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Abstract

Potentiometric and conductometric biosensors based on immobilised cholinesterases have been developed. Detection of some organophos-
phorous pesticides (methyl parathion, methyl paraoxon, ethyl paraoxon, trichlorphon, diisopropyl fluorophosphates) and carbamate pesti-
cide (carbofuran) have been realised through enzyme inhibition mechanisms.

Comparison of sensitivity of the biosensor systems developed with that of traditional analytical techniques (high performance liquid
chromatography and Lumistox test based onVibrio fischeriluminescent bacteria) has shown that biosensor measuring procedures are well
suited for fast environmental control. Analytical characteristics of the systems created, their advantages and shortcomings are discussed.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Electrochemical enzyme biosensor; Cholinesterases; Organophosphorous and carbamate pesticides; Enzyme inhibition mechanism

1. Introduction

Tons of pesticides annually used in agriculture and hor-
ticulture can degrade in the environment by microbial- and
photodegradation, and chemical hydrolysis. During these
transformation processes, intermediate products, that may
be more toxic than the initial products, are generated. These
toxic compounds contaminate air, soil and water over large
areas. Consequently, it is necessary to develop tests for
toxicity assessment of environmental samples.

Currently, a huge array of analytical methods for toxic
agent’s detection is used. These methods, based on spec-
trophotometry, chromatography, mass spectrometry and
various hyphenated techniques, require sophisticated and
expensive equipment, highly trained staff and are usually
time-consuming[1,2]. During the last 10–15 years a number
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of biosensors for determining different pesticides in aque-
ous solutions have been proposed and developed, in par-
ticular, biosensors based on ion-selective and pH-sensitive
glass and metal electrodes[3,4], conductometric planar
electrodes[5] and pH-sensitive field-effect transistors[6].
However, all these devices are monobiosensors, i.e. only
pesticides of a definite type can be determined by each of
them, while a mixture of toxic compounds is usually present
in real samples. Multibiosensors, sensors consisting of sev-
eral transducers with different bioselective membranes, can
be a solution for the simultaneous determination of various
pollutants.

This paper describes a biosensor system based on two
types of transducers, potentiometric pH-sensitive field-effect
transistors and conductometric thin-film interdigitated elec-
trodes, incorporating two enzymes, acetylcholinesterase and
butyrylcholinesterase. This biosensor system was used for
the detection of organophosphorous and carbamate pesti-
cides and their photoderadation products. Results are com-
pared with those obtained using standard analytical methods
and a bio-test based on luminescence bacteria for toxicity
assessment.
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2. Experimental

2.1. Chemicals and reagents

Acetylcholinesterase (AcChE) (EC 3.1.1.7, type VI-S:
from Electric Eel) with a specific activity of 292 U/mg
solid; butyrylcholinesterase (BuChE) (EC 3.1.1.8, from
Horse Serum) with a specific activity of 13 U/mg solid;
bovine serum albumin (BSA) (fraction V, 98% purity),
acetyl choline chloride (AcChCl) (99% purity), butyryl
choline chloride (BuChCl) (98% purity) and glutaralde-
hyde (grade II, 25% aqueous solution) were purchased
from Sigma–Aldrich Chemie GmbH (Steinheim, Germany).
2-Pyridinealdoxime methiodide (99% purity) was from
Aldrich (Milwaukee, WI, USA).

Organophosphorous pesticides trichlorfon (dimethyl-
(2,2,2-trichloro-1-hydroxyethyl) phosphonate), diisopropyl
fluorophosphate (DFP), paraoxon-ethyl (O,O-diethyl O-(4-
nitrophenyl) phosphate), paraoxon-methyl (O,O-dime-
thyl O-(4-nitrophenyl) phosphate), parathion-methyl
(O,O-dimethyl O-(4-nitrophenyl) thiophosphate) and the
carbamate pesticide carbofuran (2,3-dihydro-2,2-dimethyl-
7-benzofuranyl methylcarbamate) were obtained from
Riedel-de Haen GmbH (Seelze, Germany). 4-Nitrophenol
(98% purity) was obtained from Acros Organics (Geel,
Belgium). All other reagents were of analytical grade and
were used without any further treatment.

2.2. Sensor design

The planar conductometric transducers were fabricated
at the Institute of Chemo- and Biosensorics (Munster, Ger-
many,Fig. 1a) [7]. Two pairs of Pt (150 nm thick) interdig-
itated electrodes were made by the lift-off process on the
Pyrex glass substrate. The Ti intermediate layer of a 50 nm
thick was used to improve adhesion of Pt to substrate. Cen-
tral part of the sensor chip was passivated by Si3N4 layer
to define the electrodes working area. Both the digits width
and interdigital distance were 10�m, and their length was
about 1 mm. Thus, the sensitive part of each electrode was
about 1 mm2.

The ion sensitive field effect transistors were fabricated at
the Research Institute of Microdevices (Kiev, Ukraine). The
potentiometric sensor chip contains identical Si3N4-ISFETs
(Fig. 1b). The design and operation mode have been de-
scribed previously[8]. The ISFETs were operated at a con-
stant source current and drain–source voltage mode (Is =
100�A, Vds = 1 V). The bare substrate of the sensor chip
was used as a quasi-reference electrode.

2.3. Enzyme immobilisation

Biologically active membranes were formed by cross-
linking enzyme with BSA on the transducer surface in a
saturated glutaraldehyde vapour[9,10]. The mixture con-
taining 5.0% (w/v) enzyme, 5.0% (w/v) BSA and 10%

Fig. 1. General view of conductometric (a) and potentiometric (b) trans-
ducers.

(w/v) glycerol in 20 mM phosphate buffer (pH 7.4) was
deposited on the sensitive surface of one transducer by a
drop method, while a mixture of 10% (w/v) BSA and 10%
(w/v) glycerol in 20 mM phosphate buffer (pH 7.4)—on
the reference transducer. The sensor chip was then placed
in a saturated glutaraldehyde vapour. After 30 min of expo-
sure in glutaraldehyde, the membranes were dried at room
temperature for 15 min.

2.4. Analysis by enzyme biosensor

All measurements were performed in daylight at room
temperature in an open vessel filled with the vigorously
stirred 5.0 mM phosphate buffer solution, pH 7.4. Concen-
trations of substrates were adjusted by adding definite vol-
umes of the stock solution of 200 mM AcChCl or 200 mM
BuChCl. The solutions of toxic substances were prepared
in distilled water and used for enzyme inhibition in another
vessel.

The differential output signal between the measuring sen-
sors and the reference sensors was registered with the “home
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made” portable conductometric[11] and potentiometric[12]
devices.

The level of enzyme inhibition by toxic substances and
therefore, their concentrations were evaluated by the biosen-
sor array via the following steps:

(1) The sensor was placed into the buffer solution and the
output signal (base line) was registered.

(2) A substrate or an equimolar mixture of substrates
(2.0 mM of each component) was added to the mea-
suring cell and the steady-state output signal was
registered.

(3) After 2–3 washings with a buffer solution, the sensor
was placed in the vessel with the toxic sample solution
for 20 min (inhibition time) and then rewashed with the
buffer solution to remove the non-bound inhibitors.

(4) The sensor was then dipped in the substrate solution
used in step (2) and the sensor response was registered.

The toxic substance concentration was estimated compar-
ing the steady-state sensor signals before and after incuba-
tion in the toxic sample solution.

To reactivate the inhibited enzyme, the method pro-
posed by Tranh-Minh et al.[13] was used. The biosensor
was immersed for 30–60 min into a 15 mM solution of
2-pyridinealdoxime methiodide (2-PAM). After the reacti-
vation step, the biosensor was washed with deionised water
and then with the working buffer solution.

2.5. Analysis by HPLC

HPLC analysis of pollutants was performed with a Shi-
madzu VP series HPLC system equipped with a diode

array detector[14,15]. The stationary phase was a Hyper-
sil BDS C18 column (5�m, 125 mm× 4 mm) from Hewlett
Packard. The mobile phase was a 1:1 (v/v) mixture of ace-
tonitrile/water. The flow-rate was 1 ml/min and the sample
injection volume was 20�l. The mobile phase was filtered
through a 0.45�m Millipore membrane filter. Two hundred
and seventy nanometers were chosen for the detection in
order to achieve maximum sensitivity for parathion-methyl
and paraoxon-methyl.

2.6. Analysis by Lumistox

The toxicity of parathion-methyl, paraoxon-methyl and
4-nitrophenol as well as that of the samples resulting from

photodegradation was assessed by the luminescent bacteria
test[16,17]. A strain ofVibrio fischeriwas chosen as a proper
object for acute and chronic tests because it displays high
sensitivity to a broad range of chemicals. Inhibitory effects of
toxicants on bioluminescence of these bacteria are measured
in the saline medium (2.0% (w/v) aqueous sodium chloride)
at a temperature of 15◦C using a thermostated luminometer.
(Dr. Lange, Düsseldorf, Germany). The incubation time was
15 min.

2.7. Photodegradation procedure

The bath photoreactor was a 60 ml cylindrical flask,
open to the air, with an optical quartz window of approx-
imately 3 cm diameter placed at the bottom of the flask.
A water-circulating jacket of about 6 cm diameter was
used for cooling the photoreactor. The photoreactor was
mounted at a distance of 6 cm from the top of the lamp
assembly, which consisted of a horizontal HPK 125 W
mercury lamp supplied by Philips, fixed at the middle of a
vertical metallic cylinder which allowed natural ventilation
of the lamp. The incident radiant flux measured by chem-
ical actinometry was approximately 7.5 × 1016 photons
cm−2 s−1.

3. Results and discussion

Two enzymes have been used in the biosensors that were
developed: AcChE and BuChE. These enzymes are inhib-
ited by organophosphorus and carbamate compounds and
catalyse the hydrolysis of butyryl- and acetyl-choline:

These reactions generate protons, changing the membranes’

pH and conductivity. This allows both conductometric and
potentiometric detection.

The determination of organophosphorus compounds is
based on their ability to inhibit cholinesterases by inter-
action with the serine –OH group in the enzyme active
site. The decrease in cholinesterase activity after its inter-
action with pesticides can be effectively monitored by the
conductometric and potentiometric biosensors, facilitating
the toxicity assessment of organophosphorus and carbamate
pesticides.

Optimal characteristics of the AcChE biosensor were
determined through the acquisition of calibration curves
prior and after its incubation with a pesticide. The data in
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Fig. 2. Response dependence of the ISFET-based AcChE biosensor, be-
fore (1) and after (2) incubation with 3.0 × 10−5 M methyl paraoxon,
on AcChCl concentration. Dependence of residual activity of immobi-
lized AcChE (response ratio) on acetylcholine chloride concentrations (3).
Measurements were conducted in triplicate in 5.0 mM phosphate buffer,
pH 7.5, inhibition time 10 min.

Fig. 2presents the substrate concentration effect on the ratio
between sensor responses prior and after incubation with
methyl paraoxon (the ratio is an index of residual activity
of immobilised AcChE). From this figure, it is clear that the
best sensitivity and accuracy of measurements is achieved
at AcChCl concentrations higher than 2.0 mM.

To select other optimal conditions for enzyme inhibition,
the biosensor inhibition versus incubation time dependence
was registered in the presence of different pesticides. The
level of inhibition depends nonlinearly on incubation time
(Fig. 3); 20 min incubation time was selected as a compro-
mise between inhibition efficiency and total analysis time.
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Fig. 3. Dependence of the inhibition level of the AcChE biosensor on
incubation time in solutions of 1.0× 10−8 M diisopropyl fluorophosphate
(1), 1.0 × 10−5 M paraoxon-methyl (2), 1.0 × 10−4 M parathion-methyl
(3) and 1.0 × 10−4 M 4-nitrophenol (4). Measurements were conducted
in triplicate in 5.0 mM phosphate buffer, pH 7.5, using 2.0 mM AcChCl.
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Fig. 4. Calibration curves of conductometric AcChE biosensor for
diisopropyl fluorophosphate (1), trichlorphon (2), paraoxon-ethyl (3),
paraoxon-methyl (4), carbofuran (5), and parathion-methyl (6). Measure-
ments were conducted in triplicate in 5.0 mM phosphate buffer, pH 7.5,
using 2.0 mM AcChCl and 20 min inhibition time.

Therefore, this value of incubation (inhibition) time was used
in all further experiments.

The calibration curves of conductometric AcChE biosen-
sor for different pesticides are shown inFig. 4. They are
linear in a semilogarithmic plot for all pesticides tested.
Detection limits determined as the inhibitor’s concentra-
tion giving a decrease of the substrate’s signal equal to
three times the blank value were: 5.0 × 10−11 M for diiso-
propyl fluorophosphate, 1.0 × 10−8 M for paraoxon-ethyl,
5.0×10−7 M for paraoxon-methyl, 3.0×10−7 M for trichlor-
fon, 5.0×10−6 M for parathion-methyl and 2.0×10−6 M for
carbofuran. Thus, maximal toxicity was observed for diiso-
propyl fluorophosphate while minimal for parathion-methyl
for both enzymes (Table 1). The analytical characteristics of
the biosensors with two different transducers happened to
be rather close to each other regarding both detection limits
and dynamic ranges for different pesticides. That is why the
calibration curves for one type of biosensor are presented.

So, the biosensor developed can be used as a rapid de-
tection system (“early-warning system”) for cholinesterase
inhibitors present in the environment. However, it is clear
that the biosensor is not specific to individual pesticides but
to a class of pesticides. Therefore, the assay based on this
biosensor is applicable for selective determination of a par-
ticular pesticide in certain geographic areas where the pesti-
cide to detect is known in advance to be the only one. In any
other case, this biosensor may be used only for evaluating
general toxicity level of the sample, its most toxic compo-
nent being the main contributor to the result obtained.

Data presented in[18] demonstrates that samples con-
taining a mixture of inhibitors can not be adequately anal-
ysed by AcChE inhibition-based biosensors alone. The range
of detected pollutants can be extended by development of
multi-enzyme biosensor arrays[9] based on the phenomenon



S.V. Dzyadevych et al. / Sensors and Actuators B 105 (2005) 81–87 85

Table 1
Dynamic ranges (M) of the developed biosensors

Conductometric biosensor Potentiometric biosensor

AcChE membrane BuChE membrane AcChE membrane BuChE membrane

Diisopropyl
fluorophosphate

5.0 × 10−11 to 1.0 × 10−7 5.0 × 10−11 to 5.0 × 10−7 3.0 × 10−11 to 5.0 × 10−7 5.0 × 10−11 to 1.0 × 10−7

Paraoxon-ethyl 1.0× 10−8 to 5.0 × 10−5 5.0 × 10−7 to 5.0 × 10−5 1.0 × 10−6 to 5.0 × 10−5 5.0 × 10−7 to 5.0 × 10−5

Paraoxon-methyl 5.0× 10−7 to 5.0 × 10−5 5.0 × 10−6 to 5.0 × 10−5 1.0 × 10−6 to 5.0 × 10−5 5.0 × 10−6 to 5.0 × 10−5

Trichlorphon 3.0× 10−7 to 1.0 × 10−5 5.0 × 10−7 to 1.0 × 10−5 2.0 × 10−7 to 1.0 × 10−5 1.0 × 10−6 to 1.0 × 10−5

Parathion-methyl 5.0× 10−6 to 1.0 × 10−4 1.0 × 10−5 to 1.0 × 10−4 – –
Carbofuran 2.0× 10−6 to 1.0 × 10−4 1.0 × 10−6 to 1.0 × 10−4 – –

The lower concentration of the dynamic range is the determined detection limit.

that various pesticides inhibit different enzymes in a dis-
tinct way. This is shown inFig. 5 where typical standard
curves for the inhibition of two enzymes by trichlorfon are
presented. The experimental data obtained for biosensors
incorporating different enzymes can be treated by multi-
variate correspondence analysis. In this way, it is possible
to roughly discriminate between different pesticides. In this
context, these biosensor arrays seem to be competitive with
other analytical techniques.

The Lumistox toxicity test was used for comparison with
the biosensor developed. This test is based on luminescent
bacteriaV. fischeri, which produce light as a result of their
cellular respiration[16]. Any inhibition of cellular activity
causes a decrease in the respiration rate and corresponding
decrease in the luminescence signal. The more toxic the
sample, the lower bioluminiscence from the Lumistox test
is expected.

Fig. 6 shows a correlation between parathion-methyl
photodegradation, which is accompanied by formation of
the main photodegradation products (HPLC results), and
the toxicity of sample solution assessed by both potentio-
metric AcChE biosensor based on ISFET and Lumistox
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Fig. 5. Calibration curves for inhibition of different enzymes (BuChE (1)
and AcChE (2)) by trichlorfon. Measurements were conducted in triplicate
in a 5.0 mM phosphate buffer, pH 7.4, 20 min inhibition time while using
a 2.0 mM equimolar mixture of substrates.

test. Toxicity was assessed using mixtures corresponding
to parathion-methyl and its photodegradation products, that
were formed or consumed during photolysis. Besides, these
samples included such photodegradation products as phos-
phate derivatives, methanol and other substances, which
have not been identified by HPLC.

Curve 4 shows that the inhibition effect registered by the
enzyme biosensor increases dramatically as soon as pho-
todegradation begins. In addition, the toxicity curve does not
follow exactly the curve of appearance of paraoxon-methyl,
which is more toxic toward AcChE than the precursor pesti-
cide. The maximal sample toxicity is obtained about 40 min
after irradiation[19]. It is important to note that even after
the almost complete degradation of parathion-methyl (t >

160 min), the mixture still exhibited relatively high toxicity,
mainly imparted by paraoxon-methyl. Curve 5 shows that
the inhibition effects measured by the Lumistox test decrease
steadily during the photodegradation experiment which is
quite normal, since parathion-methyl is the most toxic specie
for V. Fischeri. That is why the Lumistox test does not give
efficient results for these cholinesterase inhibitors. However,
it could be effective to control degradation processes of other
pollutants in a wide range.
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Fig. 6. Kinetics of parathion-methyl photodegradation (1) and formation of
4-nitrophenol (2) and paraoxon-methyl (3) with their further photodegra-
dation, along with solution toxicity as determined by potentiometric en-
zyme biosensor based on ISFET (4) and Lumistox test (5).
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4. Conclusion

The biosensors developed could be used as an early-
warning system for measuring toxic compounds in the en-
vironment. To extend the potential of biosensor analytical
systems and to increase the tests selectivity, the devel-
opment of multi-enzyme biosensors is required. These
biosensors would be very competitive and—at the same
time—complementary with other analytical techniques.

It is noteworthy, that biosensors do not oppose traditional
analytical techniques. Biosensors are an additional system
for the fast and early warning detection for the presence of
dangerous substances. More accurate but time consuming
and expensive classical methods could be used for further
validation and additional investigations of the environmental
samples previously tested by biosensor arrays. Moreover,
biosensor arrays could act as a high through-put analytical
system for environmental screening. They can provide a way
to save time and costs, with a possibility of making rapid
decision on local environmental problems.
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