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Mercaptobenzothiazole-on-gold organic phase biosensor
systems: 1. Enhanced organosphosphate pesticide
determination

V. SOMERSET!, P. BAKER? and E. IWUOHA?

' Natural Resources and the Environment (NRE ), Council for Scientific and Industrial Research (CSIR), Stellenbosch, South Africa
2SensorLab, Department of Chemistry, University of the Western Cape, Bellville, South Africa

This paper reports the construction of the gold/mercaptobenzothiazole/polyaniline/acetylcholinesterase/polyvinylacetate (Au/
MBT/PANI/AChE/PVAc) thick-film biosensor for the determination of certain organophosphate pesticide solutions in selected
aqueous organic solvent solutions. The Au/MBT/PANI/AChE/PVAc electrocatalytic biosensor device was constructed by encap-
sulating acetylcholinesterase (AChE) enzyme in the PANI polymer composite, followed by the coating of poly(vinyl acetate) (PVAc)
on top to secure the biosensor film from disintegration in the organic solvents evaluated. The electroactive substrate called acetylth-
iocholine (ATCh) was employed to provide the movement of electrons in the amperometric biosensor. The voltammetric results have
shown that the current shifts more anodically as the Au/MBT/PANI/AChE/PVAc biosensor responded to successive acetylthio-
choline (ATCh) substrate addition under anaerobic conditions in 0.1 M phosphate buffer, KCI (pH 7.2) solution and aqueous organic
solvent solutions. For the Au/MBT/PANI/AChE/PVAc biosensor, various performance and stability parameters were evaluated.
These factors include the optimal enzyme loading, effect of pH, long-term stability of the biosensor, temperature stability of the
biosensor, the effect of polar organic solvents, and the effect of non-polar organic solvents on the amperometric behavior of the
biosensor. The biosensor was then applied to detect a series of 5 organophosphorous pesticides in aqueous organic solvents and the
pesticides studied were parathion-methyl, malathion and chlorpyrifos. The results obtained have shown that the detection limit values
for the individual pesticides were 1.332 nM (parathion-methyl), 0.189 nM (malathion), 0.018 nM (chlorpyrifos).

Keywords: Organic phase biosensor; polyaniline; mercaptobenzothiazole; acetylcholinesterase; organophosphorous pesticides;

parathion-methyl; malathion; chlorpyrifos.

Introduction

The agricultural industry has seen decades of use of
organophospohorous pesticides (OPs) despite the toxic and
hazardous nature of these compounds and the fact that
these compounds have been used as chemical warfare agents
in military applications. The toxic effects of OPs occurs
due to their ability to irreversibly modify the catalytic ser-
ine residue in acetylcholinesterases (AChE) and subsequent
inhibition of the AChE effectively prevents nerve transmis-
sion by blocking breakdown of the transmitter choline.!' =3

The effect of OPs on the environment can be quite se-
vere. Among all the different types of environmental pollu-
tants monitored to date, pesticides are of relevant concern
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since they have a high toxicity and are still frequently used.
Organophosphorous pesticides are widely used for agricul-
tural and domestic purposes, but despite their low persis-
tence in the environment, they have a high acute toxicity
to human health and ecosystems. In agriculture these in-
secticides are used to control amongst others insect and
arthropod pests on crops of grains, nuts, cottons and fruits.
The point source discharges of OPs have been found to be
responsible for aquatic life toxicity. The detection of these
pesticides has therefore become a priority since the pres-
ence of OPs in natural waters and in foodstuffs is a major-
concern for public health.[!-4

Several standard methods have been traditionally used
for pesticide detection and they include gas chromatog-
raphy (GC) with different detectors (e.g. mass spectrom-
etry in GC-MS), high performance liquid chromatogra-
phy (HPLC) and HPLC coupled with mass spectrometry
(HPLC-MS) or UV detection (HPLC-UV).[1:4-¢]

The standard methods have certain disadvantages that
include the following. They require long assay time and may
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be restricted to a limited number of pesticides. The meth-
ods are also known to be expensive and quite laborious re-
quiring labor-intensive preparation of samples and skilled
personnel. An alternative to the standard techniques is the
use of biosensors as an analytical tool for pesticide determi-
nation since it has good selectivity, fast response, miniature
size sensors for on-site analysis, low cost, requires no sample
pre-treatment, and delivers reproducible results.[!-4=¢

Some basic principles apply to the functioning of an
AChE biosensor. The AChE enzyme is first immobilized
on the working electrode surface, using either direct or in-
direct immobilization techniques. In direct immobilization
techniques, the enzyme can be incorporated in the carbon
paste used for the working electrode surface.””! Using an in-
direct approach, physical entrapment of the enzyme is done
by incorporating the enzyme in a polymer matrix such as
polyaniline (PANI) that will act as an electron shuttling
mediator between the electrode surface and the enzyme.®!
The next step involves the use of the appropriate substrate
such as acetylthiocholine (ATCh) that forms an electro-
active product called thiocholine (TCh) in its interaction
with AChE. Thiocholine produces an irreversible oxidation
peak that can be monitored in the biosensor’s inhibition by
OPs, since the inhibition produces a decline in the oxidation
current of TCh.[>46]

In this paper, we describe the application of a
mercaptobenzothiazole-on-gold biosensor system for
organophosphate pesticide compounds. The aim of this
work was to improve the detection limit of organophos-
phorous insecticides with an AChE biosensor, applied to
various water miscible organic solvents. The activity of the
AChE immobilized in the biosensor construction was mea-
sured by amperometry based on the detection of thiocholine
produced in the enzymatic hydrolysis of acetylthiocholine
as substrate. The biosensor study was carried out in aque-
ous organic media to ascertain the role of organic phase
on the reactivity of the enzyme and the performance of the
biosensor.

Materials and methods

Reagents and materials

The reagents aniline (99%), potassium dihydrogen phos-
phate (99+%), disodium hydrogen phosphate (98+%)
and diethyl ether (99.9%) were obtained from Aldrich,
Germany. The acetylthiocholine chloride (99%) was ob-
tained from Sigma, Germany. The mercaptobenzothiazole
(MBT), acetylcholinesterase (AChE, from Electrophorus
electricus, EC 3.1.1.7; ~ 850 U/mg), acetylcholine chloride
(99%) and acetone (>99.8%, pestanal) were obtained from
Fluka, Germany. The hydrogen peroxide (30%) and the
organic solvents ethanol (99.9%, absolute grade), acetoni-
trile (99.9%, pestanal grade) were purchased from Riedel-
de Haén, Germany. The potassium chloride, sulphuric
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acid (95%), and hydrochloric acid (32%) were obtained
from Merck, South Africa. Organophosphorous pesticides
used in this study include fenthion, diazinon, chlorpyrifos,
malathion and parathion-methyl. These pesticide standards
were purchased from Riedel-de Haén, Germany.

Platinum (Pt) wires as counter electrodes were obtained
from Sigma-Aldrich, South Africa. Alumina micropolish
and polishing pads that were used for the polishing of the
working electrode were obtained from Buehler, IL, USA 1%

Instrumentation

All electrochemical protocols were performed and recorded
with a computer interfaced to a BAS-50/W electrochemi-
cal analyzer with BAS-50/W software (Bioanalytical Sys-
tems, Lafayette, IN, USA), using either cyclic voltamme-
try (CV), Oysteryoung square wave voltammetry (OSWYV),
differential pulse voltammetry (DPV) or time-based am-
perometric modes. A conventional three-electrode system
was employed. The working electrode was a gold disc elec-
trode (diameter: 1.6 mm; area: 2.01 x 1072 cm?; Bioana-
lytical Systems, Lafayette, IN, USA). Silver/silver chloride
(Ag/AgCl-3 M NaCl type) was used as the reference elec-
trode and a platinum wire was used as auxiliary electrode.!!!]

Electrode surface preparation

Prior to use, gold electrodes were first polished on aque-
ous slurries of 1 um, 0.3 um and 0.05 um alumina powder.
After thorough rinsing in deionized water followed by ace-
tone, the electrodes were etched for about 5 minutes in a
hot ‘Piranha’ solution {1:3 (v/v) 30% H,O; and concen-
trated H,SO,4} and rinsed again with copious amounts of
deionized water. The polished electrodes were then cleaned
electrochemically by cycling the potential scan between -
200 and 4 1500 mV (vs. Ag/AgCl) in 0.05 M H,SOy at the
scan rate of 40 mV.s~! for 10 min or until the CV charac-
teristics for a clean Au electrode were obtained.

The platinum (Pt) counter electrode was regularly
cleaned before and after synthesis and in between synthe-
sis and analysis. This involved flaming the Pt electrode in
a Bunsen burner until it was white hot, followed by rinsing
with copious quantities of deionized water.!!~13]

Preparation of mercaptobenzothiazole self-assembled
monolayer on gold electrode

A self-assembled monolayer (SAM) of mercaptobenzoth-
iazole (MBT) was formed by immersing the cleaned Au
electrode into an ethanol solution containing 10 mM of
MBT for 2 hours. After deposition the SAM electrode was
rinsed extensively with ethanol and water and keptin 0.1 M
phosphate buffer (pH 7.2) for later use. This electrode was
then referred to as Au/MBT.l14-17]
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Electropolymerization of polyaniline ( PANI) films onto an
Au/ MBT electrode

A three-electrode arrangement was set up in a sealed 10 mL
electrochemical cell. Polyaniline (PANI) films were pre-
pared by electropolymerisation from a 0.2 M aniline so-
lution dissolved in 1 M hydrochloric acid (HCI) onto the
previously prepared Au/MBT-modified electrode. The ani-
line/HCI solution was first degassed by passing argon (Ar)
through the solution for approximately ten minutes and
keeping the Ar blanket during electropolymerization. Ini-
tial optimization of the potential window for electropoly-
merization was performed. During electropolymerization
the potential was scanned from an initial potential (£;) of
—200 mV to a switch potential (E;) of +1200 mV, at a
scan rate of 40 mV/s vs. Ag/AgCl as a reference. The poly-
merization process was stopped after 10 voltammetric cy-
cles, to ensure a smooth and relatively thin polymer film
surface was obtained. The Au/MBT-polyaniline modified
electrode was then rinsed with deionized water and used as
the working electrode in subsequent studies. The electrode
will be referred to as Au/MBT/PANI for the gold-MBT-
PANI modified.[315.18.19]

Preparation of Au/ MBT/ PANI modified enzyme electrode

Following the electropolymerisation of a fresh PANI poly-
mer film on an Au/MBT electrode, the Au/MBT/PANI
electrode was transferred to a batch cell, containing 1 mL
argon degassed 0.1 M phosphate buffer (pH 7.2) solution.
The PANI polymer film was then reduced at a potential of —
500 mV (vs. Ag/AgCl) until a steady current was achieved,
which took approximately thirty minutes.

Electrochemical incorporation of the enzyme acetyl-
cholinesterase (AChE) onto the PANI film was carried out
next. This involved the addition of 60 nwL of AChE to the
0.1 M phosphate buffer (pH 7.2) solution. After the en-
zyme solution was argon degassed, enzyme immobilization
was achieved by oxidation of the PANI film in the presence
of AChE at a potential of +400 mV (vs. Ag/AgCl) until
a steady current was achieved, which took approximately
forty minutes.

During the oxidation step, the enzyme AChE was electro-
statically attached to the polymer film via an ion-exchange
process. The biosensor was then rinsed with deionised water
to remove any unbound enzyme and stored in the working
0.1 M phosphate buffer (pH 7.2) solution at 4°C. The result-
ing biosensor will be referred to as Au/MBT/PANI/AChE
biosensor.

For the Au/MBT/PANI/AChAE bioelectrode, after en-
zyme incorporation the bioelectrode was arranged verti-
cally and then coated with a 2 L drop of poly(vinyl ac-
etate) (PVAc) solution (0.3 M) prepared in acetone and left
to dry for 1 min. The resulting biosensor will be referred to
as Au/MBT/PANI/AChE/PVAc biosensor.[10:11:18.19]

Somerset et al.

Electrochemical measurements using AChE-based
biosensors in the presence of acetylthiocholine as substrate

The electrochemical cell used for the electrocatalytic
oxidation of acetylthiocholine (ATCh) consisted of
Au/MBT/PANI/AChE/PVAc bioelectrode, platinum
wire and silver/silver chloride (Ag/AgCl) as the working,
counter and reference electrode, respectively. A 1 mL test
solution containing 0.1 M phosphate (0.1 M KCl, pH 7.2)
solution was degassed with argon before any substrate
was added and after each addition of small aliquots of
0.01 M acetylthiocholine (ATCh). Cyclic, square wave and
differential pulse voltammetry were used to measure the
responses of the AChE-based biosensor towards ATCh as
substrate.[13:20-221

Cyclic voltammetry (CV) was performed at a slow scan
rate of 10 mV.s™! to study the catalytic oxidation of ATCh
by applying a linear potential scan between —400 mV and
+1800 mV (vs. Ag/AgCl). The cyclic voltammogram was
first obtained in the absence of the substrate ATCh, fol-
lowed by analysis in the presence of ATCh as substrate.
Sequential 20 mL aliquots of 0.01 M acetylthiocholine
(ATCh) were then added to the 1 mL of 0.1 M phos-
phate buffer (0.1 M KCI, pH 7.2) solution, degassed with
argon and a blanket of gas was kept for the duration of
the experiment. The phosphate buffer solution was stirred
after each addition of ATCh. This was done to ensure
homogeneity of the solution before measurements were
taken. 118,191

Osteryoung-type square wave voltammetry (OSWYV) was
performed immediately after cyclic voltammetric analysis
with the AChE-based biosensor in 1 mL of 0.1 M phos-
phate buffer (0.1 M KCI, pH 7.2) solution, containing dif-
ferent concentrations of ATCh as the substrate under anaer-
obic conditions (system kept under an argon blanket). The
anodic difference square wave voltammogram (SWV) was
collected in an oxidation direction only by applying a lin-
ear potential scan between —400 mV and +1800 mV (vs.
Ag/AgCl), at a step potential of 4 mV, a frequency of 5 Hz,
and a square wave amplitude of 50 mV. The SWV was first
obtained in the absence of the substrate ATCh, followed by
analysis in the presence of ATCh as substrate.['!:2]

Differential pulse voltammetry (DPV) immediately fol-
lowed SWYV analysis with the AChE-based biosensor in 1
mL of 0.1 M phosphate buffer (0.1 M KCl, pH 7.2) solu-
tion, containing different concentrations of ATCh as the
substrate under anaerobic conditions (system kept under
an argon blanket). The anodic difference differential pulse
voltammogram (DPV) was collected in an oxidation di-
rection only by applying a linear potential scan between
—400 mV and +1800 mV (vs. Ag/AgCl), at a scan rate of
10 mV.s~! and a pulse amplitude of 50 mV. The sample
width, pulse width and pulse period were 17 ms, 50 ms and
200 ms, respectively. The DPV was first obtained in the ab-
sence of the substrate ATCh, followed by analysis in the
presence of ATCh as substrate.!!!-2]
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Inhibitory studies of AChE-based biosensors in the presence
of pesticide inhibitors

A new Au/MBT/PANI/AChE/PVAc biosensor was pre-
pared each time a new organophosphorous pesticide
was studied. A new biosensor was also prepared for
each of the six concentrations of the organophospho-
rous pesticides studied. The electrochemical cell consisted
of Au/MBT/PANI/AChE/PVAc bioelectrode, platinum
wire and Ag/AgCl as the working, counter and reference
electrode, respectively. A 1 mL test solution containing
0.1 M phosphate (0.1 M KCI, pH 7.2) solution was de-
gassed with argon before any substrate was added and after
each addition of small aliquots of 0.01 M acetylthiocholine
(ATCh).

Inhibition plots for each of the organophosphorous pes-
ticides detected were obtained using the percentage inhi-
bition method. The following procedure was used. The
biosensor was first placed in a stirred 1 mL of 0.1 M
phosphate (0.1 M KCI, pH 7.2) solution (anaerobic con-
ditions) and multiple additions of a standard acetylthio-
choline (ATCh) substrate solution was added until a stable
current and a maximum concentration of 2.4 mM were ob-
tained. This steady state current is related to the activity of
the enzyme in the biosensor when no inhibitor was present.
This was followed by incubating the biosensor in anaero-
bic conditions for 20 min with a standard pesticide phos-
phate buffer-organic solvent mixture. This was followed by
multiple additions of a standard ATCh substrate solution
(anaerobic conditions), to a fresh 1 mL of 0.1 M phosphate
(0.1 M KCl1, pH 7.2) solution (anaerobic conditions) and
multiple additions of a standard acetylthiocholine (ATCh)
substrate solution was again added, until a stable current
was obtained. The maximum concentration of acetylthio-
choline (ATCh) was again 2.4 mM. The percentage inhibi-
tion was then calculated using the formula:1>4~27]

_hi=h)
|

1%

x 100 (1)

where 1% is the degree of inhibition, /; is the steady-state
current obtained in buffer solution, 7, is the steady-state
current obtained after the biosensor was incubated for
20 min in phosphate buffer-organic solvent mixture.

Cyclic, square wave and differential pulse voltammetric
measurements were performed after each addition of ATCh
up to a maximum concentration of 2.4 mM. Cyclic voltam-
metry (CV) was performed at a scan rate of 10 mV.s™! by
applying a linear potential scan between —400 mV and
+1800 mV (vs. Ag/AgCl). For some experimental runs the
anodic difference square wave voltammogram (SWYV) was
collected in an oxidation direction only by applying a lin-
ear potential scan between — 400 mV and + 1800 mV (vs.
Ag/AgCl), at a step potential of 4 mV, a frequency of 5 Hz,
and a square amplitude of 50 mV.

The anodic difference differential pulse voltammogram
(DPV) was collected in an oxidation direction only by ap-
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plying a linear potential scan between — 400 mV and + 1800
mV (vs. Ag/AgCl), at a scan rate of 10 mV.s~! and a pulse
amplitude of 50 mV. The sample width, pulse width and
pulse period were 17 ms, 50 ms and 200 ms, respectively.!!1-2!

Optimisation of acetylcholinesterase (AChE) enzyme
loading

The operation of the Au/MBT/PANI/AChE/PVAc
biosensor was evaluated at different amounts of AChE en-
zyme incorporated into the biosensor. To achieve this, 0.1 M
phosphate buffer, 0.1 M KCI (pH 7.2) solutions were pre-
pared and used. Following the electropolymerisation of a
fresh PANI polymer film on an Au/MBT electrode, the
Au/MBT/PANI electrode was transferred to a batch cell,
containing 1 mL argon degassed 0.1 M phosphate buffer
(pH 7.2) solution. The PANI polymer film was then re-
duced at a potential of —500 mV (vs. Ag/AgCl) until a
steady current was achieved, which took approximately
thirty minutes.

Electrochemical incorporation of the enzyme acetyl-
cholinesterase (AChE) onto the PANI film was carried out
next. This involved the addition of 40 L. of AChE to the
0.1 M phosphate buffer (pH 7.2) solution. After the en-
zyme solution was argon degassed, enzyme immobilization
was achieved by oxidation of the PANI film in the pres-
ence of AChE at a potential of +400 mV (vs. Ag/AgCl)
until a steady current was achieved, which took approx-
imately forty minutes. The Au/MBT/PANI bioelectrode
was arranged vertically and then coated with a 2 uL drop
of poly(vinyl acetate) (PVAc) solution (0.3 M) prepared in
acetone and left to dry for 1 min.. The same procedure was
followed to incorporate 60 and 80 uL of AChE enzyme into
the PANI polymer surface.

Voltammetric characterization was performed at a slow
scan rate of 10 mV.s™! to study the catalytic oxidation of
ATCh by applying a linear potential scan between —400 mV
and +1800 mV (vs. Ag/AgCl). The voltammograms were
first obtained in the absence of the substrate ATCh, fol-
lowed by analysis in the presence of ATCh as substrate.
Sequential 20 mL aliquots of 0.01 M acetylthiocholine
(ATCh) were then added to the 1 mL of 0.1 M phosphate
buffer (0.1 M KCIl, pH 7.2) solution, degassed with argon
and a blanket of gas was kept for the duration of the exper-
iment. The phosphate buffer solution was stirred after each
addition of ATCh. This was done to ensure homogeneity
of the solution before measurements were taken.>’2%l

PH Optimization for acetylcholinesterase (AChE)
immobilized in Au/ MBT/PANI/ AChE biosensor

The operation of the Au/MBT/PANI/AChE/PVAc
biosensor was evaluated at different pH values. To achieve
this, 0.1 M phosphate buffer, 0.1 M KCl solutions were pre-
pared at different pH values of 6.0; 6.5; 7.2; 7.5 and 8.0.
A 1 mL test solution containing 0.1 M phosphate buffer,
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0.1 M KCI solution was degassed with argon before any
substrate was added. The Au/MBT/PANI/AChE/PVAc
biosensor was then evaluated in the 1 mL test solution
with small aliquots of the substrate consisting of 0.01 M
acetylthiocholine (ATCh) being added to the test solution,
followed by degassing. The maximum current response of
the biosensor was then obtained at the different pH val-
ues after 2 mM of the ATCh substrate was added to the
Au/MBT/PANI/AChE/PVAc biosensor.1?>242]

Long-term stability investigation of
Au/ MBT/ PANI/ AChE biosensor

The operation of the Au/MBT/PANI/AChE/PVAc
biosensor was evaluated at different time intervals of 7 day
periods for a total of 30 days, using one specific biosensor.
A 1 mL test solution containing 0.1 M phosphate buffer,
0.1 M KCI solution was degassed with argon before any
substrate was added. The Au/MBT/PANI/AChE/PVAc
biosensor was then evaluated in the 1 mL test solution with
small aliquots of the substrate consisting of 0.01 M acetylth-
iocholine (ATCh) added to the test solution, followed by
degassing. The maximum current response of the biosen-
sor was then obtained after 2 mM of the ATCh substrate
was added to the Au/MBT/PANI/AChE/PVAc biosen-
sor. This procedure was performed on 0, 7, 14, 21 and
28 days using one specific Au/MBT/PANI/AChE/PVAc
biosensor.[?4

Temperature stability investigation of
Au/MBT/PANI/ AChE biosensor

The temperature stability of the Au/MBT/PANI/
AChE/PVAc biosensor was evaluated at different temper-
ature values. To achieve this, the optimum temperature for
ACHhE activity in the constructed biosensor was determined
by assaying the biosensor at various temperatures of 10, 15,
20, 25, 30, and 35°C.

A 1 mL test solution containing 0.1 M phosphate buffer,
0.1 M KCI solution was degassed with argon before any
substrate was added, and incubated in a small water bath
for approximately 10 minutes at a specific temperature. The
Au/MBT/PANI/AChE/PVAc biosensor was then evalu-
ated in the 1 mL test solution with small aliquots of the
substrate consisting of 0.01 M acetylthiocholine (ATCh)
added to the test solution, followed by degassing. The
maximum current response of the biosensor was then ob-
tained after 2 mM of the ATCh substrate was added to the
Au/MBT/PANI/AChE/PVAc biosensor. This procedure
was performed at 10, 15, 20, 25, 30, and 35°C using different
Au/MBT/PANI/AChE/PVAc biosensors.[3%31]

Determination of the Limit of Detection (LOD)

A 1 mL test solution containing 0.1 M phosphate buffer,
0.1 M KCI solution was degassed with argon before any

Somerset et al.

substrate was added. The AChE-biosensor was then eval-
uated in the 1 mL test solution by performing 10 replicate
measurements on the 0.1 M phosphate buffer, 0.1 M KCl
solution, or on any one of the analyte (standard pesticide)
solutions at the lowest working concentration. A calibra-
tion graph of current (A) versus saline phosphate buffer or
analyte concentration was then constructed for which the
slope and the linear range was then determined. The limit
of detection (LOD) was then calculated with the following
equation:

3.0p1 3
Lop=2"91_2"3 )
m m

where s is the standard deviation of the 10 replicate mea-
surements on the 0.1 M phosphate buffer, 0.1 M KClI so-
lution, or on any one of the analyte (standard pesticide)
solutions at the lowest working concentration. The vari-
able m represents the slope of the calibration graph in the
linear range that is also equal to the sensitivity of the mea-
surements performed.!’!

Results and discussion

Design of an Au/ MBT/ PANI/ AChE/ PVAc biosensor
Sfor pesticide detection

In this work it is demonstrated that a gold disc electrode
can be coated with a mercaptobenzothiazole (MBT) self-
assembled monolayer (SAM) prior to polyaniline elec-
tropolymerization, followed by AChE immobilization and
poly (vinyl acetate) coating to create a thick film electrode
for sensitive organophosphorous pesticide detection. The
dual role of polyaniline, which shows electrocatalytic ac-
tivity towards thiocholine and serves as an immobilization
matrix for the AChE as an enzyme and that of poly (vinyl
acetate) (PVAc) as a binder in this thick-film electrode is
demonstrated.

Different technologies exist to develop thick-film
biosensors for pesticide detection.[?:?432] These differ-
ent technologies can be divided into three categories: (i)
multiple-layer deposition with biological deposition by
hand or electrochemically, (ii) using screen-printing tech-
niques of composite inks or pastes in two or more steps
with biological deposition done by screen-printing, (iii) us-
ing a one-step deposition layer also called the biocomposite
strategy. One of the main aims of this work was to develop
an electrode which can be exposed to organic solutions
containing potential inhibitors without having the polymer
layer after separating from the electrode surface after use
thereby using poly(vinyl acetate) as the binder to circum-
vent this problem. Cellulose acetate is known to be used as
a synthetic resin in screen-printing inks to improve printing
qualities or as a selective membrane over platinum anodes
to reduce interferences.[3% 34
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The detection of pesticides in non-aqueous environments
has been reported but few publications refer to the use
of immobilized AChE biosensors in non-aqueous media.
Organophosphorous and carbamate pesticides are charac-
terized by a low solubility in water and a higher solubility
in organic solvents. It is for this fact that the extraction and
concentration of pesticides from fruits, vegetables, etc. are
carried out in organic solvents. It is known that some en-
zymes, e.g. glucose oxidase, work well in both water and
organic solvents, while other enzymes require a minimum
amount of water to retain catalytic activity. To circumvent
the problem of hydrophilic solvents stripping the enzymes
of essential water of hydration necessary for enzymatic ac-
tivity, it is recommended that 1-10% water be added to the
organic solvent for sufficient hydration of the active site of
the enzyme.126:35-381

Polyaniline (PANI) was used as a mediator in this biosen-
sor construction to harvest its dual role as immobilization
matrix for AChE and use its electrocatalytic activity to-
wards thiocholine (T'Ch) for amperometric sensing. With
that in mind, the following amperometric sensor design and
mechanism is proposed and explained.

In Figure 1 the schematic representation for the biosen-
sor reaction taking place is presented. In Figure 1 it can
be seen that as acetylthiocholine (ATCh) is catalyzed by
acetylcholinesterase (AChE), it forms thiocholine (TCh)
and acetic acid. Thiocholine is electroactive and is oxidized
in the reaction. In return the conducting PANI polymer
reacts with thiocholine and also accepts an electron from
mercaptobenzothiazole as it is oxidized through interaction
with the gold electrode.l’!

Substrate evaluation of AChE-polyaniline biosensor in
0.1 M phosphate buffer (pH 7.2) saline solution

In Figure 2 the DPV responses of the Au/MBT/PANI/
AChE/PVAc biosensor for the successive addition of ATCh
substrate toa 0.1 M phosphate buffer, KCI (pH 7.2) solution
is shown.

+PVAc
PANI® TCh (o +2 H' :
; PANI® ‘

AChE-Ser-OH
[AChE]

mMBT

Pesthlde
Inhibition

Fig. 1. The  schematic  representation of  the
Au/MBT/PANI/AChE/PVAc biosensor reaction occurring at
the gold SAM modified electrode.[*2”]
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Fig. 2. DPV responses for successive ATCh substrate addition to
the Au/MBT/PANI/AChE/PVAc biosensor in 0.1 M phosphate
buffer, KCI (pH 7.2) solution at a scan rate of 10 mV.s~!, and in
a potential window of +500 to +1200 mV.

The DPYV results in Figure 2 are shown in a shorter po-
tential window to highlight the observed increase in anodic
peak current. The results show the voltammetric responses
for the electrocatalytic oxidation of acetylthiocholine at
the Au/MBT/PANI/AChE/PVAc biosensor. The DPV re-
sponses shows an increase in peak current heights upon the
successive additions of ATCh as substrate, with the results
more pronounced around a specific potential.

The peak current, Ipedk, for specific concentrations of the
ATCh substrate added in Figure 2 was —1.737 x 107¢ A
for 0.0 mM of ATCh added, followed by —1.992 x 10~ A
for 0.8 mM of ATCh, then —2.314 x 10~° A was obtained
for 1.6 mM of ATCh added, while it was —2.448 x 107 A
for the highest concentration of 2.4 mM of ATCh added.
These results clearly indicated that a biosensor was es-
tablished and that AChE as enzyme was hydrolyzing the
substrate ATCh, with the increase in oxidative current as
the preferred route of reaction.!

Optimal acetylcholinesterase (AChE) enzyme loading
of Au/ MBT/ PANI/ AChE/ PVAc biosensor

The amount of enzyme incorporated during the biosensor
construction is an important element during construction
and it affects the sensor’s limit of detection. If the aim of the
biosensor is to achieve the lowest possible detection, only a
minimum amount of enzyme must be used.?~41

In Figure 3 the results for the amperometric responses of
the Au/MBT/PANI/AChE/PVAc biosensor to different
amounts of the enzyme AChE incorporated into the biosen-
sor is shown.

Since the enzyme AChE was incorporated into the PANI
polymer matrix by adsorption at fixed potential, different
amounts of the enzyme was dissolved in a 1 mL of 0.1 M
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Fig. 3. The amperometric responses of the AChE biosensor to dif-
ferent amounts of enzyme incorporated into the biosensor. These
responses were measured in a 0.1 M phosphate buffer, KCI (pH
7.2) solution at 25°C.

phosphate buffer (pH 7.2) solution. From the results in Fig-
ure 3 it can be seen that the biggest increase in current for
the successive addition of ATCh substrate, was experienced
when the biosensor had 60 uL of AChE dissolved in 1 mL
of 0.1 M phosphate buffer (pH 7.2) solution. The results
obtained when 80 L of AChE was used, does not show
a very big difference in the current response when com-
pared to the use of 60 uL of AChE. In both these cases it
is observed that the biosensor response to ATCh substrate
addition starts to level off after 1.0 mM of the substrate has
been added. When the results for the use of 60 and 80 L
of AChE is compared to that of the 40 uL of AChE, a big
difference in the amperometric response was observed, with
the current increasing in several magnitudes. When a small
amount of enzyme is incorporated into the biosensor, a very
small response in anodic current was thus observed. There-
fore, optimal enzyme loading is important and should be
optimized as it has an effect on the detection limit of the
constructed biosensor.[*!

PH effect on the immobilized AChE in
Au/MBT/PANI/ AChE/ PVAc biosensor

The pH value of the working solution is usually regarded
as the most important factor in determining the perfor-
mance of a biosensor and its sensitivity towards inhibitors.
It is thus a rule that the pH maximum of the enzyme activ-
ity is evaluated as most appropriate for the substrate and
inhibitor determination. And there is agreement that the
pH-dependence of the observed inhibiting effect often cor-
responds to that of the response of a biosensor.[4%-42]

It is for this reason that the operation of the biosensor was
evaluated at different pH values. Other researchersl3’-4344l
have shown that the optimal working pH for the

Somerset et al.
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Fig. 4. Graph displaying the effect of pH on the
Au/MBT/PANI/AChE/PVAc biosensor in 0.1 M phos-
phate buffer, KCl (pH 7.2) solution with 2 mM of ATCh
added.

cholinesterases is near 7.5 but it depends on the polymer
matrix used for enzyme immobilization, although working
pH values between 8 and 9 have also been reported.*¥ In
Figure 4 the results for the investigation into the effect of
different pH values on the working of the Au/MBT/PANI/
AChE/PVAc biosensor is displayed.

The Au/MBT/PANI/AChE/PVAc biosensor was eval-
uated at pH values of 6.0; 6.5; 7.2; 7.5 and 8.0 in a 1 mL
of 0.1 M phosphate buffer (pH 7.2) solution, to which a
total of 2 mM of ATCh substrate was added. The results
obtained are shown in Figure 4 indicating that the highest
anodic current was obtained at pH = 7.2, while the result
for pH = 7.5 is nor far off. The response profile thus indi-
cate that an optimum pH can be obtained between 7.0 and
7.5, which falls within the range reported in literaturel*>4l
for the optimum pH of the free enzyme activity in solution.
The results further illustrate that enzyme incorporated in
the Au/MBT/PANI/AChE/PVAc biosensor was easily ac-
cessed by the buffer solution and the acetylthiocholine used
as substrate in the buffer solution.P!

Long-term stability determination of
Au/MBT/PANI/ AChE/ PVAc biosensor

The Au/MBT/PANI/AChE/PVAc biosensor that was
prepared under optimum conditions was tested at 25°C
to determine the long-term stability of the biosensor. The
biosensor was stored at 4°C for a length of approximately
30 days and the biosensor was tested every 7 days by adding
the substrate ATCh to a 1 mL of 0.1 M phosphate buffer,
KCI (pH 7.2) solution, containing the biosensor, and mea-
suring the current at every addition. The results obtained
for the successive addition of the substrate to the biosensor
on 0, 7, 14, 21 and 28 days are displayed in Figure 5.
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Fig. 5. Graph displaying the results for the long-term stability of
the Au/MBT/PANI/AChE/PVAc biosensor in 0.1 M phosphate
buffer, KCI (pH 7.2) solution at 25°C, for successive additions of
the ATCh substrate.

The results in Figure 5 show that the biosensor responses
reach a maximum current within the first 0.4 to 1.1 mM of
substrate added to the biosensor. After 1.1 mM of sub-
strate added it reaches a plateau and minimum changes in
the current is observed. The results further indicate a grad-
ual decrease in the first 21 days, with a bigger difference
in current observed on the 28th day of biosensor response
measured. On the first day of analysis, the maximum current
(Imax) for the biosensor was measured at —6.234 x 1076 A,
while on the 28th day after construction the biosensor re-
sponse at Iy was —4.957 x 1076 A. The difference in cur-
rent response on the 28th day was 20% of the initial value.
In the work done by Sen et al. ! a polyvinylferrocenium
modified Pt electrode was constructed and the ampero-
metric response of the biosensor to choline and acetyl-
cholinesterase was measured, indicating that the enzyme
electrode responses gradually decreased in the first 25 days.

During the long-term stability studies of the Au/MBT/
PANI/AChE/PVAc biosensor, a total of four measure-
ments were made with the biosensor on a specific day to
determine any variation in the readings obtained. This was
further done to determine the operational stability of the
biosensor during the long-term stability testing. The results
obtained for the maximum current (/,,¢) of the four read-
ings taken on a specific day, are displayed in Figure 6.5

The results shown in Figure 6 indicate first that there
was some variation in the readings obtained on a specific
day, but the deviation is relatively small indicating that the
biosensor was stable during the period of investigation. The
results in the graph also shows that during the first 7 days
of construction, the values of I,,x obtained are relatively
close at the same maximum current, while there is a drop
in the current at day 14, which on the other hand was rela-
tively close to the maximum current obtained after 21 days
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Fig. 6. Graph of variation in maximum current (Iax) Vs.
days in long-term stability determination (n = 4) of the
Au/MBT/PANI/AChE/PVAc biosensor in 0.1 M phosphate
buffer, KCI (pH 7.2) solution at 25°C, for 2.0 mM of ATCh added.

of construction. After 28 days there was a drop in the maxi-
mum current of the biosensor during analyses, which agree
with the results shown in Figure 5.1

Temperature stability investigation of
Au/MBT/PANI/ AChE/ PVAc biosensor

Another critical factor in the determination of the activ-
ity and stability of a biosensor, is the temperature at which
measurements are performed.[*>43471 The response of the
Au/MBT/PANI/AChE/PVAc biosensor to successive ad-
ditions of the substrate ATChin a 1 mL of 0.1 M phosphate
buffer, KCI (pH 7.2) solution, was determined at differ-
ent temperatures varying from 10 to 35°C. In Figure 7 the
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Fig. 7. Graph displaying the effects of temperature on the activity
of the enzyme in the Au/MBT/PANI/AChE/PVAc biosensor in
0.1 M phosphate buffer, KCI (pH 7.2) solution.
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results obtained for the response of the enzyme AChE at
different temperatures are shown.

The results in Figure 7 show that for the six temperatures
investigated, maximum current (/,,x) was reached within
0.6 to 1.0 mM of ATCh substrate added, indicating that
the enzyme AChE responded favorably to most tempera-
tures evaluated. The activity of the immobilized enzyme
reached a maximum at 25°C, with the highest current ob-
tained at this temperature. At the low temperatures of 10,
15 and 20°C, it was observed that the activity of the enzyme
was relatively similar during the first 0.5 mM of ATCh sub-
strate added. On the other hand, the higher temperatures of
30 and 35°C gave mixed results with the activity of the en-
zyme high at 35°C, while the lowest activity was obtained
for 30°C. At 15°C, it was observed that after maximum
current was reached at 0.6 mM of substrate added, there
was a big decrease in the activity of the enzyme, which can
be attributed to denaturation of the enzyme. At none of
the other temperatures investigated, the same effect was
observed.P!

The effect of polar organic solvents on the amperometric
behavior of the biosensor

It is known that organic solvents can induce extensive
changes in the activity and specificity of an enzyme. This is
because the enzyme’s structure and reactivity depends on
several non-covalent interactions in the biocatalyst, which
includes hydrogen bonding, ionic, hydrophobic, and van
der Waals interactions. Enzymes have further evolved to
maintain their structural stability in aqueous medium, but
organic solvents are known to disrupt the abovementioned
forces of interaction in the enzyme, causing changes in
the kinetic and thermodynamic behavior of the enzyme.[*¥]
Any changes that occur in solvent hydrophobicity, dielectric
constant and water content of the reaction medium, affect
the ability of enzymes to use their free energy of binding
with a substrate, leading to changes in substrate specificity
and reactivity.*®%l The solvents media that can be used for
biosensing can be classified into two groups, i.e. anhydrous
organic media and water-containing media. In the case of
anhydrous organic media, it refers to pure solvents or a mix-
ture of pure organic solvents that may be polar or non-polar
in nature. On the other hand, water-containing organic me-
dia consist of micro-aqueous systems, water-organic sol-
vent mixtures, water and immiscible organic solvent bipha-
sic systems and reverse micellar solutions.**3% The term
micro-aqueous reaction media are associated with the non-
polar organic solvents that are immiscible with water. Since
it is known that enzymes generally require essential water of
hydration for activity, it is essential that non-polar solvents
be saturated with water before they are used as reaction
media for biosensing. These systems will contain a water
content that is very insignificant when compared to the wa-
ter content of organic solvents, and it depends on the ability
of the solvent to absorb water. Since the so-called anhydrous
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aqueous systems require a minimum amount of water for
enzyme activity, it is more suitable to refer to such a sys-
tem as a micro-aqueous solution.®3!1 In the case of polar
organic solvents, they can be used as systems that contain
some amount of water. The hydration of polar solvents en-
sures that the flexibility, structure and local dielectric con-
stant of the enzyme redox site environment, stay as much
as possible, unaltered. If the effect of increased solvent po-
larity occurs, it will weaken the electrostatic forces in the
enzyme, which will lead to water partitioning out of the
enzyme into the bulk solvent. Therefore, biosensors exhibit
much greater reactivity in the presence of polar organic sol-
vents that contain some amount of water.[*]

The effect of organic solvents on the activity of AChE
in the constructed Au/MBT/PANI/AChE/PVAc biosen-
sor has been studied in the presence of polar organic
solvents containing a 0-10% aqueous solution of water.
The polar organic solvents used in this study includes
acetonitrile, acetone and ethanol. The response of the
Au/MBT/PANI/AChE/PVAc biosensor was first mea-
sured in a 0.1 M phosphate buffer, KCI (pH 7.2) solu-
tion, in the presence of a fixed concentration of ATCh. The
biosensor was thereafter incubated for 20 minutes in an
aqueous-solvent mixture or the pure organic solvent. The
response of the Au/MBT/PANI/AChE/PVAc biosensor
was then again measured in a 0.1 M phosphate buffer, KCI
(pH 7.2) solution, in the presence of a fixed concentration
of ATCh. The results of the two respective measurements
were then used to calculate the percentage inhibition using
the formula.!

(I — D)

1% = x 100 3)

where 1% is the degree of inhibition, /; is the steady-state
current obtained in buffer solution after the addition of
ATCh substrate, and I, is the steady-state current obtained
after the AChE biosensor was incubated for 20 minutes in
the organic solvent. In Figure 8 the results obtained for the
inhibition of AChE in the Au/MBT/PANI/AChE/PVAc
biosensor after 20 minutes of incubation in (a) 10% water-
organic solvent mixture, (b) 5% water-organic solvent mix-
ture, and pure organic solvent are shown.!’!

From the results in Figure 8 it can be seen that for the
three different 10% water-organic solvent mixtures investi-
gated, the lowest decrease in catalytic activity of AChE was
observed in acetone, compared to acetonitrile and ethanol.
For the 5% water-organic solvent mixtures, ethanol had the
lowest decrease on the catalytic activity of AChE, while in
the pure polar organic solvent it was observed that ethanol
had again the lowest decrease on the catalytic activity of
AChE.PI
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Fig. 8. Results obtained for the inhibition of AChE in the Au/MBT/PANI/AChE/PVAc biosensor after 20 minutes of incubation
in (a) 10% water-organic solvent mixture, (b) 5% water-organic solvent mixture, and pure organic solvent. The ATCh concentration

was 2.0 mM.

Results for the water-organic solvent mixture investigations

The results for the 10% water-organic solvent mixture in
Figure 8 also show that the highest decrease in the cat-
alytic activity of AChE was observed when the biosensor
was exposed to acetonitrile, while the lowest decrease was
observed in acetone. If one looks at the use of organic sol-
vents in biocatalysis, research have shown that enzymes have
a high activity in hydrophobic solvents that have a log P
value greater than 4. On the other hand, enzyme activity
will be low in hydrophilic solvents with a log P value less
than 2, where P is the octanol/water partition coefficient of
a specific organic solvent.!'’l The log P values of the polar
solvents used in this study are —0.33, —0.23 and —0.24 for
acetonitrile, acetone and ethanol respectively.’?! Since the
log P values of the above three solvents are less than 2, it
was expected that the AChE activity will not be high since
the solvents are hydrophilic. The effect of adding 10% wa-
ter to keep the active center of the AChE enzyme hydrated
during the biosensor studies, help to show that only 10%
inhibition of the AChE catalytic activity was observed in
acetone.l’!

The results for the 5% water-organic solvent mixture
show that the highest inhibition experienced by AChE as en-
zyme in the Au/MBT/PANI/AChE/PVAc biosensor was
in acetonitrile as solvent, while the lowest inhibition was ex-
perienced in ethanol. Since the enzyme was incubated in 5%
water-organic solvent mixtures, a higher degree of inhibi-
tion was seen from the results when compared to that of the
10% water-organic solvent mixtures. This can be attributed
to the fact that less water was used in the water-organic
solvent mixtures under discussion, as compared to the first
results reported. When 5% water-organic solvent mixtures
were used, the lowest inhibition observed was 10% for ace-
tone, while for the 10% water-organic solvent mixtures, the
lowest inhibition observed were 33% for ethanol.’]

The results obtained for the exposure of the enzyme to
pure organic solvents showed higher degrees of inhibition.
When these results were compared to that of the water-
organic solvent mixtures, it is observed that the highest in-
hibiting effect on the enzyme AChE, was experienced when
the enzyme was exposed to the pure organic solvents. The
individual inhibition results obtained are 93% in acetoni-
trile, 96% in acetone and 77% in ethanol. The lowest per-
centage inhibition of the enzyme AChE was experienced in
ethanol, therefore suggesting that the assay of the pesticides
in pure ethanol solvent will deliver good results. It further
suggests that ethanol will be a good extraction organic sol-
vent, with the added effect of good solubility of ATCh and
pesticides in the solvent, eliminating the need to avoid the
inactivation effect of the solvent on biosensor response.>2!

A summary of the results obtained for the inhibition
of AChE as enzyme in the Au/MBT/PANI/AChE/PVAc
biosensor, is shown in Table 1.

The resultsin Table 1 indicate that a 90% aqueous-solvent
mixture of acetone and water gave the best results and the
smallest degree of inhibition of the electrocatalytic effect
of AChE in the Au/MBT/PANI/AChE/PVAc biosensor
investigated. The results obtained for the 95% aqueous-
solvent mixtures and the pure polar organic solvents clearly
indicate the solvent hydrating effect of the three solvent in-
vestigated increases as the amount of water is decreased.
These results are in line with the investigations reported
by Evtugyn et all*l on the presence of water and in the
enzyme’s active centre.l’!

Organophosphorous pesticide detection with
Au/MBT/PANI/ AChE/ PVAc biosensor

A new biosensor was prepared each time a new organophos-
phorous pesticide was studied since the pesticides inhibit
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Table 1. Summary of the results obtained for the percentage inhibition of the enzyme acetylcholinesterase (AChE) in the different

polar aqueous-solvent mixtures investigated.

% Inhibition of enzyme, AChE, in different solvent mixtures

Polar 90% aqueous- 95% aqueous- 100% pure
organic solvent Log P solvent mixture solvent mixture solvent
acetonitrile —0.33 41 63 93
acetone —0.23 10 47 96
ethanol —0.24 18 33 77

the enzyme AChE irreversibly (Albareda-Sirvent et al.
2001124,

Voltammetric results of Au/ MBT/PANI/ AChE/PVAc
biosensor analysis of organophosphates

In Figure 9 the DPV responses for the calibration of the
Au/MBT/PANI/AChE/PVAc biosensor to 2.4 mM of the
substrate ATCh before incubation and the respective re-
sponses obtained after incubation in different parathion-
methyl pesticide concentrations are shown.

The results in Figure 9 shows the voltammetric results
obtained after 2.4 mM of the substrate ATCh was added to
the AChE biosensor, as well as for the highest and lowest
standard pesticide concentrations used in the biosensor in-
hibition studies. The results show that after ATCh addition,
an anodic peak was obtained at approximately +1018.9 mV
(vs. Ag/AgCl). After incubation studies in different stan-
dard pesticide concentrations, the anodic peak potentials
had shifted to approximately +910.3 mV (vs. Ag/AgCl).
Furthermore, it was observed that there was a relatively
high decrease in anodic current after incubation in a 0.6
ppb parathion-methyl standard pesticide solution. This de-
crease was relatively smaller when the standard pesticide
concentration was increased to 10.0 ppb.F!

In Figure 10 the DPV responses for the calibration of
the Au/MBT/PANI/AChE/PVAc biosensor to 2.4 mM

oo~ 10.0 pph
206 o T
0.6 ppk

-4 .De-f
T
= 6.0e-B A

-3.0e-6 4

-1.0e-5 4

-1.2e-5 24 mh ATCh

1200 ID;JIJ SISD BISD
E (M%) ws AgiagCl

Fig. 9. Results for the DPV responses obtained after parathion-
methyl pesticide inhibition studies at different concentrations.

of the substrate ATCh before incubation and the respective
responses obtained after incubation in different malathion
pesticide concentrations are shown.

The results in Figure 10 indicate that an anodic peak was
obtained at approximately +1378.6 mV (vs. Ag/AgCl) af-
ter 2.4 mM of the substrate ATCh was added to the AChE
biosensor. A shiftin the peak potential values occurred after
the biosensor was incubated in the different malathion stan-
dard pesticide concentrations and was subjected to ATCh
substrate addition afterwards. For malathion as pesticide
a relatively bigger decrease in anodic current was observed
between the different pesticide concentrations evaluated.”!

In Figure 11 the DPV responses for the calibration of
the Au/MBT/PANI/AChE/PVAc biosensor to 2.4 mM
of the substrate ATCh before incubation and the respective
responses obtained after incubation in different chlorpyri-
fos pesticide concentrations are shown.

Figure 11 shows the voltammetric results obtained after
2.4 mM of the substrate ATCh was added to the AChE
biosensor, as well as for the highest and lowest standard
pesticide concentrations used in the biosensor inhibition
studies. The voltammetric results further show anodic peak
data around an average peak potential of +875.9 mV (vs.
Ag/AgCl). After incubation studies in different standard
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Fig. 10. Results for the DPV responses obtained after malathion
pesticide inhibition studies at different concentrations.
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Fig. 11. Results for the DPV responses obtained after chlorpyrifos
pesticide inhibition studies at different concentrations.

pesticide concentrations, the anodic peak current decreased
for 0.6 ppb of chlorpyrifos added, with a further decrease
in anodic current when the chlorpyrifos concentration was
10.0 ppb. The voltammetric results obtained for the analy-
sis of the organophosphorous standard pesticide solutions
with the Au/MBT/PANI/AChE/PVAc biosensor, indi-
cate that for the three different pesticides evaluated, the
electrocatalytic activity of the AChE enzyme is reduced as
the pesticide concentration is increased.!

Inhibition plots for standard samples evaluated

Inhibition plots for each of the organophosphorous pes-
ticides detected were obtained using the percentage inhibi-
tion method. This involved first placing the biosensor being
under a stirred 1 mL of 0.1 M phosphate (0.1M KCI, pH
7.2) solution (anaerobic conditions) and multiple additions
of a standard acetylthiocholine (ATCh) substrate solution
were added until a stable current and a maximum concen-
tration of 2.4 mM were obtained. This steady state current is
related to the activity of the enzyme in the biosensor when
no inhibitor was present. This was followed by incubat-
ing the biosensor in anaerobic conditions for 20 min with a
standard pesticide saline acetone-phosphate buffer mixture.
This was followed by multiple additions of a standard ATCh
substrate solution (anaerobic conditions), to a fresh ImL of
0.1 M phosphate (0.1M KCl, pH 7.2) solution (anaerobic
conditions) and multiple additions of a standard acetylthio-
choline (ATCh) substrate solution was again added, until
a stable current was obtained. The maximum concentra-
tion of acetylthiocholine (ATCh) was again 2.4 mM. The
percentage inhibition was then calculated.[3:24-26]

In Table 2 the results calculated for the percentage in-
hibition of the AChE enzyme after incubation in pesticide
solutions are shown.
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Table 2. Table of results for the percentage inhibition values ob-
tained at the six different organophosphorous pesticide concen-
trations investigated with the Au/MBT/PANI/AChE/PVAc
biosensor.

- IOg [PeSfiCidej % Iparuthionfmerhyl % Imalathion % I('hlorpyrﬁ'ox

0.222 14.40 31.96 43.42
0.000 22.18 41.55 51.71
—0.301 34.10 59.10 60.00
—0.699 55.93 67.43 67.49
—0.845 67.21 71.65 72.05
—1.000 81.64 75.59 78.61

From the results in Table 2 it can be seen that for the three
different organophosphorous pesticides investigated with
the Au/MBT/PANI/AChE/PVAc biosensor, an increase
in the percentage inhibition was observed as the concen-
tration of the standard pesticide solutions were increased.
At a pesticide concentration of 0.6 ppb used, the lowest
percentage inhibition was obtained with parathion-methyl
as pesticide, while with the same concentration of pesticide
used, the highest percentage inhibition was also obtained
with chlorpyrifos as pesticide. When 10.0 ppb of pesticide
concentration was used, the lowest percentage inhibition
was obtained with malathion as pesticide, compared to
the highest percentage inhibition obtained with parathion-
methyl as pesticide. The above results shown in Table 2 were
then used to construct graphs of percentage inhibition vs.
— log [pesticide] that is shown in Figure 12.1%!

The results in Figure 12 show the combined plot for the
percentage inhibition vs. — log [pesticide] results for the
six different organophosphorous standard pesticide solu-
tions investigated. The graph in (a) represents the results for
parathion-methyl, in (b) malathion and in (c) chlorpyrifos.
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Fig. 12. Graph of percentage inhibition vs. —log [pesticide] for the
three different organophosphorous pesticides investigated with
the Au/MBT/PANI/AChE/PVAc biosensor.
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Table 3. Results for the different parameters calculated from the inhibition plots of the Au/MBT/PANI/AChE/PVAc biosensor
detection of standard organophosphorous pesticide solutions (n = 2).

Organophosphorous pesticides

Sensitivity Detection Detection Detection Regression
Pesticide (% I/ decade) limit (ppb) limit (ppt) limit (nM) coefficient
Parathion-methyl —53.66 0.388 388.0 1.332 0.9766
Malathion —35.24 0.0623 62.3 0.189 0.9679
Chlorpyrifos —26.68 0.0127 12.7 0.018 0.9875
The results further indicate that the inhibition effect of the =~ Acknowledgments

pesticides called malathion and chlorpyrifos on the AChE
biosensor response are relatively similar for four of the con-
centrations investigated, since the results for the inhibition
plots of these two pesticides are relatively close. Further
analyses of the inhibition plots were done and the results
are shown in Table 3.1

The results in Table 3 show the parameters calculated
from the inhibition plots of the Au/MBT/PANI/AChE/
PVAc biosensor for the detection of standard organophos-
phorous pesticide solutions. These parameters include the
sensitivity and the detection limit estimated from the in-
hibition plots. The lowest sensitivity was obtained for
chlorpyrifos as pesticide, while the highest sensitivity was
obtained for parathion-methyl as pesticide. Chlorpyrifos
represents a more powerful organophosphate than the
other two pesticides studied (due to the three chlorine atoms
substituted in its pyridine ring structure) and with the con-
structed Au/MBT/PANI/AChE/PVAc biosensor, a very
good sensitivity was obtained. For parathion-methyl as pes-
ticide the highest sensitivity was obtained for this study,
which is also higher than the 48% sensitivity reported by
Lin et al. (20045%) obtained with a disposable carbon nan-
otube modified screen-printed biosensor.!

Conclusion

This paper has successfully demonstrated the construc-
tion and use of an Au/MBT/PANI/AChE/PVAc thick-
film biosensor for the detection of organophosphate pes-
ticides in polar organic solvents. It has further shown
that self-assembled monolayers can be applied in thick-
film biosensor construction and that the poly(vinyl acetate)
film does not interfere with the PANI-AChE electrocat-
alytic activity towards thiocholine. The results obtained
show very good detection limits for the standard samples
of parathion-methyl, malathion and chlorpyrifos investi-
gated with the Au/MBT/PANI/AChE/PVAc biosensor.
When the results for the detection limits of 1.332 nM for
parathion-methyl, 0.189 nM for malathion, and 0.018 nM
for chlorpyrifosare viewed, several interesting findings were
concluded. These include the lowest nanomolar (nM) de-
tection limit for chlorpyrifos of 0.018 nM and a relatively
low level of 1.332 nM for parathion-methyl.

The authors wish to express their gratitude to the National
Research Foundation (NRF), South Africa for financial
support, the UWC Chemistry Department for support and
the Department of Agriculture in Stellenbosch, for the sup-
ply of some pesticide standards.
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