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A B S T R A C T

Due to high contamination of organophosphate (OP) insecticides in agricultural products and the
environment, efficient and convenient devices for their monitoring are necessary. Here, a simple,
inexpensive, efficient, and easy-to-use absorbance-based biosensor was fabricated utilizing recombinant
methyl parathion hydrolase fused with glutathione-S-transferase (MPH-GST), covalently immobilized
onto a chitosan film-coated polystyrene microplate, for the detection of methyl parathion (MP) as a
representative of OPs. Having been connected to the transducer system designed to work through an
Arduino microcontroller, the biosensor could detect MP as efficiently as the conventional methods, with
the detection limit of 0.1 mM, the lowest value ever reported for this method. It was stable at 25 �C for 30
days, could function 100 rounds repetitively, and yielded high recovery with real samples. Hence, this
simply designed MPH-GST biosensor could be an easy and inexpensive alternative for efficient OP
screening at site to help control its contamination.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Organophosphate (OP) insecticides, originally produced for use
as chemical warfare nerve agents around the time of World War II
[1], have been extensively used in agricultural areas of many
countries. Some of the major OPs that are still in use in many places
are methyl parathion (MP), malathion, dimethoate, fenitrothion,
profenofos, and chlorpyrifos. The excessive use results in the
contamination of OPs and their residues in agricultural products
and the environment [2]. OPs are capable of inhibiting acetylcho-
linesterase (AChE) at nerve endings and central nervous system
(CNS) of vertebrates resulting in the accumulation of the
neurotransmitter acetylcholine, thus in turn causing neurotoxicity
[3,4]. Apart from their neurotoxicity, they also cause other types of
toxicity including genotoxicity, carcinogenicity, teratogenicity,
reproductive toxicity, developmental toxicity, and immune toxicity
[2,5]. OP toxicity can be acute, sub-chronic, and chronic. The
typical symptoms can be restlessness, hyperexcitability, tremors,
Abbreviations: PX, paraoxon; MP, methyl parathion; CP, chlopyrifos; OPH,
organophosphate hydrolase; AChE, acetylcholinesterase; MPH, methyl parathion
hydroloase; MPH-GST, methyl parathion hydrolase fused with glutathione-S-
transferase.
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paralysis, diarrhea, convulsions, and respiratory failure, which can
even lead to death [2,4,6].

Due to their strong hazardous impacts on human health and the
environment, simple, sensitive, and rapid sensing devices with low
cost and high efficiency are needed for OP detection in order to
screen for their contamination in food products, soil, and water
sources. Biosensors, analytical devices based on bio-recognition
elements directly conjugated with transducers, are suitable for the
determination of OP compounds [3]. They provide several
advantages over traditional detection methods such as gas
chromatography (GC) [7] and liquid chromatography (LC) [8],
since they can offer qualitative and quantitative data with
simplicity [9], inexpensiveness [10], minimal sample preparation
[10], short-time response [11], high accuracy [12], and ability for
onsite detection [3].

There were several enzymes reported capable of degrading OP
insecticides and used as biomolecules for biosensor fabrication
[13]. OP-degrading hydrolase (OPH) has been studied extensively.
It was encoded from the OP degradation (opd) gene isolated from
OP-degrading soil bacteria, Flavobacterium sp. ATCC 27551 [14] and
Pseudomonas diminuta [15]. Another OP-degrading enzyme highly
homologous to OPH, namely OpdA, was isolated from Agro-
bacterium radiobacter [16,17]. OPH and OpdA have similarity both
in their sequences and structures [18]; however, the catalytic
efficiency of OpdA was reported to be 10-folds more efficient than
that of OPH [17]. These enzymes were capable of degrading a broad
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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range of OP compounds, such as paraoxon, and OP nerve agents
including VX, tabun, soman, and sarin [13], via the hydrolysis of
P��O, P��CN, P��F, and P��S bonds [19]. The enhancement of the
OP degradation activity was achieved through the mutation of
these OP-degrading enzymes [20–22].

Methyl parathion hydrolase (MPH), another type of OP
degrading enzymes, was initially isolated from MP-contaminated
soil bacteria, Plesiomonas sp. strain M6 [23]. The nucleotide
sequence of its methyl parathion-degrading (mpd) gene showed no
homology to that of opd gene. Another MPH was isolated from
Pseudomonas sp. strain WBC-3 [24], with the nucleotide sequence
of its gene highly homologous to that of mpd gene. MPH is a metal
ion-dependent enzyme capable of hydrolyzing a wide range of OP
substrates [25,26]. Its structure has been studied extensively and
concluded to be a member of the metallo-β-lactamase family with
a binuclear metal center [27,28]. The catalytic efficiency, Kcat/KM, of
MPH (�106 M�1 s�1) was reported to be 100 and 1000 folds higher
than that of OpdA and OPH, respectively [19,27,28]. MPH substrate
specificity and reactivity could be further improved by directed
evolution. Via site saturation mutagenesis and DNA shuffling, an
MPH mutant was demonstrated to have approximately 100-fold
increase in catalytic efficiency for ethyl paraoxon [29]. Random
mutagenesis was also adopted to enhance the reactivity of MPH
towords a poorly-hydrolyzed OP substrate, chlorpyrifos, giving rise
to a variant with a 5-fold increase in Kcat value [30]. With the
possibility that its substrate specificity and reactivity can be
improved by protein engineering, MPH could therefore be utilized
as an enzyme of choice for practical use in industrial applications
and bioremediation in a broader range.

In Thailand, an MPH was isolated from the MP-degrading
Burkholderia cepacia [31], and was capable of degrading MP and
other phenyl-substituted OPs to the yellow-colored p-nitrophenol
(PNP) and dimethylthiophosphoric acid (DMPA) [25]. It was found
to be constitutively expressed as a membrane-bound protein. In
our previous study, the enzyme was purified to homogeneity and
found to have the molecular mass of about 35 kDa and the pI of 8.5.
Its gene, designated as mpdB, coding for 331 amino acid residues,
was almost identical to mpd gene reported by Cui et al., 2001 [23],
but different from opd gene [25,32]. The mpdB gene was cloned and
transformed into Escherichia coli yielding a recombinant clone
BpGP. The recombinant MPH, expressed as the fusion protein of
MPH with glutathione-S-transferase (MPH-GST), was purified,
characterized, and demonstrated to have cross reactivity with
other OP substances i.e. paraoxon, parathion, fenitrothion,
coumaphos, chlorpyrifos, and malathion [25].

Various types of enzyme-based biosensors have been devel-
oped which have different advantages and limitations. Inhibition-
based AChE biosensors have been fabricated by certain researchers
[33–36]; however, these biosensors have several limitations as the
AChE is easily degraded. They have irreversible response, take a
long time for responding during detection, are non-reusable in
field analysis, and have low selectivity since they can be inhibited
by either OPs or carbamates [37–39]. For catalytic biosensors, OPs
can be directly detected using OP hydrolytic enzymes such as OPH
Fig. 1. MP degradation
and MPH. The principle for OP detection of these enzymes involves
the hydrolytic activity as demonstrated in the degradation reaction
of MP by MPH (Fig. 1). OP concentration can be determined by
measuring PNP generated from the reaction, either by measuring
the two protons generated from this redox hydrolytic reaction
which happens during the cleavage of the P–X bonds, or by
detecting the yellow color appeared [1]. OPH-based biosensors
were fabricated using various methods such as electrochemical
biosensors [40,41], amperometric biosensors [11,42–44], voltam-
metric biosensors [45], UV–vis based biosensors [46], and
fluorescence-based biosensors [47–53]. MPH-based biosensors
were also developed by electrochemical method [54–57], or by
assessing for the changes in absorbance or fluorescence during OP
hydrolysis through the appearance of the yellow color of PNP via
optical method [6,50,58,59]. One of our previous works involved
the development of an amperometric biosensor using the
recombinant MPH-GST immobilized onto multi-walled carbon
nanotubes (MWNTs) via electrostatic self-assembly [60–62]. This
system was highly sensitive and efficient, having the linear range of
10–90 nM and the detection limit of 10 nM for MP detection.
However, electrochemical biosensors in general have several
disadvantages including interference by electrolytes in the sample
solution causing false positive results, poor long-term stability,
complicated assembly steps, and high development cost [6,63,64].
Optical biosensors, on the other hand, have advantages of having
no such interference; lower development cost; as well as rapid,
easy, and accurate determination [1,39]. Since our MPH-GST gave
an efficient OP detection with amperometric biosensor, it is worth
developing an optical biosensor with this enzyme.

There were several reports on absorbance-based OP optical
biosensors [59,65,66]. Nevertheless, their detection limits were
not low enough, being in the range of 4–80 mM. Hence, many
researchers have nowadays gained more interests in developing
fiber-optic [67–69] and fluorescence-based [48,70–74] optical
biosensors. Many fiber-optic and fluorescence biosensors that have
very low limit of detection were expensive and complicated when
compared to absorbance-based biosensors, involving many
fabrication steps and many substances, and, in some cases, the
use of sophisticated technologies such as nanotechnology. They
may be beneficial in some instances but may not be suitable for
other situations. For large scale screening of OP contamination as a
fast and easy means to monitor and control the environment in
some countries, it is preferably performed without costing large
amounts of funds. In so doing, a simple and cost-effective but
reliable device would be a method of choice. Such device could also
be utilized by individuals to easily examine whether their
consumption products contain OP contamination. Our research
is an attempt to develop an OP optical biosensor with simple and
inexpensive method which has high detection efficiency and
lowest possible detection limit, using our recombinant MPH-GST
isolated from the clone BpGP as an enzyme of choice. Absorbance-
based method for OP detection using immobilized MPH is a
sensible option for this attempt, provided that a good immobiliza-
tion method is exploited.
 reaction by MPH.
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The selection of the most suitable enzyme immobilization
methods used for attaching biomolecules to the matrix surface is
extremely important. Several methods like adsorption, entrap-
ment, and cross-linking can easily lead to enzyme activity loss,
discharge, and instability. Covalent immobilization is a technique
capable of retaining enzyme activity in adverse conditions by
enabling strong attachment between the enzyme and the matrix.
Moreover, it can be reused more than the three methods
mentioned and can increase the temperature stability when
immobilizing with chitosan [39,75].

Here, an absorbance-based biosensor using the recombinant
MPH-GST covalently immobilized onto a chitosan-coated micro-
plate as an optical OP sensing device is proposed. It was connected
with an appropriate transducer for the detection of MP, a
representative of OP insecticides. The proposed optical biosensor
is simple in design and usability, efficient, convenient, and capable
of simultaneous multiple sample detection at site. Albeit its
simplicity, this biosensor had a low limit of detection and
demonstrated precise detection of MP comparable to that of
conventional detection methods. Since MPH was shown to have
cross reactivity with other OP compounds [25], the use of this
absorbance-based MPH-GST biosensor is, therefore, a cost-effec-
tive means of OP detection practically suitable for fast and easy
screening for toxic OP substances, especially in developing
countries where such contamination is widely spread.

2. Materials and methods

2.1. Chemicals and materials

Methyl parathion (O,O-Dimethyl O-p-nitrophenyl phosphoro-
thioate) (purity 98.3 %, analytical grade), medium molecular
weight chitosan, glutaraldehyde (50 % in H2O), bovine serum
albumin (BSA), sodium borohydride (NaBH4), and isopropyl β-D-1-
thiogalactopyranoside (IPTG) were purchased from Sigma-Aldrich
(Singapore). A standard p-nitrophenol was purchased from Merck
(Germany). Polystyrene microplates were ordered from SPL Life
Sciences (Korea). LED light source with a wavelength value of
410 nm, TSL2561 luminosity sensor, and Arduino Uno R3 board
were obtained from My arduino shop. Laser machine kit with
internal working area of 15 � 10 cm was purchased from TomElec-
tronics1 shop.

2.2. Construction of recombinant clone BpGP

The construction of recombinant clone BpGP was performed
according to the procedure previously reported [25]. Briefly, the
DNA fragment containing mpdB gene encoding for MPH, originally
isolated from MP-degrading Burkholderia cepacia [25,31], was
extracted and cut by BamHI and XhoI from the previous clone. The
Fig. 2. Schematic operation of th
purified BamHI-XhoI DNA fragment was further subcloned into the
pGEX 6P-1 expression vector (GE Healthcare Life Sciences, USA),
designed for the production of a fusion protein with glutathione-S-
transferase (GST) at the N-terminus. The recombinant plasmid was
then transformed into E. coli BL21, yielding the recombinant clone
BpGP, capable of expressing MPH in the form of MPH-GST fusion
protein.

2.3. Production of the recombinant MPH-GST fusion protein

The recombinant clone BpGP was first tested for MPH activity
using microtiter plate MPH assay [76], by adding it into the reaction
mixture containing 50 mg mL�1 MP, 0.1 % TritonX-100, and 25 mM
Tris–HCl (pH 8.5). The appearance of the yellow color of the MP
hydrolytic product, PNP, was used as an indicator for MPH activity
of the clone. The production of the recombinant MPH-GST fusion
protein was done according to the previous report [25]. In brief, the
recombinant bacteria were grown in Luria-Bertani (LB) broth
containing 100 mg mL�1 ampicillin at 37 �C for 16�18 h. When the
optical density at 600 nm of 0.5 was reached, it was subcultured
into fresh LB broth and allowed to grow at 37 �C for 3�4 h. CoCl2 at
the concentration of 0.5 mM was added and the culture was
induced with 1 mM ITPG. It was then grown further at 18 �C for 6
more hours. The culture was harvested and the pellet resuspended
in 50 mM phosphate buffer saline (pH 8.0). Cell suspension was
then disrupted by ultrasonication, and the cell debris was pelleted
by centrifugation at 17,000�g, 4 �C for 20 min and discarded. This
partially purified MPH-GST was then used in all the experiments.

2.4. Covalent immobilization of MPH-GST on polystyrene microplate

In order to immobilize MPH-GST onto the polystyrene micro-
plate, the well surface of the plate was first coated with chitosan
solution. The conditions for making the chitosan film were
optimized. The chitosan concentration was varied within the
range of 1–3 % (w/v) in 1 % (v/v) acetic acid, using the fixed volume
of 50 ml. The coated microplate was dried at room temperature for
about 6 h for chitosan film formation. The chitosan-coated
microplate was treated with 2 % (w/v) BSA at 4 �C for 2 h. After
washing with 50 mM PBS (pH 8.0), it was treated with 1 %
glutaraldehyde in 50 mM PBS (pH 8.0) at 25 �C for 2 h. The MPH-
GST solution was added to each well and was covalently
immobilized at 4 �C overnight. The MPH-GST microplate wells
were washed with 50 mM PBS (pH 8.0) and incubated with 0.1 M
NaBH4 in 50 mM PBS (pH 8.0) at 25 �C for 1 h. After that the wells
were gently washed with 50 mM PBS (pH 8.0) containing 0.1 M
NaCl and 0.5 % (v/v) Tween 20, and then with 50 mM PBS (pH 8.0)
[77]. This MPH-GST immobilized, chitosan-coated polystyrene
microplate was further used as a biosensing component of the
MPH-GST optical biosensor fabricated.
e optical transducer system.
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2.5. MPH activity assay

The MP-degrading reaction was performed in the substrate
mixtures consisting of assay buffer (pH 8.5) and 100 ppm MP at
37 �C for 5 min [25]. The appearance of the yellow color of PNP in
each well was observed. The OD value at 410 nm, the maximum
absorption wavelength of PNP, was determined using the
fabricated MPH-GST optical transducer. A blank well, the
chitosan-coated microplate well treated with 1 % glutaraldehyde
containing assay mixture without immobilized MPH-GST, was
used as a control.

2.6. Schematic operation of optical transducer system

The proposed system mainly consisted of a sensing unit, a
microplate-well positioning control unit and an LCD display. The
sensing unit comprised a blue light LED, which emitted at a
wavelength of 410 nm corresponding to the maximum absorption
of PNP, and a light-to-digital converter device, TSL2561. The LED
was adopted as a light source, and the TSL2561 was adopted as a
light sensor (photo detector). The microplate-well positioning
control unit, consisting of limit switches and stepper motors, were
cooperated with direction button switches in vertical and
horizontal directions as a planar movement of the MPH-GST
biosensing device. The result of MP detection was displayed on the
LCD screen. The schematic operation of the designed optical
transducer system was shown in Fig. 2.
Fig. 3. Circuit diagram of op
2.7. Circuit design of optical transducer system

To fabricate the MPH-GST biosensor transducer, its circuit was
designed with an embedded system using C language for the
operational and control function. An Arduino microcontroller board
was adopted as the main controller in our fabricated optical
transducer system over the OP detection and calculation process.
For the positioningsystem,3 stepper motorswere employedto move
the microplate well in vertical and horizontal directions under the
control of the motors and their drive circuits. The planar movement
machine had an internal working area of 15 � 10 cm2 which was
assembled with the 96-well support part to fix each microplate well
position. For the display unit, 16 characters with 2 line liquid crystal
display (LCD)communicatedwiththemain controllerboard through
the I2C module. The power supply of the light sensorand motorswith
drive circuits was 3.3 VDC and 12 VDC, respectively. The rest of the
circuit system were operated at 5 VDC. The current mirror circuit was
used to control the light intensity of the blue LED (light source)
through an optimal resistor (R4). During MP-degrading reaction
measurement, the emitted light passed through sample wells to the
light sensor. The residue light intensity was converted to digital data
for data processing via the microcontroller. The consequence of the
MP detection was displayed on the LCD screen in terms of average
absorbance value (A) and MP concentration (mM). The design of the
detection circuit diagram was presented in Fig. 3.

To determine the effect of resistance (R) on the LED light
intensity, resistors with different values of resistance (0, 150, 220,
tical transducer system.
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300, 350, 370, and 400 V) were placed into the current mirror
circuit at R4 position. Various concentrations of standard PNP in
the range of 1�100 mM were prepared in appropriate assay buffers
(0.05 M Tris�HCl, 0.1 M NaCl, and 0.1 % Tween 80), pH 8.0. The
standard solution of PNP was added into individual wells. After
5 min incubation at room temperature, the OD410 value of each
well was measured by the fabricated optical biosensor and the
spectrophotometric microplate reader. A blank microplate well
containing only the assay buffer without MPH was used as a
control. The experiments were performed in triplicate.

2.8. Optimization of the MPH-GST biosensor

To optimize the MP detection conditions of the MPH-GST
optical biosensor, optimum temperature and pH were determined.
MP substrate at the concentration of 100 mg mL�1 in the assay
buffer (pH 8.0) was added to each well of the MPH-GST sensing
microplate, and the MP hydrolysis reaction was allowed to occur at
different temperatures (4, 25, 37, 60, 70, and 80 �C). The OD410

value was measured after 5 min incubation and MPH activity was
investigated. For optimum pH determination, the MPH activity was
determined after 5 min incubation at optimal temperature and at
different pH values ranging from 5 to 12 using 50 mM citrate buffer
(pH 5.0), 50 mM phosphate buffer (pH 6.0, 7.0 and 7.5), 50 mM Tris-
HCl (pH 8.0, 8.5, 9.0 and 9.5), 50 mM carbonate-bicarbonate buffer
(pH 10.0), and 50 mM Na2HPO4-NaOH (pH 11.0–12.0). All
optimization experiments were done in triplicate.

2.9. Determination of performance characteristics of MPH-GST
biosensor

To determine the effect of MP concentration on OD410 value,
various concentrations of MP (0.1�1 mM) were added to individual
wells. After 5 min incubation at 25 �C, OD410 from MP hydrolytic
reaction in each well was measured by the MPH-GST biosensor.
The reactions were performed in triplicate.

To determine the effect of temperature on the stability of the
MPH-GST sensing device for MP detection, 100 mg mL�1 MP in the
assay buffer (pH 8.5) was added to the wells and the reactions were
allowed to occur at different temperatures (4, 25, 37, and 60 �C).
The OD410 values were measured, after 5 min incubation, every day
for 30 days by the MPH-GST biosensor.

To determine the effect of pH on the stability of the MPH-GST
sensing device for MP detection, the sensing device was stored at
4 �C in different buffers with varying pH values (pH 5, 6, 7, 7.5, 8,
8.5, 9, and 10). One hundred mg mL�1 MP in the assay buffer (pH
8.5) was added to individual wells, and the MP-hydrolytic reactions
were allowed to occur at optimum temperature. The OD410 values
were measured after 5 min incubation, for 30 days using the MPH-
GST biosensor.

To test the reusability, 100 mg mL�1 MP in the assay buffer (pH
8.5) was added to the wells at each round of detection. After 5 min
incubation at 25 �C, the OD410 values were measured. At each
round of reaction, the wells were washed with 50 mM PBS (pH 8.0)
before starting the new round until the total of 100 rounds were
completed. All reactions were done in triplicate.

2.10. Gas chromatography-mass spectrometer (GC–MS) analysis of MP
spiked in water sample

A tap water sample was collected and kept in an amber bottle
using the method recommended by the Water Quality Manage-
ment Division of Thailand [78]. Standard MP solution was spiked
into the water sample to the final concentration of 38.02 mM. An
MP extraction was performed according to the previous report
[61,62]. The spiked water sample was transferred into a separating
funnel, after which 10 mL of ethyl acetate was added. The funnel
was vigorously shaken for 2 min. After the phases were clearly
separated, an upper organic phase was decanted and 20 g of
anhydrous sodium sulfate was added to eliminate water residue.
The extract was filtered, and the MP filtrate was sealed in 1.5 mL
vial and kept at room temperature until use. For calibration curve
by GC, standard MP with varying concentrations (7.6, 15.2, 22.8,
30.4, and 38.02 mM) was prepared by dissolving in ethyl acetate.
For GC–MS analysis, 7890A Agilent GC with a split/splitless injector
system equipped with flame photometric detector (FPD) and
5975C mass spectrophotometer (Agilent Technologies, USA) were
used according to the method previously reported [79]. Briefly,
1 mL of sample was injected through a 10 mL-microsyringe, using
split mode with split ratio of 10:1 at 260 �C of injection port, into
DB-5MS capillary column (5 % phenyl methylpolysiloxane, 30 m x
250 mm id x 0.25 mm film thickness, Agilent Technologies, USA).
The temperature program used for MP separation was as follows.
The temperature of 100 �C was used initially for 1 min, and then
increased at 20 �C min�1 to 200 �C, kept for 8 min, and finally
increased at 10 �C min�1 to 250 �C, kept for 7 min. Helium was used
as carrier gas at the flow rate of 1 mL min�1. The concentration of
MP detected in the spiked water sample was derived from GC
calibration curve. The percentage of MP recovery was determined.
An MS was performed in electron ionization (EI) mode with the
source temperature of 230 �C. The mass spectrums were obtained
at a mass ratio scan from 50 to 550 m/z. The quality match analysis
of MP peak was confirmed by the data from the National Institute
of Standards and Technology (NIST) Mass Spectral Library.

2.11. Detection of MP spiked in water sample

To detect the concentration of MP spiked into the water sample
using MPH-GST biosensor, standard MP at a concentration of
380.20 mM dissolved in absolute ethanol was spiked into the
collected tap water sample. The spiked water sample was diluted
with the assay buffer (pH 8.5) to the final concentration of 38.02
mM and was tested with fabricated optical biosensor under the
optimal conditions. The spiked MP concentration was then
measured from MP calibration curve and the percentage of MP
recovery was determined. The experiment was done in triplicate.

2.12. Detection of MP in spiked and real (non-spiked) samples

Five grams of each agricultural product (i.e., tomatoes, grapes,
Chinese kale, basil leaves, corianders, morning glories, yard long
beans, red peppers, Chinese cabbages, asparagus, agasta, water-
melons) obtained from various agricultural farmlands were
washed with distilled water and chopped into small pieces. They
were then stirred in 10 mL of 0.05 mM PBS (pH 8.5) and filtered
with filter cloth. The filtrates were centrifuged and then the
supernatants were collected for analysis. The spiked samples were
added with MP at the concentration of 190 mM, and tested with the
fabricated optical biosensor under optimal conditions. The spiked
MP concentrations were then measured from MP calibration curve
and the percentage of MP recoveries were determined. Real (non-
spiked) samples were analyzed for MP residues using the same
procedure. All tests were performed in triplicate.

3. Results and discussion

3.1. Covalent immobilization of MPH-GST

The recombinant MPH was covalently immobilized onto the
chitosan-coated 96-well microplate. This would subsequently be
used as the biocomponent part of the absorbance-based MPH-GST
biosensor to detect the yellow color of the MP-hydrolytic product,



Fig. 4. MPH activity assay of the MPH-GST sensing device. (a) immobilized MPH-
GST well; (b) blank well.

Fig. 5. Effect of chitosan concentration on the activity of the MPH-GST biosensing
component.

Fig. 6. Effect of chitosan volume on the activity of the MPH-GST biosensing
component.
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PNP, at the wavelength of 410 nm. After the immobilization of
MPH-GST was succeessfully done, the MPH-GST sensing micro-
plate was then tested for MPH activity. Fig. 4 showed the
appearance of the yellow color of PNP, indicating positive MPH
activity of the sensing device. In order to optimize the effect of
chitosan concentration on the activity, the concentration of
chitosan was varied for MPH-GST immobilization and the MPH
activity was determined. As shown in Fig. 5, the relative MPH
activity was highest at 2 % chitosan. Subsequently, 2 % chitosan was
used to investigate the appropriate chitosan volume within the
range of 35�80 ml. As seen in Fig. 6, the relative MPH activity
maximized at 40 ml chitosan, and slowly decreased thereafter.
Consequently, the chitosan volume of 40 ml with the concentration
of 2 % (w/v) in 1 % (v/v) acetic acid was used for the covalent
immobilization of MPH-GST onto the polystyrene microplate
which was further utilized as a biosensing device.

3.2. Effect of resistance on LED light intensity

The effect of resistance on the LED light intensity was
determined. When the resistance of R4 was varied in the circuit
system, the OD410 values of PNP arising from MP-hydrolytic
reaction were measured, and each PNP calibration curve was made
for each resistance tested. The sensitivity of the system was
determined from its slope value corresponding to the appropri-
ateness of resistance for practical use in optical transducer [80]. As
seen in Table 1, the highest sensitivity (7.3 � 10�3) was achieved
with the 350 V resistor. This result was in agreement with that of
the spectrophotometric microplate reader. Hence, with this
resistance, the experimental results should be most reliable. The
350 V resistor was, thus, selected for controlling appropriate light
intensity of the LED in the current mirror circuit.

3.3. Optimization of the MPH-GST biosensor

After the MPH-GST biosensing component was incorporated
with the optical transducer, the resulting MPH-GST optical
biosensor was subjected to optimization. Since temperature and
pH are considered important factors affecting enzyme activity [81],
the optimum temperature and pH were examined. It can be clearly
seen in Fig. 7a that the relative MPH activity of MPH-GST optical
sensing system was highest at 37 �C and rapidly decreased with
higher temperatures. The MPH activity of the system was
considerably high at the pH range of 8–9, with the optimum pH
at 8.5 (Fig. 7b).

3.4. Performance characteristics of the MPH-GST biosensor for the
detection of MP

The effect of MP concentration on OD410 for the detection of MP
was examined under the optimum temperature and pH. The OD410

values were measured at the varying concentrations of MP
(0.1�10 mM), and the calibration curve derived was shown in



Table 1
Effect of R4 resistance value on the sensitivity of MP detection.

Method Resistance of R4 (V) Sensitivity
(x 10�3)

Regression equation R2

MPH-GST biosensor 0 4.5 y = 0.0045x + 0.0373 0.9429
150 1.4 y = 0.0014x + 0.0076 0.8772
220 2.8 y = 0.0028x + 0.0172 0.9249
300 6.2 y = 0.0062x + 0.0284 0.9838
350 7.3 y = 0.0073x - 0.0045 0.9972
370 6.4 y = 0.0064x + 0.0458 0.9655
400 2.3 y = 0.0023x + 0.0076 0.9390

Microplate reader 7.4 y = 0.0074x + 0.0056 0.9994

Fig. 7. Effect of temperature (a) and pH (b) on the activity of MPH-GST biosensor.

Fig. 8. Calibration curve of the MPH-GST biosensor.
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Fig. 8. The straight line of the calibration curve clearly showed a
linear regression, with the corresponding equation of y = 0.0092x
+0.0068 (R2 = 0.9919). The detection limit was found to be 0.1 mM
Table 2
Comparison of enzyme-based/microbial optical biosensor performance for OP detectio

Biosensor Pesticide Biomolecule Immobilization m

Fiber-optic microbial biosensor PT
PX

OPH E. coli expressing 

Optical microbial biosensor MP MPH E. coli expressing 

Fluorescence-based biosensor PX AChE – 

Fiber optic biosensor PX OPH Covalent binding 

Fiber optic biosensor CP AChE Entrapment 

Absorbance-based biosensor MP MPH Metal-chelation a
Absorbance-based biosensor MP MPH Covalent binding 
and the linear range of the system for MP detection was
0.1�10 mM.

One of the most important characteristics for OP detection was
the limit of detection [59]. Certain performance characteristics of
the fabricated biosensor were compared with those of other optical
enzymatic/microbial biosensors with different methods for the
immobilization of bio-recognition elements (Table 2). Of all the
biosensors in comparison, the optical biosensor fabricated from
our work had the lowest limit of detection, except for the
fluorescence-based biosensor of Wang et al. 2011 [82]. The works
done by Mulchandani et al. [12,83] and Kuswandi et al. [84]
involved the use of fiber optic biosensors for OP detection. There
were certain drawbacks involving the limitation on stability of the
biomolecules immobilized onto the biosensing surface and long
response time [85,86]. For E. coli expressing enzymes, OPH and
MPH were immobilized onto appropriate matrices [6,83]. Even
though both enzymes were expressed on the cell surface and could
readily react with OPs, there were limitations of this type of
biosensors such as low selectivity and long response time.
Moreover, the immobilized cells might be washed out from the
matrix during continuous use [86]. The MPH-GST absorbance-
n.

ethod LOD Linear range Ref.

OPH on Biodyne A membrane 3 mM 0-0.6 mM
0-0.03 mM

[83]

MPH on polystyrene surface 7.6 mM 7.6-760 mM [6]
3.5 pM 5.5 pM- 180 nM [82]
2 mM 0.02-0.5 mM [12]
0.11 mM 1.4-4.3 mM [84]

ffinity 4 mM 0-0.1 mM [59]
0.5 mM 0.1 – 10 mM This work



Fig. 10. pH stability of the MPH-GST biosensor.
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based biosensor from our work yielded lower limit of detection
than that of the work with similar principle of detection [59].
Fluorescence-based biosensors could generally detect analytes
with higher sensitivity and specificity than absorbance-based
biosensors [38,39]. However, although the results of Wang et al.
2011 [82] gave lower limit of detection, our absorbance-based
optical biosensor had advantages in its simplicity, low cost, and
ease for development.

This work has proved a success in developing a very simple
MPH absorbance-based optical biosensor such that its limit of
detection for MP could be improved to be lowest than those of any
other biosensors of the same type ever reported. It is crucial to
choose the most suitable enzyme immobilization method. The
techniques used for the immobilization of biomolecules could
significantly affect the biosensor characteristics [77]. El-Boubbou
et al., 2012 [87] reported an enzyme immobilization method using
silica matrix covalently modified with an ammonium organosilane
for OPH. The immobilized OPH was done through the weak binding
forces, Van der Waals and electrostatic interactions, in the pore of
silica particle; hence, the size of the matrix pore has to be carefully
optimized for the confinement of the enzyme. This immobilization
approach could enhance OPH activity as compared to free enzyme.
In our work, the immobilization of the MPH-GST was performed
directly onto the chitosan-coated polystyrene microplate surface,
using stable covalent bond. The increase in MP detection efficiency
as determined by the limit of detection was demonstrated to be
approximately 76 folds higher when compared to immobilized
whole cells [6]. Covalent immobilization used in our fabricated
biosensor had several advantages such as strong binding force [39]
and long half-life and stability of the enzyme, even under adverse
conditions [75]. Thus, this proposed biosensor compromised well
between these advantages and its satisfactory limit of detection for
OP in field work.

Temperature stability and pH stability of the MPH biosensor
were investigated. As seen in Fig. 9, the MPH-GST sensing system
was most stable at 4 �C. At 4 �C, the relative activity at day 5
increased to about 148 % and gradually decreased to the final
activity of about 80 % at day 30. While at 25 �C, a high relative
activity peak of about 155 % was observed at day 9. After that, it
dropped to about 60 %–70 % and remained constant throughout the
experiment. Thus, this is an advantage of this MPH-GST biosensor
that allows its practical use at around room temperature. At 37 �C
Fig. 9. Temperature stability of the MPH-GST biosensor.
and 50 �C, the relative activities rapidly dropped to about 40 % at
day 6 and to the final percentages of about 11 and 2, respectively, at
day 30.

It can be seen from Fig. 10 that this sensing system was most
stable at pH 8, with more than 50 % of relative MPH activity
remaining for 23 days, after which it gradually decreased to the
final activity of about 42 % at day 30. At pH 9 the relative activity
was lower than that at pH 8. Nevertheless, approximately more
than 50 % of the activity was observed at day 10. Afterwards, it
gradually dropped to about 30 % at day 30. At other lower and
higher pH, the MPH activity was not as stable.

The reusability is another important performance character-
istics of the application of biosensors. The experiment on
reusability of the MPH-GST biosensor was performed under the
optimum conditions, and the MPH activity determined for 100
rounds. As illustrated in Fig. 11, the relative activity remained at
approximately 70 %–100 % for the first 86 rounds and then
decreased to about 50 %–60 % until round 100. The decrease in
Fig. 11. Reusability of the MPH-GST biosensor for MP detection.



Table 3
Percentages of MP recovery determined by MPH-GST biosensor and GC–MS
analysis.

Detection method MP spiked (mM) MP detected
(mM)

Recovery
(%)

MPH-GST biosensor 38.02 31.32 82.40
GC-MS analysis 38.02 32.32 85

Table 4
Percentages of MP recovery by MPH-GST biosensor on 50 ppm MP-spiked samples.

MP-spiked samples Recovery (%)

Tomatoes 72
Grapes 76
Chinese kale 75
Basil leaves 70
Morning glories 75
Yard long beans 75
Red peppers 74
Chinese cabbages 71
Asparagus 77
Watermelons 75
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MPH activity was possibly due to the fact that the MPH was
inactivated and denatured [88]. Hence, this simply designed
absorbance-based biosensor could be used repetitively up to 86
rounds with high activity and up to 100 rounds with approximately
half the activity.

3.5. Comparison of MPH-GST biosensor and GC–MS analysis on MP
recovery

The fabricated MPH-GST biosensor was used to test for the
detection of MP spiked into the water sample in comparison with
GC–MS analysis. GC–MS analysis is regarded as one of the
conventional standard methods for pesticide detection with high
precision though it is laborious, expensive, and time-consuming.
From Table 3, it is evident that the percentage of MP recovery
obtained from MPH-GST biosensor was very close to that derived
from GC–MS analysis. The results indicated that our proposed
MPH-GST absorbance-based biosensor could be efficiently utilized
for such detection with high accuracy.

3.6. Determination of MP in spiked and real (non-spiked) samples

The MPH-GST biosensor was examined for the determination of
MP that had been spiked into the samples. The agricultural
samples tested were selected vegetables and fruits. The percen-
tages of recovery were achieved in the range of 70–77 % as shown
in Table 4, which were comparable to that determined in the MP-
spiked water sample. Even for real samples without spiking, the
MPH-GST biosensor was also capable of detecting MP as shown in
Table 5. Hence, the system was proven to have high reliability and
Table 5
Concentrations of MP in real (non-spiked) samples detected by MPH-GST biosensor.

Real (non-spiked) samples MP concentration (ppm)

Tap water 1
Grapes 5
Chinese kale 2
Basil leaves 3
Corianders 4
Chinese cabbages 4
Asparagus 2
Agasta 15
efficiency, with a great potential for applications in field works.
Even though this work was performed using MP as a representa-
tive, the biosensor can be utilized to detect other types of phenyl-
substituted OP insecticides due to the cross-reactivity of MPH.
While it is not primarily developed to selectively differentiate MP
or individual insecticide from the others within the OP group as a
result of the common principle of detection mentioned above, this
proposed MPH-GST biosensor can certainly give the overall image
of OP contamination in the agricultural products and the
environment which is beneficial for OP monitoring and control.

4. Conclusions

A simple, easy-to-use, and efficient absorbance-based MPH-
GST optical biosensor for OP detection was successfully fabricated,
with MP as a representative. For the optical sensing element, the
covalent immobilization of MPH-GST onto chitosan-coated poly-
styrene microplate was achieved with good MPH activity. The
easily designed operation circuit of the optical transducer
demonstrated sensitivity similar to that measured by the
spectrophotometric microplate reader. Our proposed biosensor
yielded good performance with copious advantages. Uncomplicat-
ed as it was, the biosensor showed precision, stability, reusability,
and low detection limit. By utilizing 96-well microplate as a part of
sensing device, this sensor can detect multiple samples simulta-
neously. The MPH-GST biosensor was easily and successfully used
to determine MP both in real, non-spiked and spiked samples, with
high reliability. Its cost-effectiveness and multiple sample
detectability added to its dominance. While sophisticated and
expensive OP biosensors are demanded for particular circum-
stances, there are some other situations in which those with low
cost and ease of use are needed. This MPH-GST biosensor
developed here was exceptional in that it was a very simple OP
biosensor, with the use of uncomplicated absorbance-based
detection method, yet it could yield lowest possible limit of
detection. Hence, the proposed biosensor has great potential to be
an alternative device for easy screening of OP contamination in
agricultural products and the environment without high expense,
which is the desirable sceneario for many countries.
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