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An electrochemical biosensor for the determination of pesticides: methyl parathion and chlorpyrifos,
two of the most commonly used organophosphorous insecticides in vegetable crops, is described. The
self-assembled monolayers (SAMs) of single walled carbon nanotubes (SWCNT) wrapped by thiol ter-
minated single strand oligonucleotide (ssDNA) on gold was utilized to prepare nano size polyaniline
matrix for acetylcholinesterase (AChE) enzyme immobilization. The key step of this biosensor was AChE-
acetylcholine enzymatic reaction which causes the small changes of local pH in the vicinity of an electrode
surface. The pesticides were determined through inhibition of enzyme reaction. The dynamic range for
the determination of methyl parathion and chlorpyrifos was found to be in between 1.0 x 10~ and
1.0 x 10-6 M (0.6 <SD < 3.5) with good reproducibility and stability. The detection limit of the biosensor
for both pesticides was found to be 1 x 10-12 M. The biosensor has been applied for the determination of
methyl parathion and chlorpyrifos in spiked river water samples.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Organophosphorous pesticides are used widely for agriculture,
vector control and domestic purposes as insecticides. The European
Union has strictly limited the emissions, discharges and losses of
pesticides and has adopted under Decision No. 2451/2001/EC, a list
of 33 priority hazardous substances wherein methyl parathion and
chlorpyrifos are included (Decision, 2001). Thus, there is a need
for fast and inexpensive testing devices for pesticide detection.
The integration of biological molecules and nanomaterial trans-
ducers has emerged as an effective way of developing nanoscale
biosensor devices. The high specificity of biomolecules such as
enzymes, receptors and antibodies allows for the assembly of the
biosensors which can be used for a wide range of applications.
Recently, acetylcholinesterase (AChE) enzyme based biosensors
have attracted much attention due to their applications for the
detection of anticholinesterase compounds or inhibitors includ-
ing organophosphate and carbamate pesticides (Istamboulie et al.,
2007; Castro et al,, 2005; Lin et al., 2005; Schulze et al., 2005;
Somerset et al.,, 2006). AChE belongs to the family of hydrolase
characterized by a catalytic triad thatis a coordinated structure con-
sisting of three essential amino acids: histidine, serine and aspartic
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acid (Krasinski et al., 2005; Manetsch et al., 2004). The enzyme
catalysis occurs when the triad’s anionic binding site attracts the
positively charged quaternary ammonium group of acetylcholine.
The serine hydroxyl group attacks and cleaves the ester after
its deprotonation by a neighboring histidine group in the triad
(Woster, 2001). However, in the presence of an inhibitor such as an
organophosphate, the nucleophilic serine hydroxyl group located
at the active site covalently bound to the phosphorus atom of the
organophosphate. Similar reaction occurs with the carbonyl carbon
of carbamates and this blocking of the triad serine inactivates the
enzyme (Lin et al., 2005; Schulze et al., 2005). Among the biosens-
ing options reported (Singh et al., 1999; Vakurov et al., 2004) for
the detection of organophosphate and carbamate pesticides, some
of them are based on the principle of inhibition by cholinesterases
enzymes (Andreescu et al., 2002; Montesinos et al., 2001; Pogacnik
and Franko, 2003). In the presence of an organophosphate or car-
bamate pesticide, the normal AChE activity is altered resulting in a
decrease the response signal of biosensors. This decrease in the sen-
sor response can be related to the pesticide concentration. Various
methods employing different enzyme immobilization techniques
lead to the attainment of different detection limits in the range
from 1 to 400 ng/mL (Kok and Hasirci, 2004; Schulze et al., 2005;
Singh et al., 1999).

Carbon nanotubes (CNT) are hollow graphitic cylinders that have
recently been explored as a promising material for chemical and
biological sensing applications (Zheng et al., 2003; Viswanathan
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et al., 2006, 2008). Some researchers have reported near single-
molecule detection capabilities with CNT-derived conductivity
sensors (Roman et al., 2004). One of the challenges is to indi-
vidually disperse the CNTs, which simplifies their use in sensor
fabrications (Pomales and Cabrera, 2007). Functionalization of CNTs
by DNA can be achieved with either covalent or non-covalent
approaches. Covalent functionalization of the CNTs is usually per-
formed by reacting amino terminated-DNA with the carboxylic acid
groups in oxidized CNTs (Liu et al., 2000; Viswanathan et al., 2008).
In contrast to the traditional approach of covalently attaching
DNA molecules to CNTs, several groups reported the non-covalent
functionalization (by means of wrapping) of CNTs by ssDNA in
aqueous solutions (Dovbeshko et al., 2003; Dwyer et al., 2002;
Zheng et al., 2003). The wrapping of single walled carbon nan-
otubes (SWCNTs) by ssDNA occurs when the aromatic nucleotide
bases in ssDNA may be exposed to form pi-stacking interactions
with the hydrophobic side-wall of carbon nanotubes, whereas the
hydrophilic part of the ssDNA strand (i.e. the sugar-phosphate
backbone) is left exposed to interact with the solvent (Zheng et
al., 2003). They also reported that ssDNA binding to CNT con-
verts bund CNT into individual tubes. Another important challenge
is the integration of CNTs with solid substrates. Recent reports
stated that the formation of a film of ssDNA wrapped CNTs on
solid supports for electrochemical application (Hu et al., 2005;
Mclean et al., 2006). Reported methods for the vertical attachment
of CNTs on solid supports consist of either synthesis-induced align-
ment (e.g. chemical vapor deposition) (Li et al., 2003; Nguyen et
al., 2002) or post-synthesis manipulation (Dai et al., 2003). One
of the most interesting approaches for the post-synthesis align-
ment of CNTs is the self-assembly technique (Gooding et al., 2003;
Plank et al., 2004; Rodriguez et al., 2007). Pomales and Cabrera
(2007), Pomales et al. (2006) reported the vertical attachment of
disulfide modified ssDNA wrapped CNTs on a gold substrate by
the self-assembly technique. Nanostructures formed by conduct-
ing polymers combined with CNT received great deal of attention
due to their properties differ from their bulk structures. CNT-
conducting polymer materials offer control properties such as
polymer layer thickness, electrical properties and bio-reagent load-
ing, etc. (Manisankar et al., 2005; Viswanathan et al., 2006; Wei and
Ivaska, 2006). Polyaniline (PANI) an important conducting polymer
is characterized by ease way of preparation, well-behaved elec-
trochemistry, impressive signal amplification, and elimination of
electrode fouling when used in biosensor applications (Somerset
et al., 2006).

The present work describes the fabrication of a novel elec-
trochemical biosensor by integrating the special features of
ssDNA-SWCNT, PANI and AChE for pesticides determination. AChE
immobilized on the pH sensitive redox polymer, PANI coated on
vertically aliened thiol terminated ssDNA-SWCNTs was used as
transducer layer to reach the high sensitivity of this biosensor. Typ-
ical pesticides methyl parathion and chlorpyrifos were selected to
evaluate the proposed biosensor.

2. Experimental
2.1. Reagents

Acetylcholine chloride (AChCl), acetylcholinesterase (EC 3.1.1.7)
from Electrophorus electricus (electric eel), bovine serum albumin
(BSA), glutaraldehyde, methyl parathion, chlorpyrifos, aniline, sin-
gle walled carbon nanotubes were purchased from Sigma-Aldrich
(St. Louis, USA) and used as received. Pralidoxime chloride (intra-
venous injection, Ranbaxy, India) was used as received. Thiol
terminated single strand DNA with following sequences 5'-HS-
TGG GGT TTA-TGG AAA TTG GAA-3’ (ssDNA) was purchased from
Institute of Biochemistry and Biophysics (Polish Academy of Sci-

ences, Warsaw, Poland). All other reagents used in this study were
of analytical reagent grade. All aqueous solutions were prepared
using freshly deionized water (18.2MQ cm~! specific resistivity)
obtained from Simplicity 185 Water System (Millipore, Molsheim,
France).

2.2. Instruments

2.2.1. Electrochemical studies

Electrochemical impedance spectroscopy (EIS), cyclic voltam-
metry (CV) and square wave voltammetry (SWV) measurements
were performed using potentiostat/galvanostat PGSTAT30 (Auto-
lab, Eco Chemie, Utrecht, Netherlands) with a conventional three
electrode system comprising platinum wire as auxiliary electrode,
Ag/AgCl (3 M NaCl saturated with AgCl) as reference electrode and
gold disk electrodes 1.6 mm diameter (Bioanalytical system (BAS),
USA) as working electrode. EIS measurements were performed in
0.1 M NayS0y4 solution containing K3[Fe(CN)g ]/K4[Fe(CN)g] (0.5 mM
each) by applying AC impedance in the frequency range between
0.1 Hz and 100 kHz with a perturbation signal of 5 mV at the formal
potential of the redox couple (0.18 V).

2.2.2. Atomic force microscopy

Q-Scope Universal Scanning probe microscope (Ambios Tech-
nology, USA) was used to explore the SAMs on gold electrodes at
room temperature. Tapping mode was used to acquire the images
under ambient conditions.

2.3. Methods

2.3.1. Chemical shortening of CNTs (please refer supplemental
information)

2.3.1.1. ssDNA-CNT hybrids preparation. ssDNA wrapped SWCNTs
were prepared according to the previously reported procedure
(Zheng et al., 2003). In this method, 1 mg of shortened SWCNTs
were mixed with 500 L of 1 wM ssDNA in 0.05M PBS containing
0.1 M NaCl and sonicated for 1h in an ice bath. Subsequent cen-
trifugation for 30 min at 5000 rpm was used to remove insoluble
materials from the dispersion. Finally, the dispersion was stored at
4°C. The precipitation was not occurred even after storing for one
month.

2.3.2. Electrode cleaning (please refer supplemental information)
2.3.2.1. Self-assembled monolayers. Self-assembled monolayers
were formed by immersing clean gold electrodes in 200 wL of
ssDNA (0.1 wM/mL) or ssDNA-SWCNT (~0.2 mg/mL) in 0.05M PBS
containing 0.1 M NacCl (pH 7.0) for the period of 24 h at 4°C. After
the immobilization period, the electrodes were removed from the
solution, rinsed with milliQ water, and dried with argon stream.

2.3.3. Preparation of samples for AFM studies (please refer
supplemental information)

2.3.3.1. Electrochemical polymerization of aniline. Electrochemical
polymerization of aniline on the electrode surface was achieved
by applying potential cycling between 0.0 and 0.95V at a scan rate
of 100 mV/s to 0.05 M aniline solution in 0.1 M PBS, pH 3.5. Approx-
imately 10 cycles were sufficient to deposit PANI on the electrode
surface.

2.3.4. AChE enzyme immobilization

According to Sigma-Aldrich product information 0.02 M PBS pH
7.0 was used for 0.01 mg/mL AChE enzyme solution as optimum.
First, the electrodes were immersed in glutaraldehyde aqueous
solution for 30min, then, 10 pL of 0.01 mg/mL AChE in 0.02M
(pH 7.0) PBS were dropped on the electrode surfaces and allowed
to incubate for 30 min at 4°C. To block the nonspecific binding
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Fig. 1. Schematic representation of biosensor fabrication and its functions. Step 1 - SWCNT wrapping with thiol terminated ssDNA; Step 2 — ssDNA wrapped SWCNT self-
assembled on gold electrode; Step 3 - controlled electrochemical polymerization of aniline on the Au/ssDNA-SWCNT layers; Step 4 — immobilization of AChE enzyme by

glutaraldehyde; Step 5 - pesticide sensing mechanism of Au/ssDNA-SWCNT/PANI/AChE.

sites, the electrodes were incubated with 100 pL of 0.01 mg/mL
BSA in 0.1M PBS (pH 7.0), for 30min at 4°C. Finally, the elec-
trode was washed with 0.1 M PBS buffer pH 7.0 and stored at
4°C.

2.3.5. Enzyme assay procedure

Polypropylene hollow cylinder tightly fitted on the top of BAS
Au electrode was used as the electrochemical cell. Two hundred
microlitres of the electrolyte was required for each experiment.
Voltammetric measurements were made after optimum period of
incubation (15 min) with electrolyte. PBS (0.002 M, 0.1 M NaCl, pH
7.0) solution containing optimum amount of AChCl (1 mM) was
added into the cell for control experiment. To measure the inhibi-
tion, the pesticide solution (methyl parathion or chlorpyrifos) was
mixed and added to the cell. The decrease in current due to the addi-
tion of pesticide solution was recorded. Deactivated AChE enzyme
on the electrode was reactivated with 1 mg/mL pralidoxime chlo-
ride for 15 min. Then the electrode was tested in electrochemical
cell of 200 w.L with 0.002 M PBS (pH 7.0) containing 1 mM AChCI to
measure the electrochemical responses. River water samples were
collected from middle stream of local river at Olsztyn, Poland. All
samples were filtered, centrifuged 13,000 rpm for 30 min and used
for recovery studies.

3. Results and discussions

A schematic representation of the biosensor obtained in our
experiments and the procedures used for its preparation is shown
in Fig. 1. At each step of modification, the electrode surfaces were
characterized by either AFM or electrochemical methods.

3.1. AFM studies

Atomic force microscopy in tapping mode was used to charac-
terize the ssSDNA-SWCNT SAMs. AFM image of Au/ssDNA SAM and
Au/ssDNA-SWCNT SAMs is depicted in Fig. 2. Au/ssDNA SAM sur-
face image (supplemental Fig. S1) has been shown with a average
height of 6-8 nm, which can be assigned to ssDNA which is in good
agreement with the 7.14 nm value predicted for ssDNA sequence
used (21-mer). After ssSDNA-SWCNT SAM formation, needlelike
protrusions are clearly seen on the gold surface (Fig. 2). The image
shows aggregates, with an average height of 500 nm. The average

height of protrusions is much higher than the value for ssDNA
strands. From these observations, we can conclude that the thiol
terminated ssDNA-SWCNT have been successfully immobilized on
gold via Au-S chemical bonding, with the nanotubes vertically
aligned on the gold surface.

3.2. EIS analysis

Electrochemical impedance spectroscopy measurements were
carried out to compare the characteristics of ssDNA and
ssDNA-SWCNT SAMs on gold. Fig. 3 shows Nyquist plots and
equivalent circuits. The equivalent circuits, R1(Q1[R2(R3Q>)]), for
Au/ssDNA-SWCNT and R;(Q;[RyW]), for Au/ssDNA were applied
for fitting analysis. Au/ssDNA-SWCNT behaved like porous elec-
trode. The angle of the line in semi-infinite region was observed less
than 45°. This is typical for porous electrodes. The diameter of the
semicircle corresponds to the interfacial charge transfer resistance
(Rct), which usually represents the resistance of faradaic reactions
on the electrode (Bard and Faulkner, 2001). Obviously, the Rt of
ssDNA-SWCNT SAM is much lower than that of ssDNA SAM. The
above EIS results revealed that ssSDNA-SWCNT SAM has an obvious
improvement effect for a faster charge transfer rate than with plain
ssDNA SAMs.
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Fig. 2. Typical AFM images of ssDNA wrapped SWCNT SAMs on Au(1 1 1) surface.
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Fig. 3. Electrochemical impedance Nyquist plot of Au/ssDNA SAM and
Au/ssDNA-SWCNT SAM at 0.1M Na,SO4 containing 0.5mM Ks[Fe(CN)g] and
0.5 mM K4[Fe(CN)g]. Inset: circuit model, Ry, R, and R; - resistance, CPE, CPE; and
CPE; - constant phase element.

3.3. Electrochemical polymerization

Electrochemical polymerization was used for the preparation of
PANI nanostructures on Au/ssDNA-SWCNT SAMs. Both the polymer
deposition and electrode surface morphology were determined by
ssDNA-SWCNT SAMs. Electrochemical polymerization of aniline on
Au/ssDNA-SWCNT SAMs were achieved in aqueous 0.1 M PBS at
pH 3.5 in the potential range described in experimental section.
As reported previously, the redox process corresponds to electron
transfer of the electrodeposited PANI film (Somerset et al., 2006;
Wei and Ivaska, 2006).

Multi-cycle CV results showed an increase in the redox peak cur-
rents indicating the growth of conducting polymer film with every
cycle completed. The large currents observed at the positive end of
the CV are due to the oxidation of aniline monomer and oxidation
of the PANI film (Fig. S2). Ten scan cycles was optimum to make thin
PANI deposition on Au/ssDNA-SWCNT but higher numbers of scan
cycles yielded rapid growth of PANI film and nanostructures were
completely buried in PANI films. PANI redox peaks can be attributed
to the electron transitions between the redox states of leucoemeral-
dine and pernigraniline (Prakash, 2002). The formal potential for
the redox couple was calculated to be 300 - 30 mV (Fig. S3). Itis well
documented that PANI redox behavior depends on pH (Malhotra
et al., 2006). The enzyme based reactions generate pH changes
in their local environments through their byproducts (Skotheim
and Reynolds, 2007). The pH-dependence of PANI appears to be
of crucial importance due to the potential use of this polymer for
amperometric biosensors. Fig. 1 shows the schematic representa-
tion of the enzyme reactions of the biosensor system. Acetylcholine
hydroxylation produced the byproducts acetic acid and choline. The
acetic acid molecules diffused into the electrode surface. The self-
assembled ssDNA-SWCNT supported PANI nanostructures acted
as proton collecting antennas on the electrode surface and result-
ing in protonation of PANI films. The changes in the redox activity
of the PANI directly related to the pH. High surface area of self-
assembled ssDNA-SWCNT supported polyaniline nanostructures
served dual role as pH sensitive layer and support for AChE immo-
bilization.

3.4. Optimization of biosensor for pesticides determination

Cross-linking with glutaraldehyde is the most widely used
method for AChE immobilization on electrochemical sensors
(Gallego et al., 2005; Arora et al.,, 2007). However, poor repro-
ducibility and significant loss of enzyme activity were observed
when glutaraldehyde was used in excess. To study the effect of
glutaraldehyde concentration on AChE immobilization, electrodes
were fabricated using different concentrations of glutaraldehyde
and corresponding SWV net currents (difference between forward

and reverse waves) responses were measured at PBS (0.002 M, 0.1 M
NaCl, pH 7.0) containing 2.0 mM AChCl (Fig. S4). The biosensor
responses depended on the buffer capacity of the working solution.
Strong buffer concentration neutralizes the acetic acid molecule.
Therefore 0.002M PBS containing 0.1 M NaCl was selected to
observe biosensor responses. An amount of less than 2% (w/w)
glutaraldehyde was found to be insufficient to bind all enzyme
molecules on the transducer surface. On the other hand, a decrease
in the enzyme activity was observed for solutions containing
glutaraldehyde concentration higher than 2% (w/w). A possible
explanation could be a high degree of enzyme reticulation and
consequent restrained access of substrate to enzyme active cen-
ter. From the above results 2% (w/w) glutaraldehyde concentration
was selected as optimum for further experiments.

Next the concentration of AChCl was optimized. The SWVs
of Au/ssDNA-SWCNT/PANI/AChE in the cell solution containing
AChCI substrate was performed under anaerobic conditions. Fig. 4
shows well defined current response of the biosensor at 1.0 mM
AChCI concentration. In the absence of AChCI, the peak responses
were negligible. The SWV net current responses were plotted
against concentrations of AChCl (Fig. S5). Voltammetric mea-
surements were performed after each addition of the AChCl up
to a maximum concentration of 1.6 mM. The SWV peak cur-
rents were found to increase with the concentration of AChCI
up to 1.0mM. There was no significant SWV current improve-
ment for 1.0-1.6 mM of AChCI concentration and this revealed that
the electrode had reached its saturation level. From the above
results, 1.0 mM of AChCl was selected as optimum concentration
for further experiments. The interactions of AChCl on enzyme
free electrode were also studied. In this case, SWV responses of
Au/ssDNA-SWCNT/PANI were measured with increasing the con-
centration of AChCl up to 1.6 mM. There were no noticeable changes
on enzyme-free Au/ssDNA-SWCNT/PANI electrode. It indicated the
biosensor responses only related with the enzyme reactions. Opti-
mization of incubation period for biosensor with substrate was
studied between 0 to 30min and 15 min was found as optimum
value.

The biosensor prepared under optimum working conditions was
tested with respect to its stability in 1.0 mM of AChCl in 0.002 M
PBS (pH 7.0). A total of 10 measurements were taken during 5-day
period of time. The electrodes were kept in 0.002 M PBS (pH 7.0)
and stored at 4 °Cin the refrigerator. The responses of the electrodes
showed a maximum value within the first few days and then began
to decrease. After 5 days, they reached a constant value of about
~86% of their initial response (Fig. S6).

The performance of ssDNA-SWCNT SAM in the proposed
biosensor was compared with AChE immobilized on PANI elec-
tropolymerized on bare Au (Au/PANI/AChE) and AChE immobilized
on PANI electropolymerized on dip coated SWCNT/Au (please refer
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Fig. 4. SWV net current responses of biosensor with and without AChCl; SWV mea-
suring conditions: SWV frequency 25 Hz, amplitude 100 mV and step potential 1 mV.
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Fig. 5. Calibration curve for methyl parathion and chlorpyrifos (0.6<SD < 3.5); inset
figure: SWV net current responses of biosensor after 15 min incubation with differ-
ent concentrations of methyl parathion in 0.002M PBS (pH 7.0) containing 1 mM
AChCl and 0.1 M NaCl; SWV measuring conditions. Refer Fig. 4.

supplemental information for electrode modification procedure)
(Au/SWCNT/PANI/AChE) under identical experimental conditions.
Supplemental Fig. S7 compares the SWV response of Au/PANI/AChE,
Au/SWCNT/PANI/AChE and  Au/ssDNA-SWCNT/PANI/AChE at
1mM AChCI at optimized conditions. The current response for
Au/ssDNA-SWCNT/PANI/AChE was highest among the three elec-
trodes. The above results indicated that the ssSDNA-SWCNT SAM
improved the electrode surface quality for biosensor fabrication
and function.

3.5. Pesticides determination

Methyl parathion and chlorpyrifos pesticides are known to
inhibit the reaction between AChE and acetylcholine. Inhibition
measurements were performed in conditions corresponding to sat-
uration of the enzymatic layer with the substrate 1.0 mM of AChCl
concentration. In saturated conditions, the decreases in biosensor
SWV responses after contact with pesticide solution is related only
to the enzyme-inhibitor interaction and does not depend on the
mass transfer of both the substrate and the inhibitor from the bulk
solution to the enzymatic layer. The SWV responses were associ-
ated with inhibition of the enzyme activity by amount pesticide
added (inset Fig. 5). The decreasing of redox peak current can be
explained as the result of the blocking of serine hydroxyl group by
covalently bound phosphate group, which invariably reduces the
overall charge of the catalytic active site (Krasinski et al., 2005).
The percentage inhibition of the biosensor can be calculated with

Eq. (1):
Inhibition (%) = [(Io — Is)/Ip] x 100 (1)

Where Iy, Is were the peak currents of 1.0 mM of acetylcholine
in 0.002M PBS buffer with 0.1 M NaCl without and with pesti-
cides inhibition respectively. Plots of the percentage inhibition of
the biosensor as a function of pesticide concentration are shown in
Fig. 5. SWV peak currents were found to decrease with increase
of parathion concentration from 1.0 x 10~ up to 1.0 x 10-6M
with correlation coefficient r2 0.994. Bioassays with a quantitative
response showing a sigmoid log-dose relationship can be ana-

lyzed by fitting a non-linear dose-response model directly to the
data. Logistic regression yields accurate quantization across a wider
range of concentrations compared to linear regression. It is demon-
strated that the four-parameter logistic (4PL) model, previously
reported (Baud, 1993; Healy, 1972; O’Connell et al., 1993) could
be applied to this bioassay. The 4PL regression of a standard curve
for pesticides determination, with the log of the concentration of
pesticide plotted on the x-axis and the response (percentage of inhi-
bition) plotted on the y-axis, is presented in Fig. 5. Once a 4PL
equation is created from a set of data, values for all four of the
parameters will be determined.

y=b+ aibd 2)

1+ (%)

where a is the response at zero concentration, b is the response
at maximum concentration, x is pesticide concentration in M, ¢
is the concentration yielding 50% response, d is a slope factor
(Viswanathan et al., 2008). Similar results were obtained for the
chlorpyrifos pesticide. The detection limits were determined by
lowest analytical response which was three times higher than the
standard deviation of 10 measurements done in the absence of pes-
ticide. The detection limit was found to be 1 x 10~12 M for methyl
parathion and chlorpyrifos.

3.6. Reactivation of the biosensor

Phosphorylated AChE, when bound to organophosphorous pes-
ticides, undergoes hydrolytic regeneration at a slow or negligible
rate. Oximes, which are nucleophilic agents, act as chemical ‘reac-
tivators’ of AChE via a nucleophilic attack at the phosphorylated
enzyme, enabling the release of pesticides from AChE. Pralidoxime
chloride reactivates AChE a million times more rapidly than the
spontaneous release of the bound organophosphate compound.
AChE inhibited by organophosphorous pesticides can be completely
reactivated by use of nucleophilic compounds such as pralidoxime
chloride (Weinbroum, 2005; Du et al., 2007). The reactivation effi-
ciency was estimated as follows:

Reactivation (%) = (I, — Is /Iy — Is) x 100 (3)

where I; was the peak current of AChCl on Au/ssDNA-
SWCNT/PANI/AChE after pralidoxime chloride reactivation and Iy,
Is were the peak currents of 1.0mM of acetylcholine in 0.002 M
PBS (pH 7.0) with 0.1 M NaCl without and with pesticides inhibi-
tion respectively. It was observed that AChE biosensor inhibited
by pesticides could resume 90% original activity after incubation
with 1 mg/mL pralidoxime chloride. With increasing incubation
time, the reactivation efficiency increased and reached a constant
value after 15 min (Fig. S8). The proposed reactivation procedure for
this biosensor could be used repeatedly with an acceptable repro-
ducibility.

Table 1
Recovery studies of methyl parathion and chlorpyrifos in river water samples under
optimum conditions.

Pesticides Added (M) Found (M) % of SD
recovery (n=5)

1.0x107  1.07x 1077 107 34

: 1.0x108  9.6x10°° 95 45

Elthvipaiaiiion 1.0x10°  9.0x10-10 90 46

1.0x101°  89x 10" 89 54

1.0x107  91x10°8 91 41

T 1.0x108  96x10°° 96 49

by 1.0x10°  1.1x10°° 110 2.4

1.0x1071° 89101 87 5.7
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3.7. Recovery studies

To further demonstrate the applicability of the proposed biosen-
sor, the recovery test was studied by adding pesticides into river
water samples. The results are presented in Table 1. The recovery
percentages were found to vary from 87% to 110%. This indicated
that the proposed biosensor can be used for trace level detection of
pesticides present in relevant samples.

4. Conclusions

The proposed vertically aliened ssDNA-SWCNT SAMs coated
with thin PANI film on gold electrodes demonstrated superior
charge transport properties than the ssDNA SAMs. The incorpo-
ration of SWCNTs not only provided the conductive pathways
to promote the electron transfer, but also increased the surface
area of flexible three-dimensional conductive supports for acetyl-
cholinesterase enzyme. Thin PANI film on SWCNT acted as good
sensor for enzyme byproduct acetic acid. The changes of local pH in
the vicinity of an electrode surface by enzymatic reaction increases
the redox activity of PANI thin film on SWCNTSs. The pesticides were
determined with the proposed biosensor through the enzyme inhi-
bition mechanism. The biosensor was successfully tested in the
determination of two common pesticides such as methyl parathion
and chlorpyrifos, which belongs to the organophosphorous fam-
ily. The detection limit was found to be 1 x 10~12M for methyl
parathion and chlorpyrifos which is lower than the maximum
contaminant level recommended by the European Environmental
Bureau and other environmental protection agencies. The proposed
transducer layer can be used as a suitable base for biosensors based
on enzymes which can release acidic or basic byproducts.
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