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Due to indiscriminate use of pesticides, there is a growing need to develop sensors that can sensitively
detect the trace amount of pesticides in food and water samples. Parathion, identified as an acet-
ylcholinesterase inhibitor, had been one of the most widely used pesticides throughout the world.
Symptoms of its poisoning are found to be diverse enough to include nausea, vomiting, diarrhea, muscle
cramping/twitching, and shortness of breath. In this work, a graphene based impedimetric im-
munosensor has been fabricated and employed for highly sensitive and specific detection of parathion.
The fabrication proceeded through the modification of the screen-printed carbon electrodes (SPE) with
graphene sheets, followed by their functionalization with 2-aminobenzyl amine (2-ABA) via an elec-
trochemical reaction. These amine functionalized graphene electrodes were then bio-interfaced with the
anti-parathion antibodies. In the impedimetric mode, this biosensor detected parathion in a broad linear
range, i.e. 0.1-1000 ng/L with a very low limit of detection (52 pg/L). It also showed high selectivity
towards parathion in the presence of malathion, paraoxon, and fenitrothion. The viability of this bio-
sensor was demonstrated by detecting parathion in real samples (e.g., tomato and carrot) and through

cross-calibration against HPLC.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Different classes of pesticides, including organophosphates,
organochlorides, carbamates, pyrethrums, and triazines are used
extensively to combat agricultural pests (Aragay et al., 2012). Due
to unsystematic use of these pesticides, their residues accumulate
in the food chain and ultimately find their way to human con-
sumers though water, food, and soil (Audrey et al., 2012). The or-
ganophosphates (OPs) are one of the most widely used classes of
pesticides (approximately 36%) (Sukirtha and Usharani, 2013).
Their toxicity effects in vertebrates are well documented (Aslan
et al., 2011). The OPs are known to inhibit the activity of the es-
sential acetylcholinesterase (AChE) enzyme, consequently posing
various health risks, e.g. nerve disorders, respiratory diseases, and
sometimes even death (Liu and Lin, 2005; Singh et al., 1999).
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Parathion is still recorded as one of the most commonly used OPs
in developing counties like India (Consumer Resources, India,
2015). Therefore, a routine and a convenient detection of para-
thion is essential to maintain the quality of the food and water
human consumes.

High performance liquid chromatography (HPLC) and gas
chromatography-mass spectroscopy (GC-MS) are the common
techniques for the qualitative and quantitative detection of pesti-
cides (Du et al.,, 2010; Wen et al., 2010). The above methods are
time consuming and costly while producing large amounts of or-
ganic waste. Hence, they are not necessarily preferable options for
an on-field real time monitoring (Liu and Lin, 2005). During the
last two decades, the biosensors have gained considerable analy-
tical interest for the determination of pesticides due to advantages
of portability, routine detection, and fast processing time (Mul-
chandani et al., 2001). Different biosensing platforms are cate-
gorized on the basis of the type of the bio-recognizing element
(e.g., antibody, protein, enzyme, and microorganism) and or the
transduction unit (e.g. optical, piezoelectric, and electrochemical)
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Fig. 1. Schematic of the graphene-based, screen-printed immunosensor for parathion.

(Bontidean et al., 2003; Cherian et al., 2003; Dzyadevych et al.,
2003; Khosraviani et al., 1998; Mattiasson, 1997; Preininger and
Wolfbeis, 1996). Electrochemical signaling based biosensors are
immensely popular due to their sensitivity, selectivity, rapid re-
sponse, and low-cost manufacturing (Takahashi et al., 2010; Goi-
colea et al., 2011). Various electrochemical biosensors have been
proposed for the detection of OPs based on amperometry, po-
tentiometry, voltammetry, and impedance analysis (Wu et al.,
2013; Xue et al., 2013; Bhardwaj et al., 2015; Deep et al., 2015;
Zhao et al., 2015; Chauhan et al.,, 2016). The electrochemical im-
pedance spectroscopy (EIS) is an interesting class of the electro-
chemical techniques with an underlying capability of direct ana-
lyte detections via simple affinity complex formation. The EIS
measurements involve the study of charge transfer resistance or
capacitance at the electrode interface during probe-analyte inter-
action (Bourigua et al., 2010). The extension of EIS-based sensors
to screen-printed electrodes is used to realize compact and cost-
effective detection systems (Arora et al., 2011).

Recent developments in nanomaterials have made it possible to
further improve the sensitivity levels of the pesticide biosensors
(Rosi and Mirkin, 2005; Du et al., 2009; Aragay et al., 2012; Audrey
etal., 2012; Kumar et al., 2012, 2015; Li et al., 2012; Bhardwaj et al.,
2015; Deep et al., 2015). Several studies have established graphene
as a material of choice for the construction of highly sensitive and
stable biosensors for a variety of analytes (Suri et al., 2009; Shao
et al., 2010; Yola et al., 2014a, 2014b, 2016; Tuteja et al., 2015; Atar
et al, 2016). Graphene is characterized with ultra-high charge
mobility, high surface to volume ratio, high Young’'s modulus, and
excellent target binding properties, which together result in en-
hanced selectivity and sensitivity (Wang et al., 2010, 2013; Atar
et al,, 2015). Various types of graphene containing nanoconjugates
have also been widely explored for the sensing of different ana-
lytes (Akyildirim et al., 2015; Yola et al., 2015; Kotan et al., 2016;).

The use of graphene for the development of pesticide bio-
sensors has been reported for organophosphates and carbamates
(Gong et al., 2011, 2012; Liu et al., 20114, 2011b; Wu et al,, 2013).
Most of these sensors exploited the use of graphene in a nano-
composite form with other materials (Gong et al., 2011, 2012; Liu
etal.,, 2011a, 2011b; Wu et al., 2013) and the related measurements
relied on the mechanism of inhibition of the bio-immobilized

enzyme’s activity. In some studies, the graphene nanostructures
have also been used to design screen printed biosensors (SPE)
(Ping et al.,, 2011; Song et al.,, 2013; Yang et al., 2013). Ping et al.
(2011) proposed the assembly of a reduced graphene oxide/ionic-
liquid doped SPE for the biosensing of glucose with the aid of
physically immobilized glucose oxidase. As another example, a
chitosan-reduced graphene oxide-nickel nanocomposite was de-
posited on an SPE to realize an enzyme-free detection of glucose
(Yang et al., 2013). A silver nanoparticles/graphene modified SPE
has also been proposed for the sensing of immunoglobulin E (Song
et al., 2013). The SPE had to be conjugated with a specific aptamer
(bio-recognition molecule) via streptavidin beads. Recently, a
graphene modified SPE has also been proposed for the analysis of
cathecholamine neurotransmitter (Apetrei et al., 2014). These au-
thors attached the required enzymatic bioprobe on the graphene
surface via glutaraldehyde mediated conjugation process.

In this research, we explored the viability of a convenient
graphene-SPE platform for non-enzymatic label-free im-
munosensing of parathion. Unlike the approaches employed in
earlier reports, the herein used graphene SPE does not need any
mixing with other materials. The bioconjugation process has also
been straightforwardly performed without the use of cross linkers
or any other cumbersome chemistry. Briefly, the SPE was first
modified with the dispersed graphene sheets. The electrode sur-
face was then electrochemically treated with the 2-aminobenzyl
amine so as to generate the active —-NH, functional groups. The
above functionalized electrodes were then simply incubated with
the anti-parathion antibodies to realize the desired biosensor. As
the antibody molecules were bound to the graphene-modified SPE
through the F. region based on this approach, this oriented im-
mobilization allowed the biosensor to have free F,;, regions of the
bio-recognizing probe. As such, enhanced detection sensitivity of
this biosensor is expected to be achieved by activating all the
possible available antibody probes in the system. A full scheme of
this proposed strategy is illustrated in Fig. 1. The developed gra-
phene SPE immunosensors has offered a highly sensitive and a
specific electrochemical detection of parathion.
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2. Experimental section
2.1. Reagents and chemicals

All chemicals used in the study were of analytical reagent grade purity. Single-
layer graphene sheets were purchased from ACS Chemicals (USA); 2-aminobenzyl
amine ‘2-ABA’ and parathion were purchased from Sigma Aldrich (India). Anti-
parathion antibodies (Rabbit polyclonal) and screen-printed carbon electrodes
(Dropsens make) were purchased from Abcam (India) and Metrohm (India),
respectively.

2.2. Material characterizations

Spectroscopic characterizations of graphene and its bioconjugate were studied
by Fourier transform infrared (FTIR) spectroscopy (Nicolet iS10, USA) and UV-vis
spectroscopy (Varian Cary 5000). Field-emission scanning electron microscopy (FE-
SEM) investigations and electrochemical measurements were carried out using
Hitachi S4300/SE system (Hitachi, Japan) and PGSTAT302N system (Autolab,
Netherlands), respectively. The surface topography of the electrodes was studied by
atomic force microscopy (AFM, XE-NSOM, Park Systems). Fluorescence imaging
was carried out on a confocal laser scanning microscope (CLSM, LSM, Zeiss).

2.3. Functionalization of graphene with 2-ABA

Single-layer graphene sheets were first carboxylated by ultrasonication of a
50 mg sample in 30 mL of H,SO4/HNOs (3/1, v/v) for 4 h (Chhabra et al., 2012). The
product was filtered through hydrophilic (0.22 um) filter paper after appropriate
dilution and then washed with distilled water. The sample was vacuum dried at
50 °C.

For the modification of SPE with graphene, ethanolic slurry of carboxylated
sample was drop-casted over the working electrode area. The remaining counter
and reference electrodes were properly masked with removable tape. The gra-
phene-cast SPE electrodes (G-SPE) were annealed at 100 °C for 60 min to improve
the cohesiveness of the graphene sheets. As reported earlier, the annealing process
should not interfere with functionality of the processed graphene sheets (Jeon
et al.,, 2012). Further functionalization of the G-SPE with 2-ABA was performed via
an electrochemical process using an electrolyte solution of 10 mM 2-ABA (in PBS
buffer, pH=7.4). A fixed potential of 0.5V was applied for 5 min The electrolytic
deposition of 2-ABA on graphene surface took place through interatomic binding
between the carboxyl groups of graphene sheets and amine groups of 2-ABA
(Tuteja et al., 2015). After functionalization (with -NH,), the resulting electrodes
(fG-SPE) were washed with water and then vacuum dried.

2.4. Conjugation of anti-parathion antibody (Ab) on -NH; functionalized graphene
screen-printed electrode (fG-SPE)

For bio-interfacing of fG-SPE electrodes with the anti-parathion antibody, a
100 pL of antibody solution (0.1 mg/mL) was first incubated with 100 pL of freshly
prepared EDC + sulfo-NHS (0.1 mM) for 30 min at room temperature. This mixture
was then drop-cast over the working electrode areas of the G-SPE, followed by
incubation at 4 °C for 1 h. The immobilization of the anti-parathion antibodies on
the fG-SPE occurred through amide bond formation. The resulting antibody-con-
jugated electrodes (Ab-fG-SPE) were rinsed with Tween 20-PBS mixture (0.01%
Tween 20, pH 7.4) to remove the unbound antibody molecules. These electrodes
were subsequently incubated with BSA (0.1 mg/mL in PBS buffer) solution for
30 min in order to block non-specific antibody sites. The above obtained multiple
Ab-fG-SPE electrodes were stored at 4 °C. Note that the F. chains of the antibody
molecules were used during the above immobilization step. Hence, the oriented
availability of F,, binding sites should facilitate high sensitivity of the
immunosensor.

2.5. Electrochemical studies

The electrochemical impedance spectroscopic (EIS) measurements were per-
formed using an electrolyte of 10 mM potassium ferricyanide and potassium fer-
rocyanide in PBS, i.e., 10 mM [Fe(CN)g]> /4~ as the redox couple. The impedance
data were recorded during different steps of functionalization, immobilization, and
analyte detection. Nyquist plots were recorded in a frequency range of 1 KHz-
1 MHz at a fixed potential of 0.5 mV. The detection of parathion was investigated in
a dynamic concentration range of 0.01-10% ng/L. A 10 pL aliquot of each of these
solutions was exposed to the Ab-fG-SPE electrodes. After 10 min, the sensor was
washed with PBS and the electrochemical measurements were recorded. Cyclic
voltammetry studies were also performed using 10 mM [Fe(CN)g]> /4~ electrolyte
as the redox couple maintaining a scan rate of 0.1 V/s.

3. Results and discussion
3.1. Spectroscopic and structural characterizations

The successful carboxylation of graphene and the subsequent
immobilization of the antibodies was confirmed using FTIR and
UV-vis spectroscopic studies. FTIR spectra of the pristine and
carboxylated graphene are shown in Fig. 2. The peaks around 1578
and 3300 cm~! (weak stretching) can be ascribed to the skeletal
vibrations and adsorbed water molecules, respectively. A small
band around 1660 cm~' was due to the aromatic C=C bonds,
while that at 1412 cm™! can be assigned to the C-O bonds. The
successful carboxylation was evident by the presence of bands
around 1760-1620 (carbonyl stretch C=0) and 1050 cm~! (0=C-
OH). The FTIR signal around 1450 cm~! can be attributed to the
0O-H bending. FTIR studies of the above electrode (G-SPE) after the
electrochemical functionalization with 2-ABA is also shown in
Fig. 2. These measurements were conducted in the attenuated
total reflectance mode. A band around 1573 cm ! along with some
other signals around 1000-1250cm~! highlighted the N-H
bending and C-N bond stretching as a result of the -NH, func-
tionalization. Some other peaks around 3200-3400cm~! also
suggested the N-H stretching for the -NH, modified graphene.

The bio-interfacing of graphene with the anti-parathion anti-
bodies was also confirmed from the FTIR results. The amide ab-
sorption and C-N bond stretching, as characteristics of the amide
bond formation between the -NH, functionalized graphene and
the antibodies, were highlighted by the weakening of bands at
1615 and 1050-1300 cm~!, respectively. A broad band near
3200 cm~ ! representing N-H stretching (amide formation) further
suggested the modification of graphene with antibody molecules.

UV-vis studies were carried out to assess the effect of carbox-
ylation and antibody functionalization on the graphene sheets
(Fig. 2 inset). Dispersed graphene showed a peak at 230 nm due to
7- ©* plasmons for nanoscale sp? C=C aromatic transition bonds.
The appearance of a broad shoulder near 250 nm in the carboxy-
lated graphene sample indicated the success of the chosen func-
tionalization strategy. An additional characteristic peak at 280 nm
in the antibody-conjugated graphene sample was attributed to the
successful grafting of antibodies on graphene sheets.

The FE-SEM results of the bare (SPE) and antibody conjugated
(Ab-fG-SPE) electrodes are shown in Fig. 3. These studies revealed
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Fig. 2. FTIR and UV-vis spectra (inset image) of pristine graphene, carboxylated
graphene, and antibody-immobilized graphene.
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Fig. 3. (a) FE-SEM analysis of bare SPE (SPE) and (b) FE-SEM analysis of antibody-conjugated fG-SPE (Ab-fG-SPE).(For interpretation of the references to color in this figure,

the reader is referred to the web version of this article.)

the information about modifications at the electrode surface. The
bioelectrode ‘Ab-fG-SPE’ was characterized with a fairly homo-
genous surface elucidating the deposition of globular proteinac-
eous antibodies. The different steps of biosensor formation were
also characterized with the AFM investigations (Supplementary
Information, Fig. S1). The bare SPE was characterized with a rela-
tively rough line profile ( + 200 nm) (Fig. S1a), whereas its evident
modification (Fig. S1b) with the functionalized graphene
smoothened the surface to a significant extent ( + 60 nm). The
AFM of the native antibody particles displayed them as nanosized
(4-5 nm) globules (Fig. S1c). The immobilization of the antibodies
on the fG-SPE could be firmly assessed from Fig. S1d and Sle in
which the modification of the graphene electrode is visualized
with the protein particles. The roughness of this final biosensor
surface was also limited to +40 nm. Investigations by confocal
laser scanning microscopic (CLSM) also helped verify a successful
formation of the Ab-fG-SPE electrodes. The fluorescence imaging
of a dye (FITC) attached antibody sample and an Ab-fG-SPE elec-
trode are shown in Fig. S2. These samples were excited with a laser
light of 488 nm. The dye tagged antibody molecules exhibited
their characteristic emission profile (Fig. S2a). An intact fluores-
cence from the bioconjugated graphene electrode highlighted a
successful assembly of the antibodies (Fig. S2b). Note that we did
not observe any fluorescence signal for the bare SPE, C-SPE, and
fG-SPE. Therefore, the observed emission from the proposed bio-
sensor electrode should be clearly indicative of a successful at-
tachment of the antibody.
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3.2. Cyclic voltammetry studies

Cyclic voltammetry (CV) studies of the electrodes were con-
ducted during the different steps of the biosensor development
(Fig. 4a). A parallelogram shape of the graphene (carboxylated
G-SPE) electrode depicted the internal resistance of the electrode.
The capacitance can be attributed to the charge and discharge of
the double layer. The presence of various functional groups in the
material could be accounted for by the pseudocapacitance effect in
the cyclic voltammograms (e.g., Karthika et al.,, 2012). The car-
boxylated graphene surface displayed a more prominent pseudo-
capacitance effect due to the presence of more oxidizing oxygen
functionalities (Karthika et al., 2012). The same effect was also
observed in the 2-ABA functionalized graphene but to a relatively
lesser extent. The functionalization of G-SPE with —-NH, groups
(from 2-ABA) resulted in improved peak characteristics in terms of
positive peak potential due to the enhancement in the catalytic
activity (Navaee and Salimi, 2015). Further, attachment of the an-
tibodies caused a decrease in the peak intensities as the protein
molecules hindered the charge transfer due to their insulating
nature (Han et al., 2011; Choudhary et al., 2013). The pseudoca-
pacitance effect was also abated due to the decreased presence of
the electrochemically active species (i.e. -COOH), a reduced tun-
neling of the charge, and passivation of the background current
(Chen et al., 2011). The CV studies highlighted successful mod-
ification of SPE with the antibodies. The effect of antibody-antigen
binding was also reflected in CV patterns, where an anodic shift
was observed due to the presence of electron-withdrawing
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Fig. 4. (a) Cyclic voltammograms of graphene modified SPE (G-SPE), 2-ABA-functionalized G-SPE (fG-SPE), antibody-conjugated fG-SPE (Ab-fG-SPE), and antigen-antibody-
fG-SPE (parathion/Ab-fG-SPE) and (b) Nyquist plots of graphene-modified SPE (G-SPE), 2-ABA-functionalized G-SPE (fG-SPE), and antibody-immobilized fG-SPE (Ab-fG-SPE).
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parathion molecules (Cutler et al., 2002).

The effective surface area of electrodes at different modification
steps was calculated using the method described by Yola et al.
(2014a) (Eq. (1)).

ip = 2.69 x 10°A n3/2D1/2C 112 M

where iy- peak current, A- electrode surface area, n- number of
electrons transferred, D- diffusion coefficient, C- concentration of
redox media, and v- scan rate. The estimated surface areas for the
G-SPE, fG-SPE, and Ab-fG-SPE electrodes were 0.047, 0.031, and
0.032 cm?, respectively.

3.3. Impedimetric detection of parathion

Electrochemical impedance data are commonly expressed by
the Nyquist plots in which the imaginary impedance component
(Z", out-of-phase) is compared against the real impedance com-
ponent (Z', in-phase) at different excitation frequencies. The
parameter ‘charge transfer resistance’ or the R.; denotes the real
component of impedance. Based on the nature of the measuring
signal, the impedance immunosensors can be classified into ‘Ca-
pacitive’ and ‘Faradaic’ categories. The former works in the ab-
sence of the redox probe to measure capacitive current under a
small amplitude sinusoidal voltage signal. The latter suits where
the surface of the electrode is partially or wholly covered by a non-
insulating layer such as the antibody molecules. These electrodes
are thus able to catalyze a redox probe to measure the R para-
meter. Antibody-antigen (Ab-Ag) interactions tend to increase the
value of R as the Faradaic reaction becomes increasingly hin-
dered. In general, the Faradaic impedimetric immunosensors can
exhibit enhanced sensitivity to the Ab-Ag interactions.

Electrochemical impedance spectroscopy (EIS) studies were
conducted to evaluate the kinetics of charge transport by graphene
modified SPE (G-SPE), 2-ABA functionalized G-SPE (fG-SPE), and
the antibody-immobilized fG-SPE (Ab-fG-SPE). The resultant data
in the form of Nyquist plots are shown in Fig. 4b. These studies
were carried out in the frequency range of 1 KHz-1 MHz. The real
impedance component (Z') was plotted against the imaginary
impedance component (Z” ). The values of R, were computed by
fitting and modelling the impedance data in a Randles equivalent
circuit. As indicated in Fig. 4b, the semicircle diameter for the
carboxylated graphene increased after its immobilization with the
anti-parathion antibodies. The antibody molecules immobilized at
the surface of electrode acted as a dielectric layer which hindered
the diffusion of the redox probe, accounting for the observed in-
crease in the R value.

The Ab-fG-SPE was used for the impedimetric analysis of
parathion in a dynamic concentration range of 0.01-10% ng/L. Ny-
quist plots generated during the EIS analysis of varying parathion
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concentrations are shown in Fig. 5a. The semicircular diameter
showed a gradual increase with the increasing antigen (parathion)
concentration. The antibody-antigen binding at the electrode
surface altered the properties of the dielectric layer to restrict the
charge transport across the redox probe and electrode surface.
Consequently, as the Faradic process was hindered, the values of
R increased linearly in proportional to the parathion concentra-
tion over a range (0.1-10° ng/L) (Fig. 5b). Note that the R values
below that range ( < 0.1 ng/L) were not distinguishable from the
baseline values, while those above that range (> 10° ng/L) re-
mained almost constant due to the signal saturation. Here, the
explanations for an observed increase in the R value of the bio-
sensor electrode upon its exposure to the analyte solution can be
sought for by considering the electronegative nature of the para-
thion molecules. Parathion is negatively charged due to the pre-
sence of p-nitrophenol (as an organic radical). The presence of the
electron withdrawing groups can facilitate trapping of more and
more electrons within the antigen layer itself. It thus destructs the
2D and 3D electron conducting pathways to transport less charges
to the graphene electrode through antigen-antibody layer.

The limit of detection (LOD) was computed by the formula:
LOD = K x s.d. / S. The value of K was taken as 3, s.d was com-
puted as the standard deviation of the blank sample, and S was the
slope of the calibration curve. The LOD of the developed Ab-fG-SPE
immunosensor was estimated to be 0.052 ng/L, which is better
than those of the previously reported electrochemical methods
(Table 1). The specificity of the proposed technique was in-
vestigated by analyzing 10 ng/L parathion in the presence of ele-
vated ratio concentrations [1 (parathion): 100 (paraoxon, ma-
lathion, and monochrotophos)] of other organophosphate pesti-
cides. The results of this analysis are shown in Fig. S3. The tested
electrodes did not respond to the above non-specific pesticides,
suggesting the desired specificity of the used antibody.

3.4. Reproducibility, regeneration and stability of the sensor

For testing the reproducibility of the developed biosensor
electrodes, a number of the Ab-fG-SPE electrodes (five) were used
to analyze a fixed concentration (10 ng/L) of parathion. Fig. S4
shows the response of these electrodes. No significant change (1-
1.5%) was found in sensor response, suggesting excellent re-
producibility of the proposed electrodes. The regeneration effi-
ciency of the biosensor surface was investigated by washing a used
sensing electrode with 10 mM of Glycine-HCl solution (pH 2.5)
(Andersson et al., 1999). The regenerated sensor was tested again
for the detection of parathion. The output characteristics (R¢) of
the regenerated sensor were found fairly consistent (signal at-
tenuation of less than 10%) upto the five recycling steps. We also
investigated the long-term stability of the developed sensor

®
1.35 1 )
1.3 4 y=00613x+1.1233
R*=0.9978 . e
1.25 A ¥
. N
1.2 4 z .
1.15 o bl
: [ 1 20042025
el = | 2 17802024
3 | 3 15412023
105 4 ¢ [Ran! 13354020
% L5 | 11422017
2 1 0 1 2 3 a

log [Parathion, ng/L]

Fig. 5. (a) Nyquist plots observed during the EIS analysis of varying concentrations of parathion and (b) Log-log calibration plot depicting R, values as a function of parathion
concentration along with tabular data to show estimated R values for different analyte concentrations.
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Table 1

Performance comparison of different immunosensing systems for parathion (and other pesticides) between this study and previous reports.

Detection range Sensor stability Reference

Limit of detection

Transduction method

Sensing Material

Du et al. (2010)

30 days

1 ng/mL for methyl parathion 5.0-200 ng/mL

Amperometry (monitoring of peak current in cyclic

voltammograms)
Voltammetry

Gold nanoparticles/ multiwalled carbon nanotube (MWCNT) film

Ion et al. (2010)
Wau et al. (2013)

10 days

0.1 nM-0.1 uM
5.0-100 ng/mL

0.158 nM for chloropyrifos
2.0 ng/mL for dichlorvos

Graphite nanoplatelet (xGnPs)-chitosan cross-linked composite

30 days

Electrochemical impedance spectroscopy (EIS)

Electrochemically reduced graphene oxide and Nafion hybrid

nanocomposite
Carbon nanotube-Web (CNT-Web)-modified glassy carbon (GC) electrode

Molecularly imprinted polymer—ionic liquid-graphene composite film-

Musameh et al. (2013)
Zhao et al. (2013)

30 days
30 days

20-1000 nM
0.010-7.0 pM

1 nM for methyl parathion
6 nM for methyl parathion

Differential pulse voltammetry (DPV)

DPV

coated glassy carbon electrode

Graphene-Nafion/GCE

Xue et al. (2013)

NA

0.02-20 pg/mL

1.6 ng/mL for methyl

parathion

Electrochemical stripping voltammetry (ESV)

Li et al. (2014)

30 days

0.008-10 pM

1 nM for methyl parathion

Graphene nanosheets (GNs)/gadolinium Prussian Blue analogue modified ESV

glassy carbon electrode
Nano Metal-organic framework (NMOF)/ Indium-tin oxide (ITO)

Graphene oxide (GO)-chitosan (CS) composite film

Deep et al. (2015)
Zhou et al. (2015)

25 days
15 days

0.1-20 ng/mL
10-100 nM

0.1 ng/mL for parathion
1.2 nM for carbaryl/tri-

chlorfon

EIS
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Cyclic voltammetry (CV)

4.3-1000 pg/mL 28 days Zhao et al., (2015)

1.15 pg/mL for carbaryl

cv

Reduced graphene oxide-Au nanoparticles-p-cyclodextrin/Prussian blue

chitosan nanocomposites
Ag/Cu Graphene nano-composite
Graphene-C0O504 composite

Sreedhar et al. (2015)
Liu et al. (2015)

This Work

30 days
30 days
50 days

0.01-100 nM
0.4-20 yM

4.0 pM for chlorpyrifos

11 nM

Differential pulse adsorptive stripping voltammetric

DPV
EIS

0.1-1000 ng/L

0.052 ng/L

Anti-parathion antibody immobilized onto graphene sheet-modified,

screen-printed electrodes

electrodes. For this, a number of electrodes were stored at re-
frigerated conditions (4 °C) and used periodically for the analysis
of parathion at an interval of 10 days. As shown in Fig. S5, an ex-
cellent stability of the Ab-fG-SPE electrodes was realized. The
sensor response was fairly stable (reduction in the sensor’s output
signal smaller than 5%) even after 50 days of storage.

3.5. Quantification of parathion in spiked real samples

In order to evaluate the developed sensor’s performance in
practical applications, the method was extended for the quantifi-
cation of parathion in food samples (tomato and carrot). The
sample preparation was carried out by treating 5 g of the properly
cleaned and homogenized tomato/carrot samples with 20 mL of
diethyl ether. The mixtures were stirred for 1h, and the super-
natants were filtered through a 0.22 ym hydrophilic membrane.
The collected extracts were evaporated to dryness and then re-
suspended in 5 mL of ethanol. The standard addition method was
employed to estimate the recovery of parathion in the real (food)
samples. The concentrations of parathion were hence determined
from the extracted food samples (after spiking with its standards)
by the Ab-fG-SPE impedimetric sensor. The results were also va-
lidated via HPLC, for which the conditions were as follows: col-
umn: Li-Chrosorb RP-18 (Merck); pre-column: RP-18 (Merck);
mobile phase: 70/30 (v/v) acetonitrile/water; injectionvolume:
20 uL; and detection wavelength: 270 nm. Table 1S shows the
parathion analysis data in tomato and carrot samples using the
Ab-fG-SPE sensor and HPLC. We obtained excellent mean per-
centage recoveries (%R) with satisfactory relative standard devia-
tions. The obtained data thus confirmed a high precision of the
proposed procedure. Furthermore, the analysis results were also in
good agreement with the HLPC data.

4. Conclusions

In summary, a new graphene based impedimetric biosensor has
been developed for highly sensitive and specific quantification of
parathion. Using a convenient processing route, graphene was
drop-cast onto screen-printed electrodes (SPE), which were then
electro-functionalized with 2-ABA. These modified SPE with
available -NH, functional groups were conjugated with anti-
parathion antibodies to realize the desired sensor design. The use
of graphene as a support material provided a large surface area for
antibody immobilization. Further, the adopted strategy of con-
jugating the F. region of the antibodies with the sensor surface
ensured the availability of the F,, region for effective antigen
targeting, i.e., parathion molecules. The analytical performance of
the proposed sensor was then assessed through reliable and fea-
sible evaluations in terms of both sensitivity (low limit of detec-
tion) and specificity (against other pesticides). The practicality of
the sensor was further verified through the analysis of real (food)
samples spiked with parathion and cross-validation against stan-
dard (HPLC) method.
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