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Abstract: Biosensors have been developed for the detection of pesticides using integrated enzymes, antibodies, cell and 

DNA-based biosensors. Enzymatic determination of pesticides is most often based on inhibition of the activity of selected 

enzymes such as cholinesterase, acid phosphatase, ascorbate oxidase, acetolactate synthase and aldehyde dehydrogenase. 

Enzymatic Biosensors were developed using various electrochemical signal transducers and different electrodes. Various 

immobilization protocols used for the formation of a biorecognition interface are also discussed: In addition, techniques of 

regeneration, single amplification, and miniaturization are evaluated for the development of immunosensor. Both batch 

and flow-injection analyses with enzyme biosensors are most intensively developed. It included that, in the future, com-

pact, disposable and portable devices especially designed for in-field analysis with high sensitivity, selectivity; develop-

ment of arrays and multiple sensors will continue another area of intensive research for biosensors.  
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1. INTRODUCTION 

Pesticides (herbicides, fungicides, insecticides) are 
widely used in the agriculture and industry around the world 
due to their high insecticidal activity [1, 2]. The presence of 
pesticide residues and metabolites in food, water and soil 
currently represents one of the major issues for environ-
mental chemistry. Pesticides are, in fact, among the most 
important environmental pollutants because of their increas-
ing use in agriculture [3-5].  

Among the pesticides, organophosphorus and carbamate 
insecticides form an important class of toxic compounds; 
their toxicity is based on the inhibition of acetylcho-
linesterase (AChE). Organophosphate and carbamate pesti-
cides toxicity can vary considerably, depending on the 
chemical structure of the pesticide [6, 7]. Many methods are 
available for pesticide detection: chromatographic methods, 
such as gas chromatography (GC) and high performance 
liquid chromatography (HPLC) coupled with mass spec-
trometry (MS). These methods are very sensitive and reliable 
but present strong drawbacks such as complex and time-
consuming treatments of the samples, i.e. extraction of pesti-
cides, extract cleaning, solvent substitution, etc. [8-12]. 
Moreover, they can only be performed by highly trained 
technicians and are not convenient for on-site or on in-field 
detection.  

Biosensors are potentially useful as they detected pesti-
cides quickly and have been active in the research area for 
some years. Biosensors have been defined as analytical de-
vices which tightly combine bio-recognition elements with 
physical transducers for detection of the target compounds  
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[13-15] (Fig. 1). The biological recognition element (en-
zyme, antibody, microorganism or DNA), in this case, the 
biosensor is based on a reaction catalyzed by macromole-
cules, which are present in their biological environment, 
have been isolated previously or have been manufactured. 
Thus, a continuous consumption of substrate(s) is achieved 
by the immobilized biocatalyst incorporated into the sensor: 
transient or steady-state responses are monitored by the inte-
grated detector. 

The transducer part of the sensor serves to transfer the 
signal from the output domain of the recognition system to, 
mostly, the electrical domain. The transducer part of a sensor 
is also called a detector, sensor or electrode, but the term 
transducer is preferred, to avoid confusion. Example of elec-
trochemical transducers (Potentiometry, amperometry, volt-
ammetry, surface charge using field effect transistors 
(FETs), and conductometry) which are often used to measure 
the output signal from the biorecognition domain. 

1.1. Sensing Mode 

1.1.1. Amperometry 

Amperometry is based on the measurement of current re-

sulting from the electrochemical oxidation or reduction of an 

electroactive species. It is usually performed by maintaining 

a constant potential at a Pt-, Au- or C-based working elec-

trode or an array of electrodes with respect to a reference 

electrode (two measuring electrode system without auxiliary 

electrode), if the current are low (10
-9

 to 10
-6

 A).  

Amperometric immunosensors detect the concentration-

dependent current, generated when an electroactive species 

is either oxidized or reduced at the electrode surface to 

which Ab-Ag binds specifically, it is held at a fixed electrical 

potential. The current is directly proportional to specific  

Ab-Ag binding. The current and bulk concentration of the 
detecting species can be approximated as:  
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I = Z F km C
*

            (1) 

where I is the current to be measured, Z and F are constants, 
km is the mass transfer coefficient and C 

*
 

is the bulk 
concentration of the detecting species. 

1.1.2. Potentiometry 

Potentiometric measurements involve the determination 
of potential difference between both an either indicator and a 
reference electrode or two reference electrodes separated by 
a permselective membrane, when there is no significant cur-
rent flow between them. The most common potentiometric 
devices are pH electrodes; several other ions (F

-
, I

-
, CN

-
, 

Na
+
, K

+
, Ca

+
, NH4) or gas- (CO2, NH3) selective electrodes 

are available. 

Potentiometric immunosensors are based on measuring 
the changes in potential induced by the label used, which 
occur after the specific binding of the Ab-Ag. They measure 
the potential across an electrochemical cell containing the Ab 
or Ag, usually by measuring the activity of either a product 
or a reactant in the recognition reaction monitored. The 
measured potential is given by the Nernst equation: 

E = constant ± 
nF

RT ln a           (2) 

where E is the potential to be measured, R, T, F are con-
stants, n is the electron transfer number, and a is the relative 
activity of the ion of interest.  

1.1.3. Surface Charge Using Field-Effect Transistors 

(FETs) 

Field effect transistor (FET) and particular ion sensitive 
FETs (ISFET), have to be presented as a basis for biosensor 
developments. The main part of an ISFET is ordinary metal 
oxide silicon FET (MOSFET) with the gate electrode re-
placed by an ion selective membrane, a solution and a refer-
ence electrode. The nature of the membrane /insulator will, 
then, give the ion specificity of the sensor (pH, NH3). The 
pH sensitive IFSETs are the most widely used sensors for the 
biosensor developments, with a large range of possible insu-
lators (SiO2, Al2O3 and Ta2O5) [16-18] and enzyme labels. 
When such ISFETs are coupled with a biocatalytical or bio-
comlpexing layer, they become a biosensor, and are usually 
called either enzyme (ENFETs) or immunological (IMFETs) 
field-effect transistors.  

1.1.4. Conductometry 

The principle of the detection is based on the fact that 
many biochemical reactions in solution produce changes in 
the electrical resistance (reciprocal conductance). Conduc-
tance measurements involve the resistance determination of a 
sample solution between two parallel electrodes. Many en-
zyme reactions, such as that of urea and many biological 
membrane receptors may be monitored by ion conductomet-
ric or impedimetric devices, using interdigited microelec-
trode [19, 20]. In an immunosensor, there is an overall elec-
trical conductivity of the solution and capacity alteration due 
to the Ab-Ag interaction at the electrode surface. 

2. BIOSENSORS  

Biosensors and bioanalytical methods appears well suited 
to complement, standard analytical methods for a number of 
environmental monitoring applications. The definition for a 
biosensor is generally accepted in the literature as a self con-
tained integrated device consisting of a biological recogni-
tion element (enzyme, antibody, receptor, DNA or microor-
ganism) which is interfaced to a chemical sensor (i.e., ana-
lytical device) that together reversibly respond in a concen-
tration-dependent manner to chemical species. The use of 
biosensors for environmental applications has been reviewed 
in considerable detail [21]. Different recommendations were 
postulated for defining and describing the characteristic ef-
fect on biosensors performance. Some properties and charac-
teristic behaviours of ideal biosensors were evaluated, in 
accordance with standard IUPAC protocols or definition [22-
24]. Which include selectivity, response time, linear range, 
limit of detection, reproducibility, stability and lifetime. 

2.1. Enzyme-Based Biosensor 

Enzymes are organic catalysts produced by the living cell 
that act on substances called substrates. Like all other cata-
lysts, enzymes only catalyse thermodynamically feasible 
reactions. The enzyme-based sensors measure the rate of the 
enzyme-catalyzed reaction as the basis for their response, 
any physical measurement which yields a quantity related to 
this rate can be used for detection. Several procedures have 
been devised for the monitoring of the activity of an enzyme 
using electrochemical transducers. The assessment of this 
activity usually takes place by the direct measurement of 

 

Fig. (1). Schematic representation of biosensors. (Anal. Chim. Acta, 2006, 568, 221). 



24    The Open Electrochemistry Journal, 2010, Volume 2 Gamal A. E. Mostafa 

electroactive products or co-substrates involved in the enzy-
matic reaction. It is possible to realize this monitoring indi-
rectly also using synthetic mediators that favour the transfer 
of electrons between the electroactive species and the elec-
trode. These procedures are used also in biosensors.  

Enzyme immobilization on the transducers is an indis-
pensable step in the development of biosensors. The simplest 
form of immobilization is to dissolve the enzyme in the 
buffer solution, depositing it on the electrode surface and 
covering it with a dialysis membrane. Other immobilization 
techniques are based on the physical entrapment of the en-
zyme, inside a synthetic gel layer (formed by the co-
polymerization of acrylamide and bisacrylamide) or a 
chemical bond between the enzyme and a membrane or an 
organic or inorganic support or directly to the transducer 
(made of Pt, Au, C etc.). The enzyme can be immobilized 
also by crosslinking with an inert protein with gluteralde-
hyde and forming insoluble macromolecular aggregates. 
Different immobilization issues have also been discussed in 
the literature [25-30]. Many biosensors (enzyme-based bio-
sensor) which are used for pesticide detection are catalytic 
activity based or are the reaction inhibition, of several en-
zymes in the presence of pesticides. 

2.1.1. Enzymatic Biosensors for Direct Detection of Pesti-

cides 

Organophosphorus hydrolase (OPH) is an organophos-
photriester hydrolyzing enzyme; the enzyme has broad sub-
strate specificity and is able to hydrolyze a number of or-
ganic phosphorus (OP) pesticides such as paraoxon, para-
thion, coumaphos, diazinon, dursban, etc., as in equation (3). 
Organophosphorus acid anhydrolase catalyzed hydrolysis of 
OP compounds generates two protons as a result of the 
cleavage of the P-O, P-F, P-S or P-CN bonds and an alcohol, 
which in many cases is chromophoric and/or electroactive. 
The resulting hydrogen ion can be followed by potentiome-
try. Organophosphorus hydrolase can be integrated with an 
amperometric transducer to monitor the oxidation or reduction 
current of the hydrolysis products (equation 3). Several review 
articles on integrated organophoshoshate hydrolase enzyme 
for identification of different classes of pesticides (e.g., car-
bamates and organophosphates) were published [31-33]. 

Organophosphorus hydrolase enzyme was utilized as a 
biosensor for detection of paraoxon and parathion [34]. The 
transducer structure of the sensors, chip consists of a pH-
sensitive capacitive electrolyte-insulator-semiconductor (EIS) 
structure that reacts towards pH changes caused by the OPH-
catalysed hydrolysis of the organophosphate compounds 
(according to the following equation) (3)  

PR Z

R`

X

+ H2O

OPH

PR OH

R`

X

+ ZH

    

(3)

 

where, X is oxygen or sulfur, R is an alkoxy group ranging in 
size from methoxy to butoxy, R` is an alkoxy or phenyl 
group and Z is a phenoxy group, a thiol moiety, a cyanide or 
a fluorine group.  

Biosensors for organophosphate pesticide, containing 
fluorine were fabricated using the enzyme organophosphorus 

acid anhydrolase (OPAA) [35]. Batch-mode and stop-flow 
assays were carried out for the detection of di-isopropyl 
fluorophosphate and the detection limits were found to be 20 
and 12.5 μM in batch-mode and stop-flow assays, respec-
tively. Linear potentiometric responses were obtained for up 
to 500 mM. 

An amperometric enzyme biosensor for the direct meas-
urement of parathion was developed [36]. The biosensor was 
based on parathion hydrolase. The enzyme was immobilized 
on a carbon electrode, catalyses the hydrolysis of parathion 
to form p-nitrophenol (according the following equation) (4), 
which was detected by its anodic oxidation. The detection 
limit was less than 1 ng/ml.  

N
O O

PO

O

S

Parathion

hydrolase

N
O O

OH

+

O
P

O

HO S

O,O-Diethyl-O-4-nitrophenyl-

phosphorothioate (Parathion)

4-Nitrophenol

    (PNP)

Diethylthiophosphoric acid 

              (DEPA)

    

(4)

 

Another example based on the same principle was re-
ported [37]. The detection limits were 15 and 20 nM for 
parathion and paraoxon, respectively. 

Organophosphate pesticides in water were determined 
using a flow injection amperometric biosensor which incor-
porated, immobilized organophosphorus hydrolase on  
activated aminopropyl glass beads with an electrochemical 
flow through a detector containing a carbon paste working 
electrode, Ag/AgCl reference electrode and a stainless  
steel counter electrode [38]. The amperometric response  
was linear up to 120 and 140μM for paraoxon and methyl 
parathion, respectively, with detection limits of 20nM for 
both analyte. 

A novel dual amperometric/potentiometric biosensor chip 
with the immobilized enzyme OPH has been developed and 
examined for the detection of organophosphorus pesticide 
[39]. The amperometric and potentiometric transducers of 
the biosensor chip have been prepared by means of thin-film 
techniques. Different groups of organophosphorus pesti-
cides, like paraoxon, parathion, dichlorvos and diazinon 
down to the lower μM concentration range were detected. 

A dual-transducer flow-injection biosensor detection sys-
tem for monitoring organophosphorus (OP) neurotoxins was 
described [40]. The biosensor was based on OPH. The en-
zyme catalyses the hydrolysis of parathion to form oxidi-
zable p-nitrophenol and organic acid. The potentiometric 
biosensors respond favorably to all OP compounds, reflect-
ing the pH changes associated with the OPH activity, and the 
amperometric devices display well-defined signals only to-
wards OP substrates, (pesticides) liberating the oxidizable p-
nitrophenol product. Table 1 summarizes the most common 
enzymatic biosensor for direct detection of pesticides.  

2.1.2. Biosensors Based on Inhibition of Enzyme Activity 

Enzymatic determination of pesticides is most often 
based on inhibition of the activity of selected enzymes such 
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as cholinesterase, acid phosphatase, tyrosinase, ascorbate 
oxidase, acetolactate synthase and aldehyde dehydrogenase. 
Such compounds can form stable complexes with some en-
zymes. This is because those pesticides have a shape that 
resembles the shape of the substrate, thus blocking the active 
center of enzyme and inhibiting its activity. This inhibition is 
independent of the presence of substrate. Enzymatic biosen-
sors were developed using various electrochemical signal 
transducers, different methods of enzyme immobilization 
and various measuring methodologies. Application of single-
use screen-printed biosensors in batch measurements and 
flow-injection analysis with enzyme biosensors, are the most 
intensively developed procedures. Enzyme inhibition by 
pesticides was used for measuring purpose using the electro-
chemical sensors and several review articles have been pub-
lished [41-43].  

2.1.2.1. Cholinesterase Enzymes 

2.1.2.1.1. Mono-Enzymatic Biosensors 

When using acetylcholine (ACh) or butyrylcholine 
(BuCh) as substrate, the reaction products are choline (Ch) 
and the corresponding organic acid (Fig. 12 first equation). 
Since choline is not electrochemically active, the change of 
enzyme activity is detected by the pH change variation due 
to the acid production at the surface of the biosensor. In this 
case, the electrochemical method of choice is a potentiomet-
ric one. When artificial substrates, such as acetylthiocholine 
(ATCh) or butyrylthiocholine (BuTCh) are used, the prod-
ucts of the reaction are thiocholin (TCh) and an organic acid 
(according to the following reactions (5 and 6). Thiocholine 
can be oxidized anodically using platinum electrodes or 
modified electrodes. Recently, a review article on cholines-
terase biosensors from basic research to its practical applica-
tions was published [44]. 

Acetythiocholine or

Butyrylthiocholine + H2O
ChE

Thiocholine + Organic acid
 (5) 

Thiocholine

oxidation

dithio-bis-choline  + 2e- + 2H+ + 2CI-

 (6) 

Potentiometric biosensors based on butyrylcholinesterase 
were developed by co-reticulation of the enzyme with glu-
taraldehyde on an electropolymerized polyethylenimine film 
at the electrode surface [45]. The butyrylcholinesterase-
electrode was tested as a biochemical sensor for the detection 
of an organophosphorus pesticide, trichlorfon, based on  

enzyme inhibition. The enzyme electrode showed a detection 
limit for trichlorfon of < 0.1μM. 

Cholinesterase sensors based on glassy carbon and planar 
epoxy graphite electrodes, modified with processed polyani-
line were developed to examine pesticide detection [46]. The 
modification of electrode surface with polyaniline provides 
high operational stability and sensitivity towards the pesti-
cides investigated. The detection limits found, (coumaphos, 
0.002; trichlorfon, 0.04; aldicarb, 0.03; methiocarb, 0.08 mg/ 
l) made it possible to detect the pollutants in the waters on 
the level of limited threshold levels without sample precon-
centration. 

The biosensor methodology was employed to analyze 
carbaryl directly inside the tomato, without any previous 
manipulation [47]. In this case, the biosensor was immersed 
in the tomato pulp (Fig. 2), which had previously been 
spiked with the pesticide for 8 min, removed and inserted in 
the electrochemical cell. A recovery of 83.4% was obtained, 
showing very low interference of the matrix constituents. 
The measurements were carried out using an amperometric 
biosensor technique based on the inhibition of acetylcho-
linesterase activity due to carbaryl adsorption and a HPLC 
procedure. The analytical curve obtained in pure solutions 
showed excellent linearity in the range of 5.0 10

-5
 to 75 10

-5
 

mol/l range.  

An electrodeposited sub-layer of gold nanoparticles was 
found to enhance the adsorption and stabilization of AChE 
on a planar gold electrode surface [48]. The enzyme-
modified electrode sensor was utilized for the sensitive elec-
trochemical detection of thiocholine at the gold surface after 
hydrolysis of acetylthiocholine by the immobilized enzyme. 
In the absence of the nanoparticle layer, the sensor response 
to acetylthiocholine was significantly reduced and the utility 
of the electrode was limited. The ability of the nanoparticle-
based (Fig. 3) sensor to reliable measure concentrations of 
the organophosphate pesticide carbofuran at nM concentra-
tions was demonstrated by monitoring the inhibition of the 
hydrolysis of acetylthiocholine. 

Sol-gel-derived silicate network assembling gold 
nanoparticles (AuNPs-SiSG) provides a biocompatible mi-
croenvironment around the enzyme molecule to stabilize its 
biological activity and prevent them from leaking out of the 
interface was constructed [49]. Typical pesticides such as 
monocrotophos, methyl parathion and carbaryl were selected 
for pesticide sensitivity tests. The proposed electrochemical 

Table 1. Enzymatic Biosensors for Direct Detection of Pesticides 

ANALYTE ENZYME DETECTION LIMIT SYSTEM REFS. 

Di-isopropyl Fluorophosphates OPAA 20 and 12.5 M for batch and flow injection Amperometry [35] 

Parathion Parathion hydrolase 1 ng/ml  " [36] 

Parathion / Paroxon Parathion hydrolase 15/ 20 nM  " [37] 

Paraoxon / methyl parathion OPH 20nM  " [38] 

organophosphorus neurotoxin OPH  2 M and 6  for paraoxon dichlorvos, respectively 

(potentiometry) and 70nM for paraoxon (amperometry)  

Amperometry/potentiometry [40] 

OPAA, organophosphorus acid anhydrolase; OPH, organophosphorus hydrolase; OP, organophosphorus 
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pesticide sensitivity test exhibited high sensitivity, desirable 
accuracy, low cost and simplified the procedures.  

One-step electrochemical deposition of gold nanoparti-
cles in chitosan hydrogel onto a planar gold electrode (Fig. 
4) was used to create a favorable surface for the attachment 
of the enzyme AChE [50]. The proposed method for rapid 
determination of malathion was established based on the 
chemisorption / desorption process of thiocholine used as an 
indicator. Under the optimal conditions, the decrease in re-
sponse was proportional to the concentration of malathion 
from 0.1 - 20 ng/ml, with detection limit of 0.03 ng/ml.  

For amperometric detection of cholinesterase activity, 
both the substrates acetylcholine and acetylthiocholine have 
been extensively used. The latter is preferable because it 
avoids the use of another enzyme, choline oxidase, which is 
usually used with acetylcholine. However, the amperometric 
measure of thiocholine, produced by the enzymatically cata-

lysed hydrolysis of acetylthiocholine, has proved to be diffi-
cult at classic electrode surfaces due to the high over poten-
tial needed as well as the possible problems of surface pas-
sivation [51]. To overcome this problem other electrodes or 
chemical modifiers have been used.  

Immobilization of AChE enzyme on multiwall carbon 
nanotubes [52] and multiwall carbon nano-chitosan [53] was 
proposed and thus a sensitive, fast and stable amperometric 
sensor for quantitative determination of organophosphorous 
insecticide was developed. Under optimal conditions the 
inhibition of triazophos was proportional to its concentration 
in two ranges, from 0.03 to 7.8 and 7.8 to 32 μM with a de-
tection limit of 0.01 μM [53]. 

An amperometric biosensor based on the adsorption of 
the AChE enzyme on screen printing electrodes [54] and 
SPE coated with a Nafion layer [55] were investigated. The 
sensor SPE [54] was used to detect the inhibitory effects of 

 

Fig. (2). Photograph of the experimental set-up for immersion of the biosensor in the Tomato “in natural”, spiked with carbaryl. (Sensors and 

Actuators B129, 2008, 40). 

 

Fig. (3). Schematic diagram of the enzymatic reaction at the gold nanoparticle-coated AChE electrode. (Electrochemistry Communications, 
2007, 9, 935). 
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organophosphorus and carbamate insecticides on acetylcho-
linesterase, and more particularly on chlorpyrifos ethyl oxon. 
The detection limits were found to be 0.35 and 0.15μM for 
trichlorfon and coumaphos, respectively [55]. Figs. (5 and 6) 
show the diagram of the integrated two and three screen-
printed electrodes.  

A screen-printed biosensor for the detection of pesticides 
in water-miscible organic solvents was described based on 
the use of p-aminophenyl acetate as acetylcholinesterase 
(AChE) substrate [56] (Fig. 7). The oxidation of p-
aminophenol, product of the enzymatic reaction, was moni-
tored at 100 mV (vs. Ag/AgCl screen-printed reference elec-
trode). The sensor showed good characteristics when ex-
periments were performed in concentrations of organic sol-
vents below 10%. No significant differences were observed 
when working with 1 and 5% acetonitrile in the reaction me-
dia. Detection limits as low as 19.1 and 1.24 nM for par-
aoxon and chlorpyrifos ethyloxon respectively, were ob-
tained when experiments were carried out in 5% acetonitrile.  

The use of modified electrode surfaces capable of oxidis-
ing thiocholine applied at low potentials and without pas-
sivation has been proposed. 7,7,8,8- tetracyanoquinodi-

methane(TCNQ) was used as an electrochemical mediator 
for thiocholine detection [57]. The detection of N-
methylcarbamate insecticides: aldicarb, carbaryl, carbofuran 
and methomyl were investigated. The LOD were determined 
with a minimum 10% inhibition, and varied from 1-8nM 
(0.2-1.5 ppb) by employing the enzyme immobilization 
through photopolymerization. 

Screen-printed electrodes were adopted and modified by 
depositing TCNQ and prussian blue was developed and 
tested for detection of anticholinesterase pesticides in aque-
ous solution and in spiked grape juice [58]. The influence of 
enzyme source and detection mode on biosensor perform-
ance was explored. The slopes of the calibration curves ob-
tained with modified electrodes were increased by two folds 
and the detection limits of the pesticides were reduced by 
factors of 1.6 to 1.8 in comparison with the use of unmodi-
fied transducers. The biosensors developed made it possible 
to detect down to 2 10

-8
, 5 10

-8
, and 8  10

-9
M for chloro-

pyrifosmethyl, coumaphos, and carbofuran respectively, in 
aqueous solution and grape juice. 

Cobalt phthalocyanine (Co-phthalocyanine), after its first 
demonstrated use as thiocholine mediator, remains one of the 

 

Fig. (4). Mechanism of constructed biosensor based on one-step electrodeposition. (A) Megascopic interface of AChE/CHIT–GNPs modified 
gold electrode. (J. Electroanalyt. Chem., 2007, 605, 53). 
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most used electrocatalysts for this purpose. The best example 
of the use of such mediator, in terms of easiness of produc-
tion and sensitivity towards thiocholine, still remains the 
bulk-modified Co-phthalocyanine electrode, which has been 
extensively used for the pesticide detection purpose [59-61] 
(Fig. 8).  

Prussian blue-modified screen printed electrode (SPE) is 
one of the most commonly used electrochemical modifier 
[62]. In a recent comparative study Co-phthalocyanine and 
Prussian blue-modified screen-printed electrodes has been 
performed [63] and both the electrodes demonstrated an 
easiness of preparation together with high sensitivity towards 

 

Fig. (5). Design of screens for 2-electrode biosensor: (a) basal track; (b) reference electrode; (c) working electrode; (d) insulation coating; (e) 

schematic of two-electrode screen-printed sensor. (Ecotoxicology and Environmental Safety, 2008, 69, 556). 

 

Fig. (6). The diagram of the integrated three screen-printed electrodes. (Talanta, 2006, 68, 1089). 

 

Fig. (7). Mono-enzymatic amperometric ChE biosensor based on p-aminophenyl acetate as substrate. (Biomolecular Engineering, 2006,  
23, 1).  
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thicoholine (LOD = 5×10
-7

 and 5×10
-6

M for Co-
phthalocyanine and Prussian blue, respectively) with high 
potentialities for pesticide measurement [63]. Prussian blue-
modified screen-printed electrodes were then selected for 
successive enzyme immobilization, due to their higher op-
erative stability demonstrated in previous works. AChE and 
BChE enzymes were used and inhibition effect of different 
pesticides was studied with both the enzymes. AChE-based 
biosensors have demonstrated a higher sensitivity towards 
aldicarb (50% inhibition with 50 ppb) and carbaryl (50% 
inhibition with 85 ppb) while BChE biosensors have shown 
a higher affinity towards paraoxon (50% inhibition with 4 
ppb) and chlorpyrifos-methyl oxon (50% inhibition with 1 
ppb). Real samples were also tested in order to evaluate the 
matrix effect and the recovery values comprising between 79 
and 123% were obtained. 

The use of a disposable biosensor, offers some additional 
advantages such as mass production, possibility for minia-
turization and low cost. The disposable biosensors for pesti-
cides were fabricated by immobilizing an enzyme (acetyl-
cholinesterase or butyrylcholinesterase) on to a SPE-epoxy 
composite layer applied to the conducting copper tracks on a 
glass fibre substrate [64]. The detection limits were 0.2 and 
0.6nM and RSD were 7- 9 % for carbofuran and paraoxon 
respectively. The recoveries of 0.001-10μM-carbofuran and 
paraoxon from tap water and orange juice were quantitative. 

Another disposable cholinesterase biosensor based on 
SPEs was assembled for organophosphorus pesticides [65-
69] by which the lowest amount 1ppb of chlorpyrifos-ethyl 
oxon can be detected [65]. 

A simple, reproducible and stable amperometric AChE-
based bioelectrode in organic solvents medium was con-
structed showing good analytical characteristics and ap-
peared to be suitable for the detection of pesticides in the 
presence of small amount of organic solvent [70]. The inhi-
bition percentage induced by a paraoxon in organic solvent 
solutions increases in the following sequence: acetonitrile < 
water < hexane, suggesting that the paraoxon repartition be-
tween the organic solvent and the essential water for enzyme 
activity plays an important role in establishing the analytical 
and kinetic parameters of the bioelectrode. 

The pre-investigated work was presented for the con-
struction of an amperometric biosensor, for highly sensitive 
detection of organic phosphorus insecticide dichlorvos, 
based on the inhibition of genetically modified AChE [71]. 
The biosensor was able to work in the presence of 5% aceto-
nitrile, which was necessary for the extraction of pesticide 
from the sample. The use of enzymatic biosensor in organic 
solvent was also reported with good reproducibility [72, 73].  

2.1.2.1.2. Bi-Enzymatic Biosensors 

In this system, chlolinestrease (ChE) is coupled to a sec-
ond enzyme choline oxidase (ChO) (equation 7 and 8). In the 
reaction of oxidation of choline catalyzed by choline oxi-
dase, oxygen is consumed during the reaction and hydrogen 
peroxide is produced. Hence, change of concentration of one 
of these can be the basis for the bienzymatic response. Oxy-
gen, detection is achieved by Clark electrodes and H2O2 with 
platinum, graphite or screen print electrodes or other elec-
trodes [74].  

 

 

Fig. (8). Schematic representation of the Co-phthalocyanine mediated electrode surface. (Biosens. Bioelectronics, 2004, 20, 765). 
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2H2O2

Oxidation

O2 + 2H  + 2e
          

(9)
 

A disposable carbon nanotube-based biosensor was suc-

cessfully developed and applied to the detection of OP pesti-

cides and nerve agents [75]. The biosensors using acetylcho-

linesterase (AChE)/choline oxidase (CHO) enzymes pro-

vided a high sensitivity, wide linear range and low detection 

limits for the analysis of OP compounds. Such characteris-

tics may be attributed to the catalytic activity of carbon 

nanotubes to promote the redox reaction of hydrogen perox-

ide produced during AChE/CHO enzymatic reactions with 

their substrate, as well as the large surface area of carbon 

nanotube materials. 

A new design of an enzyme biosensor based on AChE 

and ChO immobilized on the supported monomolecular 

layer composed of poly (amidoamine) of the fourth genera-

tion mixed with 1-hexadecanethiol was developed [76]. The 

resulting enzymatic activity, measured amperometrically, 

was substantially depressed in the presence of the organo-

phosphate pesticide dimethyl-2, 2-dichlorovinylphosphate 

(DDVP, Dichlorvos), carbamate pesticides carbofuran and 

carbamate drug eserine. The detection limits (1.3  10
-3

, 0.01 

ppb and 0.03 for DDVP, carbofuran, and eserine respec-

tively). 

Acetylcholinesterase and choline oxidase were co-

immobilized on poly (2-hydroxyethyl methacrylate) mem-

branes to construct a biosensor for the detection of anti-

cholinesterase compounds [77]. Enzyme immobilized mem-

brane was used in the detection of anti-cholinesterase activ-

ity of aldicarb (AC), carbofuran (CF) and carbaryl (CL),  

as well as two mixtures, (AC + CF) and (AC + CL) were 

detected. The total anti-cholinesterase activity of binary  

pesticide mixtures was found to be lower than the sum of  

the individual inhibition values.  

An amperometric biosensor for pesticides detection was 

prepared using bienzymes (AChE /ChO) and acetylcholine 

as substrate. Choline oxidase was adsorbed on to the graphite 

working electrode [66]. The biosensor was employed to de-

termine acetylcholinesterase inhibiting pesticides in fruit and 

vegetables using acetylcholine as a substrate. The analysis 

was carried out by incubating the prepared extract with bo-

rate buffer of pH 9 containing 0.1M-KCl and acetylcho-

linesterase for 10 min. Acetylcholine was then added and 

after 2 min the concentration of choline was measured using 

the biosensor at 700 mV vs. SCE. The method was calibrated 

with carbofuran. Calibration graphs were linear from 0.01- 

0.4 μ mol/l and the detection limit was 2 μg/l.  

2.1.2.1.3. Tri-Enzymatic Biosensors 

Peroxidase (POD) may be added to the bi-enzyme system 
to build a tri-enzyme device (equation 9). The generation of 
H2O2 as a product of the second reaction provokes a poten-
tial change in the electrode. This change is due to the 
bioelectrocatalysis of peroxide, where POD is regenerated 
without the presence of a mediator. Direct electron transfer 
to POD takes place on the electrode causing the potential 
change. This potential shift is proportional to the H2O2 con-
centration and to the activity of the cholinesterase. 

The sensor was based on the ability of organophosphorus 
pesticides to inhibit the catalytic activity of cholinesterase 
[78]. Immobilized peroxidase, functioning as a molecular 
transducer, catalyses the electroreduction of H2O2 by direct 
electron transfer. The sensing element comprises of carbon-
based electrode covered by a layer of three co-immobilized 
enzymes, viz, cholinesterase, choline oxidase and peroxidase. 
Glutaraldehyde was used as a binding agent. Measurement 
of electrode activity takes 3-5 min. Trichlorfon could be de-
termined in the nM concentration range with a detection 
limit of 5nM.  

2.1.3. Acid Phosphatase 

Biocatalytic hydrolysis of glucose-6-phosphate in the 
presence of acid phosphatase (AP) is reversibly inhibited by 
organophosphorus and carbamate pesticides. Amperometric 
detection of this inhibition requires a bienzymatic system 
with glucose oxidase (GOD) according the following reac-
tions, and final measurement of hydrogen peroxide: 

Glucose-6-phosphate + H2O AP  Glucose + 

inorganic phosphate         (10) 

Glucose + O2 
GOD Gluconolactone + H2O2      (11) 

Both enzymes were immobilized on separate membranes 
using the polyazetidine prepolymer as an immobilizing  
agent [79], and amperometric determination of the H2O2 at 
Pt electrode. 

Two amperometric bienzyme biosensors were described 
[80] for determining organophosphorus and carbamic acid 
pesticides, namely: (i) a classical biosensor in which purified 
AP and GOD were immobilized on to separate membranes 
and the membranes were attached to a commercial H2O2 
sensor and (ii) a hybrid biosensor in which GOD was spread 
on to potato tissue and the potato tissue was attached to the 
commercial H2O2 sensor. The detection limits were 0.5 - 3 
and 0.5 - 1.5 μg/l for the classical and hybrid biosensors, 
respectively. The detection limits for a carbamic acid pesti-
cide (aldicarb) were 40 μg/l for both types of biosensor and 
the linear range was 46 -125 μg/l. The hybrid biosensor ex-

(H3C)3N CH2CH2

Cl
H2O

ChE

(H3C)3N CH2CH2

Cl

O COR OH + RCOO   + H

Choline
R = CH3; acetylcholine

R = (CH2)2CH3; butylarylcholine
                  

(7)

 

(H3C)3N CH2CH2

Cl

OH + H2O   + 2O2

Choline

ChO

(H3C)3N CH2COOH + 2H2O2

Cl

Choline
                  

(8)
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hibited a longer shelf life and a better reliability than the 
classical biosensor. 

Chemometric methods for the development of a biosen-
sor system and the evaluation of inhibition studies with solu-

tions and mixtures of pesticides and heavy metals were de-

veloped [81]. The system consisted of three pH electrodes, 
and the ion sensitive area of each electrode was covered with 

a cellulose acetate membrane incorporating acetylcho-

linesterase, alkaline phosphatase or acid phosphatase; the 
substrates were acetylcholine chloride, alpha-D-glucose-1-

phosphate disodium salt and 4-nitrophenylphosphate for the 

three enzymes, respectively. The relative inhibition of each 
test substance was obtained by potentiometrically measuring 

the change in enzyme activity after immersion for 1 h in the 

test solution.  

2.1.4. Tyrosinase 

Tryosinase (polyphenol oxidase) catalyzes the oxidation 
of monophenol to o-diphenols and further to o-quinones:  

Monophenol + O2 
Tyrosina se

 Quinone + H2O       (12) 

The progress of reaction can be followed amperometri-
cally by reduction of quinone.  

In several published articles it was demonstrated, that re-

visable inhibition of tyrosinase can be utilized for determina-
tion of various pesticides of different structure [82-89].  

A tyrosinase (Tyr) screen-printed biosensor based on the 

electroreduction of enzymatically generated quinoid products 

was electrochemically characterized and optimized for de-

termination of carbamates and organophosphorus pesticides 

[82]. A composite electrode prepared by screen-printing a 

Co-phthalocyanine modified cellulose-graphite composite on 

a polycarbonate support was employed as an electrochemical 

transducer. The Tyr biosensor was prepared by immobiliza-

tion of enzyme on the composite electrode surface by cross-

linking with glutaraldehyde and bovine serum albumin. The 

results shown that the methyl parathion and carbofuran can 

lead to competitive inhibition process of the enzyme while 

diazinon and carbaryl act as mixed inhibitors. Linear rela-

tionships were found for methyl parathion (6 - 100 ppb), 

diazinon (19 - 50 ppb), carbofuran (5 - 90 ppb) and carbaryl 

(10 - 50 ppb). Analysis of natural river water samples spiked 

with 30 ppb of each pesticide showed recoveries between 
92.50% and 98.50% and relative standard deviations of 2%. 

A substrate-bound tyrosinase electrode was used to detect 

pesticide without substrate standard solution by immobiliz-

ing both the enzyme and the substrate on the gold nanoparti-

cles [83]. Tyrosinase was activated by the use of reduced 

pyrroloquinoline quinone which was covalently bonded with 

the modified gold nanoparticles, the mechanism being identi-

fied with cyclic and differential pulse voltammetry. The  

sensitivity was enhanced by the use of gold nanoparticles 

and the tyrosinase activity was maintained and converted 
into current signals (Fig. 9).  

Triazine pesticides were analysed during their inhibiting 
on the tyrosinase enzyme when operating in water-saturated 
chloroform medium [84]. Several triazine (simazine, propaz-
ine, terbuthylazine) and benzotriazinic (azinphos-ethyl and 
azinphos-methyl) pesticides were determined. Recovery  

trials were also performed in vegetal matrixes (corn, barley, 
lentils) and the detection limit was 0.5  10

-9
 mol/l.  

The use of several designs of amperometric enzymatic 
biosensors based on the immobilized tyrosinase enzyme 
(Tyr) for determining dichlorvos organophosphate pesticide 
was described [85]. The biosensors are based on the reversi-
ble inhibition of the enzyme and the chronocoulometric 
measurement of the charge due to the charge-transfer media-
tor 1, 2-naphthoquinone-4-sulfonate (NQS). Tryosinase be-
comes active when reducing the quinone form of the media-
tor molecule (NQS) to the reactive o-diol form substrate of 
Tyr (H2NQS) at the working electrode thus permitting modu-
lation of the catalytic activity of the enzyme and measure-
ment of the inhibition produced by the pesticide. A detection 
limit of about 0.06 μM was obtained for dichlorvos with 
entrapment of NQS and Tyr within electropolymerized 
poly(o-phenylenediamine) polymer, which was the design 
that proved to have the best analytical performance. 

A three electrode system was composed of a glassy car-
bon electrode modified with tyrosinase immobilized with 
glutaraldehyde, a Ag/AgCl reference electrode and a Pt wire 
counter electrode was developed for determination of diazi-
non in ethanol or dichlorvos in H2O [86]. 1, 2-
naphthaquinone-4-sulfonate (NQS) was converted to a reac-
tive diol, which facilitated its use as a bioelectrocatalyst, 
with a -150 mV pulse for 10s; a 100 mV oxidative pulse 
terminated the reaction. The inhibitory effects of diazinon or 
dichlorvos on enzyme activity were monitored ampermetri-
cally from an analysis of the current decay during the reduc-
tive pulse. Detection limits were 5 and 75 μM for diazinon 
and dichlorvos respectively.  

Dimethyl- and diethyldithiocarbamates were determined 
by their inhibiting effect on the catalytic activity of a ty-
rosinase electrode. The amperometric inhibition measure-
ments were carried out at -0.2 V vs. Ag/AgCl with a Pt wire 
auxiliary electrode. The enzyme electrode was prepared by 
coating a graphite electrode with tyrosinase [87]. The test 
solution was added to 0.4 mM phenol in reversed micelles 
and the change in steady-state current was monitored. The 
reversed micelles were prepared by adding 4% aqueous 
0.05M-phosphate buffer of pH 7.4 to 0.1M-dioctyl sulfosuc-
cinate in ethyl acetate. Calibration graphs were linear from 
0.2 - 2.2, 4 - 4.4 and 4 - 40 μM for Ziram, Diram and zinc 
diethyldithiocarbamate, respectively; detection limits were 
0.074, 1.3 and 1.7 μM, respectively. Relative standard devia-
tion were 5.5 -8% (n = 10) at the lower limit of the linear 
range. Recovery was 102% of 3.1 mg/kg Ziram from spiked 
apple.  

A review presented of enzyme-based electrochemical 
biosensors for the determination of organophosphorus and 
carbamate pesticides which covers cholinesterase-based bio-
sensors, tyrosinase-based biosensors and other enzyme sys-
tem was published [88].  

A biosensor method for the determination of triazine  
pesticides based on an inhibition organic phase enzyme  
electrode (OPEE) was described. The OPEE was developed 
using a tyrosinase biosensor assembled in the version  
operating in organic phase and used to determine triazine 
pesticides by exploiting their power to inhibit the tyrosinase 
enzyme. The tyrosinase OPEE was also used to test triazine 
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recovery from common vegetal samples, obtaining reco- 
veries always >90% [89]. 

2.1.5. Aldehyde Dehydrogenase 

It is known that the dithiocarbamate fungicides inhibit 

aldehyde dehydrogenase (ADH). In order to produce an am-
perometric biosensor with this enzyme also a bienzymatic 

system was designed with diaphorase which operate accord-

ing to the reactions: 

Propinoaldehyde + NAD
+
 

ADH

 propionic acid +  

NADH + H
+          (13) 

Diapharase

NAD+ + 2 Fe  (CN) 6   + H+NADH + 2 Fe  (CN) 6
3 4

     (14) 

The changes of hexacyanoferrate (II) concentration are 
monitored ampetometrically with a Pt electrode [90].  

A biosensor for dithiocarbamate fungicides was devel-
oped based on the inhibition of ADH [91]. The enzymes, 

ADH and diaphorase, were immobilized in a poly (vinyl 

alcohol) film attached to a Pt electrode and covered with a 
Cellophane membrane. The concentration of fungicide was 

calculated from the difference in the amperometric signals in 

the presence and /or absence of the fungicide. The am-
perometric signals were measured at 100 mV vs. Pt electrode 

(viz. 250 mV vs. SCE).  

Sensing material prepared from equal volumes of poly 
(vinyl alcohol) with styrylpyridinium groups and a mixture 

of aldehyde dehydrogenase and NADH oxidase was spread 

on a Pt disc working electrode, and the mixture was polym-
erized. Sensor activity was measured with potassium hexa-

cyanoferrate and NAD
+
 in phosphate buffer of pH 7.5 at 

30°C [92]. The low solubility of zineb (a dithiocarbamate 

fungicide) was increased by conversion to the corresponding 
disodium salt with EDTA disodium salt prior to assay based 

on its inhibition of the reaction of propionaldehyde  

with NAD
+
 in the presence of aldehyde dehydrogenase. 

Calibration graphs were linear up to 80 ppm zineb or the 

corresponding disodium salt and the detection limit was 8 

ppb of the disodium salt.  

2.1.6. Acetolactate Synthase 

Sulfonylurease and imidazolinones are reversible inhibi-

tors of acetolactate synthase (ALS), an essential enzyme for 

biosynthesis of the branched chain amino acids. Earlier stud-

ies indicated the possibility of preparing a biosensor with 

acetolactate synthase for determination of sulfonylurea her-

bicides. 

Acetolactate synthase was immobilized on to a poly vinyl 
alcohol membrane and deposited on to the O2-permeable 
membrane of an O2 electrode. Detection was based on the 
inhibition of an O2 side reaction of acetolactate synthase by 
herbicides; decreased O2 consumption was used as a measure 
of herbicide concentration according the following reaction, 
which pyruvate was used as a substrate [93]. The O2-
consuming reaction of the enzyme was monitored for 5 min 
at 30°C. The biosensor could detect down to 1μM herbicide.  

Pyruvate + O2 
ALS  peracetate + CO2       (15) 

2.1.7. Ascorbate Oxidase (AOD) 

Amperometric detection of some organophosphorus pes-
ticide is based on inhibition of activity of ascorbate oxidase 
(AOD), which catalysis the following reaction: 

Ascorbate + O2 
AOD  dehydroascorbate + H2O      (16) 

 

Fig. (9). Schematic diagram of the electrochemical reduction of PQQ and the enzymatic oxidation of PQQH2. (Sens. and Actuators, 2008, 
B133, 1). 
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A biosensor for ethyl paraoxon was modified by trapping 

cucumber tissue (rich in ascorbic acid oxidase) between Tef-

lon and nylon net membranes attached to a Clark-type oxy-

gen electrode [94]. The biosensor was based on the inhibit-

ing action of ethyl paraoxon on ascorbic acid oxidase. A 
linear response was obtained from 1 to 10 ppm ethyl paraoxon.  

2.2. Mode of Measurements 

2.2.1. Flow Injection 

A mediator-free amperometric biosensor for screening 

organophosphorus pesticides in flow-injection analysis (FIA) 

system based on anticholinesterase activity of OPs to immo-

bilized AChE was developed [95]. The enzyme biosensor is 

prepared by entrapping AChE in Al2O3 sol-gel matrix 

screen-printed on an integrated 3-electrode plastic chip. The 

detection limit for dichlorvos is achieved at 10 nM in the 
simulated seawater for 15 min inhibiting time. 

Flow injection analyses system to determine malathion in 

seawater continuously by the biosensor based on the immo-

bilized AChE was studied [96]. Under the optimum condi-

tion, the detection limits of the biosensor for malathion in 

seawater were 1.3 μg/l and 0.05 μg/l before and after pre-

oxidation respectively. A sample containing malathion less 
than 100 μg/l was measured.  

Determination of the organophosphorus pesticides par-
aoxon, chlorpyrifos oxon, and malaoxon was performed by a 
method was based on inhibition of AChE and amperometric 
detection in a FIA with enzymes obtained from different 
sources (details was given) and immobilized on the surface 
of platinum electrode within a layer of poly (vinyl alchol) 
[97]. Determination of the analytes in spiked river water 
samples by use of the AChE biosensor resulted in recoveries 
from 50 to 90% for chlorpyrifos oxon at levels of 20 to 
40nM, 50 to 100% for paraoxon at 0.6 to 0.8μM, and 140 to 
190% for malaoxon at 0.6 to 1.2μM. For example a flow 
injection system includes both potentiometry and conducto-
metry are shown in Fig. (10). 

2.2.2. Multi -Electrode Transducers 

An amperometric biosensor array was developed [98] to 
resolve pesticide mixtures of dichlorvos and methylpar-
aoxon. The biosensor array was used in a flow injection  
system, in order to operate automatically the inhibition  
procedure. The sensors used were three screen-printed  
amperometric biosensors that incorporated three different 
sources of acetylcholinesterase enzymes. The inhibition  
response triplet was modelled using an Artificial Neural  
Network which was trained with the mixture solutions that 
contain dichlorvos from 10

-4
 to 0.1μM and methylparaoxon 

from 0.001 to 2.5μM. This system can be considered as an 
inhibition of electronic tongue (Fig. 11). 

 

Fig. (10). Schematic diagram showing the flow-injection biosensor systems: (a) potentiometric; (b) conductimetric. (Biosen. Bioelectronics, 
2005, 21, 445). 
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Multielectrode transducers consisting of four pairs of 
7,7,8,8-tetracyanodimethane-graphite working electrodes 
and Ag/AgCl reference electrodes were screen printed. Ace-
tylcholinesterase from Drosophila melanogaster and various 

mutant AChEs were screen-printed onto the working elec-
trodes with photocrosslinkable polyvinyl alcohol solutions 
and crosslinked under light [99]. Detection and discrimina-
tion of binary mixtures of paraoxon, malaoxon and carbo-

furan cholinesterase-inhibiting insecticides can be assessed 
by those sensors with prediction errors of 0.9 and 1.6 μg/l, 
respectively.  

2.2.3. Portable Biosensor 

The performance of a portable biosensor prototype for 

the determination of neurotoxic pesticides in water and food 
samples has been assessed and validated for an in-field use 

[100]. The biosensor is based on the inhibition of the acetyl-

cholinesterase enzyme using screen-printed electrodes and 
designed potentiostat.  

A high sensitive portable biosensor system capable of de-

termining the presence of neurotoxic agents in water was 
developed [101] (Fig. 12). The system consists of (i) a 

screen-printed electrode with AChE immobilized on it, (ii) a 

self-developed portable potentiostat with an analog to digital 
converter and a serial interface for transferring data to a 

portable PC and (iii) an own designed software, developed 

with Lab-Windows used to record and process the measure-
ments. Validation was performed by analyzing spiked water 

samples containing pesticides. Biosensor for in-situ monitor-

ing of organic phosphate pesticide as remote sensor was also 
developed for this purpose [102]. 

2.2.4. Reactivation of the Inhibited Enzyme 

Inhibitions and re-activation characteristics of a biosen-
sor by the organophosphate pesticides were investigated 
[103, 104]. Reactivation of an immobilized enzyme reactor 
was reported for the determination of acetylcholinesterase 
inhibitors in flow injection mode using 2-pyridinealdoxime 

methochloride [52, 96]. Pralidoxime iodide was also used as 
a reactivation agent for the inhibited AChE enzyme [53]. 
Table 2 summarized the most common enzymatic biosensor 
for indirect detection of pesticides. 

3. IMMUNOSENSORS 

Immunosensors are based on the immunochemical reac-
tions, i.e. binding of the antigen (Ag) to a specific antibody 
(Ab). Formation of such Ab-Ag complexes has to be detected 
under conditions where non-specific interactions are mini-
mized. Each antigen (Ag) determination requires the produc-
tion of a particular Ab, its isolation and, usually, its purifica-
tion. In order to increase the sensitivity of immunosensors, 
enzyme labels are frequently coupled to Ab or Ag, thus re-
quiring additional chemical synthesis steps. The enzyme 
activity being available only to quantify the amount of com-
plex produced. The immunosensor consist of two processes, 

 

Fig. (11). The construction of the eight-electrode screen-printed array and the illustration of the final distribution of enzymes on the working 
electrodes, free Pt and graphite electrodes remained uncoated. (Anal. Chim. Acta, 2005, 528, 9). 

 

Fig. (12). Picture of the miniaturized electronic plate that functions 
as a potentiostat. (Talanta 75(2008)1208). 
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a molecular recognition process, for sensing the specific Ag - 
Ab binding reaction at the surface of receptor, and a signal-
transfer process, for responding to changes in an electro-
chemical parameter of the receptor caused by the specific 
binding. Important articles that focused on immunosensors 
for pesticide monitoring were described in the literatures 
[105-108]. 

3.1. Classification of Immunosensors 

Depending on, whether labels are used or not, immu-
nosensors are divided into two categories: labeled type and 
label-free type.  

3.1.1. Labeled Formats  

This procedure involves a label to quantify the amount of 
Ab or analyte bound during an incubation step. Widely used 
labels involve enzymes (e.g. glucose oxidase, horseradish 
peroxidase (HRP), -galactosidase, alkaline phosphatase). 
Fig. (13) shows the schematic of labeled immunosensors. 
Commonly, two different formats for labeled immunosen-
sors are available: sandwich assays and competitive assays. 

A sandwich assay consists of two recognition steps. In the 
first step, the Ab is immobilized on a transducer surface,  
allowing it to capture the analyte of interest. In the second 
step, labeled secondary Ab is added to bind with the pre- 
viously captured analyte. The immunocomplexes (immobi-
lized Ab-analyte-labeled Ab) are formed and the signals from 
labels increasing in proportion to the analyte concentration.  

In competitive assays, the analyte competes with labeled 
analyte for a limited number of antibody binding sites. As 
the analyte concentration increase, more labeled analyte are 
displaced; giving a decrease in signal if antibody bound  
labeled analyte is detected. 

3.1.2. Label - Free Formats 

This procedure detects the binding of pesticide and the 
Ab on a transducer surface without any labels. There are also 
two basic types in this format: direct and indirect. In the first 
type, the response is directly proportional to the amount of 
pesticides present. The vital advantage of these direct immu-
nosensors is a simple, single-stage reagentless operation. The 
second type, also based on competitive formats, is carried 
out as a binding inhibition test. The antigen (pesticide-

Table 2. Enzymatic Biosensors for Indirect Detection of Pesticides 

ANALYTE SUBSTRATE ENZYME DETECTION LIMIT REFS. 

Trichlorfon BuCh  BuChE  < 0.1 M [45] 

Coumaphose/trichlorofon/aldicarb/methiocarb.  TCh  TChE 0.002/ 0.4/ 0.3 / 0.08 μg/ml [46] 

Carbaryl ATCh ATChE  5.0 10-5 mol/l [47] 

Carbafuran  ATCh ATChE  at nM [48] 

Malthion  " ATChE  0.03 ng/ml [50] 

Triazophose  ''  ATChE  0.01μM [53] 

Paraoxon / chlorpyrifos ethyloxone  P-aminophenol ChE  19.1/ 1.24 nM [56] 

chloropyrifosmethyl/ coumaphos/ carbofuran TCh TChE  2 10-8, 5 10-8 and 8  10-8M [58] 

Carbofuran / paraoxon ACh / BuCh AChE/BuChE  0.2 and 0.6nM [64] 

Chlorpyrifos ethyl oxon  TCh ChE  1ppb [65] 

Dichlorvos/ Carbofuran  ACh/Ch ChE/ChO  1.3 10-3 /0.01ppb [76] 

Carbaryl / Carbofuran " AChE/ChO  2 g/ml [69] 

Trichlorofon  ACh/Ch/ H2O2 ChE/ChO/peroxidaze 5 ng/ml [78] 

Aldicarb Glucose-6-phosphate/ glucose AP/GOD 40 g/ml [80] 

Methyl parathion/diazinon/Carbofuran/Carboy Monophenol Tyrosinase 6/19/5/10 ppb [82] 

Triazine  " Tyrosinase 0.5  10-9 mol/l [84] 

Diazinon /dichlorvos " Tyrosinase 5 and 75 M [86] 

Ziram/ diram/ zinc diethydithiocarbamate " Tyrosinase 0.074/1.3/1.7 M [87] 

Zineb  Propinoaldehyde  Aldehyde dehydroganse  8 ppb [92] 

Herbicide  Pyruvate Acetolactae synthase 1 M [93] 

Ethyl paraoxon  Ascorbate Ascorbate oxidase  1 ppm [94] 

ACh, acetylcholine ATCh, acetylthiocholine; BuCh, butyrylcholine BuTCh, butyrylthiocholine; TCh, thiocholine; Ch, choline; ATChE, Acetyl thiocholine estrase; BuTChE, butyryl 
thiocholine estrase; ChO, choline oxidaze; ChE, choline estrase; AP, acid phosphates; GOD, glucose oxidaze.  
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protein conjugate) is first immobilized onto the surface of a 
transducer, and then pesticide-antibody mixtures are prein-
cubated in solution. After being injected on the sensor sur-
face, the antibody binding to the immobilized conjugate is 
inhibited by the presence of a target pesticide.  

3.2. Electrochemical Immunosensors 

The principle is based on the electrical properties of the 
electrode or buffer that is affected by Ab-Ag interaction. 
They can determine the level of pesticides by measuring the 
change of potential, current, conductance or impedance 
caused by the immunoreactions. 

3.2.1. Potentiometric Methods 

An immunosensor for the herbicide simazine was devel-
oped based on the potentiometric detection of peroxidase 
label after competitive immunoreaction on the electrode sur-
face [109]. Gold planar electrodes were found to be the most 
effective supports for immunosensors. The activity of bound 
peroxidase was measured by basic pH shift of ascorbic acid 
solution after addition of hydrogen peroxide. The limit of 
simazine detection is 3 ng/ml. Another immunosensor for 
determination of simazine, based on ion selective field-effect 
transistor was also developed [110].  

3.2.2. Amperometric Methods 

An electrochemical immunosensor for the direct deter-
mination of paraoxon was developed based on the biocom-
posites of gold nanoparticles loaded with paraoxon antibod-

ies [111]. The biocomposites are immobilized on the glassy 
carbon electrode (GCE) using Nafion membrane. Reduction 
and oxidation peaks located - 0.08 and - 0.03 mV versus 
SCE, respectively. The detection of paraoxon performed at - 
0.03 mV is beneficial for sufficient selectivity. The immu-
nosensor was employed for monitoring the concentrations of 
paraoxon in aqueous samples up to 1920 ng/ml with a detec-
tion limit of 12 ng/ml. 

A separation-free bienzyme immunoassay system was 
developed for the electrochemical determination of the her-
bicide chlorsulfuron. Screen printed electrode with horserad-
ish peroxidase as an integral component of the carbon ink 
was used as the detector [112]. A membrane with immobi-
lized anti-chlorsulfuron antibodies was attached to the elec-
trode. Free chlorsulfuron in the sample under test and a 
chlorsulfuron-glucose oxidase conjugate competed for the 
available binding sites of the membrane-immobilized anti-
bodies. Addition of glucose, induced the generation of hy-
drogen peroxide by the glucose oxidase conjugate, which in 
turn was reduced by the peroxidase. The latter process 
caused an electrical current change, due to the direct re-
reduction of peroxidase, which was measured to determine 
the chlorsulfuron content in the sample. The measuring 
range for chlorsulfuron detection was 0.01 - 1 ng/ml. The 
method was most suitable for on-site ecological monitoring. 

Immunoassays for 2,4-dichlorophenoxyacetic acid (2,4-
D) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) were car-
ried out using a two-stage procedure involving (i) the isola-
tion of the pesticides from the sample matrix by a specific 

 

Fig. (13). Schematic of labeled immunosensors: (a) sandwich format and (b) competitive format. (Biosens. Bioelectronics 23(2008)1577). 
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immunoreaction with immobilized antibodies and (ii) elec-
trochemical detection of the unbound pesticide by its inhibi-
tion effect on the amperometric cholinesterase (ChE) biosen-
sor [113]. Monoclonal Ab to 2, 4-D or polyclonal antisera to 
2, 4,5-T were immobilized onto a nitrocellulose membrane. 
The ChE biosensor was immersed in the solution and the 
voltammogram was recorded by scanning the potential from 
- 0.1 to - 0.9 V at 1 V/s. The cathodic peak at - 0.55 V was 
used to calculate the pesticide concentration. The detection 
limits for 2,4-D and 2,4,5-T were 5 and 10pM, respectively. 
The method was applied to determine 2,4-D in milk follow-
ing dilution to give a fat concentration of less than 1-1.5%.  

A nitrocellulose film containing antibodies was im-
mersed in the pesticide (2, 4-D) solution for 5 min. The film 
was transferred to an electrochemical cell, containing borate 
buffer. After separating the dissolved oxygen with a stream 
of H2 the oscillopolarogram was recorded from - 0.1 to - 0.9 
V vs. SCE and the height of the cathodic peak at - 0.55 V 
was measured [114]. The determination took ~25 min and 
the limit of detection was 10 pM.  

3.2.3. Conductometry 

 Impedimetric immunosensor was developed for the de-
termination of atrazine [115]. This method was described for 
the development of an electrochemical immunosensor, for 
the analysis of atrazine associated to biotinylated-Fab frag-
ment K47 antibody. The sensors are based on mixed self-
assembled monolayer consisting of 1, 2-dipalmitoyl- 
sn-glycero-3-phosphoethanolamine-N-(biotinyl)(biotinyl-PE) 
and 16-mercaptohexadecanoic acid. The properties of mixed 
monolayer were characterized by cyclic voltammetry and 
impedance spectroscopy. The electrical resistance, Rm de-
creases gradually after each building step of the sensing 
membrane. The results show that immunosensor based on 
this method is sensitive to atrazine antigen and a good linear 
response in the range 10 - 300 ng/ml. Table 3, summarizes 
the different type of immunosensors used for detection of 
pesticides. 

4. CELL-BASED BIOSENORS 

Living micro-organisms (algae, bacteria, yeast and fungi) 
can be used as the biocatalytic elements for biosensors. Mi-
crobial (whole cells, pieces of cells) biosensors might be 
simpler and less expensive to develop for some applications, 
eliminating the need for isolation and purification of en-
zymes and related cofactors that are required for enzyme-
based biosensors.  

Amperometric microbial biosensor for direct determina-
tion of p-nitrophenyl-substituted organophosphate was de-
veloped. The biosensor comprised of p-nitrophenol degrader, 
Pseudomonas putida JS444, genetically engineered to  
express OPH on the cell surface immobilized on the carbon 
paste electrode [116]. The electrooxidization current of the 
intermediates was measured and correlated to the concentra-
tion of organophosphates. The detection limits were compa-
rable to cholinesterase inhibition-based biosensors. Under 
optimum operating conditions the biosensor measured as low 
as 0.28, 0.26 and 0.29 ppb of paraoxon, methyl parathion, 
and parathion respectively. 

A conductometric biosensor using immobilised Chlorella 
vulgaris microalgae as bioreceptors was used as a bi-

enzymatic biosensor. Algae was immobilised inside bovine 
serum albumin membranes reticulated with glutaraldehyde 
vapours deposited on interdigitated conductometric elec-
trodes [117]. Local conductivity variations caused by algae 
alkaline phosphatase and acetylcholinesterase activities 
could be detected. These organophosphorus pesticides for 
acetylcholinesterase, the bi-enzymatic biosensors were tested 
to study the influence of heavy metal ions and pesticides on 
the corresponding enzyme. For pesticides, initial experi-
ments showed that paraoxon-methyl inhibits Chlorella  
vulgaris AChE contrary to parathion-methyl and carbofuran. 

An amperometric microbial biosensor for the direct 
measurement of organophosphate nerve agents was de-
scribed [118]. This sensor was based on the carbon paste 
electrode containing genetically engineered cells expressing 
OPH on the cell surface. Organophosphorus hydrolase ca-
talyses the hydrolysis of organophosphorus pesticides with 
p-nitrophenyl substituent such as, paraoxon, parathion and 
parathion-methyl to p-nitrophenol. The later is detected ano-
dically at the carbon transducer with the oxidation current 
being proportional to the nerve-agent concentration. The 
microbial biosensor had excellent storage stability, retaining 
100 % of its original activity when stored at 4°C for a period 
of 45 days. 

The biosensor was constructed by depositing a suspen-
sion of cultured Escherichia coli cells onto a polycarbonate 
membrane and mounting the membrane on a glass electrode 
by means of an O-ring [119]. The response of the biosensor 
for paraoxon, parathion, methyl parathion and diazinon was 
investigated. The effects on response of buffer concentration, 
pH and temperature were reported. Calibration graphs were 
not linear and the detection limits for all the analytes were 
3μM. 

Amicrobial biosensor consisting of a dissolved oxygen 
electrode modified with the genetically engineered PNP- 
degrader Moraxella sp. Displaying organophosphorus hydro-
lase on the cell surface for sensitive, selective, rapid and di-
rect determination of p-nitrophenyl (PNP)-substituted or-
ganophosphates (OPs) was reported [120]. Operating at op-
timum conditions the biosensor was able to measure as low 
as 27.5 ppb of paraoxon and had excellent selectivity against 
triazines, carbamates and OPs without PNP substitutent. 

5. DNA-BASED BIOSENSORS  

DNA biosensors based on guanine oxidation have re-
cently been proposed for detection of pesticides [121]. These 
DNA sensors utilize the interaction of DNA molecule with 
various compounds either by monitoring changes in the 
DNA redox properties (i.e. oxidation of guanine) or with an 
electro-active analyte intercalated on a DNA layer [122, 
123]. Electrochemical techniques such as voltammetry [124-
126], potentiometry [127] have been used to study the inter-
action of various compounds with DNA immobilized onto 
respective electrodes. A review article for electrochemical 
DNA biosensors was also published on this subject [128]. 

Double stranded calf thymus deoxyribonucleic acid en-
trapped polypyrrole-polyvinyl sulphonate (dsCT-DNA-PPy-
PVS) films fabricated onto indium-tin-oxide (ITO) coated 
glass plates was used to detect organophosphates such as 
chlorpyrifos and malathion [129]. These biosensing elec-



38    The Open Electrochemistry Journal, 2010, Volume 2 Gamal A. E. Mostafa 

trodes have a response time of 30 s, they are stable for about 
5 months when stored in desiccated conditions at 25 °C and 
can be used to amperometrically detect chlorpyrifos (0.0016 
- 0.025 ppm) and malathion (0.17 to 5.0 ppm), respectively. 

DNA biosensors are based on polyaniline (PANI)-
polyvinyl sulphonate (PVS) and fabricated using electro-
chemical entrapment technique into indium-tin-oxide (ITO) 
for detection of organophosphorus pesticides (chlorpyrifos 
and malathion)[130]. These double stranded calf thymus 
bioelectrodes were characterized using square wave voltam-
metry, Fourier transform infra-red spectroscopy, scanning 
electron microscopy and electrochemical impedance tech-
niques, respectively. These dsCT-DNA entrapped PANI-
PVS/ITO bioelectrodes was found to have a response time of 
30 s, with a stability of about 6 months and detection limit 
0.5 ppb and 0.01ppm for chlorpyrifos and malathion, respec-
tively.  

6. FUTURE OUTLOOK  

Biosensors play a successful role in environmental analy-

sis and in process control. Examples include the analysis of 

pesticides and herbicides in aquatic samples. In environ-

mental analysis, the advantage of immediate on-site analysis 

is of great advantage when attempting to ascertain the extent 

of pollution, for example, a lake. Laboratory based tech-

niques required that samples be obtained over a wide area in 

order to delineate the area of contamination. In situ analysis 

would ensure that the extent of pollution would be known 

almost immediately, eliminating unnecessary sample analy-

sis outside the polluted area as well as the cost of transport-

ing samples back to the laboratory for analysis [100-102, 
108, 112]. 

The use of a disposable biosensor offers some additional 

advantages such as mass production, possibility for minia-
turization and low cost [65-69]. 

For monitoring purpose, biosensors should be  
regenerated after making a measurement. In enzyme-based 
biosensor, the use of some chemical reagents e.g. 2-
pyridinealdoxime methochloride [52, 96] successfully regen-
erated the enzyme activity. The results clarified that  
proposed re-activation procedures could realize inexpensive 
and reliable continuous monitoring of organophosphate pes-
ticides. 

In case of immunosensor, two different strategies may be 
followed to achieve the renewal of the sensing surface:(1) 
breakage of the Ab–Ag bond and reusing the immunologic 
reagent immobilized in the solid phase; and (2) elimination 
of the Ag-Ab complex from the solid support and immobili-
zation of fresh immunologic material [131]. In the first strat-
egy, a careful selection of the dissociating agent must be 
made for efficiently dissociating the Ag-Ab complex without 
affecting association bonds between the support matrix and 
Ab. On the development of an immunosensor, for the or-
ganophosphorus pesticide ethyl parathion using ethyl para-
thion antibody, different dissociating agents were used [132]. 
The results reported in this investigation indicated that gly-
cine-HCl (pH 2.3) buffer containing 1% dimethyl sulphoxide 
is a highly efficient dissociation buffer. In the second alter-
native, complete removal of the proteic material from the 
surface was achieved when using several regeneration solu-
tions with extreme pH values and/or high salt concentrations 
[133]. 

Miniaturization is expected to have a marked impact on 
the development and applications of biosensensors. Minia-
turization of a biosensor not only reduces the size of detec-
tion device and sample volume, but also integrates all steps 
of the analytical process into a single-sensor device. Thus, it 
results in reduction of both the time and cost of analysis. 
Moreover, it is expected to lead to a further portability for in 
vivo sensing and in-field applications. The miniaturization 
trend involves adaptation of microfabrication and nanofabri-

Table 3. Immunosensors Detection of Pesticides 

ANALYTE IMMUNOSENSOR SYSTEM DETECTION LIMIT REFS. 

Simazine Peroxidase label antibody Potentiometry 3 ng/ml [109] 

Paraoxon Paroxon antibodies  Amperometry  12 ng/ml [111] 

Chlorsulfuran  Anti-chlorsulfuron antibodies  "  0.01 ng/ml [112] 

2,4-D / 2,4,5-T monocolonal/ polyclonal antibodies "  5 / 10 PM [113] 

2,4-D 2,4-D  " 10 PM [114] 

Atrazine  Biotinylated-fabfragement K 47 antibody conductommetry 10 ng/ml [115] 

Paraoxon / methyl parathion/ 

parathion 

(Cell-based biosensor) microbial(Pseudomonas 

putida JS444) 

Amperometry 0.28/ 0.26 /0.29 ppb [116] 

Paraoxon /parathion, methyl 

parathion /diazinon 

cultured of Escherichia coli cells Potentiometry  3μM [119] 

Paraoxon Amicrobial (PNP- degrader Moraxella) Amperometry 27.5 ppb [120] 

Chlorpyrifos /malathion (DNA) (Calf thymus-DNA) Amperometry 0.0016 / 0.17 ppm [129] 

Chlorpyrifos / malathion Double stranded calf thymus-DNA Voltammetry, FTIR, SEM, and 
electrochemical impedance  

0.5 ppb and 0.01ppm [130] 
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cation techniques, such as microelectrode systems and com-
bined with microelectronic circuitry [100] sometimes re-
ferred to as “smart sensor systems”, which in turn can be 
configured into highly portable [101-102] and inexpensive 
handheld instrumentation. 

Since a number of pesticides have a similar mode of ac-
tion affecting the activity of the same enzyme, most of en-
zyme-based biosensors are used for screening purpose and 
are unspecific for individual pesticides. They can only detect 
total pesticides content and do not provide specific informa-
tion about a particular pesticide.  

Immunosensors are biosensors that use Ab or Ag as  
the specific sensing element and provide concentration-
dependent signals. They appear to be appropriate for identi-
fication of a single pesticide or in some cases, small groups 
of similar pesticides in environmental monitoring, as they 
are rapid, specific and cost-effective analytical devices [134]. 

Since new developments in protein engineering can con-
tribute to the improvement of a novel Ab, antibody fragment 
represent the next generation of immunochemical reagents 
extending options of poly- and mono-colonal Ab for applica-
tion in to pesticide, environmental and food analysis [115-
135]. 
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