time:

1µg/ to
60µg/l

Reproducibility:

Amperometri
c

Acetyl
cholinesterase,
Choline
oxidase

Poly (2-hydroxy
ethyl
methacrylate)
with Cibacron
blue and
Epichlorhydrin

Amperometri
c

Trichlorfon,
Methoicarb
aldicarb

Butryl
cholinesterase

Enzyme on film
with
glutaraldehyde

Potentiometri
c

Carbaryl,
Dichlorovos

Butryl
cholinesterase

Sol gel
entrapment

Optical

Orange
juice, apple,
peach with
honey

Commercia
lly

[37]

[66]
15 minutes

[46]
6%,Incubation

10-100 ppb

available
Aldicarb
solution
Liquid

[44]

Time:30
minutes
Storage
stability:
months,
Incubation
time: 5
minutes

10–7M

Response
time: quick

0.11-8
mg/l,
5 – 30 µg/l

Reproducibilit
y:

[20]

[30]
In field use

[49]
3-5%,
Accuracy:
94.9%
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Carbofuran,
Aldicarb,
Paraoxon

Carbaryl and
Parathion
methyl

Acetyl
cholinesterase
(Electric eel),
Acetyl
cholinestrease
(Bovine
erythrocytes),
Choline oxidase
Acetyl
cholinestrease
(Electric eel)

Carbofuran,
Propamocarb
Parathion ethyl,
Oxydemeton –
methyl

Acetyl
cholinesterase
(Electric eel),
Butryl
cholinesterase
(Horse serum)

Paraoxon

Acetyl
cholinesterase
(Electrophorus
electricus)

Carbaryl

Carbofuran

Paraoxon

Carbaryl,

Tyrosinase

Acetyl
cholinesterase

Acetyl
cholinesterase

Acetyl
cholinesterase
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Amperometri
c

Pesticides
prepared in
the buffer
solution

Entrapped on the
nafion
membrane fixed
on chemically
modified
electrode
Cross linked
with controlled

Amperometri
c

Egg, Bovine, 2-90
ng/ml,

Methomyl,
Carbofuran,
Carboryl,
Aldicarb

Entrapment on
sol gel matrix
covered on
chemically
modified
electrodes

[4]

Assay time: 5
minutes
[33]

1-100
ng/ml
Photo thermal

Onion,
lettuce,
salad

0.005
mg/kg
to 0.013
mg/kg

Cost
effective, No
sample
pretreatment

River/
stream

1x10-7M

High sensitivity

poro glass beads
Entrapment on

Incubation
time:
30 minutes

honey, milk

Amperometri
c

Polymer matrix
(Micro electrode
Array)

[38]

[54]

Cylindrical
membrane
covered with
oxygen sensor

Amperometri
c

Aqueous
solution

Polymerized into
lipid film

Transient
current
measurement
s

Food

Self assembled
on carbon nano
tubes modified
glassy carbon
electrode

Amperometri
c

Online
moitoring

Entrapped on
silica gel column

Potentiometry

1.5 mg/l
detection
limit

10-7 M to
10-9 M

Soluble
tyrosinase
[21]
was used to avoid
the suicide
inhibition of
enzymes by the
products
No matrix
effects
[67]

0.4pM

Inhibition
time:6 minutes
[68]

Water

and
Conductomet
ry
Acetyl
cholinesterase,
Neurons

10-5 M

Coimmobilization
on the surface of
membrane

Carbofuran

Eserine
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Covalently
immobilized on
the gate surface
of ISFET using
Cyanuric
chloride

Ion sensitive
Field Effect
Transistor

Entrapped in sol
gel matrix

Amperometri
c
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Real time
use in vitro
and in vivo
applications

Potable
water
sample

0.3 -10 ppm Analysis time :
31-37 minutes
Reproducibility
: 4.0+1.3 %
0.02-0.3
ppm
0.1 – 100
µM

8×10–10 M,
1×10–8 M,
2×10–8 M

Hybrid system
is useful for the
real time
detection ,
Good
sensitivity
Mutant
enzymes
showed
increased
sensitivity and
low detection
limit

[8]

[22]

[69]
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Fenthion
monocrotophos

Dichlorvos

Acetyl
cholinesterase
(Bovine
erythrocytes)

Acetyl
cholinesterase
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Graphite
electrode
copolymerizatio
n of Acetyl
cholinesterase
and Choline
oxidase on
polymer network
upon screen
printed electrode
Al2O3 sol gel

Amperometri
c
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Prepared in
distilled
water

Cheap and
reliable

10-6 M

[70]

0.1-10 ppb

Amperometry

Sea water

0.1 –
80µM

Reactivation:<8
0%
[25]
Inhibited
enzyme
Activity,
reproducibility:

Fenthion,
Malathion,

Acetyl
cholinesterase

Dichlorvos,Carba
ryl,

Physical
adsorption on
Polyvinyl
pyrrolidone

analyzer with

20µl of
pesticides
used

4.92% (n=9)
Stable for 20
days in room

Acetyl
cholinesterase
(Electric eel)

Tyrosinase

Carbaryl

temperature

25%
Glutaraldehyde

Amperometri
c

Tap water
and river

1.5 to 80 µM High
throughput
[34]

chitosan coated
on carbon
nanotubes
Cross linking
with bovine
serum albumin
using
glutaraldehyde

sample
screening,
reactivation
–7

Conductomet
ric

Aqueous
solution

1.5 × 10
M,
5.0 × 10–8
M,
2.0 × 10–7
M

30 minutes,
Good storage
stability

Amperometri
c
and
Potentiometri
c

Lettuce

10–6 to 102
µg/L,

Quick and
good
detection limit

Acetyl
cholinesterase

Carbofuran,

Acetyl choline
esterase (Electric
eel), Genetically
Engineered
Drosophila
Melanogaster

Photo
polymerization
with mediator in
5% Acetonitrile

Amperometri
c

Apple
Extract

4.5×10-6 mol/l Stable for 7
1.6 ×10-7
months
mol/l
9.6× 10
1
1mol/l
2.6×10-9mol/l

Acetyl
cholinesterase
(D.
melanogaster)

1mU and 10 mU
of
Acetyl
cholinesterase
entrapped in
Poly
vinyl acetate
polymer sheet

Amperomeric

Bottled
water,

2 µg/l

Dichlovos,
Methylparaxon
Chlorpyrifos,
Chlorphyriphos
-oxon chlorfen
vinphos,
Primiphosmethyl,
malathion,
Carbofuran,

Entrapment on
to the membrane

water

Organophosph
orus and
carbamate
pesticides

Carbaryl

[71]

assay

cross linked with

Alachor,
Diazinon,

On-site

biochemical

Chlorpynifos,
Carbofuran
Sulfotep

Pesticide
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10–6 to 100
µg /L

tap water,
ground

Repeatability
:
7.6% A.
(n=12)

[9]

[72]

[28]

[26]
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Propoxur
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with Tetra
cyanoquino
dimethane
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water,
sea water,
tea,
orange
juice, milk

Carbaryl

Carbary1 and
Parathion

Acetyl
cholinesterase
(Bovine
erythrocytes)

Acetyl
cholinesterase
(Bovine
erythrocytes)

1%
Glutaraldehyde

Amperometri
c

champagne
Tomato

10.0×10-5
mol/l

solution cross
linked
with Cobalt
modified carbon
paste
Confined
immobilization
by

0.8 × 10-5 –

83.4%
recovery
No matrix
effects

[23]

Pathalocyani
ne
Amperometri
c

Tomato
and

9 -10.3
µg/l

91.0%-98.0%
recovery µg/l

[24]

apple
surface
assembled

Parathion,
Carbaryl

Organophosphor

Wild type acetyl
cholinesterase
combined with
Nb Acetyl
cholinesterase
Acetylcholineste
rase

us pesticide
(Electrophorus

monolayer
Cross linking
using
glutaraldehyde
vapor

Immobilized on
chemically
modified and
non modified
polyaniline
membrane

Amperometri
c

Milk

Amperometri
c

Standard
solution

Detection
limit: 1µg/l

10–10 to 10–
7
g/l
7.39×10–11
g/l

electricus)

Disposable
[58]

Increased
storage
stability and

[41]

operational
stability, high

Methamidophos,

Entrapped in
methyl cellulose
membrane

Potentiometri
c

Potted
lettuce

10 ng/l,
2.5 ng/l,
15 ng/l,
5 ng/l

Acetyl
cholinesterase

Assembled on
magnetic
composite
nanoparticles

Amperometry

Chinese
cabbage

1.0x10–3 –
10 ng/ml,
Detection
limit: 5.6 ×
10–4 ng/ml

High
sensitivity,
Disposable,
Low
consumption
of sample

Acetyl
cholinesterase

Layer by layer
self assembled
using carbon
nanotubes

Amperometri
c

River water

10-6 – 10-11
g/l,
Detection
limit: 10-12
g/l

Average
recovery

Phorate,
Parathion,
Chlorphyifos,

Dimethoate

Carbaryl

sensitivity
Exhibit good
reproducibility
and storage
stability for 20
days, Selective
detection in the
presence heavy
metal ions

Acetyl
cholinesterase

(Electric eel )

[74]

[27]
is 99.8±2.7 % at
10-10 g/l, Good
stability and

This article is protected by copyright. All rights reserved.

[73]

www.els-journal.com

Page 27

Engineering in Life Sciences

specificity
towards carbaryl

Phoxim,
Dichlorvos,

Acetyl
cholinesterase

Cross linked on
the chitosan
membrane using
glutaraldehyde
solution

Amperometri
c

Standard
solution

Acetyl
cholinesterase

Precipitation
with

Amperometri
c

Laboratory

Trichlorfon

Diisopropylflu
or
ophosphate

condition5
% IPA to
pesticide in
organic

glutaraldehyde,
spherical
micropar-

solvents

Not available Good sensitivity
and selectivity
towards OP
compounds,
Exhibit low
detection limit,
better
reproducibility
(2.9 ±1.8)
Not available
×10-8mol/l
(6.9±2.9)×
10-7 mol/l

[59]

[42]

(3.5±1.5) ×
10-8mol/l

ticles, sorption,
(8.3±3.1) ×
10-8 mol/l

interception into
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