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A novel, highly sensitive amperometric biosensor for detection of organophosphorus (OP) compounds
has been constructed, based on rat brain acetylcholinesterase (AChE) immobilized onto nanocomposite of
ZnS-nanoparticles (ZnSNPs) and poly(indole-5-carboxylic acid) electrodeposited on Au electrode. In the
presence of acetylthiocholine chloride (ATCI) as a substrate, ZnSNPs promoted electron transfer reactions
at a lower potential and catalyzed electrochemical oxidation of enzymatically formed thiocholine, thus
increasing detection sensitivity. Under optimum conditions (phosphate buffer, pH 7.5 and 30°C), the
inhibition of AChE by malathion and chlorpyrifos was proportional to their concentrations in the range,
0.1-50nM and 1.5-40 nM, respectively. The biosensor determined malathion and chlorpyrifos in spiked
tap water samples with a acceptable accuracy (95-100%). The enzyme electrode had long-storage stability
(50% retention of initial activity within 2 months, when stored at 4°C).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Acetylcholinesterase (AChE) (acetylcholine acetylhydrolase; EC
3.1.1.7) has attracted the attention of several workers, as it is inhib-
ited significantly by organophosphorus (OP) compounds, used in
medicine, agriculture, industry and as chemical warfare agents (Shi
et al., 2006). The enzyme inhibition mechanism proceeds through
the formation of a stable complex through reversible/irreversible
reaction of OP pesticides with the active site of AChE (Neufeld
et al., 2000). As a result, acetylcholine, a neurotransmitter is accu-
mulated, due to reduced activity of AChE and causes the nerve
order to be reiterated, leading to exhaustion and paralysis. This
ultimately corroborates the need for the detection of OP pesti-
cides in the environment. During the past, OP pesticides have been
effectively monitored using various chromatographic techniques
(Corcia and Marchetti, 1991) such as gas chromatography (GC),
high performance liquid chromatography (HPLC) (Sherma, 1993)
and thin layer chromatography (TLC) (Linford, 1990). Although
these chromatographic techniques provide fruitful results, these
are rather time consuming and need very expensive equipment,
highly trained personnel beside complicated sample preparation.

As highly sensitive and highly selective tools, biosensors can
be used as disposable sensors in environmental monitoring and
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thus overcome the shortcomings of the conventional chromato-
graphic methods for OP determination (Rogers and Gerlach, 1996).
In recent years, the use of nanomaterials in AChE biosensors has
resulted into their improved analytic performance, such as CdS
nanoparticles (Pardo-Yissar et al., 2003), ZrO,/chitosan composite
film (Yang et al., 2005), multiwalled carbon nanotubes (MWCNTSs)
(Liu and Lin, 2006), Prussian blue (PB) (Arduini et al., 2006; Sun and
Wang, 2010), gold-platinum bimetallic nanoparticles (Upadhyay
et al,, 2009), one-dimensional gold nanoparticles (YanRong et al.,
2010), ionic liquid-multiwalled carbon nanotube (IL-MWCNT)
(Rotariu et al., 2010), 1-butyl-3-methylimidazolium tetrafluorob-
orate/multiwalled carbon nanotube composite gel (Zamfir et al.,
2011), nanostructured films of acetylcholinesterase and CdTe quan-
tum dots (Zheng et al., 2011) and MWCNTs, gold nanoparticles
(GNPs) and PB (Sun et al., 2011). However, all these biosensor
had some common drawbacks such as low sensitivity, low stor-
age stability and reusability. ZnS nano materials are chemically
more stable and technologically better than other chalcogenides
(such as ZnSe). These nanomaterials are considered to be a promis-
ing host material due to their excellent prospective in catalysis
owing to their quantum size and magnetic functionality (Peng
et al., 2006).

Among various conducting polymers used for immobilization
of enzymes, such as polyacetylene, polythiophene, polypyrrole and
polyaniline, polyindole (Pin) is better polymer, as it can be easily
polymerized, with ease of membrane formation and has high con-
ductivity and chemical stability (Periasamy et al., 2009). Further,
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the polyindole films have fairly good thermal stability, high redox
activity and slow degradation rate in comparison with polypyrrole
and polyaniline (Diehl-Faxon et al., 1996; Billaud et al., 1995). The
present report describes the use of nanocomposite of Pin5COOH
and ZnSNPs to promote the electron transfer and thus increase the
detection sensitivity of an AChE biosensor.

2. Experimental
2.1. Chemical and reagents

Acetylthiocholine chloride, indole-5-carboxylic acid, ace-
tonitrile and 2-pyridine aldoxime methiodide [2-PAM] from
Sigma-Aldrich Chemical Co. USA were used. o-Methyl-
p-mannoside, Triton X-100, 5,5'-dithiobis(2-nitrobenzoic
acid) (DTNB), zinc acetate and sodium sulphide, K3zFe(CN)g,
K4Fe(CN)g, FeCl3, NaCl, KCl, sodium phosphate, N-ethyl-
N'-(3-dimethylaminopropyl) carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) were from Sisco Research Lab-
oratory, Mumbai. The pesticides (malathion and chlorpyrifos)
were from Lentrek North America (San Francisco, CA). Gold wire
(1.5cm x 0.05cm) (23 carat) was purchased from local market.
All other chemicals were of analytical reagent (AR) grade. Double
distilled water (DW) was used throughout the experiments.

2.2. Preparation of rat brain acetylcholinesterase

We have purified a membrane-bound AChE from adult rat brain
because of its high specific activity compared to commercially
available enzymes (Wenthold et al., 1974; Nunes et al., 2001).
All operations were carried out at 4°C. The brains of 7 adult rats
(6.7 g) were homogenized in 60 ml of saline buffer (12.5 mM sodium
phosphate buffer, pH 7.2 containing 0.4 M NaC1) in a glass homog-
enizer with Teflon pestle and the suspension was centrifuged at
25,000 x g for 2h. The supernatant was discarded and the pel-
let was suspended into 60 ml of distilled water. The suspension
was added slowly to 100 ml of saline buffer (13.75 mM phosphate
buffer, pH 7.2 containing 0.44M NaCl and 0.55% Triton X-100)
and stirred for 30 min. The suspension was then centrifuged as
above. The pellet was discarded and the supernatant treated as
crude enzyme (Rakonczay et al., 1981). It was tested for AChE
activity as described by Ellman et al. (1961) with modification
and protein as described by Lowry et al. (1951) method. The
enzyme was purified by gel filtration on Sephadex G-100 col-
umn (40 cm x 2 cm) using 13.75 mM sodium phosphate buffer pH
7.2 containing 0.5M a-methyl-D-mannoside and ion exchange
chromatography on DEAE-Sephacel column (16 cm x 1 cm) using
a linear gradient of KCl (0.1-0.6 M) Tris—HCI buffer pH 8.5 for elu-
tion of enzyme. The purified enzyme was dialysed against 0.05%
Triton X-100 and stored at —20°C.

2.3. Assay of acetylcholinesterase

AChE preparation (100 .1 containing 2.7 U, 1.07 j.g protein) was
added to 150 pl of DW. After pre-incubation for 10 min at 30°C,
250 pl of 12.5mM acetylthiocholine chloride in 100 mM sodium
phosphate buffer, pH 7.0, was added to diluted enzyme and incu-
bated further for 120 min at 30°C. After incubation, 500 1 of the
reaction mixture was transferred to a new vial, and then 1375 pl
of 100 mM sodium phosphate buffer, pH 7.0 and 75 .l of DTNB in
100 mM sodium phosphate, pH 7.0, was added to this vial. A4
wasread in a UV-Spectrophotometer (Shimadzu, model 1700) after
1 min. The control was run in the same manner as described above

except that the enzyme was replaced by DW. The following chem-
ical reaction occurred during the assay of enzyme:

Acetylthiocholine chloride + Hzolﬁf‘Thiocholine + Acetic acid

. . AChE., . . . .
Thiocholine + DTNB— Thionitrobenzoic acid
Yellow colour (Amax=412)

+Thionitrobenzoic acid-Thiocholine

One enzyme unit is defined as 1 wmol of thiol group appear-
ance/min/ml. The enzyme activity was calculated using the
following formula:

14

AA 1
R= =5.74 x 10~
136 x 10°  (250/1950)C, e

where R is the rate, in moles substrate hydrolyzed per min per ml
of enzyme; AA is the change in absorbance at 412 nm per min;
C, is the original concentration of enzyme in solution (mg pro-
tein/ml); 1.36 x 10% is the extinction coefficient of DTNB; 1950
refers to 1950 ! total volume of reaction mixture; 250 refers to
250 pl enzyme added.

2.4. Preparation of zinc sulphide (ZnS) nanoparticles

Zinc sulphide (ZnS) nanoparticles were synthesized by chemical
precipitation method of Sharma et al. (2008). Aqueous solutions of
0.5 M zinc acetate (Zn(CH3C0O),-H,0) and 0.5 M sodium sulphide
(Na,S) were used for synthesis of ZnS nanoparticles. To 100 ml
zinc acetate (0.5 M), sodium sulphide (0.5 M) was added drop-wise
under constant stirring until white coloured precipitates appeared.
The stirring was allowed further for 15 min at room temperature.
The precipitated particles were filtered using Whatman No. 40 filter
paper. To remove the last traces of adhered impurities, the parti-
cles were washed several times with DW. The washed particles
were dried at 60°C in air.

2.5. Preparation of ZnS/Pin5COOH nanocomposites

It was prepared as described (Vu et al., 2005) with modifica-
tion. Firstly, dispersion was prepared by mixing of 10.0g ZnSNP
and 1.0 ml indole monomers in 50.0 ml distilled water. Then 4.5g
FeCl; (as oxidizing agent for polyindole synthesis) was added to
the ZnS particle dispersion during stirring. After 2 h of stirring, the
particles were cleaned by DW, filtered, extracted for 10 h and dried
at 50°C.

2.6. Construction of nanocomposites modified Au electrode

Electropolymerization of nanocomposite was carried out on Au
electrode (1.5 cm x 0.05 cm) from acetonitrile solution containing
ZnS/Pin5COOH nanocomposite (Biegunski et al., 2006). Before elec-
tropolymerization, the Au electrode was polished with alumina
powder (diameter 0.05 wm) followed by ultrasonic cleaning with
DW. For polymer nanocomposite film formation, the electropoly-
merization was achieved by immersing Au electrode in a solution
(25 ml, phosphate buffer pH 7.5) containing 0.1 g nanocomposite
and then applying 10 polymerization cycles in the potential range
from 0.0V to +0.6 V and back to 0.0V at a sweep rate of 20mVs~1.
After polymerization the electrode was washed carefully with a
mixture of acetonitrile and DW (1:1 ratio) and finally with DW. On
such prepared surface, few drop of enzyme solution were added
and then 0.1 ml mixture of 0.2M EDC and 0.2M NHS in 1:1 ratio
(adjusted pH 6.0) was also added. After 10 min, the electrode was
washed with DW and used for measurements (Scheme 1A).
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Scheme 1. (A) Schematic illustration of the stepwise amperometric biosensor fabrication process and immobilization of enzyme. (B) Measurement of electrochemical

response.

2.7. Electrochemical measurement

Electrochemical measurements were carried out in a Poten-
tiostat/Galvanostat (Autolab, Eco Chemie, The Netherland. Model:
AUT83785 with General Purpose Electrochemical System (GPES),
software, version 4.9) with a three electrode system consist of a Pt
wire as an auxiliary electrode, an Ag/AgCl electrode as reference
electrode and modified Au wire as a working electrode. The three-
electrode system was pre-equilibrated at +0.2 V for 15 s before each
run of detection and the steady current readings were obtained at
+0.2V (vs. Ag/AgCl). After 100 .l of ATCI (15 mg ml—!) solution was
injected into the cell containing 10 ml phosphate buffer (0.1 M, 7.0),
a low voltage of +0.2 V was applied. The substrate (ATCI) was enzy-
matically hydrolyzed to thiocholine, which was then subjected to
electrocatalytic oxidative dimerisation at +0.2 V vs. Ag/AgCl to gen-
erate the disulphide compound. This response, due to the oxidation
of the thiocholine at the working electrode, was correlated to the
activity of AChE (Scheme 1B).

2.8. Analytical procedure

2.8.1. Inhibition by pesticides

For measurement of malathion, the AChE-Pin5COOH/ZnS/AuE
was first immersed in the buffer solution (pH 7.5) containing dif-
ferent concentrations of standard malathion or samples for 12 min,
and then transferred to the electrochemical cell of 10.0ml, 0.1 M
phosphate buffer pH 7.5 containing 0.5 mM ATCI to measure the
electrochemical response of biosensor. The inhibition by malathion
was calculated as follows:

p,control — ip, exp

i
Inhibition (%) = 100 x

lp,control ’
where iy contor i the peak current of ATCl on AChE-
Pin5COOH/ZnS/AuE; ipexp is the peak current of ATCl on
AChE-Pin5COOH/ZnS/AuE with malathion inhibition.

2.8.2. Enzyme reactivation

After AChE-Pin5COOH/ZnS/AuE was exposed to pesticides, it
was washed with phosphate buffer (pH 7.0) and reactivated by
dipping it into 2ml of 4.0 mM 2-pyridine aldoxime methiodide
[2-PAM] in 0.1 M phosphate buffer pH 7.0 for 5-20 min, then trans-
ferred to electrochemical cell containing 10 ml of reaction buffer pH
7.5 consisting 0.5 mM ATCI to study the electrochemical response.
The reactivation efficiency (R%) was estimated as follows:
R(%) =100 x —_tBexp
lp,control — Ip,exp
where i; is the peak current of ATCl on AChE-Pin5COOH/ZnS/AuE
with 2-pyridine aldoxime methiodide [2-PAM] reactivation.

2.9. Stability and reproducibility of the biosensor

To reuse the working electrode, it was washed by dipping it in
10 ml of 0.1 M phosphate buffer pH 7.5. The long-term storage and
stability of the biosensor was investigated over 2 months, when
AChE-Pin5COOH/ZnS/AuE was stored dry in a refrigerator at 4°C.
AChE-Pin5COOH/ZnS/AuE activity was measured once in a week.

3. Results and discussions

The yield of the purified rat brain AChE (specific activity:
2507 U/mg protein) was 51%.

3.1. TEM image and XRD pattern of ZnS nanoparticles and UV/Vis
spectra of nanocomposites

The morphological characterization of nanoparticles was car-
ried out by Transmission Electron Microscope (TEM) at Department
of Anatomy, AIIMS, New Delhi. TEM of ZnS nanoparticles as shown
in Fig. 1A revealed that ZnS were very fine with diameter in the
range 13-58 nm. The XRD pattern of synthesized ZnS powder as
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Fig. 1. (A) Transmission electron microscope (TEM) image of ZnS nanoparticles and (B) X-ray diffraction (XRD) pattern of ZnS nanoparticles. (C) Changes in the UV/Vis spectra

of ZnS nanoparticles before (.. .... ) and after the addition of indole (——).

given in Fig. 1B, showed three broad peaks corresponding to the
(111),(220) and (311) planes. Crystallite size of ZnS nanoparticles
was calculated by following Scherrer’s equation,

KA

~ Bcos @’ (1)
where k=0.9, D is the crystallite size (A), A(A)=1.54 be the wave-
length of Cu Ka radiation and § is the corrected half width of
the diffraction peak. The average crystallite size calculated from
these peaks using Scherer’s formula was 2 nm. Three peaks were
observed in the span ranging from 5° to 100°. The peaks observed
in the XRD patterns matched well with earlier reported literature
(Sharma et al., 2008). Intensities of the three most important peaks
of ZnS, namely (111), (220) and (311) reflections were corre-
sponding to 28.5°, 47.6° and 56.4° respectively. Broadening of the
XRD peaks indicated the formation of ZnS nanocrystals.

Fig. 1C shows the UV/Vis spectra recorded in UV-Vis spec-
trophotometer for ZnS nanoparticles before and after the addition
of 1.0 ml indole monomers in 50.0 ml distilled water. Then 4.5g
FeCl; was added to the ZnS particle dispersion during stirring.
After 2 h of stirring, the particles were cleaned by distilled water,
filtered, extracted for 10 h. The aggregation of ZnS nanoparticles
with polyindole (Pin5COOH) shifted the absorption band to longer
wavelength.

3.2. Morphology of nanocomposites modified electrode

Fig. 2A-C shows the typical scanning electron micrograph
of bare AuE, Pin5COOH/ZnS/AuE and AChE-Pin5COOH/ZnS/AuE.
The nanocomposite and enzyme mixture were prepared on the
Au electrode via the one-step carbodiimide linkage between
enzyme and nanocomposite. To investigate the microstructure of
Pin5COOH/ZnS/AuE, the morphology of Pin5COOH/ZnS film was
examined by SEM as shown in Fig. 2B. Fig. 2C shows that the enzyme
was chemically immobilized in the nanocomposites structure and
formed a regular array on the surface of the Au electrode.

3.3. Evidence of enzyme immobilization

Fig. 3A shows the cyclic voltammograms of bare Au elec-
trode (a), Pin5COOH/ZnS modified Au electrode (b) and AChE
immobilized onto Pin5COOH/ZnS modified Au electrode (c) in the
presence of 0.5mM ATCI in phosphate buffer (0.1 M, pH 7.5). No
peak was observed in case of unmodified electrode, while cyclic
voltammograms (CV) obtained during electropolymerization of
nanocomposite in acetonitrile solution. The polymer exhibited two
characteristic redox processes in acetonitrile solution, whereas no
detectable signal was observed without immobilization of enzyme.
The first process is taking place at +0.15V. It is believed that this
process could be ascribed to the creation of radical cations and the
formation of a very stable polycationic intermediate form (Billaud
et al., 2003). The second process takes place at +0.57V, so it coin-
cides with the oxidation of monomer. This process, accompanied
by deprotonation of the intermediate state, leads to a fully oxidized
polymer form. The polymeric films were produced by applying 4
deposition cycles. Barlett et al. (1992) showed that the polymer
was stable, conducting and electroactive in aqueous solution in
the broad pH range. Nanocomposite provided a conductive path
for electron transfer and promoted electron transfer reactions at
a lower potential. On such prepared surface, when few drops of
enzyme solution were added followed by addition of mixture of
EDC/NHS reagent, it resulted into immobilization of enzyme on the
polymer surface, which was revealed by a decrease of anodic and
cathodic currents.

To confirm enzyme immobilization on the Pin5COOH film the
FTIR spectra was recorded in FTIR spectrometer (Make: iS10, Ther-
moelectron, USA). Fig. 3B shows FTIR spectra for Pin5COOH/ZnS/Au
electrode (curve i) and AChE-Pin5COOH/ZnS/Au electrode (curve
ii). The spectrum associated with the oxidized Pin are charac-
terized by a very large adsorption band located in the spectral
domain between 3700 and 3100 cm~!, which is a characteristic of
—OH groups belonging to residual water molecules trapped in the
polymer matrix as well as water molecules absorbed in Pin. The
peaks at 3401, 2924, 1593, and 1312cm~! could be attributed to
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Fig. 2. Scanning electron microscopy (SEM) image of (A) bare Au electrode, (B) Pin5COOH/ZnS/AuE and (C) AChE-Pin5COOH/ZnS/AuE.

-N-H stretching, -C-H (aromatic) stretching, C=C stretching and
C-N stretching (between two indole units), respectively. A sharp
absorption peak was found at 1690 cm~!, which might be due to
the attachment of ~-COOH group onto the indole. In the FTIR spec-
trum of AChE-Pin5COOH/ZnS/Au electrode (curve ii), AChE binding
is indicated by the appearance of additional absorption bands at
1641and 1539 cm~! assigned to the carbonyl stretch (amide I band)
and -N-H bending (amide Il band), respectively.

3.4. Impedance measurements

EIS study was carried out to characterize the modified electrode
surface. In a typical Nyquist plot, the semicircle portion corre-
sponds to the charge-transfer resistance (Rct) at higher frequency
range, while a linear part at lower frequency range represents the
diffusion limited process. In this report, EIS study of the modified
electrodes was carried out in 1.0mM Fe(CN)g3~/4~ containing
phosphate buffer (pH 7.5) with a frequency range of
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Fig. 3. (A) Cyclic voltammogram (CV) of the bare Au electrode (a), Pin5COOH/ZnS
modified Au electrode (b) and AChE immobilized onto Pin5COOH/ZnS modified Au
electrode (c) in 0.1 M pH 7.5 phosphate buffer solution at a scan rate of 50mVs-'.
(B) FT-IR spectra of Pin5COOH/ZnS/Au electrode (i) and AChE-Pin5COOH/ZnS/Au
electrode (ii).

0.01 Hz-10 kHz. Fig. 4A, curve (a) showed a very low R (230 2) at
AuE. After modification with Pin5COOH/ZnS, the EIS of the result-
ing layer showed semicircle domain with an R of 1350 €2 (curve
b) suggesting that Pin5COOH/ZnS layer blocked the redox probe to
diffuse towards the electrode surface. The R value increased for
the enzyme modified electrode up to 1800 £2 as shown in curve
c. This increase in R is attributed to the fact that most biological
molecules, including enzymes, are poor electrical conductors at
low frequencies (at least <10kHz) and cause hindrance to the
electron transfer. These results were supported by the cyclic
voltammogram study (Fig. 3A).

3.5. Electrochemical behavior of the AChE-PinCOOH/ZnS modified
Au electrode

Fig. S1 (Supplementary data) shows the produced
oxidation-reduction peak of 0.5 mM ATCI on AChE-PinCOOH/ZnS
modified Au electrode decreasing drastically (curve b) compared
with that of the without malathion (curve a) after the electrode
was immersed in standard solutions of malathion (5 pg/ml) for
10 min. This is because the insecticide exhibits fairly high acute
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Fig. 4. (A) Electrochemical impedance Nyquist plot of bare AuE (a),
Pin5COOH/ZnS/AuE (b) and AChE-Pin5COOH/ZnS/AuE (c) at 0.1M phosphate
buffer containing 0.1 M acetonitrile. Frequency range: 0.01Hz to 10kHz. (B)
SWV net current responses of biosensor in 0.1 M phosphate buffer (pH 7.5)
containing different concentrations (nM) of acetylthiocholine chloride (ATCI)
(frequency =1-100 Hz, potential amplitude =20 mV).
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(ATCI) concentration 0.5 mM.

toxicity and is involved in the irreversible inhibition of AChE, thus
reduce the activity of the enzyme to its substrate.

3.6. Optimization of experimental variables

The pH dependence of the biosensor response in 0.1 M phos-
phate buffer in the pH range of 5.0-8.0 was studied. The response
current changed slightly between pH 5.0 and pH 7.0 but the max-
imum current was observed at pH 7.5. However, the enzyme lost
activity irreversibly at the lower or higher pH values. Therefore,
0.1M phosphate buffer, pH 7.5 was selected as the electrolyte
in subsequent experiments. The effect of the temperature on the
biosensor response from 20 to 50°C was also investigated. No
significant change in current response was observed during this
temperature range except increased slightly at 30 °C. The microen-
vironment provided by nanocomposite around the enzyme makes
it thermally stable and protects it from denaturation and stabi-
lizes its biological activity to a great level. Hence, the optimum
temperature (30 °C) was selected for subsequent experiments. The
dependence of the biosensor on the applied potential for amper-
ometric signal was also observed. Fig. 4B shows SWV current
responses against concentrations of ATCl. Voltammetric measure-
ments were performed after each addition of the ATCl up to a
maximum concentration of 0.5 mM. SWV peak currents were found
to increase with the concentration of ATCI from 0.005 to 0.5 mM.
A good linear relationship of response current with substrate con-
centration from 0.005 to 0.5 mM is evident from SWV studies. The
optimum substrate concentration was 0.5 mM.

3.7. Linear working range and detection limit

The detection limit and the linear working range of the biosensor
were evaluated for both pesticides using SWV. There was a linear
relationship between current vs. concentration of the inhibitor (OP
pesticides) in the range 0.1-50 nM for malathion and 1.5-40 nM

for chlorpyrifos. Thus malathion had a wider linear working range
compared to chlorpyrifos. Although biosensor was found to be
effective for the detection of both the pesticides, it was more sen-
sitive to malathion. The limit of detection of the present biosensor
was calculated as the lowest quantity of pesticides required to give
a signal to a background (blank) +3 times SD of blank and found to
be 0.1 nM for malathion and 1.5 nM for chlorpyrifos.

A comparison of analytic parameters of various nanoparticles
based AChE biosensors for detection of pesticides with the present
biosensor is summarized in Supplementary Table.

3.8. Effect of inhibition time on the response of
AChE-Pin5COOH/ZnS/AuE

For insecticide analysis, one of the most influential parame-
ters is the inhibition time. With an increase of inhibition time
in the malathion solution, the peak current of ATCl on the
AChE-Pin5COOH/ZnS/AuE was decreased significantly. When the
inhibition time was longer than 10 min, the curve tends to a sta-
ble value (Fig. 5A), indicating the binding interaction between
malathion and active target groups in the enzyme reached satu-
ration.

3.9. Regeneration of acetylcholinesterase

AChE reactivation has been reported by various groups using
oximes (Anitha et al., 2004; Gulla et al., 2002). The activity of the
immobilized enzyme of the biosensor is inhibited after use. 2-
Pyridine aldoxime (2-PAM) has been used to recover the activity
of the inhibited AChE (Sagane et al., 2005; Kuswandi et al., 2008).
Our experimental results for % recovery of enzyme activity vs. time
for treatment of working electrode with 2-PAM, showed that enzy-
matic activity recovered by 50% at 5 min and fully (97.9%) at 10 min,
after which it was constant (up to 20 min) (Fig. S2).
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3.10. Precision and recovery

The repeatability and inter-day precision were less than 14% and
the accuracy within 95-100%. This demonstrates that the present
method was precise and accurate for determination of acetylthio-
choline within the range 0.5-20.0 nM. The analytic recoveries of
known amount of malathion and chlorpyrifos in tap water sam-
ples/spiked samples under optimum conditions were determined
by the present biosensor found to be in the range of 95-105%.

3.11. Validation against GC-MS reference methodology

Malathion concentrations in water samples were deter-
mined by the present biosensor as well as by conventional
gas chromatography-mass spectrometry (GC-MS) method on
commercial basis at M/S Arbro Pharmaceuticals Ltd. (Analytical
Division), 4/9, Kirti Nagar, Industrial Area, New Delhi, India. The
results of both the methods were matched with each other with a
regression coefficient (r=0.96) (Fig. 5B).

3.12. Interference study

Heavy metal ions can inhibit the activity of AChE and disturb
OP detection using the AChE based biosensor. However, there is
no report on the kind and concentration limit of heavy metal ions,
which can disturb OP detection. We examined the effects of heavy
metal ions such as Zn(II) (as ZnSO4), Cu(Il) (as CuSOy4), Cd(II) (as
CdSOg), Ni(II) (as NiSOy), Fe(IlI) (as FeCl,), Pb(II) (as PbCl, ), Hg(II)
(as HgCly), Cr(VI) (as K3CrO4) and Cr(IIT) (as CrCl3) each at 2 wM on
malathion detection by the present biosensor. The results as shown
in Fig. 5C, represents the percentage of inhibition. Hg(II) exhibited
40% effect on inhibition similar to earlier reports (Arduini et al.,
2005, 2011), while Cr(VI) showed only 15% effect on inhibition. This
inhibition was probably due to reaction of thiocholine and metals
but not with active site of enzyme.

3.13. Storage stability and reproducibility of biosensor

The modified electrode lost 50% of its initial current response,
when stored at 4°C for 60days, which is better than that for
earlier biosensors (Supplementary Table). Thus, nanocomposites
were very efficient for retaining the activity of immobilized
AChE and preventing it from leaking out of the electrode. The
fabrication reproducibility of biosensor was estimated for deter-
mination of 50nM malathion at three different electrodes for
10 min. The coefficient of variation was found to be 2.7%, which is
acceptable.

4. Conclusion

The use of Pin5COOH/ZnS nanocomposites modified Au elec-
trode has resulted into an improved analytical performance of
acetylcholinesterase (AChE) biosensor for detection of OP com-
pounds in terms of low working potential (+0.2V vs. Ag/AgCl),
high sensitivity, wide linear range (0.1-50nM and 1.5-40 nM for
malathion and chlorpyrifos respectively) and low detection limit

(0.1 and 1.5 nM). The biosensor could be used for the direct deter-
mination of pesticides in real samples e.g. soils extract, vegetables,
milk and water.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bios.2011.07.070.
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