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KEYWORDS Abstract An enzyme based nanocomposite host matrix comprising of Poly(3,4-ethylenedioxythio-
PEDOT/ILRGO electrodes; phene) and 1-Butyl-3-methylimidazolium trifluoromethanesulfonate based ionic liquid functional-
Impedimetry; ized reduced graphene oxide (PEDOT/ILRGO) has been designed for the electrochemical detection
Electrocatalysis; of organophosphorus pesticides (OPs). Interactions between reduced graphene oxide and ionic liq-
Voltammetry; uid have resulted in better loading of the same onto the PEDOT matrix. A detail redox analysis
Pesticides highlights the increased surface area and more number of charge carriers enabling the redox inhi-

bition mechanism more efficient in the designed electrode. The biosensor works on the principle of
generation of thiocholine by reaction between acetylcholinesterase (AChE) and substrate acethylth-
iocholine iodide (ATChI), which undergoes oxidation resulting in redox peaks. Under the optimized
conditions, three different OPs chlorpyrifos (CP), malathion (ML) and methyl parathion (MP) were
analyzed by varying concentrations with limit of detection calculated to be 0.04 ngml™!,
0.117 ngml~! and 0.108 ng ml~" respectively, all below 0.2 pg ml~! concentration which is their
maximum residual limit, hence exhibiting good sensitivity. The prepared sensor offers 91.7% of
reactivation and good stability for 15-20 days with 95.7% of initial current response retainment,
reflecting its excellent potency as an organophosphorus pesticide sensor.
© 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. 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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Since the last few decades, organophosphorus pesticides (OPs)
have been widely used in agriculture to exterminate pest-borne
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unfortunately the cases of their hazardous effects outnumber
the advantages they offer to the mankind (Kumar et al.,
2015). The health alarms of OPs include fatigue, headache,
dizziness, inability to walk and simultaneously make human
body susceptible to diseases such as cancer, reproductive and
neurological disorders. Hence considering these, there is a dire
need for their detection even at trace levels (Chowdhary et al.,
2014). The contemporary methods for pesticide detection
include solid phase extraction (Liu et al., 2018), chromatogra-
phy (Huang et al., 2018a,b.c), spectrophotometric methods
(Harshit et al., 2017) and fluorimetric methods (Obare et al.,
2010). But these techniques require expensive and sophisti-
cated instrumentation as well as conscientious and labor inten-
sive sample preparations (Chowdhary et al., 2014; Bhadekar
et al., 2011).

Recently, enzyme linked immunosorbents have also been
developed for the detection of various pesticides at trace levels
with good reactivation. But, time requirements and series of
steps limit their applications (Yao et al., 2017; Liu et al.,
2017; Xie et al., 2017). Recently, various photoelectrochemical
and amperometric biosensors have also been deployed for
sensing different analytes. But despite some advances in this
field they are limited to stearic hinderance effect, electron
acceptor/donor production and energy transfer effect (Shu
et al., 2018; Qiu et al., 2018; Lv et al., 2018; Shu and Tang,
2017; Tang et al., 2006). In this regard, electrochemical biosen-
sors being single step and fast field assay have ability to com-
pliment the analytical methods by eliminating tedious
preparation with highly developed instrumentation and hence
making field testing easier and faster with significant decrease
in cost per analysis (Pundir and Chauhan, 2012; Farghaly
et al., 2014). The most commonly reported electrochemical
biosensors deployed for the detection of OPs involve enzyme
acetylcholinesterease (AChE), which is inhibited due to toxic-
ity of OPs (Liu et al., 2015). Hence, this mechanism can be
easily utilized for the perceptible change in the electrochemical
signal in the designed biosensor.

For designing an efficient biosensor, enzyme immobiliza-
tion is an important key factor and for this higher surface area
and faster charge transfer rate are few major factors that are
required to be considered for a better catalytic activity while
selecting the electrode material (Kumar et al., 2015). Literature
is full of such materials where catalytic activity has been
enhanced by introducing novel structures (Huang et al.,
2018a.b,c, 2014). In particular to enzyme catalysis, conducting
polymers have attracted remarkable attention as efficient
immobilizing matrices for biomolecules owing to their high
currents and faster electron transfer rate that can be easily
enforced by exploiting their attribute of structural flexibility
(Moyo et al., 2012). Amongst various conducting polymers
poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the excit-
ing candidate due to its excellent biocompatibility, low redox
potential and high conductivity (Sikora et al., 2011;
Bhandari et al., 2009) but its poor solubility and weak mechan-
ical strength limits its use as electrode material. To overcome
these effects the surface of PEDOT can be immobilized with
carbon nanomaterials which provides enhanced mechanical
strength, large surface area and improved conductivity favor-
able for its use as efficient electrode material (Shen et al.,
2013; Saxena et al., 2010). Wei et al. have utilized the porosity
of these carbon based materials for efficient AChE immobiliza-
tion thereby boosting the biosensor performance for the detec-

tion of OPs (Wei and Wang, 2015). Along with porosity,
carbon structure used by them had provided high stability,
ionic conductivity and wide electrochemical window which
ultimately enhance the response sensitivity and facilitate faster
electron transfer rate. In literature, particularly graphene
based carbon structures and their composites have consistently
found to give remarkably high efficiency results for the pesti-
cide detection (Bahadir and Sezgintiirk, 2016). Wang et al.
have used carboxylic graphene decorated with ZnO nanoparti-
cles for enzymatic detection of pesticides where the synergistic
integration of these nanostructures has remarkably increased
the sensitivity and limit of detection of the biosensor (Wang
et al., 2014).

The gripping of reduced graphene oxide is relatively low
directly onto the surface of PEDOT which in turn reduces
the redox active sites present in the system. To bridge the
gap between the two, ionic liquids can be used which endow
the dissemination of larger surface area and better redox activ-
ity to the electrode material. The ionic liquids not only pro-
vides the heterogeneous nature to the electrode but also
makes it easy as pie to develop novel composite to use as elec-
trode material for organophosphorus pesticides sensing (Shen
etal., 2013; Saxena et al., 2010). Zheng et al. have incorporated
faster electron transfer rate attribute in graphene using ionic
liquid and gelatin as an efficient matrix for AChE adhesion
thereby making a low cost, high sensitivity sensor (Zheng
et al., 2015).

Hence, after analyzing the unique features of PEDOT and
carbon based nanostructures from literature herein, we have
designed an electroactive matrix of PEDOT-reduced graphene
oxide functionalized by ionic liquid (PEDOT/ILRGO) for
effective immobilization of acetylcholinesterease enzyme (Wu
et al., 2015; Huang et al., 2015). In our case, imidazolium ring
of the chosen ionic liquid prevents the stacking between the
layers of reduced graphene oxide and hence increases the wet-
tability of the surface. Though, composites of conducting poly-
mers with reduced graphene oxide have been utilized in the
literature for other sensing applications (Taylor et al., 2017;
Sundramoorthy et al., 2016) but till now they have not been
used for the detection of OPs and in particular for the simulta-
neous determination of three most hazardous pesticides, this is
the first report to best of our knowledge. Moreover, here the
ability of electrodes are further augmented by use of ionic lig-
uid as a novel approach yielding a better electrochemical sen-
sor for organophosphorus pesticides as confirmed in its
detailed comparative redox analysis.

2. Experimental

2.1. Reagents

Chlorpyrifosmethyl, malathion, methyl parathion, acetylthio-
choline Iodide (ATChI), AChE (1000 Units/mg, from electric
eel) and 2-pyridinealdoxime methiodide (2-PAM) were
purchased from Sigma-Aldrich. 3,4-Ethylenedioxythiophene
(EDOT) and graphite were also obtained from Sigma-
Aldrich. Phosphate buffer solutions (PBS) were prepared using
di-sodium hydrogen orthophosphate anhydrous from Fluka
and sodium dihydrogen phosphate monohydrate from Fischer
scientific. 1S-(+)-10-camphorsulfonic acid (CSA), lithium tri-
fluoromethanesulfonate (98%) and hydrazine monohydrate
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(64%) were obtained from Acros organics whereas, ionic lig-
uid 1-Butyl-3-methylimidazolium trifluoromethanesulfonate
was procured from Merck (Germany). Inorganic transparent
electrodes of fluorine doped tin oxide (FTO) coated glass elec-
trodes were obtained from Sigma-Aldrich and were cleaned in
a soap solution, 30% HCI solution, double distilled water and
acetone prior to use. All the interference studies were done
using following ions:[cadmium chloride, ascorbic acid, dopa-
mine (Hi-Media), urea (British drug house), citric acid (Mer-
ck), cupric sulphate (Qualigens) and nickel chloride (central
drug house)]. Deionized water was obtained from mili-Q-
system.

2.2. Instrumentation

The FTIR analysis for electrode characterization was recorded
on Nicolet IS50 FTIR spectrophotometer. X-ray diffraction
(XRD) patterns were collected using X-ray diffractometer
(spinner3064XPERT-PRO) using CuKo radiation operating
in the 20 range from 0° to 80°. The surface of films was inves-
tigated using Field Emission Scanning Electron Microscope
(FE-SEM -SU8010-Hitachi) and the contact angle studies were
performed using Model DSA100 with the help of sessile drop
method. Electrochemical response was confirmed using Auto-
lab cyclic voltammeter hooked with research electrochemical
software and equipped with three electrode electrochemical cell
consisting of Ag/AgCl/KCl as reference, a film on fluorine
doped tin oxide coated glass as working electrode and Pt
was used as counter electrode.

2.3. Fabrication of biosensing electrode

2.3.1. Synthesis of reduced graphene oxide (RGO )

To 2 g of graphite powder H,SO, and HNO; in 3:1 volume
ratio was added. The mixture was then refluxed at 40 °C for
16 h. The resulting mixture was then ultrasonicated, cen-
trifuged and washed with deionized water to attain pH value
within 5-6 range and then air dried at 60 °C. The dispersion
of product was then prepared by using 0.07 wt% of graphite
oxide (GO) in deionized water and subjected to ultrasonica-
tion. To 40 ml of this dispersion, 24 pL. of hydrazine and
180 L of 25% ammonia solution were added and refluxed
at 90-95 °C for 1 h. The solution was then centrifuged, precip-
itated and air dried at 60 °C.

2.3.2. Synthesis of ionic liquid functionalized reduced graphene
oxide (ILRGO)

The dispersion of graphite oxide was prepared by using 0.07 wt
% of graphite oxide (GO) in deionized water and was pro-
cessed to ultrasonication for about an hour. The resulting solu-
tion was then mixed with 200 pL ionic liquid to obtain a
colloidal suspension. The mixture was subjected to reflux at
90-100 °C with addition of 24 uL of hydrazine and 180 pL
of 25% ammonia solution to obtain ionic liquid functionalized
reduced graphene oxide.

2.3.3. Preparation of neat PEDOT electrodes

For fabrication of neat PEDOT films, solution of 0.1 M 3,4-
ethylenedioxythiophene (EDOT), 1 M camphorsulphonic acid
and 0.1 M lithium trifluoromethanesulfonate was prepared in

deionized water. Electrodeposition of films were done using
three electrode cell at constant potential of + 1.2 V where Pt
acts as auxillary electrode, Ag/AgCl as reference electrode
and SnO,:F glass electrode as working electrode. The resulting
blue colored films of PEDOT were immediately rinsed with
water, acetone and dried in air prior to use.

2.3.4. Preparation of modified PEDOT/ILRGO electrode

A colloidal dispersion of monomer solution of EDOT with
ionic liquid functionalized reduced graphene oxide added in
25ml of deionized water was used for the preparation of
PEDOT/RGO/IL films at constant potential of +1.2V for
100 s. The dispersion was ultrasonicated prior to use.

2.3.5. Preparation of biosensors

For the fabrication of biosensor, 5 pL of enzyme was immobi-
lized onto PEDOT/ILRGO films by drop casting method. The
films were kept at 4 °C for 24 h for maximum physical adsorp-
tion and then soaked in 0.1 M buffer in order to remove
loosely bound enzyme (Fig. 1). These biosensor films were
preserved at 4 °C to maintain enzymatic activity when not in
use.

3. Results and discussion

3.1. FTIR and XRD studies

FTIR spectra of GO, RGO and ILRGO (Fig. S1) are in good
agreement with already reported work. In case of GO a broad
hump between 3000 and 3500 cm™! is due to —OH group and
a peak at 1624 cm™' is due to —OH bending vibrations of
absorbed water molecules causing hydrophilic nature of GO
(Shahriary and Athawale, 2014). The stretching vibrations
due to C=0O0 stretching of carboxylic acid group are present
at 1710 cm ™' (Soltani and Lee, 2017). The oxygen functional-
ities in RGO are comparatively lesser as indicated by the lower
peak intensities. Also a peak between 1350 and 1600 cm
observed in the case of RGO, is indicative of skeletal vibra-
tions of sheet like structure of graphene (Wu et al., 2012; Ji
et al., 2012). FTIR spectra of both RGO and ILRGO exhibits
the characteristic peaks of —C—C— bonds at 1620 cm ', Gen-
erally, covalent interactions perturbs the —C—C— structure of
RGO due to conversion of sp> to sp> hybridized carbon atoms,
resulting in decrease of intensity of peaks. But, Fig. S1 clearly
shows that after functionalization of surface of RGO with
ionic liquids, the peaks intensities of —C=—C— increases point-
ing towards <pi-pi> interactions between the molecules
(Karthik et al., 2018).

The successful fabrication of GO, RGO and ILRGO were
also confirmed by X-ray diffraction (XRD) as shown in
Fig. 2. The diffraction peak (00 1) in case of GO appears at
9.24° with inter-planar spacing of 0.96 nm. This indicates the
successful functionalization of graphite with oxygen function-
alities (Soltani and Lee, 2017). The appearance of small inten-
sity diffraction peak (0 0 2) at 20 = 15° indicates the presence
of partially reduced graphene oxide (prGO) in small amount
(Lee et al., 2015). Appearance of broad peak in RGO, from
20 = 20° to 30° (d-spacing = 0.37 nm) is attributed to revital-
ization of vanderwaal’s interaction upon reduction of gra-
phene oxide (Muthoosamy et al., 2015). The broadness in
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Fig. 1  Schematic diagram showing fabrication of PEDOT/ILRGO/AChHE based biosensor and its behavior towards organophosphorus
pesticides.
- 3.2. FESEM studies
(a)RGO ILRGO
L P Surface morphology of the films was investigated using
B f:; FESEM. Fig. 3(b) shows the flaked structure of ILRGO where
L g discrete exfoliated graphene sheets are clearly ostensible. The
| _ Ew dimensions of the sheets range from few nanometers to several
i § micrometers as clearly gauged from the FESEM image.
- o - " Absence of functional groups in the RGO (Fig. 3(a)) prevents
E 2 Theta (degree) stacking in between the graphene sheets resulting in ripple like
i effect in surface morphology. The colloidal dispersion contain-
% L ing reduced graphene oxide and ionic liquid results in exfolia-
§ (b)GO tion of sheets of reduced graphene oxide and prevents its
[ - . . . . .
=L 8 stacking. This is due to non-covalent or m-m interactions (as
- already described in FTIR) taking place between the molecules
B in the solution as shown in Fig. 4.
B In FESEM image of PEDOT/ILRGO film, (Fig. 3(c))
i homogeneous globular morphology and highly porous surface
) 1 1 1 structure in the matrix is distinctly visible. It can be seen from
10 20 30 40 50 60 70

2 Theta (degree)

Fig. 2 X-ray diffraction patterns of (a) reduced graphene oxide
(RGO), inset showing the XRD of ILRGO and (b) graphene oxide
(GO).

peak indicates the loss of long range order in the graphene
sheets as they are stacked with few-layers (De Silva et al.,
2012). In addition, the loss of oxygenous groups and water
molecules occur from the surface of graphene oxide as indi-
cated by decreased interlayer spacing. In case of ILRGO, the
peak shifts to 20 = 21°, which indicates the increased inter-
planar spacing due to ionic liquid functionalization of RGO.

Fig. 3(c, d) that scale like ILRGO are stacked on PEDOT
matrix which is helpful in increasing the effective surface area,
one of the essential prerequisite of the efficient bioelectrode. At
higher magnification, (Fig. 3d) this flaked like structure of
ILRGO is perceptible. As RGO stacking onto to PEDOT
matrix is relatively low, it is augmented by the use of ionic liq-
uid as shown in Fig. 3(c, d). The functionalization of surface of
RGO with IL results in increased hydrophilicity which inturn
increases the loading of enzyme onto its surface. This can be
inferred from contact angle measurements as shown in
Fig. S2. The contact angle in case of RGO is 30° whereas it
decreases to 23.8° in case of ILRGO, due to increase
hydrophilicity facilitated by ionic liquid. Thus changing nature
of surface affects its surface properties and hence affects its
activity. These type of structures helps in immobilization of
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Fig. 3 FE-SEM images of (a) RGO, (b) ILRGO, (c) PEDOT/ILRGO, at low magnification and (d) at higher magnification, (e)
PEDOT/ILRGO-AChE, at lower and (f) higher magnification.

Fig. 4 Schematic diagram showing the interactions present between the molecules of reduced graphene oxide and ionic liquid.
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Fig.5 Cyclic voltammograms of (@) neat PEDOT, (o) PEDOT/
ILRGO (m) PEDOT/GO in phosphate buffer (0.1 M, pH 7.4),
having 5 mM [Fe(CN)e]~*~* in 0.1 M KCI as a redox probe at
75 mV/s.

large amounts of enzyme on electrode due to increased surface
area as shown in Fig. 3(e, f).

—n({CF;)SO;} ,+ne"
Red
+n({CF;)SO;} , —ne~
Oxd

(PEDOT)™"

—m(CgH;5N>)", +me~

bipolaron formation, is completely absent in the neat PEDOT
film. Well resolved peaks with higher current values and larger
area under curve clearly show that not only the capacitive
character has increased but electrochemical activity of films
has also increased due to incorporation of ionic liquid func-
tionalized reduced graphene oxide in PEDOT matrix. This is
attributed to the enhanced conductivity provided by the regain
of sp? hybridized lattice of reduced graphene oxide adding to
better electrocatalytic performance.

On comparing the voltammogramic response of PEDOT/
ILRGO with PEDOT/GO a decrease in current response
was observed mainly because of lower conductivity, and repul-
sions between the two surfaces leading to less incorporation of
its sheets onto the polymer matrix. When we load ILRGO
onto PEDOT layers, the peak current gets enhanced due to
regain of sp> hybridized structure and lesser repulsions
between the two. The redox peaks in PEDOT/GO have lesser
area, pointing towards hindrance in electron transfer between
the analyte and underlying electrode in comparison to
PEDOT/ILRGO. This higher electrochemical performance in
PEDOT/ILRGO is due to ILRGO which endows the dissem-
ination of larger surface area and better redox activity of elec-
trode material due to less stacking efficiency in comparison to
GO. The redox phenomenon occurring in the above electrodes
are shown in the equations below.

(PEDOT)™™" . n{(CF3)SOs}, (1)

(PEDOT) : (RGO) m : (CsHysNy)* Red] (PEDOT)™™ : m(RGO)™ 2)
—|—1’1’1(C:g]‘l’lﬂ\Iz)Jr7 —me
Oxdl
—n({CF3)SOs} ", +ne”
(PEDOT)™™ : m(RGO)" Rod2 (PEDOT)™™" . m(RGO)" : n{(CF;)SO;}. (3)
+n({CF;)SO;} , —ne"
Oxd2

3.3. Electrochemical studies

In order to probe the change in electrochemical attributes of
PEDOT/ILRGO, it was electrochemically analyzed in compar-
ison with neat PEDOT film using cyclic voltammetry (CV)
(scan rate of 75 mV/s) in a phosphate buffer (PBS pH 7.4) con-
taining 5 mM [Fe(CN)s]~>* and 0.1 M KClI as redox probes
(25°C) (Fig. 5). In neat PEDOT film cathodic peak (A)
appears at —0.35V and an anodic hump (B}) at +0.87 V
due to anion migration during the process whereas, the redox
phenomenon occurring at PEDOT/ILRGO is completely dif-
ferent. The cathodic peak (A;) at +0.43 V and anodic peak
(B;) at —0.05V is attributed to anions migration as seen in
neat PEDOT. The hump (B,) at —0.046 V which is attributed
to cation extraction accompanied by the ionic liquid hinting at

Further, dependence of oxidation-reduction phenomena of
the electrodes on scan rates are shown in Fig. S3. A linear rela-
tionship between the peak currents with square root of scan rate
was obtained suggesting the presence of surface confined redox
active sites in both the films. The diffusion coefficient values
based on Randles-Sevcik equation (Narayana et al., 2014) are
5.62 x 107" em?/sec and 3.2 x 10~'* cm?/sec for neat PEDOT
and PEDOT/ILRGO respectively. These values clearly indicate
diffusion controlled charge transfer phenomenon which is faster
in case of PEDOT/ILRGO due to enhanced redox active surface
area and porous nature of reduced graphene oxide. The faster
charge transfer rate in PEDOT/ILRGO is attributed to the
more effective counter ions provided by the imidazolium based
ionic liquid. This also directs towards higher conductivity of
reduced graphene and greater number of ions furnished by ionic
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liquid enabling better electric linkage of electrode with increased
number of redox active sites. This was further supported with
the help of surface concentration calculation using equation
(Fragkou et al., 2012):

I, = n’F?AT'v/4RT (4)

where n is number of electrons transferred, F is faraday con-
stant, I is surface concentration (mol cm?) of neat PEDOT
and PEDOT/ILRGO, A is surface area of electrode, v is scan
rate (V/s) and Ip is peak current (A). The value of surface con-
centration of PEDOT/ILRGO (19.07 x 10~®molcm™2) is
higher in comparison of neat PEDOT (7.92 x 10~® mol cm™2)
which is again attributed to loading of ILRGO as indicated in
FESEM images (Fig. 3) and contributes towards the enhanced
current response.

The electroactive surface area of neat PEDOT and
PEDOT/ILRGO modified electrodes were calculated using
chronocoulometry using Anson equation (Ahmed and
Reifsnider, 2011) (Fig. S4) i.e.

Q = 2nFACD'/*7'/2(!/2 (5)

where, Q represents the charge in Coulombs, n and A repre-
sents the number of electrons involved in electrochemical pro-
cess and electrochemical active surface area of working
electrode (cm?), C represents the concentration of mediator
(5mM or 5 x 10~® mol/cm®) and D and t represents diffusion
coefficient of mediator and time of the system. The calculated
electrochemical active surface area for neat PEDOT and
PEDOT/ILRGO films are 0.131 ecm? and 0.161 cm? respec-
tively which again hints at better redox activity of latter
enabling it as a better matrix for enzyme immobilization.

In order to calculate the interfacial charge transfer proper-
ties and to study the redox behavior, electrochemical impe-
dance spectroscopic (EIS) analysis was done within the
frequency range 0.1-10°> Hz. Fig. 6(a) shows the Nyquist plots
of neat PEDOT and PEDOT/ILRGO modified electrodes
within specified frequency range. In lower frequency region
the diffusion process dominates over the impedance phe-
nomenon as it is the slowest event. Towards the higher

00} (a) = PEDOT or (b) —a— PEDOT
® PEDOT/LRGO = _\ —e— PEDOT/ILRGO
-
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Fig. 6 (a) Nyquist plots of (M) neat PEDOT and (@) PEDOT/ILRGO in 5 mM [Fe(CN)]~¥~* containing 0.1 M KCl in the frequency

range of 0.1-10° Hz, (b) and (c) shows Bode’s plots (phase angle and log f, log Z vs. log f) and (d) M-S plots between capacitance at

varying potentials of neat PEDOT and PEDOT/ILRGO.
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frequency region, it is clearly perceptible that diameter of semi-
circle is decreasing in the modified electrode resulting in lesser
interfacial resistance provided by higher electrical conductivity
of reduced graphene oxide. The charge transfer resistance (R,)
of PEDOT/ILRGO modified electrode comes out to be 3.3 Q
which is also lower than neat PEDOT (45.4 Q). These results
suggest the increased electron transfer rate provided by highly
electroactive reduced graphene oxide due to enhanced surface
concentration. The solution resistance (Rg) demonstrating the
ionic conductivity of electrolytic media calculated by extrapolat-
ing Z" = 0, in the higher frequency region for PEDOT/ILRGO
modified electrode is 57.4 Q which is again lower than PEDOT
(69.4 Q) suggesting relatively enhanced charge transfer capabil-
ity owing to synergistic interactions between ILRGO and
PEDOT.

The Fig. 6(b, c¢) shows the Bode plots of neat PEDOT and
PEDOT/ILRGO modified electrode representing the variation
of impedance and phase angle with frequency. The slope is
lower than 1 in both cases which is indicative of pseudo-
capacitive behavior provided by redox sites present in the
PEDOT matrix. In middle frequency region, there is shift in
phase angle from 13.4° to —0.05° after the modification of sur-
face of PEDOT with ILRGO showing the successful grafting
of ILRGO onto the PEDOT surface corroborating with
FESEM findings. Also the diffused pseudo capacitance (Cp),
calculated from Bode plots, for PEDOT/ILRGO comes out
to be 0.019 mF/em® is smaller than that of neat PEDOT
(0.03 mF/cm?) hinting at enhanced charging—discharging pro-
cess owing to redox sites facilitated by the modified
microstructure.

The Fig. 6(d) elucidates the Mott-Schottky (M-S) analysis
for neat PEDOT and PEDOT/ILRGO modified electrodes.
The neat PEDOT modified electrode shows almost flat curve
pointing towards absence of charge carriers whereas
PEDOT/ILRGO modified electrode exhibits a negative slope,
with high charge carrier density of 0.298 x 10°! carriers/cm®
and flat band potential (Egg) of 0.75 V, obtained by extrapo-
lating the M-S plots to 1/C? = 0. Thus, all the electrochemical
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investigations clearly point to the improved electrochemical
response owing to the introduction of ILRGO onto the neat
PEDOT system proving it an efficient redox matrix for enzyme
immobilization.

3.4. Activity of electrode towards ATChI and affinity towards
enzyme

Fig. 7(a) shows the typical differential pulse voltammetry
(DPV) response in absence and presence of substrate ATChI
in 0.1 M PBS. The increased amperometric response of sensor
in presence of substrate can be attributed to oxidation of thio-
choline that is formed during the hydrolysis of ATChI by
enzyme (Wei and Wang, 2015).

To determine the activity of enzyme towards prepared elec-
trode using ATChI as substrate, Michaelis-Menten constant
(K,n) was calculated using standard Lineweaver-Burk equation
(Du et al., 2010a,b):

L_ (K,
iA’S N iﬂl(l,\' C iVHCL\'

where i is the current at steady state after the addition of sub-
strate, iy 1S the current under saturated substrate concentra-
tion and C is the concentration of substrate after additions to
the bulk solution. The change in current on successive addi-
tion of different amounts of ATChI at regular intervals is
revealed in Fig. 7 (b) where the graph between i;l and C7',
(inset Fig. 7(b)) is showing a linear relationship between the
two.

The biosensor follows Michaelis-Menten behavior at both
lower and higher concentrations with K, value of 0.008 mM
and 0.08 mM respectively, which are much lower than the
reported values of 0.131 mM and 0.268 mM of SnO,NPs-
carboxylic graphene (Zhou et al., 2013) and MWCNTs-Au
systems respectively (Du et al., 2010a,b). The lower K,,, value
suggests large electron transfer rate between layers of
PEDOT/ILRGO and increased affinity for enzyme to be
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potential of 8 mV and 0.2 V modulation amplitude, and (b) Current-time response of sensor on addition of ATChI (in 0.1 M PBS, pH 7.4,

0.68 V) (Inset shows Lineweaver-Burk plot of 1/ig versus 1/C).
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adsorbed on the surface of electrode attributed to more
hydrophillicity provided by ILRGO.

3.5. Optimization of various parameters

In order to study the inhibition mechanism and to get maxi-
mum sensitivity for increasing the performance of biosensor,
we need to optimize certain parameters (Kaur et al., 2016).
The pH of the medium is one such parameter which is essential
to optimize considering the dependence of the activity of bio-
molecules on it. On recording the amperometric signal in the
range of pH 6.0 to 8.0 (0.1 M PBS), the maximum peak current
was recorded at pH 7.5 which was chosen for subsequent stud-
ies (Fig S5a).

The response of biosensor also depends on concentration of
immobilized enzyme on the surface of prepared sensor. The low-
est feasible concentration of enzyme was chosen to compromise
between low enzyme loading and enough substrate signals. The
results show that on changing the concentration from 0.05 mU

to 1mU the maximum response was obtained at 25 mU
(Fig. S5b). So, this concentration of enzyme was chosen for
the determination of pesticides to obtain lower detection limits.

DPYV response of biosensor was also checked within the lin-
ear range of 0.1 mM to 5 mM ATChI concentration to inves-
tigate the effect of substrate concentration on electrochemical
response (Fig. S5¢). It was observed that with increasing con-
centrations from 0.1 mM to 0.2 mM the peak current increases
due to increased formation of thiocholine. But on further add-
ing ATChI the peak current decreases. Therefore, 0.2 mM was
taken as standard for further use.

Optimization of incubation time is also necessary to com-
promise between analytical time and sensitivity of biosensor.
With increase in incubation time, the active sites of AChE
get blocked due to which current response decreases
(Fig. S5d). The current response was checked in terms of their
effect on AChE activity at different incubation time (2—10 min)
and the incubation time of 8 min. was selected for lower detec-
tion limits and rapid analysis.
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3.6. Pesticide detection

The designed biosensor was further utilised for the detection of
OPs. After selecting the optimum incubation time, the biosen-
sor was immersed in standard solution of three different
pesticides- chlorpyrifos, malathion and methyl parathion at
different concentrations and biosensor response was examined.
The enzymatic biosensor works on the principle of inhibition
where in the absence of analyte, ATChI gets hydrolyzed to
thiocholine and acetic acid. The thiocholine thus produced
undergoes oxidation at electrode on applying potential. But
as OPs bind to the serine hydroxyl group of acetyl-
cholinesterease, the resulting inhibition causes decline in the
activity of enzyme (Huo et al., 2014; Chen et al., 2015; Ma
and Zhang, 2011).

Henceforth, analysis should be a compromise between good
detection limit and appreciable measurement period. For this,
initial response of biosensor for ATChI was recorded as I,
and then biosensor was incubated for 8 min. After rinsing the
sensor with buffer solution and distilled water, the biosensing
measurements were done by adding 0.2 mM ATCHhI into the
reaction cell. The peak currents were recorded at different pes-
ticide concentrations and it was observed that the peak current
decreases with increase of pesticide concentration. The inhibi-
tion effects of different concentrations of chlorpyrifos,
malathion and methyl parathion towards biosensor were inves-
tigated by studying the DPV responses before and after incuba-

tion of prepared sensor with different concentrations for 8 min.
The calibration plots of all the three pesticides are shown in
Fig. 8. A linear relationship was obtained for all the three pes-
ticides with limit of detection of chlorpyrifos, malathion and
methyl parathion calculated to be 0.04 ngml~!, 0.117 ng m1™!
and 0.108 ngml~! respectively, using 3 ¢ method. Various
parameters obtained from the calibration curve of three pesti-
cides under optimized conditions are listed in Table S1.

This value is lower than maximum residual limit of OPs
(0.2 ugml™"), hence the present method suits well for the
detection of OPs in the real samples. The limit of detection
of biosensor thus prepared was also better than many other
nanostructure based electrochemical sensors (Table 1).

The biosensor also exhibits negligible interferences from
various ions as indicated in supplementary information
(Fig. S6).

3.7. Analytical applications

In order to test the validity of prepared sensor, the optimized
procedure was applied for the detection of OPs in aerated
dinks and apple juice samples (Figs. S7 and S8). The samples
obtained were spiked with different amounts of chlorpyrifos,
malathion and methylparathion. A linear plot was observed
between concentration of pesticides and current density of all
three pesticides. The calibration parameters and the amounts
of pesticides found in various samples are listed in Table 2,

Table 1 Comparison of AChE/PEDOT/ RGO/IL/FTO biosensor with other electrochemical sensors used for the detection of OPs.
Electrode material Pesticide Technique Ky value Detection References
limit
(ngml ")
PEDOT:PSS Diethyl 4-nitrophenyl Cv - 1.3 x 10° Hryniewicz et al. (2018)
phosphate
PAnPPy-MWCNTs Malathion CV — 1 Du et al. (2010a,b)
copolymer
AChE-MWCNTs-Au-CHIT/  Malathion CvV 268 uM 0.6 Du et al. (2010a,b)
GCE
AuNP-CS-IL/PGE Malathion SQV - 0.226 Bolat and Abaci (2018)
PMG/GNs-NF/GCE Methyl parathion Chrono - 0.53 Xu et al. (2012)
amperometry
CNTs/CP electrode Methyl parathion DPV - 3.9 Yue et al. (2016)
Biomimetic SPE/PHA/Mpeg  Chlorpyrifos Chrono - 0.029 x 10° Sgobbi and Machado
amperometry (2018)
AChE/PEDOT/RGO/IL/ Malathion DPV 8 uM & 0.117 This work
FTO Chlorpyrifos 80 uM 0.04
Methyl parathion 0.108
Table 2 Various parameters obtained by using the calibration curves of real sample analysis.
Parameters Apple Juice Aerated drinks
Chlorpyrifos methyl Malathion Methyl parathion Chlorpyrifos methyl Malathion Methyl parathion
Correlation coefficient (R) 0.984 0.982 0.978 0.9838 0.907 0.949
LOD (ng/ml) 0.169 0.183 0.202 0.176 0.44 11.68
LOQ (ng/ml) 0.564 0.613 0.667 0.58 1.48 38.96
Sensitivity 0.00154 0.00132 0.00155 0.0014 0.00144 0.00137
Amount found (ng/ml) 1.03 1.36 2.74 4.2 2.26 6.64
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representing that it is less than the permissible level in real food
samples.

3.8. Reactivation and storage stability

The biosensor was stored at 4 °C when not in use to check the
storage stability of prepared electrode system. The storage sta-
bility of biosensor was checked after some days. The biosensor
retained its 100% current response after 7 days and almost
negligible peak potential shift was seen. The response was
again checked after 15 days of storage stability. The sensor
retained 95.7% of initial current response after 15 days. Thus,
the biosensor has appreciable stability upto 15 days.

The regeneration of biosensor was checked by immersing it
in chlorpyrifos, malathion, methyl-parathion solution for
8 min. and then transferred into 2-pyridinealdoxime methio-
dide (2-PAM) (10 mM solution) for different time periods
and current response was checked. It was observed that sensor
could regain 91.7% of its initial activity after incubation with
2-PAM for 8 min.

4. Conclusions

An efficient electrochemical sensor based on active enzyme
(AChE) using PEDOT/ILRGO as immobilization matrix
was developed for quantification of OPs by employing a simple
methodology. The modification of reduced graphene oxide
with imidazolium based ionic liquid has resulted in well inter-
spersed RGO structures onto the PEDOT matrix owing to the
increased hydrophillicity. The superiority of this ionic liquid
functionalization approach is that it has fortified the designed
electrode with larger number of redox sites resulting in higher
electron transfer rate thereby boosting its electrocatalytic
activity with prevention of the electrode fouling. The designed
microstructure has enabled the sensor to show high affinity
towards substrate with apparent michaelis constant
0.008 mM and 0.08 mM at lower and higher concentrations
respectively. The electrochemical analysis clearly demonstrates
the effect of better enzyme loading and higher current response
in the proposed sensor. The proposed method offers long term
storage stability with successful reactivation with 2-PAM
along with efficient infield analysis of the real samples. High
sensitivity and selectivity even in case of real samples for all
the three organophosphorus pesticides with good reproducibil-
ity has made the designed biosensor an apt candidate in the
field of organophosphorus pesticide’s detection.
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