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Forensic Science Laboratories usually receive numerous cases of suicidal, accidental, and homicidal poisoning
most often involving organophosphorus (OP) pesticides. The toxicity of the OP pesticides arises due to their abil-
ity to inhibit the activity of acetylcholinesterase (AChE), a cholinergic enzyme that is essential for the proper
functioning of the central nervous system. Conventional techniques which are currently in use for pesticide de-
tection are time-consuming, need upskilled technicians aswell as suffer from low sensitivity. Therefore, themore
rapid and sensitive electrochemical biosensors based on the principle of AChE enzyme inhibition have emerged
out to be a simple and promising alternative to the conventional techniques. Since, most of the time, the poison
isolated from biological material in poisoning cases is in nM quantities, an attempt has beenmade for the devel-
opment of biosensor with enhanced sensitivity in the nM range using reduced graphene oxide (rGO) and zinc
oxide nanoflowers (ZnONFs). The rGOand ZnONFswere synthesized chemically anddeposited electrochemically
on the Au electrode. AChE was immobilized onto this prepared nano-interface (ZnONFs/rGO/Au) through chito-
san and glutaraldehyde cross-linking. The fabricated sensorwas characterized step by stepwith cyclic voltammo-
gram and electrochemical impedance spectroscopy. This advanced nanomaterials based techniques has been
explored for detecting pesticides in visceral samples. The limit of detection (LOD) for the present sensor was
0.01 nM for OP pesticides.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The injudicious application of organophosphorus (OP) pesticides in
the agricultural fields has not only polluted the environment but is
also responsible for high pesticide poisoning cases across the globe
causing serious health problems [1–4]. The deadly toxic OP compounds
affect the nervous systembyhampering the functioning of acetylcholin-
esterase (AChE) by blocking the active serine site covalently and by
disturbing the normal acetylcholine (ACh)mediated neurotransmission
[5,6]. Consequently, strong cholinergic symptoms are observed in
human beings with the manifestation of muscarinic (salivation, urina-
tion, miosis, diarrhea, and excess lacrimation), nicotinic (cramping,
muscle fasciculation, weakness) and Central Nervous System effects
(respiratory paralysis, restlessness, and death) [7]. In India, deaths by
OP poisoning and associated illnesses are observed at a large scale [8].
The World Health Organization has also reported that in developing
countries approximately 3 million cases and 220,000 deaths per year
could be attributed due to pesticide poisoning. Alongwith this, a rise
in the number of OP pesticides associatedwith homicidal and accidental
or suicidal death cases is also alarming. Globally, about 260,000 deaths
per year occur due to self-poisoning and in these cases, detection, quan-
tification, and identification of the toxic chemical in postmortem sam-
ples are needed to ascertain the cause of death and decide the course
of the criminal investigation [8–10]. In other non-lethal poisoning
cases, recognition of the responsible toxin is crucial for deciding the
course of medical treatment and saving the life of the patient.

Traditionally, the detection of OP compounds is carried out by vari-
ous laboratory-based chromatographic techniques which are not only
complex, costly, and time-consuming but also require trained person-
nel, complex sample preparation, and high-cost equipment [11,12].
Moreover, the poison isolated from biological material in poisoning
cases generally is in the nM quantities, which may not be detected by
the conventional methods due to their low sensitivity. A simple, sensi-
tive, and selective platform coupled with the possibility of onsite detec-
tion is ideal to be used for such purposes. The biosensors based on the
transduction principle offer one such platform [13–19]. In recent
years, the OP pesticide biosensors developed with AChE inhibition
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principle have gained popularity due to their ultra-sensitive nature and
simplicity [20]. Further, the use of biocompatible nanomaterials in the
biosensors improves their performance by augmenting the surface
area needed for AChE immobilization, enhancing the electrical conduc-
tivity and sensitivity, and reducing the response time [21–26]. Consider-
ing this, several biosensors have so far been constructed for OP pesticide
detection that utilized a diverse range of simple or composite
nanomaterials. The electrochemical biosensor based on platinum-
palladium N-doped carbon shell (PtPd@NCS) nanocomposite yielded
quite a lower detection limit, the values being 7.9 × 10−15 M for mala-
thion, 7.1 × 10−14 M for chlorpyrifos and for parathion methyl as
8.6 × 10−15M [27]. Further, an ultrasensitive biosensorwas constructed
on the metal-organic framework with Pt\\Zr nanocomposites (Pt@
UiO66-NH2) with a limit of detection (LOD) as 4.9 × 10−15 M for mala-
thion [28]. An ultrathin disposable biosensor for paraoxon sensing was
designed [29]. The sensor utilized the multi-dimensional nanocompos-
ites (MXene/Au-Pd) as the functional platform for AChE immobilization
and pesticide sensing and exhibited a low LOD of 1.75 ng/L.

Amongst the nanomaterials reduced graphene oxide (rGO) as a pla-
nar one atom thick sheet also presents impressive electrical conductiv-
ity due to a large number of electroactive sites, enhanced surface area,
goodmechanical and thermal strength, and a natural biocompatible en-
vironment. It is a promising material for immobilizing enzymes in
chemical and biological sensor applications [30]. Furthermore, zinc
oxide nanoflowers (ZnONFs) are also considered to be a suitable matrix
for biosensing platforms because of their large interfacial areas
supporting enhanced enzyme loading, biomimetic, catalytic, and fast
electron transfer properties [31]. The synergistic effect of both the
nanomaterials, if used together, is expected to enhance the sensitivity
and linear range of the OP pesticide detection. In addition to the rGO
and ZnONFs, the electrode was also modified with chitosan (CHIT)
that offers excellent biocompatibility, good adhesion, and exceptional
film-forming capabilities needed for efficient enzyme immobilization
[32].

Hence, in the present work, the Au electrode suitably modified with
the rGO, ZnONFs, and CHIT has been employed for AChE immobilization
and electrochemical sensing of OP pesticides of forensic interest in the
visceral samples. The accomplishment of the developed biosensor was
assessed in terms of its linearity, LOD, reproducibility, and stability.

2. Experimental measurements

2.1. Chemicals and equipment

Acetylcholinesterase (AChE) enzyme, acetylthiocholine chloride
(ATCl), 2-pyridine aldoximemethiodide (2-PAM), CHIT and glutaralde-
hydewere procured fromSigmaChemical Co., USA.Monocrotophos and
Au electrodewire of dimension (15mm×0.5mm) (23 carats)were ob-
tained from the domestic vendor. The ZnONFs and rGO nanomaterials
were synthesized in the laboratory by chemical methods. Distilled
water (DW) was used throughout while performing the experiments.

Electrochemical characterization of the biosensorwas done by Cyclic
voltammetry (CV), Squarewave voltammetry (SWV), and Electrochem-
ical impedance spectroscopy (EIS). The electrochemical cell setup
consisted of a three-electrode system, including an auxiliary (Platinum),
reference (Ag/AgCl), and aworking electrode on a potentiostat (SP-150,
Biologicswith EC-Lab software). For studying the surfacemorphology of
the modified electrodes, Scanning Electron Microscopy (SEM) and
Energy-dispersive X-ray spectroscopy (EDX) (ZEISS EVOHD) were per-
formed at AIARS, Amity University, Noida, UP, India.

2.2. Synthesis of rGO

The rGO was synthesized chemically, using a modified Hummer's
method with graphite powder (as a precursor) [33]. A 30 mL solution
of sulphuric acid (98%,mass percent)was added to the graphite powder
(2 g) under continuous stirring for 1 h. Thereafter, the solutionwas kept
at 35 °C for 1 h in a water bath and stirred continuously while adding
potassium permanganate (KMnO₄) (6 g). After that, DW water
(100 mL) was added and continuous stirring for 2 h was carried out.
Then, 110 mL solution of hydrogen peroxide (30%) was added to the
above solution. The 5% hydrochloric acid (HCl) was used for washing
the dark brown solution obtain to remove metal ions and washing
was done until the solution pH was neutral. rGO precipitate was col-
lected and kept for drying at 60 °C for 24 h.

2.3. Synthesis of ZnO nanoflowers (ZnONFs)

ZnONFs were synthesized using the precipitation method [34]. So-
dium hydroxide (NaOH) and anhydrous zinc sulfate (ZnSO4·7H2O) in
a ratio of 1:2Mwere added in 100mLDW, theNaOH solutionwas grad-
ually added into ZnSO4 solution under continuous stirring. A pH of 12
was maintained for the solution and it was stirred overnight. The pre-
cipitate thus obtained was washed thrice with DW and once with etha-
nol. The precipitate was dried at 100 °C and calcinated at 500 °C for 3 h
to get the ZnONFs.

2.4. Nano-electrodeposition of conducting material over Au electrode

The bare electrode (Au) was washed with the Piranha solution
(H2SO4 and H2O2 in a ratio of 3:1) followed bywashings with DW. Elec-
trodeposition of rGO on the Au electrode was done with CV in a poten-
tial range from (0 to −1 V), for 10 cycles with scan rate 50 mV/s [35].
The electrodeposition of the ZnONFs was performed in a solution of
the ferro/ferri mediator. A solution of 1 g of ZnONFs in 5 mL of ethanol
and 5 mL of ferro/ferri mediator solution was prepared and sonicated
for 1 h. The electrodeposition of ZnONFs on the modified rGO/Au elec-
trode was carried out in a potential range (−1 to−1.2 V) for 10 cycles
at a constant scan rate of 50 mV/s. For enzyme immobilization, the
ZnONFs/rGO/Au electrode was modified with CHIT solution (0.075 g
CHIT in 5 mL of acetic acid) and 2.5% glutaraldehyde (1 mL of 25% glu-
taraldehyde in 9 mL of DW). This activated ZnONFs/rGO/Au electrode
was immersed in 1 mL of AChE enzyme solution (5 mg protein/mL)
for 12 h. Then the modified AChE@CHIT/ZnONFs/rGO/Au electrode
was washed with DW thrice and used as such for further experiments
(Scheme 1).

2.5. Electrochemical measurement for the modified AChE@CHIT/ZnONFs/
rGO/Au electrode towards the substrate

For the electrochemical study, a three-electrode systemwas adopted
by taking auxiliary (platinum), reference (Ag/AgCl), and working
(AChE@CHIT/ZnONFs/rGO/Au) electrode connectedwith a potentiostat.
The apparatus was stabilized at +0.2 V for 15 s till a steady current was
observed. A 100 μL solution of ATCl (0.1 nM) was added in ferro/ferri
mediator solution and the current was measured by supplying +0.2 V.
Due to the current flow, ATCl was enzymatically hydrolyzed to
thiocholine which further dimerized into a disulphide compound. The
AChE enzyme activity wasmeasured with the CV technique at different
concentrations of ATCl substrate (1.0 nM, 10 nM, 50 nM, 100 nM,
500 nM, 750 nM, and 1000 nM).

2.6. Nanoelectrochemistry for pesticide detection

The AChE@CHIT/ZnONFs/rGO/Au biosensor oxidized the ATCl sub-
strate into thiocholine and the signal was enhanced. In the presence of
OP pesticides, the enzyme AChE on the biosensor was blocked and con-
version of ATCl substrate stopped due to the inhibition of the enzyme.
The inhibition of AChE by OP pesticide was calculated for different con-
centrations of the pesticide using the modified AChE@CHIT/ZnONFs/
rGO/Au electrode. The electrode was immersed in the pesticide
(Monocrotophos) solution for 10 min, and then the electrode was



Scheme 1. Schematic illustration of the preparation of enzyme and nanocomposite modified Au electrode (working electrode). Step-1: Electrochemical deposition of rGO onto the Au
electrode. Step-2: Electrochemical deposition of ZnONFs onto the rGO/Au electrode. Step-3: Spread the chitosan (CHIT) solution over the ZnONFs/rGO/Au electrode. Step-4:
Immobilization of AChE (enzyme) onto the CHIT/ZnONFs/rGO/Au electrode through glutaraldehyde cross-linking. Step-5: Pesticide inhibited the activity of AChE@CHIT/ZnONFs/rGO/
Au electrode.

3945A.P. Singh et al. / International Journal of Biological Macromolecules 164 (2020) 3943–3952
dipped in the solution of the mediator containing 20 mL of ferro/ferri
(10 mL each) and 1 mL of ATCl (1.0 nM) and electrochemical
measurements for the sensor were performed. Analysis was carried
out for standard pesticides solutions i.e. Monocrotophos with different
concentrations: 0.01 nM, 0.1 nM, 10 nM, 50 nM, 75 nM and 100 nM.
2.7. Preparation of viscera sample for analysis

For analysis, 20 pesticide poisoning samples were collected from Fo-
rensic Science Laboratory, Govt. of NCT of Delhi, India. For sample prep-
aration, about 1 g viscera was crushed using a homogenizer in 1.5 mL of
1 M Tris buffer at pH 4.7. After 60 min of incubation at 4 °C and centri-
fugation at 3000 rpmg for 10 min, 1 mL of the supernatant was used
for the electrochemical measurements as mentioned before by just re-
placing the ATCl substrate with this prepared supernatant.
2.8. Enzyme reactivation

OPpesticide blocked the enzyme - AChE present at theworking elec-
trode due to the formation of a bond between AChE and OP pesticide.
For further experimentation, reactivation of the biosensor was impera-
tive. The electrode was reactivated by breaking the AChE-OP pesticide
bond by dipping AChE@CHIT/ZnONFs/rGO/Au electrode into the solu-
tion consisting of 2-PAM (4.0 mM) dissolved in 2 mL of DW for 5 min.
The electrode thus obtained was electrochemically examined with
1.0 nM analyte (ATCI).
3. Results and discussions

3.1. Characterization of the Nanointerface

The rGO suspensionwas characterized by High-resolution transmis-
sion electron microscopy (HR-TEM) as illustrated in Supplementary
Fig. 1. The surface clearly shows the lattice fringes of rGO sheets with
different thickness at 200 nm. The dark shade area in the image shows
the thick stacking of the graphene layer.

The successful modification of the Au electrode with rGO, ZnONFs,
and the enzyme in a successive manner was confirmed by SEM and
EDX spectroscopy. The surface morphology of ZnONFs was also studied
by SEM which has been depicted in Fig. 1A. The image depicts the uni-
form flower-like structure of ZnONFs, while the enlarged image shows
an individual flower composed of the nanorods with a sharp tip. The in-
sert confirms the size of single ZnONF to be around 100 nm. The step-
wise modification of the working electrode from bare surface of the
Au electrode, presence of a wrinkled sheet of rGO onto the Au surface,
deposition of ZnONFs over the rGO/Au surface andfinally the deposition
of globular structures of the immobilized enzyme on the ZnONFs/rGO/
Au electrode can be clearly seen in Fig. 1B (i) to (iv) respectively. All
four images in Fig. 1B are distinguishable from each other and hence
present clear evidence of the efficient stepwise modification of the
working electrode.

Energy-dispersive X-ray spectroscopy (EDX) of the moderated elec-
trode was done step by step to check the deposition of the
nanomaterials on the working electrode. The EDX spectra confirm the
presence of Au in Fig. 1C (i) with 100% weight percentage (wt%),
Fig. 1C (ii) shows the peaks for carbon (C) and potassium (K) the ex-
pected elements for rGO with 100% and the peaks obtained in Fig. 1C
(iii), confirms the presence of Zn and Au with elemental constitutes of



3946 A.P. Singh et al. / International Journal of Biological Macromolecules 164 (2020) 3943–3952
rGO (C and K) the measured weight ratio of C\\K, Zn and Au were re-
corded as 21.96, 15.54, and 62.5 wt% respectively, showing the Au elec-
trode was decorated with ZnONFs/rGo nanocomposite.

3.2. Electrochemical behavior of AChE@CHIT/ZnONFs/rGO/Au electrode

The moderated Au electrode was subjected to electrochemical mea-
surements using a cyclic voltammogram in the −0.2 to 0.6 V potential
range with a constant scan rate of 20 mV/s. Fig. 2 shows the cyclic volt-
ammogram for the bare Au electrode (i), ZnONFs deposited on Au elec-
trode (ii), rGO deposited Au electrode (iii), ZnONFs decorated rGO/Au
electrode (ZnONFs/rGO/Au electrode) (iv), and the enzyme loaded
ZnONFs/rGO/Au electrode (v). For performing the reaction Na3PO4

buffer solution (0.5 mM, pH 7.0) was mixed with 5 mM ferro/ferri
Fig. 1. A. Scanning Electron Microscopy of ZnONFs and inset shows the zoom image. B. Scannin
electrode, (iv) AChE/ZnONFs/rGO/Au electrode. C. Energy-dispersive X-ray spectroscopy (i) ba
mediator solution. The oxidation peak for the bare electrode was ob-
served at 0.09 mA whereas for the nanomaterial modified electrode it
increased to 0.025 mA with ZnONFs, further 0.067 mA for rGO and
0.07mA for rGO and ZnONFs nanocomposite. Higher surface area to vol-
ume ratio of the rGO contributes significantly in improving the sensitiv-
ity and linear range of the OP sensor. Additionally, ZnONFs act as a
catalyst and increase the surface to volume ratio and conductivity of
the working electrode is enhanced due to fast electron transfer proper-
ties. The synergistic effect of both ZnONFs and rGO nanocomposite con-
tributes to the enhancement in the peak value during electrode
modification. After AChE enzyme immobilization, the oxidation peak
was observed at 0.049 mA. A decrease in the current value after immo-
bilization of the enzyme on the nanomaterial modified electrode might
have occurred due to the non-insulating properties of the biomolecules.
g Electron Microscopy of (i) bare Au electrode, (ii) rGO/Au electrode, (iii) ZnONFs/rGO/Au
re Au electrode, (ii) rGO/Au electrode and (iii) ZnONFs/rGO/Au electrode.



Fig. 1 (continued).
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3.3. Electrochemical impedance spectroscopy for AChE@CHIT/ZnONFs/rGO/
Au electrode

Impedance study was performed for checking the resistivity of the
moderated electrode. In a Nyquist plot, the charge-transfer resistance
(Rct) value is given by a semi-circle curve at a higher frequency range,
whereas, the linear part represents the diffusion-limited process at a
lower frequency range. Fig. 3 depicts the EIS curve for the stepwise
modification of the Au electrode: Au electrode (bare) (i), rGO deposited
on Au electrode (ii), decoration of ZnONFs on rGO coated Au electrode
(ZnONFs/rGO/Au electrode) (iii), and immobilization of enzyme on
the electrode (AChE@CHIT/ZnONFs/rGO/Au electrode) (iv). For
performing the reaction Na3PO4 buffer solution (0.5 mM, pH 7.0) was
mixed with ferro/ferri mediator (5 mM). It was observed that the Rct
value obtained for the modified electrode (rGO and ZnONFs) was less
than the value obtained for the bare Au electrode suggesting the higher
conductivity of the developed system.
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Fig. 3. Electrochemical impedance spectroscopy of (i) bare Au electrode, (ii) rGO/Au
electrode, (iii) ZnONFs/rGO/Au electrode and (iv) AChE/ZnONFs/rGO/Au electrode in
ferro/ferri electrolyte (5 mM) containing sodium phosphate buffer (0.5 mM; pH 7.0).
3.4. Electro-catalytic properties of the sensor for different substrate
concentrations

The SquareWave Voltammetry technique was used for studying the
effect of varying ATCl concentrations (1.0 nM, 10 nM, 50 nM, 100 nM,
500 nM, 750 nM, 1000 nM) on the modified AChE@CHIT/ZnONFs/
rGO/Au electrode. The ATCl solution was prepared in Na3PO4 buffer
(0.5 mM; pH 7.0) containing 5 mM ferro/ferri mediator. A potential
range from−0.2 to 0.6 Vwas used for performing the squarewave volt-
ammetry measurements. In Fig. 4A the current value for 1 nM concen-
tration was 40 μA and for 1000 nM the current value was about 75 μA,
demonstrating a difference of 35 μA. This shows the increase in analyte
concentration leads to the gradual enhancement in the current value.
The LOD for the developed biosensor was obtained as 1.0 nM for the
ATCl substrate. Considering different analyte concentrations and their
corresponding current a calibration curvewas plotted (Fig. 4B) to calcu-
late the sensitivity (0.384 μA/nM) of the biosensor.
3.5. Effect of scan rate on the modified AChE@CHIT/ZnONFs/rGO/Au
electrode

To know the electrochemical reaction rates of the analyte solutions,
different scan rate studies were performed on AChE@CHIT/ZnONFs/
rGO/Au electrode with CV. The study was performed with scan rates
from 20 to 140 m V/s− in Na3PO4 buffer (0.5 mM; pH 7.0) with ferro/
ferri mediator. Fig. 5A depicts that the oxidation and reduction peaks
B

Fig. 4. A. Square Wave Voltammetry of modified AChE/ZnONFs/rGO/Au electrode with
different concentration of substrate in ferro/ferri electrolyte (5 mM) containing sodium
phosphate buffer (0.5 mM; pH 7.0). B. Standard curve for the different concentration of
substrate vs. current response.
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linearly increase with a gradual increase of scan rate at a constant po-
tential (−0.2 to 0.6 V). It was observed that while increasing the scan
rate the current value enhanced. To study the steady electron-transfer
kinetics for a quasi-reversible process, a graph between oxidation cur-
rent and the square root value for the scan rate was plotted (Fig. 5B).
The plotted graph showed an enhancement in the oxidation current
with the gradual increase in the square root function.

3.6. Optimization of the experimental parameters for AChE@CHIT/ZnONFs/
rGO/Au electrode

To optimize the working conditions of the modified electrode, CV in
a potential range from −0.4 to 0.6 V were generated for the AChE@
CHIT/ZnONFs/rGO/Au electrode under different pH (6, 6.4, 6.8, 7.0, 7.4,
and 7.8) conditions. The reactions were performed in Na3PO4 buffer
(0.5 mM) with 5 mM ferro/ferri mediator solution. Fig. 6A represents
the gradual decrease in the oxidation and reduction peaks with an in-
crease in the pH value. The highest current was generated at pH 6.0,
whereas at higher pH value the performance of the biosensor was com-
promised due to loss of the activity of the enzyme.

To find the optimum temperature for the working electrode, the ef-
fect of varying the temperature from 15 °C - 40 °C at an interval of 5 °C
was tested on the current response of the modified AChE@CHIT/
ZnONFs/rGO/Au electrode. The reaction was carried out in Na3PO4
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5 mM ferro/ferri electrolyte containing 0.5 mM sodium phosphate buffer (pH 7.0) with,
substrate at different scan rates from 20 to 140 m V s−1. B. Square root of scan rate
versus the peak current plot of AChE/ZnONFs/rGO/Au electrode.
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Fig. 6. A. Cyclic voltammetry study for modified AChE/ZnONFs/rGO/Au electrode with
different pH values (6 to 7.8 pH). B. Cyclic voltammogram of modified AChE/ZnONFs/
rGO/Au electrode with different temperature (from 15 °C to 45 °C) values in ferro/ferri
electrolyte (5 mM) containing sodium phosphate buffer (0.5 mM; pH 6.0).
buffer (0.5mM)maintaining a pHof 6.0with 5mMferro/ferrimediator.
In Fig. 6B a linear change was noticed in the oxidation and reduction
peaks with an increase in the temperature up to 30 °C. Raising the tem-
perature further beyond 30 °C decreased the peaks and hence an opti-
mum temperature of 30 °C was selected for further studies.
3.7. The electrocatalytic ability of electrode towards pesticide detection

The modified AChE/ZnONFs/rGO/Au electrode was immersed in dif-
ferent concentrations of standard monocrotophos solution for 10 min.
Thereafter, the electrode was transferred into an electrochemical cell
containing 10 mL of ferro/ferri solution (each 5.0 mL) and 1 mL of
ATCl (1.0 nM) solution to perform the electrochemical studies.

The presence of ZnONFs/rGO increased the surface to volume ratio
hence leading to enhancement in the enzyme loading and enhancing
the catalytic property of the electrode responsible for the improved sen-
sitivity and linearity of the OP sensor. The linear range and LOD of the
biosensor were analyzed for monocrotophos with the SWV, a linear
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relationship was obtained for current vs. concentrations in the concen-
tration range of 0.01 nM to 100 nM (0.01 nM, 0.1 nM, 10 nM, 50 nM,
75 nM, and 100 nM) with the coefficient of 0.978. It was observed that
increment in the pesticide concentration led to a decline in the current
value because of the inhibition of enzyme activity. The obtained LOD of
the biosensor for pesticide was 0.01 nM (Fig. 7A).
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Fig. 7. A. Calibration curves for monocrotophos in 0.5 mM sodium phosphate buffer (pH 7.0) +
AChE/ZnONFs/rGO/Au electrode. C. Study and evaluation of reproducibility of present electroch
3.8. Selectivity testing for pesticides

The selectivity of the biosensor was examined with the detection of
various types of pesticides (1) organophosphorus compounds such as
monocrotophos, malathion, chlorpyrifos, parathion methyl; (2) carba-
mates like sevin; (3) herbicides atrazine and simazine, and
4 5 6

1.0 nM ATCl (10 min incubation time). B. Selectivity testing for various pesticides using
emical sensing platform.



Table 1
Detection of pesticide in spiked visceral samples using AChE@CHIT/ZnONFs/rGO/Au electrode.

Pesticide Added concentration (nM/g) Concentration found (nM/g) Recovery (%) SD (n = 3)

Monocrotophos 0.2 0.199 99.5 1.8
0.5 0.48 98.0 2.3
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(4) organochlorine e.g. endosulfan on the developed biosensor at the
concentration of 100 nm. Fig. 7B clearly states that thepresent biosensor
is not specific to a particular pesticide but is comprises a class of OP
pesticides.

3.9. Regeneration of AChE after pesticide detection

Reactivation of the immobilized enzyme (AChE) is feasible with 2-
PAM. In previous work, it has been reported that oximes can be used
for the reactivation of the AChE [36,37].

It was observed that the modified AChE electrode inhibited by
monocrotophos (0.1 nM) was able to achieve 88.95% of its original ac-
tivity after washing it with cholinesterase reactivator solution (2-PAM,
4.0 mM/L) for 2 h. The reactivation procedure followed was simple
and made the reuse of the enzyme electrode possible.

3.10. Measurement of OP pesticides in visceral samples

The supernatant obtained from the visceral sampleswas spikedwith
OP pesticides (0.2 nM/g and 0.5 nM/g) and their presence was detected
by the developed biosensor. The developed sensor offered a high recov-
ery from 99.5% to 98.0% (Table 1).

3.11. Stability and reproducibility of the biosensor

The storage stability of the modified electrode was evaluated for
3 months and its activity was checked once in a week. The modified
AChE@CHIT/ZnONFs/rGO/Au electrode was stored dry at 4 °C, when
not in use. For 2months, therewas no loss of catalytic activity, whereas,
about 45% average decline in current response was observed after
2 months. Overall, the results indicated the high stability of the devel-
oped biosensor. Fig. 7C illustrates the results of the reproducibility stud-
ies assessed as the electrochemical current response for the six identical
electrodes. The graph displays the current values measured with six
bioelectrodes repeatedly (5 times) with an interval of 5 min between
two corresponding measurements.

4. Conclusion

A biosensing platform for pesticide (Monocrotophos) detection was
fabricated with a nanocomposite modified Au electrode with high sen-
sitivity and low detection limit. A nanocomposite of ZnONFs and rGO
was prepared to improve the catalytic performance of the sensor and
electrodeposited onto the Au electrode. The developed biosensor dem-
onstrated a wide linear working range from 0.01 nM to 100 nM. The
sensor showed a low limit of detection (0.01 nM) and high sensitivity
(0.384 μA/nM) with good reproducibility. The moderated electrode
yielded reliable and reproducible results when applied for the determi-
nation of OP pesticide residues in the visceral samples. The fabricated
biosensor can be used for selective detection of pesticides for forensic
interest.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2020.08.215.
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