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An amperometric assay based on acetylcholinesterase (AChE) inactivation has been developed for the monitor-
ing of permethrin using a screen-printed three-electrode system. The enzyme AChE catalyzes the hydrolysis of
acetylthiocholine to thiocholine, which can be electrochemically oxidized. The presence of permethrin inhibits
the AChE activity, resulting in a lower thiocholine production and thus, a decrease in the amperometric oxidation
current. Immobilization of AChE was performed by cross-linking giving a capability of detection of 8.1 4- 0.4 uM.
Repeatability and reproducibility of the developed AChE biosensor were also calculated, yielding values of 9.6%
(n=4) and 5.4% (n=5), respectively related to the slopes of the calibration curves performed in the range
from 6.2 up to 41 M. The method was successfully applied to the determination of permethrin content in a

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Permethrin [3-phenoxibenzyl-3-(2,2-dichlorovinyl)-2,2-dimethyl
cyclopropane carboxilate] is a broad spectrum synthetic pyrethroid
insecticide used in the elimination of a great diversity of insects on
different kinds of vegetables. It can also be used as a good repellent
against different insect species. In this way, permethrin has been
widely used as a moth-proofing agent in the textile industry and it
is often used in agriculture, forestry, horticulture, public health cen-
ters and households (Thriveni and Sreedhar, 2004). Its residues in
fruits, vegetables and other agricultural products represent a serious
risk to human health causing cancer, infertility, nerve disorders, and
immunological disorders (Du et al., 2010). Therefore, it is essential
to monitor the concentration of this molecule to determine its fate
in the environment and its effects on human health.

Many analytical methods have been described in the literature for
the determination of permethrin, most of them related to chromato-
graphic (Chocholous et al., 2008; de Souza Pinheiro and de Andrade,
2009; Du et al,, 2010; Vazquez et al., 2008; Vonderheide et al., 2009)
and spectrophotometric techniques (Butte and Kemper, 1999;
Kazemipour et al.,, 2002). The analysis of similar insecticide species
has also been performed by electroanalytical methods (Coomber et al.,
1998a, 1998b; Manisankar et al., 2009, 2008, 2005; Oudou et al,
2001) but, to the authors' knowledge, few of them describe the success-
ful determination of permethrin using this kind of method. In the work
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described by Thriveni and Sreedhar (2004), the determination of the in-
secticide was carried out using a hanging mercury drop electrode
(HDME). Kaushik et al. (2009) have also described an electrochemical
method for the determination of permethrin based on the immobiliza-
tion of single standard calf tymus deoxyribose nucleic acid onto chitosan
(CH)-iron oxide (Fe304) nanoparticles hybrid nanobiocomposite film
deposited onto an indium-tin-oxide glass plate. The unfriendly
environmental effects of HDME can be reduced by using disposable
screen-printed electrodes (SPEs). In addition, SPEs present many
other advantages, such as ease-of-use and in situ analysis, emphasizing
the great variety of possible modifications including the immobilization
of enzymes for biosensor construction (Dominguez-Renedo et al., 2007;
Starowicz et al., 2006).

Enzymatic sensors constructed with SPEs present a great number of
applications in the determination of pollutants, such as pesticides. The
analysis of this kind of molecule is generally based on enzymatic inhibi-
tion processes (Marty et al., 1993; Mionetto et al., 1994; Periasamy et al.,
2009). Among the most common enzymatic disposable biosensors used
in pesticide determination we should highlight those based on enzy-
matic inhibition of AChE (Marty et al., 1993; Mionetto et al., 1994;
Andreescu et al, 2002a, 2002b; Dominguez-Renedo and Arcos-
Martinez, 2006; Dominguez-Renedo et al.,, 2007; Ovalle et al., 2009;
Periasamy et al.,, 2009; Istamboulie et al., 2010).

AChE is an important enzyme present in the synaptic clefts of the
central nervous system of living organisms which promotes the follow-
ing reaction (Stoytcheva et al., 1998),

(CHs); N*(CH2)2SCOCH3 + H,0 + AChE—(CH3); N*(CHZ)ZSH + CH;COOH.
acetylthiocholine thiocholine
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It has been proven that thiocholine ((CHsz)s N*(CH,),SH), which
is the product of this enzymatic process, is electroactive and suffers
an anodic oxidation, according to the following diagram,

S—CH,—N"—(CH;);
Z(CH3)3N+(CH2)2SH_’ |
S—CH,—N"—(CHs),4

+2H +2e".

This oxidation signal can then be used for the monitoring of the
enzymatic reaction in amperometric AChE-based biosensors.

The enzyme inhibition mechanism proceeds through the formation
of a stable complex of the pesticide with the active site of AChE. Thus,
the presence of a pesticide inactivates the enzyme AChE, resulting in a
reduction of the amount of thiocholine generated. Therefore, a drop in
the intensity of the oxidation current is registered and related to the
concentration of the inhibitor (Kukla et al., 1999). In this way, pyre-
throid insecticides, including permethrin, have also shown an inhibition
effect on AChE activity (Singh and Agarwal, 1987; Rao and Rao, 1995).

In the present work, AChE-based amperometric biosensors were
used for the inhibitive determination of permethrin. The enzyme was
immobilized by cross-linking on the surface of screen-printed carbon
electrodes (SPCEs), with the developed devices (AChE/SPCEs) being
the first disposable amperometric sensors used for the sensitive
determination of permethrin.

2. Experimental
2.1. Reagents

All solutions were prepared with water purified with a Milli-Q appa-
ratus from Millipore (Bedford, MA, USA).

C10903P14 (carbon ink) from Gwent (Electronic Materials, Torfaen,
UK), Electrodag 418 (Ag ink) and Electrodag 6037 SS (Ag/AgCl ink) from
Acheson Colloiden (Scheemda, The Netherlands) and 242-SB (dielectric
ink) from ESL Europe Agmet Limited (Reading, UK) were used in the
fabrication of SPCEs.

All reagents used were of analytical-reagent grade. Electrochemical
measurements were carried out using a universal buffer system contain-
ing boric acid at 200 mM (Merck, Darmstadt, Germany), citric acid at
50 mM (Panreac, Barcelona, Spain), tri-sodium phosphate 12-hydrate at
100 mM (Merck, Darmstadt, Germany) and KCl at 100 mM (Merck,
Darmstadt, Germany).

The pH values of the universal buffer were adjusted with a 1000 mM
NaOH (Merck, Darmstadt, Germany) solution.

AChE (E.C.3.1.1.7, 1047 U/mg from electric eel), acetylthiocholine
iodide, glutaraldehyde (GA) and bovine serum albumin (BSA) were
obtained from Sigma (Steinheim, Germany).

AChE phosphate solutions were prepared by mixing 1 mg of AChE
with 1TmL of a 10mM pH 6 phosphate solution (NaH,PO,4-2H-0,
Panreac, Barcelona, Spain).

Permethrin stock solutions were prepared by dissolving appropriate
amounts of permethrin (Fluka, Steinheim, Germany) in dimethylforma-
mide (Panreac, Barcelona, Spain).

A commercial sample of lice gel was obtained from OTC Iberica
(Barcelona, Spain).

2.2. Apparatus

SPCEs were produced on a DEK 248 printing machine (DEK,
Weymouth, UK) using polyester screens with appropriate stencil designs
mounted at 45° to the printer stroke.

Amperometric measurements were taken using a PalmSens electro-
chemical system (PalmSens, The Netherlands).

The pH of the solutions was measured with a Crison Model 2002
(Barcelona, Spain) pH meter.

2.3. Software

Data analysis was processed with a STATGRAPHICS PLUS (Statistical
Graphics Corp, 1994-1999) software package for the experimental
design process, PROGRESS (Rousseuw, 1989) for the robust regression
and DETARCHI (Sarabia and Ortiz, 1994) for the capability of detection.

2.4. SPCE preparation

Home-made SPCEs were used in the determination of permethrin.
For the construction of the SPCEs, successive layers of different inks
were printed onto a polyester strip substrate following the printing
procedure described in previous works (Gonzalo-Ruiz et al, 2007;
Dominguez-Renedo and Arcos-Martinez, 2007b).

2.5. AChE immobilization

The biologically sensitive layer of the developed biosensor was
formed by cross-linking AChE (0.1% w/v) with BSA (6% w/v) and GA
(2.5% w/v) aqueous solution, prepared in 10 mM phosphate buffer pH
6. Firstly, 5L of GA, 5L of BSA and 10 pL of AChE solutions were
mixed. Then, 5 pL of this mixture was dropped on the working electrode
surface. Finally, it was left to react 90 min at 4 °C.

2.6. Permethrin amperometric determination procedure

The AChE/SPCEs biosensors were placed in the electrochemical cell
containing 5 mL of the universal buffer solution. An adequate potential
was applied and, once a steady-state current was set, a defined amount
of acetylthiocholine iodide 100 mM stock solution was added to the
measuring cell. A large oxidation current was observed due to the
addition of acetylthiocholine iodide, and a plateau corresponding to
the steady-state response was reached. Then, fixed portions of the
permethrin stock solution were added consecutively, reaching a plateau
each time. The addition of permethrin solution resulted in a current
decrease proportional to the amount of permethrin added.

3. Results and discussion

In order to develop a permethrin sensor, different electrochemical
procedures using SPCEs were tested. In a first step, bare electrodes
were checked under different experimental conditions, obtaining no
analytical signal for permethrin. Different film modified SPCEs were
then investigated including mercury (Dominguez-Renedo et al., 2009)
and bismuth (Wang et al., 1993) film modifications. These modifica-
tions did not lead to analytical results in the determination of the insec-
ticide. Finally, the modification of the SPCE surface with nanoparticles
was studied, since silver and gold nanoparticle deposits on SPCEs have
demonstrated their utility in the sensitive determination of different
analytes (Calvo et al.,, 2007; Dominguez-Renedo and Arcos-Martinez,
2007a, 2007b). However, no electrochemical response was obtained
for permethrin in any case. The development of an AChE/SPCEs biosen-
sor was then proposed.

The AChE/SPCEs biosensor developed produced an amperometric
signal which is sensitive to the presence of acetylthiocholine iodide in
the electrochemical cell giving a high oxidation current (Fig. 1). After
reaching a steady-state current, the addition of permethrin in the elec-
trochemical cell produces an inhibition of the enzyme AChE, which
causes a decrease in the acetylthiocholine iodide amperometric signal
of the biosensor.

Permethrin inhibition action can be quantitatively evaluated deter-
mining the difference between the steady-state current in the absence
of permethrin (Iy) and the steady-state current in the presence of per-
methrin (I). The parameter Al (Ip—1I) depends on acetylthiocholine
iodide concentration, applied potential (E,p) and the pH of the buffer
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Fig. 1. Amperometric recording obtained at an AChE/SPCE in universal buffer: (1) Addition of
100 pL of a 100 mM acetylthiocholine iodide solution ([acetylthiocholine iodide] =2 mM),
(2-8) additions of 50 pL of a 0.64 mM permethrin solution. E,,= +0.6 V vs. Ag/AgCl SPE,
pH=4.

solution. Therefore, an optimization of these variables was necessary in
order to ensure the quality of the results.

Previous experiments showed that the oxidation signal for acet-
ylthiocholine iodide was only observed for a potential of + 0.6 V. For
this reason this variable was fixed, while the remaining two variables
were optimized. In fact, Fig. 2 shows a well defined peak for acetylthio-
choline at this potential.

Experimental design has been used as a tool for optimization. In this
case, a 22 central composite design was applied, with a replication in the
central point in order to estimate the residual error. The response to be
optimized was Al obtained for a sample containing a concentration of
permethrin of 0.1 uM. The optimum values obtained in the optimization
process were as follows,

[acetylthiocholine iodide] = 2 mM pH = 4.

Under these optimum conditions, the dependence between Al and
permethrin concentration is linear as shown in Fig. 3.

An important characteristic of any analytical method is, without
doubt, its capability of detection. In order to determine this parameter,
several calibration curves were carried out in the concentration range
from 6.2 to 41 uM for AChE/SPCEs under the optimum working condi-
tions. The existence of anomalous points would lead to incorrect adjust-
ments, altering the method's sensitivity and its capability of detection.
In order to avoid this problem least median squares regressions (LMS)
were used, which allow the detection of outliers and make it possible to
identify a linear range if at least 50% of the data are aligned (Rousseuw,
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Fig. 2. Cyclic voltammograms obtained in universal buffer pH 4 solution using an AChE/
SPCE: (dot line) blank; (solid line) [acetylthiocholine iodide] =2 mM.
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Fig. 3. Relation between Al vs. [permethrin]. E;p = +0.6 V vs. Ag/AgCl SPE, pH =4 and
[acetylthiocholine iodide] =2 mM.

1989). The strategy followed consisted of two steps. In the first, the LMS
regression was used to detect anomalous points and, once they were
eliminated, a regression based on the ordinary least squares (OLS) criteri-
on was worked out, in order to obtain the optimal precision and accuracy
of both the slope and intercept values.

The capability of detection of the developed biosensor was then
calculated using the DETARCHI program (Sarabia and Ortiz, 1994). At
the chosen probability level of 5% (o« =3 = 0.05) the capability of detec-
tion of the proposed method was (8.14+0.4) uM (n=3).

3.1. Precision

The precision of the developed AChE/SPCEs was calculated in terms
of repeatability and reproducibility. The repeatability of successive am-
perometric measurements with the same electrode surface was tested.
Sets of four successive calibrations for permethrin were carried out
yielding a relative standard deviation (RSD) for their slopes of 9.6%.
Likewise, the reproducibility of the amperometric signal was checked
using the slopes of five regressions carried out with different electrode
surfaces. The RSD values obtained were 5.4%. The parameters obtained
for the different calibration sets are shown in Table 1. These results
suggest that the fabrication procedure of the AChE-based biosensors is
reliable, and allows reproducible electroanalytical responses to be
obtained with different electrodes constructed in the same manner.

Examination of the repeatability shows that the AChE developed
biosensor presents a high stability. Moreover, different studies carried
out have shown that this biosensor can be used for the sensitive and
quantitative determinations of permethrin during 3 weeks.

Different experiences were carried out in order to improve the se-
lectivity of the developed biosensor. In this way, different mediators
were proven with the aim of decreasing the applied potential. Tetra-
thiofulvalene, ferrycyanide, ferrocenemethanol and tetracyanoquino-
dimethane resulted unsuitably in permethrin determination, since no
response was obtained at the lower potential when they were used.

3.2. Analytical application

In order to check the performance of the developed AChE/SPCEs
biosensor in the quantification of permethrin, a lice gel sample con-
taining 1.5% (w/v) of permethrin was analyzed.

The concentration of the sample was calculated by standard addi-
tion. With this aim, 100 pL of a diluted lice gel sample (0.02%, w/v)
was added to the electrochemical cell. Then, successive additions of
50 pL of 0.64 mM permethrin solution were added and the calibration
parameters were calculated. Finally, the permethrin concentration
quantified (1.6+£0.3) % (w/v) (n=3; =0.05) was in good agree-
ment with the value supplied by the manufacturer from a statistical
point of view at o= 0.05 level.
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Table 1
Regression parameters obtained in the calibration sets realized for precision determination. Permethrin concentration ranging from 2 pM up to 41 pM.
Intercept (LA) Sensitivity x 107> (MAM™ 1) Syx R? RSD
Repeatability 1st calibration —0.004 7.09 0.03 0.999 9.6%
2nd calibration 0.133 6.51 0.02 0.999
3rd calibration 0.038 7.93 0.02 0.999
4th calibration 0.127 7.97 0.08 0.994
Reproducibility 1st calibration —0.168 7.79 0.07 0.996 5.4%
2nd calibration —0.042 8.08 0.05 0.998
3rd calibration 0.179 7.67 0.19 0.998
4th calibration —0.105 8.14 0.08 0.993
5th calibration —0.004 7.09 0.03 0.999
3.3. Recovery Dominguez-Renedo O, Arcos-Martinez MJ. Encyclopedia of sensors. USA: American

Recovery studies were also carried out in spiked lice gel samples
with permethrin. In this way, 0.02%, w/v lice gel solution was prepared
by dilution of the commercial sample. Then, a fixed amount of permeth-
rin was added to it giving a final concentration of permethrin of 0.04%,
wy/v. This last spiked solution was finally analyzed by standard addition.

The result obtained (96 +12) % (n=3, o«=0.05), shows that no
influence of the matrix composition of the lice gel sample is observed.

4. Conclusions

The electrochemical determination of permethrin by conventional
electroanalytical methods involving electrodes other than HDME has
resulted unviably. However, the use of AChE based inhibitor biosensors
using SPCEs enables amperometric determination of permethrin. The
inhibition action of this insecticide in AChE activity produces a decrease
in the oxidation current of enzymatic product. The measurement of this
decrease allows the quantitative analysis of permethrin even in com-
plex samples, such as lice gel.

Moreover, the method developed in this work presents several
important advantages, including sensitivity, disposability, ease-of-
use and environmentally friendly determination for the analysis of
permethrin.
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