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ABSTRACT 

Due to the large amounts of pesticides commonly used and their impact on health, prompt and accurate pesticide analy- 
sis is important. This review gives an overview of recent advances and new trends in biosensors for pesticide detection. 
Optical, electrochemical and piezoelectric biosensors have been reported based on the detection method. In this review 
biosensors have been classified according to the immobilized biorecognition element: enzymes, cells, antibodies and, 
more rarely, DNA. The use of tailor-designed biomolecules, such as aptamers and molecularly imprinted polymers, is 
reviewed. Artificial Neural Networks, that allow the analysis of pesticide mixtures are also presented. Recent advances 
in the field of nanomaterials merit special mention. The incorporation of nanomaterials provides highly sensitive sens- 
ing devices allowing the efficient detection of pesticides. 
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1. Introduction 

In agriculture, farmers use numerous pesticides to protect 
crops and seeds before and after harvesting. Pesticide is a 
term used in broad sense for organic toxic compounds 
used to control insects, bacteria, weeds, nematodes, ro- 
dents and other pests. The pesticide residues may enter 
into the food chain through air, water and soil. They af- 
fect ecosystems and cause several health problems to 
animals and humans. Pesticides can be carcinogenic and 
cytotoxic. They can produce bone marrow and nerve 
disorders, infertility, and immunological and respiratory 
diseases.  

Detection of pesticides at the levels established by the 
Environmental Protection Agency (EPA) remains a chal- 
lenge. Chromatographic methods coupled to selective de- 
tectors have been traditionally used for pesticide analysis 
due to their sensitivity, reliability and efficiency. Never- 
theless, they are time-consuming and laborious, and re- 
quire expensive equipments and highly-trained techni-
cians. Over the past decade, considerable attention has 
been given to the development of biosensors for the de- 
tection of pesticides as a promising alternative. A bio- 
sensor is a self-contained device that integrates an im- 
mobilized biological element (e.g. enzyme, DNA probe, 
antibody) that recognizes the analyte (e.g. enzyme sub- 
strate, complementary DNA, antigen) and a transduction 

element used to convert the (bio)chemical signal result- 
ing from the interaction of the analyte with the biorecep- 
tor into an electronic one. According to the signal trans- 
duction technique, biosensors are classified into electro- 
chemical, optical, piezoelectric and mechanical biosen- 
sors. Electrochemical transducers have been widely used 
in biosensors for pesticides detection due to their high 
sensitivity [1-3]. Additionally, their low cost, simple de- 
sign and small size, make them excellent candidates for 
the development of portable biosensors [4-8]. According 
to the biorecognition element, enzymatic, whole cell, 
immunochemical, and DNA biosensors have been de- 
veloped for pesticides detection.  

This review presents a state-of-the-art update in pes- 
ticide biosensors. To clearly report the last advances, 
biosensors have been classified according to the immobi- 
lized recognition element. New trends in the field of pes- 
ticide analysis are also reviewed. Aptamers are shown as 
good candidates to replace the conventional antibodies 
and, thus, to be the biorecognition elements in more ro- 
bust and stable biosensors for pesticide detection. Due to 
exceptional characteristics, molecular imprinted poly- 
mers (MIPs) are innovative affinity-based recognition 
elements that are exploited for the development of envi- 
ronmental sensors. The use of Artificial Neural Networks 
(ANNs) coupled with a sensor array could substantially 
improve the selectivity and allow exact identification of 
pesticides present in a sample. Recent reports on the *Corresponding author. 
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properties of nanomaterials show nanoparticles and nano- 
tubes as promising tools to improve the efficiency of 
biosensors for the detection of pesticides.  

2. Enzyme Biosensors 

Enzyme biosensors for pesticide detection are based on 
measurements of enzyme inhibition or on direct measure- 
ments of compounds involved in the enzymatic reaction. 

2.1. Inhibition-Based Biosensors 

2.1.1. Cholinesterase-Based Biosensors 
Enzymatic detection of pesticides is mainly based on 
cholinesterase (ChE) inhibition [6-10]. Organophosphate 
and carbamate insecticides are the main ChE inhibitors 
(Table 1). Other compounds, such as heavy metals, fluo- 
ride, nerve gas or nicotine, can also inhibit ChE enzyme. 
Although this lack of selectivity, ChE-based biosensors 
are shown as powerful tools when a rapid toxicity 
screening is required.  

2.1.1.1. Mono-Enzymatic Biosensors 
Two types of natural ChE enzymes are known: acetyl- 
cholinesterase (AChE) and butyrylcholinesterase (BChE). 
These enzymes have different substrates: AChE prefer- 
entially hydrolyzes acetyl esters, such as acetylcholine 
(Equation (1)), whereas BChE hydrolyzes butyrylcholine 
(Equation (2)): 

2Acetylcholine H O Choline+ ⎯⎯⎯→ +AChE Acetic acid

Butyric acid

2O

Acetic acid

O

Butyric acid

2H 2e+ −→ + +

2Acetylcholine H O Choline Acetic acid+ ⎯⎯⎯→ +AChE

2 2Choline O Betaine H O+ ⎯⎯⎯→ +ChOD

2 2H O O 2H 2e+ −⎯⎯⎯⎯⎯→ + ++0.7 V
vs Ag/ AgCl

2 2O 4H 4e H O+ −+ + ⎯⎯⎯⎯⎯→0.6 V
vs Ag/ AgCl

−

 (1) 

2Butyrylcholine H O Choline+ ⎯⎯⎯→ +BChE (2) 

The pH variation produced by the acid formation can 
be measured using electrochemical methods, such as 
potentiometry [11]. This pH change can also be meas- 
ured using pH-sensitive spectrophotometric indicators 
[12,13] or pH sensitive fluorescence indicators [14].  

Artificial substrates, acetylthiocholine for AChE and 
butyrylthiocholine for BChE, have been also used. The 
enzymatic hydrolysis of these substrates produces elec- 
troactive thiocholine (Equations (3) and (4)).  

Acetylthiocholine H

Thiocholine

+

⎯⎯⎯→ +AChE
          (3) 

2Butyrylthiocholine H

Thiocholine

+

⎯⎯⎯→ +AChE

2 Thiocholine H O+

         (4) 

2

Dithiobischoline⎯⎯⎯⎯Anodic
oxidation

      (5) 

This system has two advantages over the bi-enzymatic 
ChE/ChOD biosensors. First, it has a simpler design. 
Secondly, the detection potential is lower than the one 
used for the oxidation of H2O2.  

La Rosa et al. proposed the use of 4-aminophenyl ace- 
tate as alternative ChE substrate [15,16]. They oxidize 
the enzymatic product 4-aminophenol at +250 mV vs 
SCE. Electrochemical biosensors for pesticide detection 
based on the use of this substrate avoid interferences 
from the oxidation of other electroactive compounds [15- 
18]. However, 4-aminophenyl acetate is not commer- 
cially available and its use involves a laborious and time- 
consuming synthesis. Moreover, this substrate is unstable 
and requires special storage conditions (nitrogen atmos- 
phere, below 0˚C). 

2.1.1.2. Bi-Enzymatic Biosensors 
In most cases, ChE is coupled to choline oxidase (ChOD) 
[6]. AChE hydrolyzes its natural substrate to choline and 
acetic acid (Equation (1)). Since choline is not electro- 
chemically active, ChOD is used to produce H2O2, which 
can be oxidized onto the platinum electrode at around + 
0.7 V vs Ag/AgCl (Equations (7) and (8)). However, an 
over-potential is required, favouring the oxidation of 
interfering electroactive species present in real samples. 
To overcome this drawback, different approaches have 
been proposed, such as the use of nanomaterial-modified 
electrodes. A biosensor for the detection of pesticides 
and nerve agents was developed by immobilizing AChE 
and ChOD onto Au-Pt bimetallic NPs [19]. The syner- 
gistic effect of these nanoparticles increased the surface 
area and facilitated the electron transfer process, reduc- 
ing the applied potential for the detection of H2O2. Al- 
ternatively to H2O2 oxidation, ChE inhibition can be fol- 
lowed using a Clark electrode able to measure the oxy- 
gen consumed by the ChOD catalyzed reaction (Equa- 
tions (6)-(8)) [20]. 

 (1) 

       (6) 

        (7) 

        (8) 

AChE was also coupled to tyrosinase [18]. In this case, 
AChE enzymatic hydrolysis of phenyl acetate produces 
phenol compounds, characterized by a high oxidation 
potential. For this reason, tyrosinase enzyme was used to 
convert the phenol to quinone, compound that can be 
electrochemically reduced to catechol at –150 mV vs 
Ag/AgCl.  

2.1.1.3. Tri-Enzymatic Biosensors 
Peroxidase may be added to the bi-enzyme system to 
develop a tri-enzymatic biosensor. Karousos et al. used a 
Quartz Crystal Microbalance (QCM) sensor based on three 
enzymes for the determination of organophosphorus and  
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Table 1. Characteristics of electrochemical cholinesterase-based biosensors for pesticide detection. 

Target analyte 
Detection  
technique 

Enzyme immobilization 
technique 

Electroactive materials Linearity range (M) 
Detection 
limit (M) 

References

Organophosphorus insecticides 

Chloropyrifos CV Covalent binding 
Exfoliated graphite  

nanoplatelets 
ND 1.58 × 10–10 [170]  

Chloropyrifos SWV Cross-linking SWCNT 10–11 - 10–6 10–12 [171] 

Chloropyrifos Amperometry Covalence ZnS NPs 1.5 × 10–9 - 4 × 10–8 ND [172] 

Chlorpyrifos oxon CV Entrapment PEDOT:PSS ND 4 × 10–9 [173] 

Chlorpyrifos oxon Amperometry Entrapment 
7,7,8,8-tetracyano  
quinodimethane 

6 × 10–9 - 2.4 × 10–9 6 × 10–9 [174,175]

Paraoxon Amperometry Affinity MWCNT 3.6 × 10–14 - 3.6 × 10–11 5 × 10–15 [176] 

Paraoxon Fluorescence Adsorption CdTe QDs    

Paraoxon Amperometry Entrapment - 1.3 ×10–7 - 5 ×10–6 M. 3.5 × 10–2 [177] 

Paraoxon Amperometry Adsorption 
AuNPs, grapheme oxide 

nanosheets 
ND 10–13 [178] 

Paraoxon Amperometry Cross-linking CoPc-Prussian blue 7.3 × 10–9 - 1.8 × 10–8 7.3 × 10–9 [179] 

Methylparaoxon Amperometry Entrapment CoPc 2 × 10–9 - 4 × 10–6 2.6 × 10–9 [180] 

Methylparaoxon Amperometry Affinity MWCNT 3.8 × 10–14 - 3.8 × 10–11 5.3 × 10–15 [176] 

Triazophos Amperometry Adsorption MWCNT 3 × 10–8 - 7.8 × 10–6 10–8 [181] 

Dichlorvos Amperometry Adsorption - ND 10–10 [182] 

Dichlorvos Amperometry Entrapment CoPc ND 7 × 10–12 [23] 

Dichlorvos Amperometry Entrapment CoPc 2 × 10–10 - 10–8 9.6 × 10–11 [180] 

Dichlorvos Amperometry Adsorption - Up to 10–16 10–17 [183] 

Dichlorvos 4.52 × 10–11 - 4.52 × 10–8 1.13 × 10–11 

Omethoate 2.34 × 10–10 - 4.69 × 10–8 7.04 × 10–11 

Trichlorfon 1.16 × 10–10 - 1.94 × 10–8 1.94 × 10–11 

Phoxim 

Amperometry Cross-linking Prussian blue 

1.68 × 10–10 - 3.35 × 10–8 3.35 × 10–11 

[184] 

Trichlorfon Amperometry Adsorption TiO2 and PbO2 particles 10–8 - 2× 10–5 10–10 [185] 

Monocrotophos Amperometry Adsorption AuNPs 4.5 × 10–9 - 4.5 × 10–6 2.7 × 10–9 [186] 

Monocrotophos Amperometry Covalent binding AuNPs-QDs 4.5 × 10–9 - 4.5 × 10–6 1.3 × 10–9 [155] 

Acephate FET Affinity CNT ND 5.45 × 10–14 [187] 

Dimethoate Amperometry Adsorption 
CNTs, zirconia NPs, Au 

colloid coated Fe3O4 magnetic 
NPs, prussian blue 

4.4 × 10–6 - 4.4 × 10–2 2.4 × 10–6 [188] 

Carbamate insecticides 

Aldicarb Amperometry Cross-linking CoPc-Prussian blue 6.3 × 10–8 - 1.6 × 10–7 1.3 × 10–7 [179] 

Carbaryl Amperometry Adsorption - 2.5 × 10–8 - 5 × 10–7 1.5 × 10–8 [189] 

Carbaryl Amperometry Covalent binding QDs 5 × 10–9 - 2.5 × 10–7 3 × 10–9 [155] 

Carbaryl Amperometry Cross-linking CoPc-Prussian blue 1.2 × 10–7 - 4.9 × 10–7 1.2 × 10–7 [179] 

Carbaryl Amperometry Adsorption MWCNT 5 × 10–13 - 5 × 10–10 5 × 10–15 [190] 

Carbaryl Amperometry Entrapment CoPc 9 × 10–8 - 4 × 10–6 1.6 × 10–7 [180] 

Carbofuran DPV Adsorption CNTs-AuNPs 4.8 × 10–9 - 9 × 10–8 4 × 10–8 [191] 

Carbofuran Amperometry Cross-linking CoPc 10–10 - 10–7 4.9 × 10–10 [192] 

Carbofuran Amperometry Entrapment CoPc 4 × 10–9 - 8 × 10–8 4.5 × 10–9 [180] 
 



A. SASSOLAS  ET  AL. 213

 
carbamate pesticides [21]. Acetylcholine was converted 
to choline by AChE and then, choline was converted to 
hydrogen peroxide by choline oxidase. In the presence of 
HRP, H2O2 oxidized 3,3’-diaminobenzidine to an insolu- 
ble product that precipitated out and adsorbed on the 
crystal surface causing a decrease in the resonant fre- 
quency of the crystal. AChE inhibition caused by pesti- 
cides reduced the amount of QCM-detectable precipitate 
produced. This QCM-enzyme sensor system allowed 
detecting carbaryl and dicholorvos concentrations down 
to 1 ppm.  

2.1.1.4. ChE Sources 
The enzyme source has an important effect on the bio- 
sensor performance. Several AChE enzymes are avail- 
able from different sources, such as Electric eel, Bovine 
or Human erythrocytes, Horse serum and Human blood. 
Generally, ChE enzymes isolated from insects are more 
sensitive than those extracted from other sources. The 
use of recombinant ChE enzymes also allows improve- 
ments on the sensitivity of biosensors [22]. As an exam- 
ple, Valdes-Ramirez and co-workers compared the use of 
three AChEs in biosensors for the detection of dichloro- 
vos in a sample of apple skin [23]. The use of genetically 
modified AChE decreased four orders of magnitude the 
detection limit found for the use of AChE from wild type 
Drosophila melanogaster and Electriceel. 

2.1.2. Tyrosinase-Based Biosensors 
Tyrosinase oxidizes monophenols in two consecutive steps: 
first, the enzyme catalyzes the o-hydroxylation of mo- 
nophenol to o-diphenol (cresolate activity, Equation (9)) 
which, in a second step, is oxidized to its corresponding 
o-quinone (catecholase activity, Equation (10)): 

Cresolate activity
2Monophenol O Catechol+ ⎯⎯⎯⎯⎯⎯→
Catecholase activity

2 0.2 V vs Ag/AgCl
Catechol O O-quinone

−
⎯⎯⎯⎯⎯⎯→+ ←⎯⎯⎯⎯⎯⎯

2Phosphate monoester H O alcohol phosphate+ → +

     (9) 

    (10) 

Tyrosinase is inhibited by different compounds, such 
as carbamate pesticides and atrazine. Numerous electro- 
chemical biosensors based on the inhibition of tyrosinase 
activity have been reported [24-29] (Table 2).  

Tyrosinase biosensors suffer from poor specificity 
since many substrates and inhibitors can interfere. The 
enzyme is inherently unstable, reducing the lifetime of 
the tyrosinase-based biosensors. However, tyrosinase can 
stand high temperatures and the organic solvents used to 
dissolve the pesticides.  

2.1.3. Alkaline Phosphatase (ALP)-Based Biosensors 
Alkaline phosphatase catalyses the following reaction: 

(11) 

ALP is inhibited by different compounds. Several ALP- 
based biosensors for the detection of pesticides have  

 
Table 2. Characteristics of electrochemical inhibition-based biosensors using tyrosinase for pesticide detection. 

Target analyte 
Detection  
technique 

Enzyme immobilization 
technique 

Electroactive materials Linearity range (M) 
Detection 
limit (M)

References

Organophosphorus insecticides 

Methyl parathion Amperometry Cross-linking CoPc 2.28 × 10–8 - 3.8 × 10–7 ND [26] 

Diazinon Amperometry Cross-linking CoPc 6.24 × 10–8 - 1.64 × 10–7 ND [26] 

Dichlorvos Amperometry Cross-linking + entrapment
1,2-naphthoquinone-4-sulfonate 

(NQS) 
Up to 8 × 10–6 6 × 10–8 [25] 

Dimethoate 2 × 10–6 - 2 × 10–1 10–6 

2 × 10–5 - 5 × 10–3 Pirimicarb 10–5 

Paraoxon 10–5 - 10–2 5 × 10–6 

Malathion 

Amperometry Adsorption - 

5 × 10–6 

[29] 

10–5 - 10–2 

Paraoxon Amperometry Cross-linking Prussian blue 10–7 - 10–6 10–7 [193] 

Carbamate insecticides 

Carbofuran Amperometry Cross-linking CoPc 2.26 × 10–8 - 4.07 × 10–7 ND [26] 

Carbofuran 10–5 - 10–2 5 × 10–6 [29] 

10–5 - 10–2 Aldicarb 5 × 10–6 [29] 

Carbaryl 

Amperometry Adsorption - 

10–5 - 10–2 5 × 10–6 [29] 

Carbaryl Amperometry Cross-linking CoPc 4.97 × 10–8 - 2.48 × 10–7 ND [26] 

Thiodicarb 
Square Wave 
Voltammetry 

(SWV) 
Entrapment - 3.75 × 10–7 - 2.23 × 10–6 1.58 × 10–7 [24] 
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been developed using different enzyme substrates de- 
pending on the transduction method. 

Ayyagari et al. described a chemiluminescent ALP- 
based biosensor for the detection of paraoxon [30]. The 
biosensor was based on the measurement of the intensity 
of the light generated by ALP-catalyzed dephosphoryla- 
tion of a chemiluminescent substrate, chloro 3-(4-meth- 
oxy spiro [1,2-dioxetane-3-2’-tricyclo-[3.3.1.1]-decan]-4- 
yl) phenyl phosphate.  

A fluorescent ALP-based biosensor for the detection 
of organochlorine, pesticides (carbamate and fenitrothion), 
heavy metals and CN– was also described [31]. ALP en- 
zyme catalyzed the hydrolysis of 1-naphthyl phosphate to 
fluorescent 1-naphthol.  

Mazzei and co-workers developed electrochemical 
ALP-based biosensors for the detection of malathion and 
2,4-dichlorophenoxyacetic acid (2,4-D) by using 3-in- 
doxyl phosphate, phenyl phosphate or ascorbate-2- 
phosphate as enzyme substrates [32]. Another electro- 
chemical ALP-based biosensor was also described for the 
screening of several environmental pollutants. The bio- 
sensor was based on the entrapment of ALP in a hybrid 
sol-gel/chitosan film, deposited on the surface of a 
screen-printed electrode [33]. The substrate ascorbic acid 
2-phosphate was catalyzed by the enyme to produce 
ascorbic acid, which was monitored by amperometry. 

2.1.4. Peroxidase-Based Biosensors 
Peroxidase molecules can be first oxidized by H2O2 and 
then reduced by phenolic compounds. This process in- 
volves two enzyme intermediates: compounds I and II 
(Figure 1). Phenolic compounds are thus oxidized to 
quinones or free radical products, able to be electro- 
chemically reduced on the electrode surface. Several 
organic and inorganic compounds have been reported to 
inhibit the enzyme activity of peroxidase by coordinating 
compound I. A biosensor based on the inhibition of per- 
oxidase was described for the detection of thiodicarb, a 
carbamate pesticide [34]. HRP was covalently bound on 
a gold electrode. In the presence of hydrogen peroxide, 
hydroquinone was oxidized by peroxidase to p-benzo- 
quinone which could be electrochemically reduced to 
hydroquinone at a potential of –0.072 V vs Ag/AgCl. 
The presence of inhibitor compounds induced a decrease 
of the biosensor current response.  

2.1.5. Acid Phosphatase 
Acid phosphatase (AP) is reversibly inhibited by some 
pesticides. AP has been used with glucose oxidase (GOD) 
to develop a bienzymatic biosensor for the electrochemi- 
cal detection of Malathion, methyl parathion and paraoxon 
[37]. Both enzymes were coupled on a commercial H2O2 
sensing electrode. This system is based on the following 
reactions: 

Compound I

HRP(Fe3+) 

Compound II

H2O2

H2O

Phenolic
compound ox

Phenolic
compound red

Phenolic
compound ox

Phenolic
compound red

e-

E
lectrod

e

e-

Peroxidase
(Fe3+)

2Glucose 6 phosphate H O

Glucose inorganic phosphate

− − +

⎯⎯→ +AP

2 2Glucose O Gluconolactone H O+ ⎯⎯⎯→ +GOD

 

Figure 1. Scheme of the reactions occurring at the surface 
of a peroxidase-modified electrode. ox: oxidized form, red: 
reduced form [35,36]. 
 

 

 

2.2. Catalytic Biosensors 

2.2.1. Organophosphorus Hydrolase (OPH) 
OPH is an enzyme that hydrolyzes organophosphorus 
pesticides [38], such as parathion, methyl parathion [39] 
or paraoxon [40,41]. This enzyme hydrolyzes P-O, P-S 
and P-CN bonds generating two protons, able to be elec- 
trochemically detected, and an alcohol, which in many 
cases is chromophoric and/or electroactive.  

However, these biosensors show lower sensitivity val- 
ues and higher detection limits than cholinesterase-based 
biosensors. Moreover, they can only detect some or- 
ganophosphorus (OP) compounds.  

Table 3 summarizes the performances of some OPH- 
based biosensors reported in the literature.  

2.2.2. Glutathion-S-Transferase  
Glutathion-S-transferase (GST) was used to develop a 
fiber-optic biosensor for the detection of atrazine [42]. 
The enzyme was immobilized by cross-linking on a mem- 
brane that was supported on an inner glass disk by means 
of an intermediate binder sol-gel layer. Bromcresol green 
was incorparated in the sol-gel as pH indicator. GST 
catalyzed the nucleophile attack of GSH on atrazine, re- 
leasing H+. This pH variation was optically measured by 
colour changes of bromcresol green.  

3. Whole Cell Biosensors 

3.1. Microbial Biosensors 

To develop a microbial biosensor, microorganisms have 
to be immobilized onto a transducer using different chemi- 
cal (e.g. cross-linking) or physical techniques (e.g. en- 
trapment) [43]. Microorgani ms have several advantages  s 

Copyright © 2012 SciRes.                                                                                AJAC 



A. SASSOLAS  ET  AL. 215

  
Table 3. Characteristics of hydrolase-based biosensors. 

Target analyte 
Detection  
technique 

Enzyme immobilization 
technique 

Electroactive  
materials 

Linearity range (M) 
Detection 
limit (M) 

References

Paraoxon Amperometry Covalent binding SWCNT 5 × 10–7 - 8.5 × 10–6 10–8 [41] 

Paraoxon Amperometry Entrapment Mesoporous carbon 2 × 10–7 - 8 × 10–6 1.2 × 10–7 [40] 

Paraoxon Amperometry Entrapment MCNT Up to 4 × 10–6 15 × 10–8 [194] 

Paraoxon Amperometry Cross-linking MWNT 5 × 10–7 - 2 × 10–6 0.314 × 10–6 [195] 

Paraoxon Optic Cross-linking - 10–5 - 4.8 × 10–4 2 × 10–6 [196] 

Ethyl Parathion Amperometry Covalent binding - ND <3.4 × 10–9 [197] 

Methyl parathion Amperometry Covalent binding AuNPs – MWCN-QDs 1.9 × 10–8 - 7.6 × 10–7 3.8 × 10–9 [39] 

Methyl parathion Amperometry Entrapment MCNT Up to 2 × 10–6 8 × 10–7 [194] 

Parathion Optic Cross-linking - 10–5 - 2 × 10–4 2 × 10–6 [196] 

Paraoxon Fluorescence Affinity - 10–6 - 8 × 10–4 ND [198] 

Diisopropyl  
phosphorofluoridate 

(DFP) 
Fluorescence Affinity - 2 × 10–6 - 4 × 10–4 ND [198] 

 
as sensing elements in the development of biosensors. 
They are able to metabolise a wide range of chemical 
compounds. The use of whole cells, as a source of intra- 
cellular enzymes, avoids expensive protocols of enzyme 
purification. The enzyme is maintained in its natural en- 
vironment improving its stability and activity. The main 
limitation of the use of whole cells is the diffusion of 
substrate and products through the cell wall resulting in a 
slow response as compared to enzyme-based biosensors. To 
overcome this drawback, cells can be permeabilised [44]. 

3.1.1. Electrochemical Microbial Biosensors 

3.1.1.1. Amperometric Detection 
Amperometric microbial biosensors have been widely 
developed for the determination of biochemical oxygen 
demand (BOD) in order to measure biodegradable or- 
ganic pollutants in aqueous samples. Most of BOD bio- 
sensors consist of a microbial film sandwiched between a 
porous cellulose membrane and a gas-permeable mem- 
brane. Organic substrates, present in wastewater samples, 
diffuse through the dialysis membrane and are assimi- 
lated by the immobilized microbial population, increas- 
ing the bacterial respiration rate. Therefore, less dis- 
solved oxygen diffuses through the gas-permeable Teflon 
membrane to be detected by a Clark oxygen electrode 
[45]. Different microbial strains were used as biosensing 
element such as Arxula adeninivorans [46], Bacillus 
subtilis [47], Serratia marcescens [48] or yeast [49]. Sin- 
gle microorganisms metabolize a limited range of or- 
ganic pollutants, which may result in an inaccurate esti- 
mation of BOD values. To overcome this problem, 
mixed cultures (e.g. Bacillus subtilis and Trichosporon 
cutaneum [50]) or activated sludges [51] were used.  

Mulchandani’s group developed amperometric micro- 
bial biosensors for the determination of organophosphate 
pesticides with p-nitrophenyl substituent (e.g. paraoxon, 
methyl parathion, parathion, fenitrothion and ethyl p- 
nitrophenol thiobenzenephosphonate (EPN)) [52]. These 
biosensors were based on the co-immobilization of mi- 
croorganisms and OPH (free or expressed on the cell 
surface of other microorganisms). OPH hydrolyzes the 
pesticide and releases p-nitrophenol. Released p-nitro- 
phenol can be oxidized by some microorganisms, such as 
or Pseudomonas putida JS444. Two detection strategies 
were used:  
• OPH hydrolyzes the organophosphorus compounds to 

produce p-nitrophenol. Released p-nitrophenol was 
degraded by some bacteria, such as Pseudomonas 
putida JS444. This degradation resulted in electroac- 
tive compounds, amperometrically detected [53,54].  

• The degradation of p-nitrophenol by some microbes, 
such as Arthrobacter sp. JS443, consumes oxygen. A 
Clark oxygen electrode was used to measure oxygen 
concentration changes [55-57].  

3.1.1.2. Potentiometric Detection 
Conventional potentiometric microbial biosensors have 
been developed using ion-selective electrodes (e.g. pH, 
ammonium) or gas sensing electrodes (e.g. pCO2) coated 
with an immobilized microbial layer. Assimilation of 
substrates by microbes causes changes in potential due to 
ion accumulation or depletion [43].  

A potentiometric biosensor for the direct detection of 
paraoxon was based on the immobilization of recombi- 
nant E. Coli on a glass pH electrode. Bacteria was engi- 
neered to contain the opd gene that encodes the OPH 
enzyme [58]. Entrapped OPH-active bacteria hydrolyzed 
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OP compounds producing two protons. The quantity of 
released H+ was correlated to the concentration of hy- 
drolyzed paraoxon.  

3.1.2. Optical Microbial Biosensors 
Optical microbial biosensors allowing the detection of 
pollutants such as phenols and heavy metals have been 
developed [52,59]. However, only few optical microbial 
biosensors allowing the detection of pesticides have been 
reported. A disposable colorimetric microbial biosensor 
for the detection of methyl parathion pesticide was de- 
scribed [60]. Whole cells of Flavobacterium sp. were 
immobilized on a glass fiber filter paper. The OPH activ- 
ity of Flavobacterium sp. hydrolyzed methyl parathion 
into p-nitrophenol that can be detected at 410 nm.  

3.2. Plant Tissue and Photosynthesis-Based  
Biosensors 

3.2.1. Plant Tissue-Based Biosensors 
The use of plant tissue is an attractive alternative to en- 
zymatic biosensors. Tissue that acts as enzyme source 
presents many advantages [61]:  
• High stability and activity resulting from the mainte- 

nance of the enzyme in its natural environment; 
• Long lifetime of biosensors;  
• High reproducibility of the experimental results; 
• Availability and low price of a wide range of plant 

tissues; 
• Avoidance of tedious and time-consuming enzyme 

extraction and purification steps; 
• Presence of the required cofactors in the used tissue. 

Planktonic algae have been widely used to develop 
biosensors for pollutants present in the aquatic ecosys- 
tems. Biosensors based on immobilized Chlorella vul- 
garis microalgae were reported [62-64]. Those biosen- 
sors were based on the inhibition of enzymes located on 
the external membrane, such as alkaline phosphatases 
and esterases, by heavy metals and pesticides.  

3.2.2. Photosynthesis-Based Biosensors 
Different types of photosynthetic materials were used as 
recognition element for the development of biosensors: 
whole cells (e.g. microalgae), chloroplasts or thylakoids 
and photosystem II (PS II) [65]. PS II is a supramolecular 
pigment-protein complex located in the thylakoid mem- 
brane. It catalyzes the light-induced transfer of electrons 
from water to plastoquinone in a process that evolved 
oxygen. The activity of PS II can be inhibited by several 
groups of herbicides and heavy metals [66]. 

The measurement of oxygen evolution using a Clark- 
type electrode is a standard procedure for the determina- 
tion of the photosynthetic activity [61,67,68]. The incor- 
poration of several types of photosystem II specific arti- 

ficial electron acceptors as electroactive mediators allows 
to maximize the photosynthetic activity. Other biosensors 
are not based on the use of a Clark-type electrode. In 
these cases, alga were immobilized on the surface of ITO 
electrode [69] or SPE [70].  

Optical photosynthesis-based biosensors have also 
been described based on the fluorescence induced by 
chlorophyll a. The light absorbed by chlorophyll mole- 
cules of PSII may be assimilated into the light reactions 
of the photosynthesis or may be released as fluorescence 
or thermal energy. Herbicides inhibit photosynthetic elec- 
tron flow by blocking the PSII quinone binding site 
causing an increase in the chlorophyll fluorescence emis- 
sion. Based on this principle, herbicide biosensors based 
on the measurement of the algal chlorophyll fluorescence 
at 682 nm (under 469 nm excitation light) were devel- 
oped [71-73]. Recently, three microalgae species (Dic- 
tyosphaerium chlorelloides, Scenedesmus intermedius 
and Scenedesmus sp.) were entrapped within a silica ma- 
trix and the increase in the amount of chlorophyll fluo- 
rescence signal was used to quantify simazine [74]. 

4. Immunosensors 

Immunosensors are characterized by the highly selective 
affinity interactions between immobilized antibodies (Ab) 
or antigens (Ag), on the transducer surface, and their 
specific analytes, Ag or Ab respectively [75-77]. Unlike 
enzyme-based biosensors, able to evaluate total toxicity, 
immunosensors are specific for a molecule. 

Several immunosensors for pesticides detection have 
been described, based on electrochemical, optical, piezo- 
electric and mechanical transduction methods.  

4.1. Electrochemical Immunosensors 

Table 4 presents performance characteristics of some 
electrochemical immunosensors.  

4.1.1. Amperometric Detection 
Numerous amperometric immunosensors for the detec- 
tion of pesticides have been reported [78-81]. A simple 
amperometric immunosensor was developed for the analy- 
sis of 2,4-D in the presence of organic solvents, required 
to solubilize it from soil [81]. An amperometric im- 
munosensor based on a carbon paste SPE incorporate- 
ing a conducting polyaniline (PANI)/poly(vinylsulphonic 
acid) (PVS) copolymer was developed for the detection 
of atrazine [82]. Free and HRP-labeled atrazine com- 
peted for their binding to the Ab previously immobilized 
onto the PANI-PVS-modified electrode surface. The ad- 
dition of HRP substrate, hydrogen peroxide, enabled the 
catalytic reaction inducing a flow of electrons from the 
electrode surface through the molecular wires of the 

ANI/PVS copolymer.  P  

Copyright © 2012 SciRes.                                                                                AJAC 



A. SASSOLAS  ET  AL. 

Copyright © 2012 SciRes.                                                                                AJAC 

217

  
Table 4. Characteristics of some electrochemical immunosensors. 

Target analyte Immobilization technique Electroactive materials Linearity range (M) Detection limit (M) References

Amperometry 

Phenanthrene (PAH) 
Adsorption of 

BSA-phenanthrene conjugate 
- 2.8 × 10–9 - 2.5 × 10–7 4.5 × 10–9 [199] 

Paraoxon Adsorption + Nafion film AuNPs 8.7 × 10–8 - 6.9 × 10–6 4.4 × 10–8 [200] 

Atrazine Affinity - 7 × 10–10 - 1.35 × 10–8 1.7 × 10–10 [201] 

Atrazine Adsorption PANI-PVS copolymer 5.5 × 10–10 - 2.3 × 10–8 4.6 × 10–10 [82] 

17-β estradiol 
Adsorption of BSA-estradiol 

conjugate 
- 2.2 × 10–12 - 3.6 × 10–5 9.2 × 10–13 [202] 

Pichloram 
Adsorption of BSA-pichloram 

conjugate 
Gold nanoclusters 3.6 × 10–9 -3.6 × 10–5 1.8 × 10–9 [203] 

Diuron 
Adsoprtion of hapten-BSA 

conjugate 
Prussian blue, AuNPs 4.3 × 10–12 - 4.3 × 10–5 4.3 × 10–12 [156] 

Naphthalene Adsorption AuNPs 3.9 × 10–9 - 7.8 × 10–7 6.2 × 10–10 [204] 

Impedance spectroscopy 

Atrazine Affinity - 4.6 × 10–8 - 1.4 × 10–6 9.3 × 10–8 [97] 

Atrazine 
Adsorption of BSA-atrazine 

conjugate 
- ND 2.7 × 10–8 [90] 

Atrazine 
Adsorption of BSA-atrazine 

conjugate 
- ND 3.9 × 10–8 [91] 

Atrazine 
Covalent immobilization of 

BSA-atrazine conjugate 
- ND 1.9 × 10–10 [92] 

Atrazine Affinity - 4.6 × 10–10 - 4.6 × 10–6 4.6 × 10–11 [93] 

Atrazine Affinity/entrapment - 4.6 × 10–10 - 9.3 × 10–7 4.6 × 10–10 [94] 

2,4-D Covalent binding - 2 × 10–10 - 2 × 10–6 ND [205] 

 
4.1.2. Conductometric Detection 
To our knowledge, only a few conductometric im- 
munosensors for environmental analysis have been de- 
scribed, probably due to their low specificity. 

Valera and co-workers used this method for atrazine 
detection [83-85]. Atrazine was covalently immobilized 
on interdigitated µ-electrodes (IDµE) [85]. Detection of 
free atrazin was achieved through a competitive reaction 
with immobilized atrazine for the antibody added in so- 
lution. The detection method was based on the use of 
antibodies labeled with gold nanoparticles. Their pres- 
ence amplified the conductive signal. This biosensor is 
adapted for the detection of atrazine in red wines since 
none matrix effect related to red wine samples were ob- 
served.  

4.1.3. Potentiometric Detection 
A few potentiometric immunosensors have been de- 
scribed for environmental analysis [86-88]. A potenti- 
ometric biosensor was developed for terbuthylazine 
(TBA), a herbicide widely used in agriculture [88]. Free 
TBA and immobilized TBA-BSA conjugate competed 
for their binding to urease-labeled specific Ab. The addi- 
tion of urease substrate, urea, enabled the potentiometric 

measurement of the ammonia produced in an inversely 
proportional amount of the TBA present in the sample. 

4.1.4. Electrochemical Impedance Spectroscopy 
Several impedimetric immunosensors for the detection of 
pesticides have been reported [89-97]. The electron trans- 
fer resistance at the interface between the electrode and 
the solution changes slightly when the immobilized bio- 
molecule binds the analyte. Impedance spectroscopy al- 
lows a label-free detection with many potential advan- 
tages, such as higher signal-to noise ratio, ease of detec- 
tion, lower assay cost, faster assays and shorter analysis 
times. However, regeneration of the sensing surface is 
typically time-consuming and not reproducible [4]. 

Table 4 presents characteristics of some impedimetric 
immunosensors for pesticide analysis.  

Valera and co-workers developed biosensors for atrazine 
detection using a competitive immunoassay. Atrazine- 
BSA conjugate was immobilized on the IDµE surface, 
either by adsorption [90,91] or by covalent binding [92]. 
Best performances were obtained when the conjugate 
was covalently bound to the IDµE area previously acti- 
vated with (3-glycidoxypropyl)trimethoxysilane. The de- 
tection limit was 1.9 × 10–10 M. Recently, an impedimet- 
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ric immunosensor for atrazine detection was developed 
by immobilizing anti-atrazine antibody modified with 
histidine-tag onto a polypyrrole (PPy) film N-substituted 
by nitrilotriacetic acid (NTA) electrogenerated on a gold 
electrode [93]. After coordination of Cu2+ to poly-NTA, 
anchoring of histidine-tagged atrazine was achieved by 
affinity interactions between histidine groups and the 
chelated Cu2+ centers. In the presence of atrazine, the 
interaction of the analyte with the immobilized antibody 
triggered an increase of the charge transfer resistance 
proportional to the pesticide concentration. The detection 
limit was 4.6 × 10–11 M. 

4.2. Optical Immunosensors 

Optical immunosensors are based on the measurement of 
changes in the optical characteristics induced by the for- 
mation of Ab-Ag complexes.  

4.2.1. SPR 
SPR-based biosensors have been reported for the detec- 
tion of different pesticides (Table 5). SPR allows real- 
time monitoring and does not require labeled molecules 
[98].  

Mauriz and co-workers used a commercial SPR 
(SENSIA) for the on-line monitoring of pesticides in real 
water samples [99-104]. Pesticides-BSA conjugates were 
immobilized through a self-assembled monolayer (SAM) 
onto a gold electrode to obtain a reusable sensing surface. 
The same sensing surface was used for more than 200 
assays, showing good reproducibility. Several conjugates  

were immobilized on the sensing surface of one individ- 
ual flow cell to simultaneously detect DTT, chlorpyrifos 
and carbaryl.  

Miura and co-workers developed a SPR-based im- 
munosensor for the competitive detection of 2,4-D [105- 
108]. A 2,4-D-ovalbumine conjugate was immobilized 
onto the Au surface of the sensor chip to compete with 
free 2,4-D for their selective binding to monoclonal anti- 
2,4-D. Amplification through avidin-biotin interactions 
was described to enhance the sensitivity of the sensor. 
The amplification was based on successive incubations 
with a biotinylated secondary antibody against anti-2,4-D, 
avidin and finally biotin-BSA molecules. The sensor sig- 
nal was amplified by a factor of 10 [108].  

4.2.2. Fluorescence Polarisation 
Immunospecies have to be conjugated to fluorescent la- 
bels (e.g. cyanine) to develop immunosensors. However, 
fluorescent organic dyes suffer from a photo-bleaching 
problem. This drawback can be overcome by the use of 
nanoparticles as fluorescent reporters. For this purpose, 
europium chelate-dyed polystyrene NPs have been used 
to develop immunosensors for the detection of atrazine 
[109].  

4.2.3. Total Internal Reflection Fluorescence (TIRF) 
TIRF was used to develop immunosensors for water pol- 
lution control [75,110-115]. Barzen et al. described a 
prototype of a portable TIRF-based immunosensor com- 
bined with a flow injection system to monitor surface  

 
Table 5. Characteristics of some SPR-based immunosensors. 

Target Immobilization technique Linearity range (M) Detection limit (M) References 

DTT Covalent binding 1.7 × 10–10 - 5 × 10–9 5.64 × 10–11 [104] 

2,4-D Adsorption of 2,4-D—BSA conjugate 2.3 × 10–9 - 4.5 × 10–6 2.3 × 10–9 [107] 

2,4-D Adsorption of 2,4-D—ovalbumin conjugate 4.5 × 10–10 - 1.4 × 10–6 4.5 × 10–10 [106] 

2,4-D Covalent immobilization of 2,4-D—BSA conjugate ND 3.6 × 10–11 [108] 

2,4-D Covalent immobilization of 2,4-D—BSA conjugate 4.5 × 10–10 4.5 × 10–10 [105] 

Chorpyrifos Covalent binding 6.6 × 10–10 - 1.4 × 10–7 1.4 × 10–10 [104] 

Carbaryl Covalent binding 8.2 × 10–9 - 7.3 × 10–8 4.5 × 10–9 [104] 

Isoproturon Covalent binding 6.3 × 10–9 - 7.9 × 10–8 4.8 × 10–10 [206] 

Atrazine Covalent immobilization of atrazine—BSA conjugate 1.3 × 10–10 - 3.7 × 10–9 9.3 × 10–11 [99] 

TNT Adsorption of TNP—BSA conjugate 2.6 × 10–11 - 1.3 × 10–6 2.6 × 10–11 [207] 

TNT Covalent immobilization on AuNPs ND 4.4 × 10–11 [208] 

TNT Covalent binding 3.5 × 10–11 - 1.3 × 10–7 ND [209] 

TNT Covalent binding Up to 3.1 × 10–8 4.8 × 10–10 [210] 

2,4-dinitrotoluene Covalent binding 4.4 × 10–9 - 4.4 × 10–7 8.8 × 10–11 [211] 

2,4-dichlorophenol Affinity (protein G) ND 1.2 × 10–7 [212] 
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water quality [111]. Aminodextran-analyte conjugates 
were adsorbed onto the transducer surface. Specific an- 
tibodies labeled with a fluorophore were incubated with 
the target analytes present in the sample. Then, free la- 
beled-antibodies bound immobilized analyte derivatives. 
A collimated laser beam (635 nm) coupled to the trans- 
ducer was guided by total internal reflection causing ex- 
citation of the bound fluorescent antibody in the evanes- 
cent field (Figure 2). This TIRF-based immunosensor, 
called the RIver ANAlyser (RIANA), was used to moni- 
tor the levels of atrazine, simazine and alachlor in the 
Ebre Delta and the estuarine area of Portugal [77]. Stud- 
ies were focused on the evaluation of matrix effects, in- 
terferences due to the presence of crossreactant sub- 
stances and on the validation of the sensor. Results show 
the efficiency of the RIANA immunosensor for monitor- 
ing natural waters in compliance with the Drinking Wa- 
ter Directive of the European Union.  

Automated Water Analyser Computer Supported Sys- 
tem (AWACSS) was developed using the same principle 
as RIANA immunosensor. However, improvements were 
made in three critical areas: 1) expanded multi-analyte 
analysis capability allowing for simultaneous detection 
of up to 30 analytes; 2) novel design approaches to the 
optical detection and fluidics including miniaturized in- 
tegrated optics and micro-fluidics and 3) intelligent re- 
mote surveillance and control for unattended continuous 
monitoring [116].  

4.2.4. Polarisation-Modulation InfraRed  
Reflection-Absorption Spectroscopy 
(PM-IRRAS) 

Reflection-absorption IR spectroscopy combined with 
polarization modulation was proposed as a novel optical 
transduction mode. Recently, PM-IRRAS was used to 
develop immunosensors allowing the detection of envi- 
ronmental pollutants [117-119]. 

This principle was applied by Pradier and co-workers 
to determine atrazine using an indirect competitive for- 
mat [119]. First, sensor chips were coated with ovalbu- 
mine-atrazine derivatives. The surfaces were analyzed by 

PM-IRRAS and the integrated area of the peptide bands 
was measured. Then, the different steps of the conven- 
tional ELISA test were performed. Successive binding of 
anti-atrazine antibody and secondary anti-rabbit immu- 
noglobulin G antibody resulted in a change of the IR 
absorption properties of the organic film at the sensor 
surface. Detection of atrazine was based on the analysis 
of the amide I and II bands. When the concentration of 
free pesticide increased, the intensity of amide bands 
decreased. 

4.3. Piezoelectric Immunosensors 

Piezoelectric immunosensors are devices based on mate- 
rials such as quartz crystals with Ab or Ag immobilized 
on their surface. A QCM sensor is a mass-sensitive de- 
vice able to measure very small mass changes. Several 
QCM immunosensors for environmental monitoring have 
been described [120], but only few of them were devel- 
oped for the detection of pesticides. A QCM im- 
munosensor was developed for the analysis of carbaryl, 
and 3,5,6-trichloro-2-pyridinol (TCP), the main metabo- 
lite of the insecticide chlorpyrifos and of the herbicide 
triclopyr [121]. The biosensor was based on the immobi- 
lization of hapten conjugates onto the gold electrode via 
SAM. This covalent immobilization allowed the reus- 
ability of the modified electrode surface for at least 150 
assays without significant loss of sensitivity.  

4.4. Mechanical Immunosensors 

Microcantilever sensors are based on a response due to 
either surface stress variation or mass loading. Interac- 
tion between an immobilized ligand (e.g. antibody) and 
an analyte (e.g. an antigen) causes a surface stress change 
of the cantilever and can be detected as changes in the 
cantilever deflection. Microcanlitever sensors offer many 
advantages: label-free detection, high precision, reliabil- 
ity, reduced size and easy manufacture of multielement 
sensor arrays [122].  

Some microcantilever immunosensors have been de- 
veloped for the detection of pesticides such as atrazine  

 
Laser

Flow direction

Transducer with immobilized
analyte derivative

Aminodextran-analyte

Labeled Ab Analyte Blocked Ab  

Figure 2. Principle of a TIRF-based immunosensor [111]. 
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[123,124], DDT [125] and 2,4-D [123]. Suri et al. de- 
veloped an ultrasensitive cantilever-based immunosen- 
sor for the detection of atrazine. A thiolated atrazine an- 
tibody was immobilized on a gold coated cantilever. The 
binding of atrazine to the immobilized Ab changes the 
surface stress causing bending of the cantilever. The de- 
tection limit was 1 ppt (4.65 pM). Recently, a cantile- 
ver-based competitive immunosensor was developed for 
the detection of 2,6 dichlorobenzamide (BAM), which is 
the most frequent found pesticide residue in European 
groundwater [126].  

5. DNA Biosensors 

DNA biosensors exploit the preferential binding of com- 
plementary single-stranded nucleic acid sequences. They 
usually rely on the immobilization of a single-stranded 
DNA probe onto a surface able to recognize its comple- 
mentary DNA target sequence by hybridization [122].  

Recently, an electrochemical DNA biosensor was de- 
veloped to study DNA damage caused by several pesti- 
cides, such as atrazine, 2,4-D, glufosinate ammonium, 
carbofuran, paraoxon-ethyl and difluorobenzuron [127]. 
A biotinylated DNA probe was immobilized on a strep- 
tavidin-modified electrode surface. This DNA probe was 
hybridized with biotinylated complementary DNA target 
analyte. Streptavidin labeled with ferrocene was further 
attached to the hybridized biotinylated DNA. The close 
proximity of ferrocene to the electrode surface induced a 
current signal. The presence of pesticides caused an un- 
winding of the DNA and thus a decrease of the ferrocene 
oxidation current observed in voltammetric experiments. 
Paraoxon-ethyl and atrazine caused the fastest and most 
severe damage to DNA.  

6. New Trends 

6.1. Aptamers 

In 1990, Ellington’s group [128], Gold’s group and 
Robertson’s group independently reported the develop- 
ment of an in vitro selection technique which allowed the 
discovery of specific nucleic acid sequences that bind 
non-nucleic acid targets with high affinity and specificity. 
The technique was called SELEX (Selection Evolution of 
Ligands by EXponential enrichment) and the resulting 
DNA or RNA oligonucleotides are referred to as aptam- 
ers [129-131]. 

Aptamers show high affinity towards a wide range of 
target analytes, including proteins, metal ions and patho- 
genic microorganisms. Aptamers possess several com- 
petitive advantages over antibodies, such as their accu- 
rate and reproducible chemical production [132]. Immu- 
nization and animals hosts are not necessary to produce 
aptamers. The selected nucleic acids bind their targets 

with affinity and specificity comparable to those of anti- 
bodies. Aptamers are more stable than antibodies. They 
can be selected in extreme conditions whereas antibodies 
are only stable in physiological conditions. Aptamers can 
also undergo reversible denaturation and they can be 
easily modified with new functional groups without af- 
fecting their activity. Due to its many advantages, nu- 
merous aptamer-based biosensors have been developed 
for the detection of a wide range of targets [133-137]. 

To our knowledge, few aptamers for the detection of 
pesticides have been selected. Recently, a DNA aptamer 
specific for acetamiprid was described [138]. The poten- 
tial of aptamers for the pesticide detection has not still 
been exploited but aptamer-based biosensors could be an 
alternative to the conventional methods of pesticide 
analysis.  

6.2. Molecularly Imprinted Polymers (MIPs) 

Molecular imprinting, which allows the formation of 
specific recognition sites in polymers, is used to develop 
MIP-based sensors in the areas of environmental, food 
and pharmaceutical analysis [139]. 

The overall principle of molecular imprinting is pre- 
sented in Figure 3. The template interacts with func- 
tional monomers either by the formation of covalent 
bonds or by self-association. Then, these monomers are 
polymerized around the template with the help of a cross- 
linker in the presence of a porogenic solvent. Template 
molecules are removed by extensive washing steps to 
disrupt the interactions between the template and the 
monomers. This process allows to obtain synthetic poly- 
mers possessing specific cavities complementary to the 
template in size, shape and position of the functional 
group [140,141]. The choice of the chemical reagents 
making up the MIP must be judicious in order to create 
highly specific cavities designed for the template mole- 
cule.  

MIPs have been used as artificial recognition elements 
of biosensors for pesticide detection. An optical sensor 
for the detection of pesticides (chloropyrifos, diazinon 
and glyphosate) was developed by forming MIP onto 
optical fibers [142]. In this case, a luminescent lantha- 
nide (europium), used as spectroscopic probe, was in- 
corporated into the polymer. Detection of the analyte was 
based upon the changes that occur in the lanthanide 
spectrum when pesticide was incorporated to Eu3+. The 
increase of the pesticide concentration induced an in- 
crease in the luminescence intensity of the spectra. Sev- 
eral electrochemical MIP-based sensors have been de- 
scribed [143-145]. An electrochemical sensor for 2,4-D 
was developed by electropolymerization of polypyrrole 
on a glassy carbon electrode in the presence of template 
2,4-D molecules. During the lectropolymerization step,  e   

Copyright © 2012 SciRes.                                                                                AJAC 



A. SASSOLAS  ET  AL. 221

  

 

Figure 3. Schematic representation of the molecular imprinting [140]. 
 
2,4-D molecules were embedded in the imprinted polypyr- 
role by hydrogen bond and electrostatic interacttions. 
Then, the template molecules were removed from the 
polymer by overoxidized process at +1.3 V in 0.2 M 
Na2HPO4 solution for 10 min. 

6.3. Analysis of Pesticide Mixtures: The  
Artificial Neural Networks 

Development of detection systems able to detect several 
analytes simultaneously represents a promising tool in 
environmental monitoring and screening. As it has been 
previously mentioned, numerous organophosphorus and 
carbamate insecticides can inhibit cholinesterase activity. 
One limitation of the enzymatic inhibition tests is the 
difficulty in discriminating between different inhibitors. 
To solve this problem, a sensor array can be coupled with 
an Artificial Neural Network (ANN) in order to precisely 
identify the inhibitors present in the sample. An ANN is 
a systematic procedure of data processing inspired by the 
nervous system function in animals. It combines the re- 
sponse of different enzymes to find a pattern that relates 
inhibitor concentrations with the inhibition percentages 
observed. Several intelligent biosensors for the analysis 
of pesticide mixtures have been developed based on the 
principle of the AChE inhibition and chemometric data 
analysis using ANNs [146]. Marty’s group constructed 
ANNs to model the combined response of two pesticides 
(chlorpyrifos oxon and chlorfenvinfos) using sensors 
incorporating wild-type electric eel AChE and drosophila 
mutant AChE, associated or not with PTE [147]. These 
two types of AChEs were selected according to their dif- 
ferent sensitivities to OP insecticides. The developed 

system was applied to the determination of pesticides in 
real water samples. 

6.4. Nanomaterials 

The emerging synergy between nanotechnology and 
sensors has been exploited over the past few years [148- 
150]. Intensive research efforts have been performed for 
the design of efficient nanomaterial-based biosensors that 
exhibit high sensitivity and stability. The immobilization 
of nanomaterials onto sensing devices generates novel 
interfaces that enable the sensitive optical or electro- 
chemical detection of analytes. Recently, some nanoma- 
terials have been used for the design of electrochemical 
enzyme biosensors. Their high conductivity properties 
have been reported to enhance the electron transfer be- 
tween the enzyme redox center and the electrode surface 
[151]. The electrocatalytic action of nanomaterials de- 
creases the overpotential associated to electroactive com- 
pounds, minimizing the interferences present in the sam- 
ple. In few cases, nanomaterials have been used as labels 
to amplify the signal measured. 

6.4.1. Nanoparticle-Based Electrochemical Biosensors 

6.4.1.1. Enzyme Biosensors 
Various kinds of nanoparticles, such as QDs and AuNPs, 
have been used for the development of electrochemical 
enzyme biosensors. An enzyme biosensor was developed 
for the amperometric detection of trichlorfon using poly 
(N-vinyl-2-pyrrolidone) (PVP)-capped CdS QDs [152]. 
The formation of PVP-QD nanostructures on the elec- 
trode surface provided a favourable microenvironment 
and led to a highly sensitive and stable electrochemical 
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detection of the enzymatically generated thiocholine 
product. The detection limit was 4.8 × 10–8 M. Another 
kind of nanoparticles are AuNPs. Their unique property 
to provide a suitable microenvironment for immobiliza- 
tion of biomolecules retaining their bioactivity is a major 
advantage for the preparation of biosensors. Moreover, 
AuNPs facilitate direct electron transfer between immo- 
bilized redox proteins and the electrode surface [153]. An 
electrochemical biosensor based on colloidal AuNP modi- 
fied sol-gel interface was developed for the detection of 
monocrotophos, carbaryl and methyl parathion [154]. 
The assembled AuNPs on a sol-gel derived silicate net- 
work provided a conductive pathway to electron transfer 
and favored the interface enzymatic hydrolysis reaction, 
increasing the sensitivity of the amperometric response. 
This biosensor presented good stability, retaining 90% of 
its initial current response after a 30-day storage period. 
Recently, an efficient biosensor for the detection of 
monocrotophos was developed by combining the unique 
properties of AuNPS with those of QDs. This new elec- 
trochemical system based on CdTe QDs-AuNPs elec- 
trode was more sensitive than those based on QDs or 
AuNPs alone [155]. 

6.4.1.2. Immunosensors 
Recently, an electrochemical immunosensor was devel- 
oped for rapid screening of diuron, a substituted phenyl 
urea herbicide [156]. Low cost ablated electrodes fabric- 
cated on polystyrene substrate were modified with Prus- 
sian Blue (PB)-AuNP film. The electrodeposition of PB- 
AuNP film enhanced electron transfer in the vicinity of 
the gold electrode increasing the sensitivity of the system 
as compared to unmodified gold electrodes. A conduc- 
timetric immunosensor for the detection of atrazine was 
also developed using antibodies labelled with nanoparti- 
cles [85]. The authors showed that AuNPs amplify the 
conductive signal and hence allow the detection of atrazine 
by means of DC measurements.  

6.4.2. Nanoparticle-Based Optical Biosensors 
Nanoparticles have also been used for the development 
of efficient optical biosensors [157]. QDs are candidates 
to replace conventional fluorescent markers. These semi- 
conductor particles are more photostable than an organic 
fluorophore. Moreover, QDs exhibit higher fluorescence 
quantum yields than conventional organic fluorophores, 
allowing higher sensitivity. Recently, an optical biosen- 
sor was developed for the detection of monocrotophos 
using CdTe as fluorescence probe [158]. Using positively 
charged chitosan, CdTe and acetylcholinesterase were 
assembled onto a quartz surface by a layer-by-layer tech- 
nique. In the absence of pesticide, acetylcholine was 
biocatalytically hydrolyzed inducing the production of 
choline and acetic acid. The released acid resulted in pH 

decrease that was sensed by the immobilized pH indica- 
tor (CdTe). The presence of monocrotophos induced a 
change of the fluorescence intensity that was related to 
the pesticide concentration.  

Optic properties of AuNPs have been exploited for the 
development of localized SPR (LSPR) sensor [159,160]. 
The absorption band of AuNPs results when the incident 
photon frequency is resonant with the collective oscilla- 
tion of the conduction electrons and is known as the lo- 
calized surface plasmon resonance (LSPR). The reso- 
nance frequency of the LSPR is highly dependent upon 
the local environment of the nanoparticle and more spe- 
cifically upon the binding events that occur to the func- 
tionalized NPs. The LSPR was used to develop a bio- 
sensor for the detection of paraoxon by immobilizing 
AChE onto AuNPs layer using a self-assembling tech- 
nique [157]. In the presence of pesticides, the enzymatic 
activity was inhibited causing a change of the light at- 
tenuation. The detection limit with optimal conditions 
was 0.2 ppb. The biosensor retained 94% of its original 
activity after 6 cycles of inhibition with 500 ppb paraoxon 
followed by reactivation of AChE with 0.5 mM 2- 
pyriding-adoxime methoiodide. In addition, the sensor 
retained its activity after 2 months storage in dry state at 
4˚C.  

6.4.3. Nanotube-Based Electrochemical Biosensors 
Carbon nanotubes (CNTs) consist of cylindrical gra- 
phene sheets with nanometer diameters. They present 
unique mechanical, physical and chemical properties [148]. 
CNTs include both single-walled and multiwalled struc- 
tures. Since their discovery, CNTs have been used in 
nanoelectronics, biomedical engineering, biosensing and 
bioanalysis.  

Electrochemical biosensors, particularly enzyme elec- 
trodes, have benefited from the ability of CNT-modified 
transducers to promote the electron transfer reactions of 
enzymatically generated species [161]. Recently, CNTs 
have been used for the development of biosensors based 
on the inhibition of AChE activity [162-165]. An am- 
perometric biosensor based on layer-by-layer assembly 
of single walled CNT-poly (diallyldimethylammonium 
chloride) and AChE was developed for the analysis of 
carbaryl [164]. The biosensor showed good sensitivity 
and stability towards the monitoring of pesticides in wa- 
ter. The detection limit was 4.9 × 10–15 M. 

In some cases, the authors developed efficient biosen- 
sors for the detection of pesticides by associating the 
properties of CNTs with those of nanoparticles [39,166].  

7. Conclusions 

Biosensors are good candidates for the environmental 
monitoring. They exploit the remarkable specificity of 
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recognition elements to design efficient analytical tools 
that can detect the presence of pesticides in complex 
samples. The biological elements used for environmental 
sensing are classically enzymes, antibodies and whole 
cells. Immunosensors, based on the highly selective and 
sensitive Ab-Ag reaction, allow the identification of a 
particular pesticide. Their high specificity can be some- 
times a disadvantage. Enzyme-based biosensors allow 
the detection of broad families of pollutants. Thus, they 
often offer a general toxicity “index” [167], without pro- 
viding specific information about a particular pesticide. 
Genetically engineered AChEs, showing better perform- 
ance than native enzymes, have been widely exploited in 
enzyme inhibition-based biosensors for the detection of 
pesticides. Some genetically engineered microorganisms 
have also been used to develop microbial biosensors for 
pesticide detection [150]. In the last decade, aptamers 
have been used as new molecular recognition elements to 
develop biosensors [133,134]. However, unique proper- 
ties of aptamers have not been yet exploited for the de- 
velopment of pesticide analysis. We believe that these 
recognition elements could be used, in the near future, 
for the development of efficient aptasensors allowing the 
detection of pesticides. Although biological receptors 
have specific molecular affinity and have been widely 
used in biosensing technology, they are often produced 
via complex protocols with a high cost and require spe- 
cific handling conditions because of their poor stability 
[168]. The high specificity and stability of MIPs render 
them as promising alternatives to enzymes and Abs [169]. 
Additional advantages include their compatibility with 
microfabrication technology and their cost-effectiveness 
compared to conventional biological receptors. 

Nanotechnology is playing an important role in the 
development of efficient biosensors for the pesticide de- 
tection [148-150]. Different types of nanomaterials (e.g. 
nanoparticles and nanotubes) with different properties 
have been used. They offer exciting new opportunities to 
improve the performance of biosensors for the detection 
of pesticides. 

The use of biosensors in environmental field is still 
limited in comparison to medical applications. Most com- 
mercial biosensors are for medical applications, whereas 
only few are adapted for the environmental monitoring. 
Thus, there is still a challenge to develop improved and 
more reliable devices allowing the detection of pesti- 
cides.  

The use of biosensors in environmental field is still 
limited in comparison to medical applications. Most com- 
mercial biosensors are for medical applications, whereas 
only few are adapted for the environmental monitoring. 
Thus, there is still a challenge to develop improved and 
more reliable devices allowing the detection of pesti- 
cides.  
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