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1. Introduction  

Pesticides are substances or mixtures thereof, natural or synthetic, formulated to prevent or 

control any species of plants or pests. The term pesticide includes substances intended for 

use as plant -growth regulators, defoliants or desiccants. 

Once a pesticide is introduced into the environment, either through an application, removal 

or a spill, it is influenced by processes, such as adsorption, transfer, breakdown and 

degradation, which determine their persistence, movement and its final fate.  

In recent years the growing awareness of the risk associated with intensive use of pesticides 

has led to a more critical attitude towards the use of agrochemicals. At the same time, many 

national environmental agencies have been involved in the development of regulations to 

eliminate or severely restrict the use and production of a number of pesticides. 

However in the third millennium, pesticides will continue to play an important role in plant 

diseases and pest management. Even in developed countries, where farmers are shifting 

from subsistence agriculture to modern agriculture, pesticide use may increase at a high 

rate. Therefore, their use should be optimized, bearing in mind the safety to producers and 

consumers as well as the environmental impact.  

Monitoring and exposure data are critical to accurately determine the impact of pesticides 

on human health and environment. The analytical methods, faster and more cost-effective, 

can facilitate the collection of data concerning particular target pesticides that may impact 

on human health and the environment. Advances in miniaturization and microfabrication 

technology have led to the development of sensitive and selective electrochemical devices 

for field-based and in situ environmental monitoring (Pellicer et al., 2010). Electrochemical 

sensors can provide fast, reliable and cost-effective measurement and monitoring methods. 

Hanrahan et al. (2004) examine the role electrochemical sensors play in environmental 

monitoring, focusing on recent technological advances in terms of microfabrication, 

analytical improvements and remote communication capabilities, including also 

microfluidic integration and submersible devices for remote, continuous monitoring. 

The development of in situ electrochemical devices requires proper attention to major issues 

including reversibility, long-term stability, specificity and changes in natural conditions that 

may affect the response of interest.  
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This review covers publications related to electrochemical sensors that appeared in print 
between 1999 and 2010. The focus of the chapter is centered on the development and 
research in electrochemical sensors based on chemical or biological recognition process and 
the advantages that the nanomaterials provide on the fabrication and electrochemical 
sensing systems development for pesticides monitoring. 

2. Molecularly imprinted polymer strategy applied to the development of 
biomimetic sensors 

Chemical sensors and biosensors are very powerful tools in modern analytical sciences. The 
new demands of environmental analysis, have driven the development of more selective 
and sensitive sensing systems. An essential component of any detection system is a 
recognition platform, which is able to bind selectively to a target analyte in the presence of 
competing analytes. Both synthetic and biologically derived recognition platforms have 
been successfully incorporated into molecular sensors. Synthetic recognition systems 
include synthetic molecular receptors (Schrader & Hamilton, 2005) and functionalized 
polymers (Senaratne et al., 2005). Biological recognition systems include immobilized 
antibodies, enzymes, DNA, and aptamers.  
Biological recognition platforms generally show higher levels of affinity and selectivity than 
their synthetic counterparts and may be more easily targeted to specific analytes. In this 
respect, the molecular imprinting strategy, represents an important field of application for 
the generation of sensing systems as substitutes for biological antibodies and receptors (Ye 
& Mosbach, 2008). Probably, due to the fact that the selectivity against desired target 
molecules is considerably improved when these type of devices are employed. This 
technique lies in synthesizing selective recognition sites in a polymeric matrix with a 
molecular template during the polymer formation. The removal of the template molecule 
from the polymer matrix reveals binding cavities that are complementary in size and shape 
to the template molecule and are lined with appropriately positioned recognition groups.  
The choice of the functional monomer to generate a proper MIP is very important because it 
is the component involved in forming chemical bonds with the template (Lanza & 
Sellergren, 1999). In order to optimize the selection of the monomer for a target analyte, 
several studies have suggested that the synthesis takes place by combinatorial approaches 
(Takeuchi et al., 1999; Yilmaz et al., 1999). Other authors proposed a method which included 
computational screening of a virtual library of functional monomers against a target 
molecule, followed by selection of those ones able to form the strongest complex with the 
template (Haupt, 2001; Subrahmanyam et al., 2001). 
Molecularly imprinted polymers (MIPs) are highly cross-linked polymers that share the 
advantages of both biological and synthetic recognition platforms. MIPs have excellent 
mechanical, chemical and thermal stability (Svenson & Nichols, 2001).  However, they also 
possess the ability to be tailored like biological systems with specificity for a molecule of 
interest such as pesticides (Fuchiwaki et al., 2007; Shoji et al., 2003; Yamazaki et al., 2001). 
The inherent specificity of molecularly imprinted materials and their ability to adapt to 
different formats, have provided many opportunities for integration into sensing 
applications (Haupt & Mosbach, 2000; Piletsky et al., 2001). 
The development of highly sensitive transducers capable of monitoring the binding process, 
the development of polymers capable of interacting with the template in terms of required 
affinity and specificity and the integration of MIP with the transducer, are the critical issues 
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in the design of sensors based on MIPs (Blanco-Lopez et al., 2004a; Suryanarayanan et al., 
2010).  
Electrochemical methods have been widely used for the detection of rebinding almost at the 
same extent as the optical and mass-based ones, as discussed by Piletsky & Turner (2002) 
and Blanco-Lopez et al. (2004b). This is in part due to the easy integration of MIPs in 
electrochemical sensors.  
The MIPs are primarily recognition platforms that do not have any innate signalling 
properties. Thus, an important challenge in developing MIP-based chemical sensors is the 
interface between the MIP and the signal transduction device. The coatings of electrodes 
with molecularly imprinted polymers (MIPs) are an important tool to achieve this goal 
(Malitesta et al., 1999). 
Despite being a well established analytical technique, the use of electrochemical methods 
incorporating MIPs provides the researcher the challenge of finding a suitable format for the 
integration of an imprinted film or particles on the electrode. Despite this, the concept of 
selective uptake of an analyte of interest and the subsequent generation of a proper 
electrochemical signal opens an attractive pathway for sensor development (Merkoçi & 
Alegret, 2002). 
There are excellent reviews and monographs of MIPs providing aspects of design, 
preparation, characterization and application (Alexander et al., 2006; Haupt, 2001; 
Sellergren, 2001). Different strategies have been investigated for the immobilization of MIPs 
on electrochemical transducers such as in situ synthesis on electrode surface by 
electropolymerization (Malitesta et al, 1999) or at a non-conducting surface by chemical 
grafting (Piletsky et al., 2000) . 
The chemical grafting is usually prepared using two strategies “grafting-to“ and “grafting-
from” (Advincula et al., 2004; Pyun & Matyajaszewski, 2001). The “grafting to” technique 
involves tethering performed end-functionalized polymer chains to a suitable substrate. 
This technique often leads to low grafting density and low film thickness, as the polymer 
molecules must diffuse through the existing polymer film to reach the reactive sites on the 
surface. The steric hindrance for surface attachment increases as the tethered polymer film is 
thicker. To overcome this problem, the “grafting from” approach can be used and has 
generally become the most attractive way to prepare thick, covalently tethered polymer 
brushes with a high grafting density (Zhao & Brittain, 2000). The “grafting from” technique 
involves the immobilizing of initiators onto the substrate followed by in situ surface 
initiated polymerization to generate the tethered polymer brush. 
The combination of imprinted films as the sensing element and an electrode as the 
transducer has been investigated by several groups (Gutierrez-Fernandez et al., 2001; Marx 
et al., 2004; Shustak et al., 2003). Some of them include molecular imprinting in sol-gel 
(Gupta & Kumar, 2008) or surface molecularly imprinted self-assembled monolayers (Li et 
al., 2006; Mirsky et al., 1999; Piletsky et al., 1999a) as strategies for the immobilization of 
MIPs on electrochemical transducers. 
The surface tailoring by the use of molecularly imprinted polymers (MIPs) over a sol-gel 
matrix is an important strategy for the production of interfaces in which specific binding is 
improved by reducing non-specific binding  ( Patel et al., 2009a; Patel et al., 2009b). 
This technology allows low temperature fabrication of a surface material starting either from 
a chemical solution or colloidal particles to produce an integrated network. Such network 
facilitates surface grafting of MIP, and the resulting hybrid possesses high glass-transition 
temperature with improved molecular specificity and selectivity. 
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Other systems, such as self-assembled monolayers (SAMs) and polymer brushes have 
recently attracted considerable attention due to their noble physicochemical surface 
property and ease of processing (Boyes et al., 2004). The modification of molecular 
recognition by SAMs, is based on the formation of rigid nanostructures organized around 
the template molecule by SAMs at the electrode surface and can be considered as a form of 
two-dimensional imprinting. The preparation of these systems involves the simultaneous 
adsorption of the template and mercaptan molecules at a metalic surface. The recognition is 
possible if specific interactions are developed to form a stable complex between the template 
and the alkylthiol chain forming the monolayer (Piletsky et al, 1999a). Polymer brushes refer 
to an assembly of polymer chains which are tethered by one end to a surface or interface. 
They have recently attracted considerable attention and there have been numerous studies 
to examine their structure and novel properties (Zhao & Brittain, 2000). 
One way for MIPs deposition on the surface of different types of electrodes is the use 
electropolymerization techniques. Advantages of electropolymerization include the ability 
to coat very small or irregularly shaped electrode surfaces with a polymeric film, the ability 
to control film thickness based upon the amount of charge passed in the case of conducting 
films or by self-regulation in the case of non conducting films, and the ability to influence 
both the polymerization rate and the nature of the film via the applied potential use during 
electropolymerization. To prepare these molecularly imprinted layers on electrodes, such as 
polypyrrole (Ramanaviciene et al., 2006), overoxidized polypyrrole (Ozkorucuklu et al., 
2008), polyaniline  (Manisankar et al., 2008a) polyphenylendiamines (Liu et al., 2009; 
Malitesta et al, 1999), polyphenol (Panasyuk et al., 1999) or in some cases redox polymers 
such as metalloporphyrins (Gomez-Caballero et al., 2010; Mazzotta & Malitesta, 2010) have 
been used. The growth of these types of MIPs depends on the nature of the synthesized 
polymers. If the resulting polymer is conducting, the polymeric growth is practically 
unlimited, on the other hand, if the polymer is nonconducting, the growth would be self-
limited obtaining very thin polymeric layers (10-100 nm) (Ulyanova et al., 2006). 
Recently, conducting polymers have attracted attention as-sensitive layers in 
electrochemical sensors. These polymers are characterized by a high electrical conductivity 
and a good electrochemical reversibility, which justify their use as transducer in the 
fabrication of efficient electrochemical sensors. Thus, the objective of high specificity 
together with high sensitivity can be achieved by the combination of the concept of 
Molecularly Imprinted Polymers with the use of conducting polymers. In this context 
Pardieu et al. (2009) proposed the design of molecularly imprinted conducting polymers 
(MICPs) as a transducers for the selective and real time recognition of the herbicide atrazine. 
Two moieties are necessary for the building of such chemically functionalized, conducting 
polymer-based sensing layer, a molecular sensing unit- functional monomer -, together with 
a conjugated linker. 
Electropolymerization has been successfully utilized for the preparation of electroactive and 
electroinactive polymers on a variety of conductive surfaces including, glassy carbon (Liu et 
al., 2006), graphite (Ozcan & Sahin, 2007; Weetall & Rogers, 2004) , gold (Feng et al., 2004; 
Liao et al., 2004), platinum (Xu & Chen, 2000) or  indium tin oxide (Gao et al., 2007). 
An electrochemical sensor based on molecularly imprinted polypyrrole membranes is 
reported by Xie et al. (2010a) for the determination of herbicide 2,4-dichlorophenoxy acetic 
acid (2,4-D). The sensor was prepared by electropolymerization of pyrrole on a glassy 
carbon electrode in the presence of 2,4-D as a template. The sensor can effectively improve 
the reductive properties of 2,4-D and eliminate interferences by other pesticides and 
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electroactive species. The method has been successfully applied to the determination of 2,4-
D in environmental water samples, with recovery rates ranging from 92% to 108%. 
Also, combinations of two or more functional monomers have been proposed, which 
originate in most cases copolymers that have higher recognition skills, in comparison with 
the polymers generated with single monomers. Electro-copolymerization of aniline with o-
phenilendiamine was successfully used for the preparation of a metamitron selective 
voltammetric microsensor (Gomez-Caballero et al., 2007). The authors propose the 
modification of the surface of a carbon fiber microelectrode to create an MIP selective for the 
herbicide metamitron, employing the electrosynthesis as a technique for modifying the 
electrodic surface. The response of the synthesized microsensor was able to distinguish the 
metamitron from other closely related triazine herbicides as isomethiozin or metribuzin. 
Electrosynthesis of MIPs can be carried out in aqueous or in organic media, but aqueous 
media are usually chosen to electrosynthesize imprinted polymers. The nature of the 
polymerization mixture generally depends on the solubility of the target analyte or the 
monomers. Gomez-Caballero et al. (2008) propose the synthesis of an MIP amperometric 
sensor that owned selectivity towards the pesticide 4,6-dinitro-o-cresol, placing particular 
emphasis on the fact that the methodology could also be used for all other dinitrophenolic 
pesticides. Because the template concentration was a key factor when imprinted sites had to 
be generated, in this work a semiorganic media was chosen to carry out the 
electrogeneration of the copolymer in order to favor the dissolution of the template 
molecules. 
Although the amount of the imprinted sites increases with the increase of the imprinted 
membrane thickness, thick imprinted membranes could lead to slow diffusion of analytes to 
the recognition sites and to inefficient communication between the binding sites and 
transducers (Riskin et al., 2008). To further increase the amount of effective imprinted sites 
on the sensor surface, the simplest method is to use a higher electrode surface area (He et al., 
2008) through the assembly of gold nanoparticles (AuNPs) at the surface of electrodes 
(Daniel & Astruc, 2004; Feng et al., 2008; Yu et al., 2003) due to its large specific surface area, 
good biocompatibility and high conductivity. Herein Xie et al. (2010b) discuss how the 
combination of surface molecular imprinting on a large surface area of a AuNP-modified 
glassy carbon electrode produces a high ratio of imprinted sites and, thus, provides an 
ultrasensitive electrochemical detection of organophosphate pesticides. The combination of 
surface molecular self-assembly with electropolymerization of aminothiophenol on a larger 
area of AuNP-modified electrode was expected to produce a high ratio of imprinted sites 
and to enhance the total amount of effective imprinted sites. The electrochemical sensor not 
only can strikingly improve the sensitivity and selectivity of pesticide chlorpyrifos analysis 
but also obtains good repeatability and, thus, can be potentially exploited for the detection 
of pesticide residues in the environment. 
Choong et al. (2009) demonstrated that a free-standing carbon nanotube array serves as a 
high porosity 3D platform for the deposition of molecularly imprinted polypyrrol. The 
greatest advantage of this organised, 3D structure is that the thickness of the MIPPy film 
coated around each CNT can be adjusted accordingly to accommodate target molecules 
with different sizes. 

2.1 Transducers 

Apart from the recognition element, the other important part of the sensor is the transducer. 
In this chapter we will consider those transducers based on the measurement of a signal 
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caused by a change in properties of the system as a result of binding of the analyte with the 
MIP-transduction by capacitance, conductimetry and potentiometry- or measurement signal 
if the analyte undergoes electron transfer reaction - amperometry and voltammetry-.  
MIPs based conductimetric (Sergeyeva et al., 1999a), voltammetric (Alizadeh, 2009) 
potentiometric (Prathish et al., 2007) and capacitive sensors (Gong et al., 2004) have been 
reported for determination of pesticides. 
Despite the relatively simple transduction of the potentiometric signal, only a few sensing 
devices of this kind have been developed. All of them were based on the use of very thin 
membranes or films (Zhou et al., 2004). Prasad et al. (2007) report a new strategy to 
construct a potentiometric biomimetic sensor for direct, rapid and highly selective detection 
of atrazine. The stability, reusability and dynamic response time are analogous to 
conventional chemical sensors. The utility of the sensor was successfully tested for field 
monitoring of atrazine in ground waters. D´Agostino et al. (2006) developed a 
potentiometric sensor for the herbicide atrazine based on a molecularly imprinted polymeric 
membrane. The membrane was formed directly at the end of a small Teflon tube which was 
filled with a solution at constant composition, in contact with an internal reference electrode, 
as in a classical potentiometric cell for ion selective electrode. Atrazine is protoned, and as a 
consequence, positively charged in aqueous solution at sufficiently low pH. The 
combination of the positively charged species with the imprinted membrane should 
produce a variation of the membrane charge. An interesting characteristic of the 
potentiometric sensor is that a sort time, only a few seconds, is required to reach the 
equilibrium potential. 
Liang et al. (2010) described a novel strategy for the selective and sensitive detection of the 
neutral specie chlorpyrifos, using polymeric membrane ISE which is based on a uniform-
sized MIP. 
Conductimetry is based on the current flow established by migration of ions of opposite 
charge, when an electric field is applied between two electrodes immersed in the electrolyte 
solution. Therefore, the development of an MIP-based conductimetric sensor, then, requires 
the preparation of the MIP as a membrane. In this sense Sergeyeva et al (1999a) developed 
an atrazine-sensitive conductimetric sensor using molecularly imprinted polymer 
membranes. These membranes were prepared by copolymerization of methacrylic acid and 
tri (ethylene glycol) dimetacrylate, in the presence of atrazine as a template. In order to 
improve the flexibility and mechanical stability of the membranes, oligourethane acrylate 
was added to the mixture of monomers. The effect of the membrane composition and the 
porogen concentration on the magnitude of the conductimetric responses was investigated. 
Interfacial phenomena can be followed by changes in capacitance or impedance of the 
system. The requeriment is to have a totally pore-free, thin, dielectric film, usually on gold 
substrates. Panasyuk et al. (1999) used capacitive detection in conjunction with imprinted 
electropolymerized polyphenol layers on gold electrodes. In another work, an 
electropolymerized molecularly imprinted polymer as a selective receptor layer for the 
pyrethroid insecticide fenvalerate is reported (Gong et al, 2004). A capacitive chemical 
sensor for fenvalerate based on an electropolymerized molecularly imprinted polymer as 
sensitive layer was developed. To test the selectivity of the sensor for fenvalerate, an 
interference test was performed, including common pyrethroid insecticides such as 
fenpropathrin, deltamethrin, alphamethrin and cypermethrin. 
Panasyuk-Delaney et al. (2001) applied the technique of grafting polymerization for the first 
time to artificial chemoreceptors based on molecularly imprinted polymers. The results 
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demonstrated the compatibility of capacitive detection with a chemically sensitive polymer 
layer obtained by grafting polymerization for the herbicide desmetryn.  
Lower detection limits could be obtained by voltammetry and amperometry (Blanco-Lopez 
et al., 2003; Gutierrez-Fernandez et al, 2001; Lakshmi et al., 2006). These methods, which can 
be used for electrochemically active substances, are generally slow, being based on selective 
adsorption from the sample on the polymeric membrane, and quantification of the adsorbed 
analyte in a different solution. 
Voltammetric and amperometric methods can be used to detect the rebinding of 
nonelectroactive substances too, by methods based on the competition with similar 
substances able to bind to the active sites on MIP but electrochemically active (Kroger et al., 
1999). Amperometric sensors have continued to be the most popular largely due to their 
simplity, ease of production and the low cost of the devices and instruments. 
Other electrochemical transduction methods for obtaining a signal indicating the rebinding 
of nonelectroactive substances are based on the change of the permeability of MIP 
membrane as a consequence of the recombination of the nonelectroactive substance 
(Piletsky et al., 1999b), obtaining conductivity sensors as reported for instance by (Sergeyeva 
et al., 1999b). 
An interesting approach for the amperometric detection of the rebound analyte consists on 
the use of molecularly imprinted conducting polymers. The permeability change after the 
rebinding can be investigated also by using an electroactive marker able to diffuse through 
the membrane and to reach the conducting surface. Pesavento et al. (2009) presents the 
possibility of an amperometric sensor for non electroactive substances obtained by 
contacting glassy carbon or graphite electrodes with molecularly imprinted polymeric 
membranes. The idea was that the mobility of H+ ions in acrylic membranes with cation 
exchange properties is probably high even in relatively thick membranes, and it is expected 
to be modulated by the rebinding of the template. To illustrate this concept, two template 
molecules were considered as representative target compounds, cyanuric acid and atrazine. 
They have an environmental interest, since atrazine is a widely used herbicide, and cyanuric 
acid is a product of the natural degradation of triazines. 
The stage of electron transfer in voltammetry or amperometry leads to products, which may 
get fouled on the electrode surface, for this reason electrode cleaning solvents (Blanco-Lopez 
et al, 2003), a simple mechanical polishing (Andrea et al., 2001) or the use of disposable 
electrodes may be required.(Liang et al., 2005; Pellicer et al, 2010; Sode et al., 2003) . 

3. Micro and nanostructured materials in electrochemical sensors and 
biosensors  

The most important aspects to consider in the development of electrochemical sensors are 
the sensitivity, selectivity, long-term stability, response time, portability and low cost. So far, 
great efforts have been made to meet these needs through research in the development of 
new materials. 
The electrochemical reactions of some pesticides have slow kinetics, causing fouling of the 
electrodes. This, affects the performance of the electrode during electrochemical 
measurements. In recent times this problem has been overcome by applying suitable modifiers 
such as hexadecane (Xu et al., 2002), clay (Manisankar et al., 2005a; Manisankar et al., 2006) 
stearic acid (Navaratne & Susantha, 2000) , crown sol gel film (Li et al., 2005a) ZrO2 (Liu & Lin, 
2005) and bismuth film (Du et al., 2008c) on the electrode surface, improving the performance. 
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Nafion film modification gave a better selectivity and mass transfer for parathion detection 
(Zen et al., 1999). Besides, this polymer film selectively preconcentrates the analyte of 
interest thus improving sensitivity and selectivity. 
Metal and semiconductor nanoparticles in the construction of sensing devices have received 
considerable attention in recent years because of its unique electrocatalytic, chemical and 
electrical properties (Luo et al., 2006). Silver nanoparticles deposited on the glassy carbon 
electrode produced better electro catalytic activity and had higher reproducibility than 
bulky silver. Kumaravel & Chandrasekaran (2010) propose a new approach by 
electrochemical co-deposition of silver nanoparticles with a Nafion film on a glassy carbon 
electrode for the sensing of methyl parathion and parathion. The silver/Nafion co-deposited 
film offers better properties than silver or Nafion deposited individually. The experimental 
results showed that the nanosilver/Nafion composite electrode not only exhibited strong 
electro catalytic activity but also exhibited good reproducibility. 
In addition to the modification of the electrode material, research in the field of 

electrochemical sensors has been developed in the area of miniaturization. Miniature 

sensors and detectors are becoming widespread devices in analytical laboratories. With this 

regard the replacement of classical graphite electrode or platinum by microelectrodes is 

atracting special interest. Microsized electrodes provided currents of lower intensity, greater 

relationship between the faradaic and capacitive current and reduced ohmic drop and their 

electrochemical answers change dramatically just by changing the diameter or the length of 

the electrode. The introduction of micrometer-sized electrodes has led to significant 

advances in studies of single-molecule detection. Related to this, Lopez de Armentia et al. 

(1999) proposed successfully the use of a carbon fiber microelectrode for the analysis of the 

herbicide metamitron.  

During the last several years, a few research groups have been exploring different 

methodologies of manufacturing nanometer-sized disks, bands, cones and arrays of 

ultramicroelectrodes. Developments in the design and fabrication of ultramicroelectrodes 

offer considerable promises for advances in electrochemical sensors, being specially useful 

for environmental monitoring purposes (Draper et al., 1999). Another advantage of 

ultramicroelectrodes is that oftentimes no supporting electrolyte is necessary, owing to the 

favorable mass-transfer characteristics of tiny electrodes. Hence, it may be possible to use 

ultramicroelectrodes to measure analytes having very high redox potentials. In addition to 

ultramicroelectrodes, chemistry in miniature has also been carried out through chemical 

analysis on microchips. Microdevices on a micrometer scale have been fabricated using 

centimeter-sized chips comprised of glass, silicon or inert polymeric materials. As reactions 

can be completed effectively and quickly, analytical performance on a small scale is 

improved by means of speed and efficiency (Smirnova et al., 2008).  

The advent of nanotechnology has led to great advances in detection strategies. 
Nanomaterials are attractive because they have conductivity, large surface area, chemical 
functionality and biocompatibility which make them particularly interesting for the 
development of electrochemical sensors and biosensors (Hernandez-Santos et al., 2002; Luo 
et al, 2006; Welch & Compton, 2006). 
The predominant advantages of using electrodes modified with nanomaterials compared to 

typical macroelectrodes is their large effective surface area, increased mass transport, high 

catalytic activity, and the ability to exert control over the local environment at the electrode 

surface (Katz & Willner, 2004; Welch & Compton, 2006). 
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Carbon nanotubes CNTs have generated great interest in applications based on their field 
emission and electronic transport properties, their high mechanical strength, high-surface to 
volume ratio and their chemical properties (Baughman et al., 2002; Rao et al., 2001). The 
unique properties of CNTs make them extremely attractive for the task of electrochemical 
sensors (Luo et al., 2001; Luo et al, 2006; Zhao et al., 2002). Recently, it has been shown that 
CNTs can impart strong electrocatalytic activity, adsorption properties and minimization of 
surface fouling onto electrochemical devices (Andrews & Weisenberger, 2004; Salimi et al., 
2007; Tu et al., 2005).  
CNTs include both single-walled (SWCNTs) and multi-walled (MWCNTs) structures. 
SWCNTs comprise of a cylindrical graphite sheet of nanoscale diameter capped by 
hemispherical ends. The closure of the cylinder is result of pentagon inclusion in the 
hexagonal carbon network of the nanotube walls during the growth process. SWCNTs have 
diameters typically of 1 nm with the smallest diameter reported to date of 0.4 nm. 
The MWCNTs comprise several to tens of incommensurate concentric cylinders of these 
graphitic shells with a layer spacing of 0,3-0,4 nm. MWCNTs tend to have diameters in the 
range 2-100 nm. These can be considered as a mesoscale graphite system, whereas the 
SWCNTs is truly a single large molecule. 
The electronic, chemical and mechanical properties of CNTs can be tailored by replacing 
some of the carbon atoms with either boron or nitrogen. From the chemical point of view 
these doped structures would be more likely to react with donor or aceptor molecules, 
depending on the doping. Although not so far reported in electrochemical sensing systems, 
these B or N doped CNTs should merit future attention (Hsu et al., 2000; Kuo et al., 2008). 
Functionalization of carbon nanotubes with various kinds of materials is gaining more 

attention as the different properties of the attached functionalities are required for specific 

applications (De la Torre et al., 2003; Rubianes & Rivas, 2003). Carbon composites have 

received considerable attention, thus, Wang & Musameh (2003) reported on a new and 

simple avenue for preparing effective CNT/Teflon composite- based electrochemical sensor 

and biosensors. The use of Teflon as binder for graphite particles has shown to be extremely 

useful for various electrochemical sensing applications. The resulting CNT/Teflon material 

brings new capabilities for electrochemical devices by combining the advantages of CNT 

and “bulk” composite electrodes. The accelerated electron transfer is coupled with 

minimization of surface fouling and surface renewability.  

The use of multiwalled carbon nanotubes (MWCNTs) in composite materials is well 

established (Andrews et al., 2002; Manisankar et al., 2009; Sun et al., 2002a; Sun et al., 2002b). 

Li et al. (2005b) have also made a novel amperometric sensor for determination of the 

pesticide parathion from a multiwall carbon nanotubes/Nafion film-modified glassy-carbon 

electrode. Results suggest that the current response to the MWCNT/Nafion film electrode to 

parathion is highly sensitive and stable. 

Carbon nanotubes are hydrophobic materials, rendering difficult the adhesion of metal 

deposits. In order to improve metal deposition onto nanotubes, two main approaches are 

possible: surface modification and sensitization activation. The former is associated with the 

oxidation of the nanotube surface, in order to create functional groups and increase metal 

nucleation (Sun et al., 2002c). The latter involves the generation of small nuclei to further 

promote metal deposits on carbon nanotubes (Ang et al., 2000; Liu et al., 2002). In this sense, 

Sun et al. (2003) show that it is possible to obtain very small Pt particles deposited onto 

multiwalled carbon nanotubes (MWCNTs) and that these metal particles are in electrical 
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contact, through the MWCNT, with the carbon backing, enabling the composite structure to 

be used as an electrode.  

Also the atom transfer radical polymerization (ATRP) is a very powerful technique in 
functional macromolecular design and new material preparation, which has been applied 
successfully to the controlled functionalization of carbon nanotubes. Based on ATRP, some 
homopolymers and copolymers were grown on the surface of  CNTs (Baskaran et al., 2004; 
Qin et al., 2004; Yao et al., 2003). Thus, such in situ surface initiating ATRP provides a 
remarkable route to tailor the structure and properties of the modified CNTs and a way to 
construct novel CNT-based hybrid nanomaterials (Kong et al, 2004). 
Usage of conducting polymers as modifiers is a very promising field (Manisankar et al., 
2002; Manisankar et al., 2004) because MWCNTs exhibit excellent electrocatalytic and 
adsorption properties (Ajayan, 1999) and conducting polymers exhibit preferential 
accumulation of analytes on bound surface functionalities (Manisankar et al., 2005b). In this 
sense it has been proposed a multiwalled carbon nanotubes modified glassy carbon 
electrode, covered with polyaniline and polypyrrole coating for the electrochemical 
reduction of the herbicide isoproturon, the insecticide voltage and the acaricide dicofol 
(Manisankar et al, 2008a) or of the insecticides cypermethrin, deltamethrin and fenvalerate 
(Manisankar et al., 2008b; Siswana et al., 2010) report that nanostructured nickel (II) 
phthalocyanine/multiwalled carbon nanotubes composite supported on a basal plane 
pyrolitic electrode, could serve as a viable platform for the sensitive electrocatalytic 
detection of the carbamate pesticide asulam. The selection for the nanoparticles of nickel (II) 
phthalocyanine is motivated by the envisaged enhanced electrocatalytic properties for high-
surface area metallophthalocyanine nanoparticles species. By employing conducting 
polymer modified electrodes, the sensitivity is increased and the detection limit is 
considerably lowered (Manisankar et al, 2005b). 
Among polymers selected to bond with CNTs, water-soluble polymers are very attractive 
because the functions of both the polymer and CNTs can be tailored to create one object and 
the so-prepared water-soluble nanocomposites have potential and versatile applications. So, 
Kong et al. (2005) proposed two kinds of water soluble anionic polyelectrolyte – polyacrylic 
acid(PPA) and poly(sodium-4-styrenesulfonate) (PPS), that were grafted onto the convex 
surfaces of multiwalled carbon nanotubes (MWCNTs) by “grafting from” approach. The 
process was conducted by the surface-initiating atom tranfer radical polymerization (ATRP) 
from the initiating sites previously anchored to MWCNTs. The grafting polymer amount 
can be efficiently controled by the feed ratio of monomer to MWCNT-supported 
macroinitiator (MWCNT-Br). 
On the other hand the carbon nanotubes are excellent substrates for supporting metal 
nanoparticles. In particular the use of gold particles for the creation of electrochemical 
sensing devices is proved to be very promising. Although gold is a poor catalyst in bulk 
form, nanometer-sized gold nanoparticles can exhibit excellent catalytic activity due to their 
relative high surface area-to-volume ratio, and their interface-dominated properties, which 
significantly differ from their bulk counterparts (Shipway et al., 2000). Yu et al. (2003) focus 
their study on the electron-transfer characteristics of gold nanoparticles in polyelectrolyte 
multilayers, and the capacity of such films (with varying gold nanoparticle loadings) to act 
as electrochemical sensors. 
Zhang et al. (2009) developed an electrochemical sensor based on electrodeposition of gold 
nanoparticles on a multi-walled carbon nanotubes modified glassy carbon electrodes. Their 
work was based on the synergistic properties that other authors had found for the 
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composite nanoparticles-nanotubes (Jiang & Gao, 2003). The composite structure increases 
electrocatalytic activities towards the reduction of the pesticide parathion. Due to the high 
surface area-to-volume ratios and good interface-dominated properties gold nanoparticles 
have been widely employed as catalysts (Qu et al., 2008; Shipway et al, 2000).  
The remarkable specificity of biological recognition processes has led to the development of 
highly selective biosensing devices. A biosensor is a self-contained integrated device which 
is capable of providing specific quantitative or semi-quantitative analytical information 
using a biological recognition element –biochemical receptor- which is in direct spatial 
contact with a transducer element. Enzymes are still the most appropriate recognition 
elements because they combine high chemical specificity and inherent biocatalytic signal 
amplification. 
Biosensor technology is well suited for field monitoring pesticides. Many studies are 
focused on enhancing the electrochemical properties of electrodes through the modification 
of the working electrode (Artyukhin et al., 2004) and improving the efficiency of enzyme 
immobilization (Katz & Willner, 2004; Saini et al., 2003). So, Zhang et al. ( 2008) described a 
controllable layer-by-layer self-assembly modification technique of multi-walled carbon 
nanotubes and poly(diallyldimethylammonium chloride) on glassy carbon electrode and 
introduced a controllable direct immobilization of acetylcholinesterase on the modified 
electrode.  
Many of the electrochemical biosensors that have been developed for the detection of 
pesticides are based on the interaction with the enzyme acetylcholinesterase (AChE) (Du et 
al., 2007a; Du et al., 2007b; Kok & Hasirci, 2004)   
In recent years, works are focused primarily on the oriented and site-specific immobilization 
of the enzyme, which has become crucial for the rational design of biosensors. Effective 
immobilization of the enzyme to a solid electrode surface still represents a great challenge 
for the fabrication of biosensors. General methods include direct physical adsorption onto a 
solid supporting matrix and a subsequent entrapment in different substrate materials 
(Sotiropoulou & Chaniotakis, 2005). 
Some authors propose the use of organic conducting polymers as the enzyme-hosting 
matrix for biomolecules, due to its advantages of permitting a facile electronic charge flow 
through the polymer matrix, easy preparation, high conductivity and good stability (Njagi & 
Andreescu, 2007; Vidal et al., 2003). Recently, nanoparticles, specially the gold nanoparticles 
have been extensively used owing to their extraordinarily catalytic activity, good 
conductivity and biocompatibility (Willner et al., 2006). Also, gold nanoparticles and 
polymers can be assembled to act as an immobilization matrix of AChE. This resulting 
composite matrix exhibits a porous structure with large effective surface areas, good 
conductivity and high catalytic activity, which greatly facilitates electron-tranfer processes 
and the action of the immobilized AChE for organophosphorous pesticides (Gong et al., 
2009) 
Qu et al. (2010) propose as electrode modifier a layer-by-layer self-assembled 
acetylcholinesterase/dendrimers polyamidoamine-Au-carbon nanotubes configuration. The 
dendrimers polyamidoamine provides to electrode favorable configuration for the 
immobilization of AChE. This biosensor system was used successfully in pesticides sensing.  
Usually these methods rely on enzyme immobilization directly onto the electrode surface. 
Although the proximity between the enzyme molecules and the electroactive surface 
provides a fast response of the biosensor, it can not overcome the biofouling of the electrode 
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surface, which would eventually lead to the deactivation of the biosensor or at least to the 
worsening of the electrochemical response. After a suitable chemical modification, for 
example with a polymeric membrane that could provide various functional groups, it is 
possible the selection of a more appropriate enzyme immobilization protocol. By using a 
membrane of acrylonitrile (AN) copolymer as a support for the enzyme immobilization, the 
need of constantly cleaning the electrode surface after each immobilization procedure, could 
be avoided. The main disadvantage of AN copolymer membranes comes from their 
hydrophobic and non-conducting properties. The referred disadvantage could be overcome 
by using carbon nanotubes as electron transfer mediators from the enzyme molecules to the 
electrode surface (Wang, 2005). The combination of the highly conductive and 
electrocatalytic behaviour of integrated multiwall carbon nanotubes membrane with the 
controlled site-specific enzyme immobilization results in a stable and sensitive sensor 
towards paraoxon (Ivanov et al., 2010).  
In order to develop a biosensor for the detection of organophosphate pesticides, a novel 
acetylcholinesterase biosensor based on an enzyme immobilized in a membrane electrode 
was described (Sun et al. 2010). The electrode was modified with multiwall carbon 
nanotubes, and acetylcholinesterase was cross-linked with glutaraldehyde and then 
attached to chitosan membrane. During the detection, the enzyme membrane was fixed on 
the surface of multiwall carbon nanotubes/glassy carbon electrode with O-ring and thus the 
amperometric acetylcholinesterase-multiwall carbon nanotubes/glassy carbon electrode 
sensor was used for detecting organophosphate pesticides. The biosensor exhibited good 
reproducibility and stability and provided a new method for detecting organophosphate 
residues. 
Du et al. (2008b) propose the immobilizatión of AChE onto a multiwalled carbon nanotube 
(MWCNTs) modified electrode prepared by controllable adsorption of the MWCNTs onto 
hexyl mercaptan self-assembled monolayers. After immobilization a stable biosensor was 
constructed for rapid determination of carbaryl. Likewise, they have reported the 
functionalization of carbon nanotubes (CNTs) by cyclodextrins. The amperometric biosensor 

based on the immobilization of AChE on MWCNTs-β-cyclodextrin composite modified glassy 
carbon electrode, has a high sensitivity for organophosphate pesticides (Du et al., 2010).  
Likewise quantum dots (QDs) as cellular labeling in electrochemical bioassay were reported 
(Du et al. 2008a). The authors described a simple enzyme biosensor based on immobilized 
AchE on CdTe-QDs gold nanoparticles (GNPs) composite modified chitosan microsfere 
interface. This article analyzes the synergic effect between CdTe QDs to facilitate electron-
transfer processes and the action of the chitosan as a matrix for the immobilization of AchE.  
Recently, amperometric biosensors based on the immobilization of organophosphorus 
hydrolase (OPH) have gained much attention. An OPH-based biosensor for the detection of 
organophosphorus was developed by using mesoporous carbon (MC) and carbon black 
(CB) as anodic layer. The MC/CB/glass carbon layer exhibited an enhanced amperometric 
reponse relative to a carbon nanotube-modified electrode (Lee et al., 2010). 

4. Enantioselective electrochemical sensors  

The chirality is a very important concept in the field of pesticides, whose significance has 
been recognized in relation to the relative biological activity of the individual enantiomers 
(Hegeman & Laane Remi, 2002) and their use as biological tracers has been also investigated 
(Bidleman & Falconer, 1999a; Bidleman & Falconer, 1999b) 
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The movement in the biosphere of chiral pesticides and their residues can be traced through 
determinations of enantiomeric excesses. Transport phenomena, volatilization, leaching, 
atmospheric deposition and reactions, abiotic hydrolysis or photolysis do not alter the 
enantiomeric excess. However, the metabolism of pesticides by microorganisms and 
enzymes in higher animals can alter it. Therefore the determination of enantiomeric excess 
indicates the biological degradation of these products and can report the origin of pesticides 
in ecosystems. 
The introduction of different types of enantioselective sensors and biosensors increases the 
reliability of the assays as the enantiomer can be determined without prior separation, 
directly from the matrix with only dissolution and dilution step being involved. Many 
systems have been reported for the molecular recognition of both enantiomers in an 
injection analysis system using two amperometric biosensors (Stefan et al., 2000a) or with a 
potentiometric enantioselective membrane electrode for the S-enantiomer assay, and with an 
amperometric biosensor for the R-enantiomer assay  (Stefan et al., 2000b) 
Enantioselective immunosensors are the only type that may be considered to be 
enantiospecific because the antibody is not reacting with the other enantiomer. 
One of the most critical tasks in molecular recognition of enantiomeric pairs is the selection 
of the chiral selector or the enzyme that favors only the reaction with the enantiomer that 
must be selected (Gübitz & Schmid, 2004). 
Certain chiral selectors can form inclusion complexes or host-guest, in which the analyte-
molecule guest- is spatially included inside of a host-ligand-molecule. Among these chiral 
ligands cyclodextrins and crown ethers can be considered as the most representative ones 
(Maier et al., 2001; Shahgaldian & Pieles, 2006) . The functionalization of cyclodextrins often 
improves their enantioselectivity when the grafted groups are able to interact with some 
families of guests (Bellia et al., 2009). 
Another relevant fact to be considered regarding the development of enantioselective 
sensors is the selection of the best matrix for the electroactive material. The most employed 
matrices are the carbon paste electrode or polymer based structures. 
Also MIPs have promising prospects in chiral discrimination (Mahony et al., 2005; Maier & 
Lindner, 2007; Yan & Ramström, 2004). Most authors propose for this purpose, the synthesis 
of MIPs by non-covalent bonds.  
Recently electrosynthesized polymers such as poly(dopamine) (PDA) and poly(o-
phenylendiamine) (Po-PD) have been prepared to form a novel well-defined structure MIP 
at an electrode. The designed copolymer film could be used for the recognition of the 
enantiomer, as a capacitive sensor (Ouyang et al., 2007) 
On the other hand some authors have focused their studies on the “gate effect” which is a 
phenomenon where solute permeability of the molecularly imprinted polymer membrane 
changes with specific binding with the template (Piletsky et al, 1999b). The “gate effect” is 
probably caused by a morphological change in the polymer matrix due to specific binding 
with the template, similar to the “induced fit” of the natural receptors. Sekine et al. (2007), 
have evaluated chiral discrimination of phenyl-alanine anilide (PAA) in organic solvents by 
an electrochemical method using a L- or D- PAA imprinted polymer grafted on an indium-
tin-oxide electrode. The results indicate that the gate effect of MIP can discriminate between 
the template and its analogue by stereochemical structure. 
Another alternative would be the association of MIPs with macrocyclic host molecules, to 
improve the selectivity and the sensitivity particularly in complex liquid phases (Dickert & 
Hayden, 1999). Molecules such as cyclodextrins have been thoroughly studied as hosts for 

www.intechopen.com



 Pesticides - Strategies for Pesticides Analysis 

 

346 

organic compounds of low molecular weight (Shahgaldian & Pieles, 2006). These hosts have 
hydroxyl functional groups that can be used to couple covalently in the polymer matrix. On 
the other hand crown ethers are macrocyclic polyethers consisting of a number of oxygen 
atoms, which form a plane, bound by chains of two carbons, some of which contain acid 
groups. The ring creates a cavity capable of forming complexes with alkali and alkaline 
earth cations as well as protonated primary amines. The primary amine can penetrate into 
the cavity forming hydrogen bonds with oxygen atoms, however the enantioseparation 
comes from the interaction between the substituents of the asymmetric centers and the ring 
by acid groups by hydrogen bonds and/or electrostatic interactions (Kim & Spivak, 2003).   
New MIPs were developed by (Piletsky et al. 2005) for the enantiomers of phenylalanine 

using functional monomers such as bis-acryloyl β-CD and 2-acryloylamido-2-methyl-1-
propanesulfonic acid. The roles of the hydrophobic interacting cyclodextrin and the 
electrostatic interacting sulfonic acid monomers were examined. 
The synthesis of optically active polymers has attracted considerable interest for application 

as chiral sensors (Shuangyan et al., 2004). These studies have been largely focused on 

optically active polypyrrole, which is electrochemically deposited on electrodes of platinum 

or glassy carbon (Liang et al, 2005; Schwientek et al., 1999). There are also many studies that 

propose the use of optically active polyaniline (Kane-Maguire & Wallace, 2010) .This can be 

generated via two routes, by doping of base emeraldine with (+) o (-) camphorsulfonic acid 

(HCSA) or by the enantioselective electropolymerization of aniline in the presence of these 

chiral acids (+) or (-) CSA. The observed macroasymmetry of the polyaniline so generated 

was rationalised in terms of the polyaniline chain adopting a preferred one–sense helical 

screw maintained by the dopant anions via electrostatic and hidrogen bonding (Li & Wang, 

2003; Reece et al., 2001). The major limitation of conducting polymer processing arises from 

their insolubility in most common solvents. The formation of coloidal dispersions is an 

attractive alternative route to solution processing. Conducting polymer colloids can be 

produced by electrochemical oxidation of monomers in the presence of a steric stabiliser. 

Colloids produced electrochemically are formed by intercepting the polymer deposition on 

the electrode surface utilising hydrodinamic control. This is facilitated by the presence of a 

steric stabiliser in solution that coats the insoluble polymer upon formation, preventing 

deposition. The electrochemical approach is advantageous in that the polymer properties 

can be altered by accurate control of the oxidation potential during polymerisation. This 

technique also allows a wide range of dopants to be incorporated into the polymer to give 

different properties. For example, proteins can be incorporated into conducting polymers 

whilst retaining their biological integrity (Barisci et al., 1999). 

Aboutanos et al. ( 1999) reported the preparation of chiral polyaniline-camphorsulfonic acid 
colloids using silica as the dispersant in the absence of a steric stabiliser, whereas 
Caramyshev et al. ( 2007) proposed the micelar synthesis of chiral conducting polyaniline in 
presence de dodecylbenzenesulfonic acid using an enzyme as a catalyst for aniline 
polymerization. Okuno et al. (2002) also proposed a polypyrrole colloid that had been 
prepared electrochemically and overoxidized at +1.5 V to create a complementary cavity for 
recognition of molecules structurally similar to the dopant. 
Likewise Huang et al. (2008) successfully prepared polypyrrol nanowires by electrochemical 
polymerization on a platinum electrode, in which chiral camphorsulfonic acid molecules 
acted as both the dopant and pseudo-template. The enantioselective sensoring and uptaking 
for corresponding chiral phenylalanine were confirmed. 
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On the basis of the undertaken studies it is clear the need to give a step forward in the field 
of chiral sensing and it is very likely that future trends will be focused on the development 
of new matrices based on the molecular imprinting technique itself or combined to 
nanomaterials.  
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