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Herein, an electrochemical biosensor has been prepared to assess the sensitivity of an organophosphate
insecticide, malathion, to acetylcholinesterase (AChE) enzyme of three insects including Apis mellifera
(honeybee), Tribolium castaneum (red flour beetle), and Zootermopsis nevadensis (dampwood termite).
A composite of nickel chromite (NiCr,O4) and graphitic carbon nitride (g-CsN4) was prepared and
characterized for its morphological, chemical and electrical properties. The NiCr,O4/g-C3N4 composite
integrated pencil graphite electrodes were used to covalently immobilize insect AChE enzymes and
amperometric response of bioelectrodes was determined through cyclic voltammetry. The prepared
bioelectrodes exhibited high enzyme immobilization efficiency and electro-catalytic performance. The
integrated bioelectrodes could efficiently detect malathion induced inhibition of insects’ AChEs. The
linear ranges for malathion were found to be 0.1-1.6 uM, 1-40 nM and 2-100 nM, and LODs were 2 nM,
0.86 nM and 2.3 nM for A. mellifera, T. castaneum, and Z. nevadensis, respectively. Additionally, the
biosensing platform developed using A. mellifera AChE was found highly sensitive and effective for
malathion recoveries from spiked wheat flour samples with high recovery rates. Moreover, the proposed
method was adequately reproducible and selective. The results revealed that A. mellifera AChE is less
sensitive to inhibition by malathion as compared to T. castaneum, and Z nevadensis AChE. The
experimental results were validated through computational docking of malathion with insect AChEs and
the results were in correspondence to experimental outcomes. The proposed method can be a plausible
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1. Introduction susceptible to some insecticides and resistant towards other
chemical or bio-pesticides, whereas red flour beetles possess
The control of insect infestation in agriculture is largely reduced sensitivity against chemical and organic pesticides.* A
dependent on chemical pesticides. However, the unrestrained principle mechanism manipulated by insects or pests to resist
use of these pesticides is greatly disturbing the environment, pesticide effects is metabolic resistance. More than 500 species
human health, and survival of beneficial insects.’® The avail- of insects are resistant to various classes of pesticides all over
able toxicity data of various pesticides suggest that insect and  the world.”
pest enzymes behave disparately in the presence of different Among other widely used insecticides, malathion is a wide
pesticides; for instance, honeybees have been found more spectrum insecticide used for more than 50 years in agriculture,
industrial and outdoor house applications to control insects or
“School of Biochemistry and Biotechnology, University of the Punjab, Lahore 54000, ectoparasites. Malathion is a phosphate ester haVing low
Pakistan. E-mail: sehrishbilal33@gmail.com; Tel: +92 3364318117 persistence in the environment and readily converts to its
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:"”h“mm“d"fzsir@cuﬂahore'e:”'p 2" ;"“dfss"rhafs‘z;; @gsafl'cof?l e punich moderate to high in target and non-targeted organisms. It has
ot s s nd el (CH10), L f 5 P een found potentially toxic (0 birds, fish, agquatic lanac of
terrestrial insects, and bees. It has been reported that malathion
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in other beneficial insect populations®” reported a huge loss of
honeybees in apiaries due to malathion bait that was used to
control mosquitos. Further this insecticide is commonly used
on stored products considering its low mammalian toxicity and
acute toxicity against insects such as Tribolium castaneum and
other beetles which are highly resilient against many other
insecticides that are considered suitable for food control.®
About half of the total applications of malathion in the US are
on stored crops such as wheat, rice, sorghum, cotton and
alfalfa. Many insects possess enzyme systems which are
responsible for the detoxification of insecticides, explaining the
selective toxicity of insects towards different insecticides.
Several studies have reported the role of malathion carbox-
ylesterases in conferring resistance to some insects including 7.
castaneum.>**

Most commonly, the content of pesticides is indirectly
determined by monitoring the degree of inhibition of AChE
activity through methods based on enzyme-inhibition. To date
a wide variety of analytical methods have been devised for both
qualitative and quantitative determination of AChE activity and
its inhibition, including bioassays, colorimetric Ellman's assay,
radioactive methods, thin layer chromatography, gas chroma-
tography or HPLC, etc. Although these methods are widely used
and considered quite sensitive, they offer limitations such as
low specificity, being labour-intensive and hold certain ethical
limitations.”™ From the past decade the use of electrochemical
biosensors has emerged as sensitive and reliable tools to bridge
the gap between traditional assays and newly developed tech-
niques."* These biosensors integrate AChE as a recognition
element with an electrochemical signalling platform and work
by amperometric detection of electron loss associated with
irreversible oxidation of thiocholine (Tch) after AChE catalysis.
These biosensors can be used to investigate pesticide toxicity to
enzymes and detection of pesticide residues in environmental
and agricultural samples.**>°

The enzyme-based biosensors provide fast response and
high sensitivity and when combined with an efficient trans-
ducer material offer new ways in biosensor engineering. The key
factor to develop a high performance biosensor is to retain the
catalytic activity of the enzyme after immobilization on the
electrode surface. Moreover, the strategy for transmission of
electrochemical signals should be well defined because bio-
logical elements are naturally non-conductive. An appropriate
sensing electrode fabricated with a suitable modifier material
can fulfii the demands of modern -electrochemical
technology.”*

A new class of binary transition metals known as spinals,
having the chemical formula AB,0O,, have emerged as attractive
materials with promising applications in physics, materials
science, geophysics, etc. They have also been used as advanced
electrode materials for efficient energy storage devices.”® Chro-
mites belong to normal type spinal structures, among which
nickel chromite (NiCr,0,) is of significant importance due to its
role in industry as an efficient catalytic material.””~>® The spinals
offer high electrochemical activity and capacity than mono
metal oxides and can be used to develop potential composite
materials with enhanced catalytic selectivity and efficiency.****
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Furthermore, the carbon based materials such as graphene
have greatly improved the biosensor industry and its 2D
analogue graphitic carbon nitride has replaced graphene as
a new type of functional material with remarkable physi-
ochemical properties.*” The NiCr,0, particles when combined
with graphitic carbon nitride (g-C3;N,) form a novel NiCr,0,/g-
C;3N, composite material combining the catalytic, electrical,
electron rich and surface functionalities of both components.

In this work, a pencil graphite electrode (PGE) modified with
a NiCr,0,/g-C3N, composite (referred further to as Ni/GCN) was
exploited to immobilize AChE enzymes from two pests T. cas-
taneum (red flour beetle) and Z. nevadensis (dampwood termite),
and a non-target social insect A. mellifera (honeybee). The
prepared composite was expected to possess high surface area
with enhanced electrical conductivity and immobilization effi-
ciency. Under optimized conditions, the fabricated bio-
electrodes with the structure AChE/Ni/GCN/PGE were used to
test the sensitivity of malathion against insect AChEs by elec-
trochemical assay using cyclic voltammetry. The proposed
structure was also applied for real time detection of malathion
residues in wheat flour samples. Further, to evaluate the efficacy
of the proposed method, in silico studies were performed to
interpret the binding interaction of malathion with insect
AChEs.

2. Results and discussion

2.1. Choice of material

For the proposed study a composite of graphitic carbon nitride
and nickel chromite was employed to modify the surface of PGE
before enzyme immobilization in order to improve the immo-
bilization efficiency, electrical conductivity and catalytic effi-
ciency of bioelectrodes. NiCr,0, is a mixed metal oxide that has
emerged as a novel material owing to its superior magnetic,
electrical, optical and catalytic properties. The transition metal
chromite has found potential in a wide range of applications
including electrochemical sensors,**?** gas sensors,* electronic
devices,*® catalytic materials*” and industrial processes.*® The
incorporation of transition metal oxides on the surface of
a potential support material is known to improve their elec-
trocatalytic activity and surface area to volume ratio. The
potential of g-C;N, to develop novel nanocomposites with
exceptional electrocatalytic and physiochemical properties has
been reported by various researchers.*® The integration of
NiCr,0, to g-C3N, would cause a unique surface contact
between g-C3;N, and chromite, resulting in a large electro-
chemical surface area and accessibility of active sites that would
lead to increased electrocatalytic efficiency of the modified
electrodes.” In addition, considering the role of nickel in
specific enzyme immobilization,** the composite was expected
to possess effective biocatalyst immobilization ability. The
NiCr,0,/g-C3N, composite modified PGE will provide a suitable
structure, reactive functional groups and appropriate binding
sites for enzyme immobilization in addition to retaining its
original activity and stability. Therefore, it will act as a conduc-
tive amplifier for enzymes. The principle lies in the EDC/NHS
treatment of the material which activates the carboxyl groups
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on the surface of the composite, accelerating the formation of
amide linkage between the enzyme and modified electrode.
Therefore, the composite has dual importance in terms of
increasing electrocatalytic efficiency of the biosensor and
oriented, site specific immobilization of the enzyme on the
modified electrode surface.

2.2. Characterization of the NiCr,0,/g-C;N, composite

Fig. 2A shows the FTIR spectra of bulk g-C;N,, NiCr,O, and
NiCr,0,/g-C3N, composite. As shown in Fig. 2A(a) and (b) the
FTIR spectra of g-C;N, and NiCr,0, exhibit their characteristic
absorption peaks as reported earlier.*>** For the bulk g-C3Ny
the peak at 803 cm™" is attributed to out of plane CN hetero-
cyclic bending modes. Besides, the peak at 812 cm ™" is attrib-
uted to the breathing mode of triazine units. The set of peaks
from 1200 to 1400 cm ' are associated with aromatic C-N
stretching.** The peaks at 1537 and 1627 are attributed to cyano
terminal groups C=N group of the triple bond.** The broad
peak at the right corner at 3156 cm™ ' has originated due to
amine N-H stretching; this is because some nitrogen groups
have partially hydrogenated during the calcination process.*®
The absorption band at 663 cm ™" is typical of NiCr,0, attrib-
uted to Ni-O stretching and bending vibrations. The absorption
bands at 899 cm ™" arise due to Cr-O vibrational modes. The
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bands at 1631 and 3391 cm ' are ascribed to stretching and
bending vibrations of O-H due to adsorption of water molecules
to the NiCr,0, product. The FTIR spectra of NiCr,0,/g-C3N,
contain characteristic peaks of both NiCr,0, and g-C;N,, sug-
gesting that NiCr,O, particles were embedded on the surface of
2-C3N, (Fig. 2A(c)).

To study the crystal structure of the prepared composite
material, X-ray diffraction (XRD) patterns of NiCr,0,/g-C3N,
were obtained and compared with those of their individual
components, i.e. NiCr,0, and g-C;N,. Typical XRD patterns of
the prepared samples are shown in Fig. 2B(a)-(c). All diffraction
peaks in NiCr,O, can be indexed to a common orthorhombic
phase space group Cmcem (no 63) of NlCr204 with lattice
constants a = 5.48 A, b = 8.23 A, c = 6.14 A and § = 90° (JCPDS
no. 072-1605). The diffraction peaks situated at 34.5°, 37.5°,
43.0°, 60.3°, 64.0°, and 71.1° and are indexed to (112), (130),
(040), (151), (043) and (204) planes. These results demonstrate
a typical XRD pattern of NiCr,0,4. Moreover, g-C;N, forms in the
hexagonal shape and is in good agreement with the character-
istic peaks (JCPDS no. 87-1526) of g-C3N,.*® Subsequently, the
XRD pattern for NiCr,0,/g-C;N, compared with NiCr,O, and g-
C;3;N, showed two diffraction peaks at 27.6° and 13.0° that are
indexed to (002) and (100) planes, confirming the presence of g-
C;3N, with NiCr,0,4. The two sample peaks have been marked
with different symbols (+) and (¥) to confirm their presence.

@ Enzyme Reacdon with @ Current Respanse
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Fig.1 Principle diagram of the steps involved in the preparation of an electrochemical biosensor utilizing acetylcholinesterase (AChE) from three
different enzyme sources i.e. (A) Apis mellifera (referred to as Am-AChE), (B) Tribolium castaneum (referred to as Tc-AChE) and (C) Zootermopsis
nevadensis (referred to as Zn-AChE) immobilized on the surface of the NiCr,O4/g-C3sN4 composite modified pencil graphite electrode (PGE).

The illustration was created using https://Biorender.com.
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Fig. 2

(A) FTIR spectra of (a) g-C3Ny, (b) NiCr,O4, and (c) NiCr,O4/g-C3sN4 composite. (B) XRD patterns of (a) g-CsNy4, (b) NiCr,O4, and (c)

NiCr,04/g-C3N4 composite. (C) PL spectra of (a) g-C3sN4 and (b) NiCr,O4/g-C3N4 composite.

Fig. 2B demonstrated less intense peaks of NiCr,0,4 because the
2-C3N, peak is much higher and sharper, and it is a common
observation that the peak intensities become weaker at larger
angles and besides that micro strain broadening is also large at
larger angles; therefore, some peaks of NiCr,O, become broader
at higher angles and are less noticeable in the pattern.

The PL spectra of g-C;N, and NiCr,0,4/g-C3;N, composite are
shown in Fig. 2C. It can be seen that g-C;N, had a broad and
strong peak at around 833 nm, while NiCr,0, at around 827 nm.
It can be clearly observed that g-C;N, produced higher intensity
spectra than the NiCr,0,/g-C3N, composite, which clearly
indicates the increased efficiency of separation of charge
carriers. This relates to the participation of more electrons and
holes in oxidation and reduction reactions.*”” The higher intense
peak exhibits faster recombination of electrons and holes, thus
lower redox reactions, while compared to the above a weaker
and lower NiCr,0,/g-C;N, composite depicts slow recombina-
tion of electrons and holes, indicating higher redox reactions.*®

Further, the morphological nature and microstructure of the
as-prepared NiCr,0,/g-C3N, composite were inspected by SEM
analysis and compared with those of its individual components,
as shown in Fig. 3. Furthermore, the elemental composition of

© 2022 The Author(s). Published by the Royal Society of Chemistry

the as-prepared materials was also investigated by EDS analysis.
It can be seen in Fig. 3A and B that the bulk g-C;N, is in the form
of irregular, rough, aggregated sub-blocks and stacked layers.
Fig. 3A shows a rough and fissured morphology with lots of
agglomerated particles of around 1.7 um size. Some flaked
stacks can also be seen which may have formed during the
heating process of melamine, where HCL and NH; were
released which may hinder the thermal condensation into g-
C;3N, sheets.*>* Interestingly, some tubular stacked flake sha-
ped structures also appeared on the surface with holes along-
side, which can be seen in Fig. 3B. As discussed earlier the holes
may be formed due to the release of ammonia and HCL gasses
during the heating of melamine.” The average size of these
tubular stacked flakes is 0.81 um. Fig. 3D shows the SEM image
of NiCr,0, and it can be clearly seen that spherical pumice
stone shaped particles formed with diameters up to 0.96 um.
The particle agglomeration also happened which may be due to
incomplete synthesis. The spongy surface of the particles,
which can be seen in Fig. 3E, is linked to high reactivity of the
catalyst due to the presence of numerous reaction sites. The
SEM images of the NiCr,0,/g-C3N, composite are shown in
Fig. 3G and H. It can be seen that NiCr,0, particles are evenly

RSC Adv, 2022, 12, 16860-16874 | 16863
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Fig.3 SEM micrographs of (A) g-C3sN4 at 10 um resolution, (B) g-CsN4 at 2 um resolution, (C) energy dispersive spectrum of g-C3sN,4 showing the
presence of C and N in the spectrum, (D) SEM images of NiCr,O4 at 10 pm resolution, (E) NiCr,O4 at 2 pm resolution, (F) energy dispersive
spectrum of NiCr,O4 showing the presence of Ni, O, and Cr in the spectrum, (G) SEM images of the NiCr,O4/g-C3N4 composite at 10 pm
resolution, (H) NiCr,O4/g-C3sN4 composite at 2 um resolution, and (1) energy dispersive spectrum of the NiCr,O4/g-C3N4 composite showing the
presence of C, N, Ni, O, and Cr in the spectrum confirming successful synthesis of the composite.

distributed on the surface of g-C;N, flakes. In Fig. 3G the bright
particles also confirmed the presence of NiCr,O, which was
previously undermined in the XRD spectra of the composite.
This indicates that g-C3;N, acts like a sheet to support NiCr,0,
particles, which are attached and formed interconnects to
behave like a single catalyst.*” Thus it can be conferred that the
NiCr,0,/g-CsN, composite with excellent nanojunctions has
been successfully synthesized that would result in high elec-
trocatalytic activity of the NiCr,0,/g-C;N, composite due to
efficient transfer of electrons during the electrochemical reac-
tion.***>** Further, energy-dispersive spectra of the composite
and its components (Fig. 3C, F and I) revealed the presence of
respective elements in the respective materials and confirmed
the purity and successful synthesis of the as-prepared
composite.

2.3. Electrochemical characterization of electrodes

Electrochemical characterization of bioelectrodes at each
fabrication step was done by cyclic voltammetry using a 5 mM
equimolar solution of Fe(CN)s> "4~ while potential swept across

16864 | RSC Adv, 2022, 12, 16860-16874

—0.8 to +0.8 V. The resistance to electron flow was measured by
EIS at amplitude 234. It can be seen in Fig. 4A by the CV
response that the current passing through bare PGE, GCN/PGE
and Ni/GCN/PGE was subsequently increased, and the
conductivity of the Ni/GCN modified pencil electrode was
highest; similarly, the Nyquist plots (Fig. 4B) showed that
resistance decreased in the same manner as the current was
increased, whereas when the composite was functionalized with
carboxyl groups, the resistance to electron flow enhanced,
resulting in reduced current which ascertains successful intro-
duction of carboxyl functional groups on the composite surface.

After coating AChE on Ni/GCN/PGE, the value of peak
current of AChE/Ni/GCN/PGE was decreased as shown in
Fig. 4C, which verifies the attachment of the enzyme on the
electrode surface. The attachment causes an increase in inter-
face thickness, causing an interruption in electron flow and
thus high impedance as shown by the EIS spectra of bio-
electrodes in Fig. 4D. The results confirm the inertness of the
enzyme molecule as it is not itself oxidized or reduced during
the voltage cycling. As the source of AChE was three different

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(A) Cyclic voltammograms and (B) EIS Nyquist plots of bare PGE (a), GCN (b), Ni/GCN (c) and functionalized Ni/GCN-COOQH (d) in 5 mM

[Fe(CN)gl>~"#~ solution comprising 0.1 M KCland pH 7.4 PBS, (C) cyclic voltammograms and (D) EIS Nyquist plots of bare PGE (a), functionalized
Ni/GCN-COOH (b), Am-AChE/Ni/GCN/PGE bioelectrode (c), Tc-AChE/Ni/GCN/PGE bioelectrode (d), and Zn-AChE/Ni/GCN/PGE bioelectrode
(€) in 5 MM [Fe(CN)g]®> /4 solution comprising 0.1 M KCland 0.1 M pH 7.4 PBS.

insects, the electrochemical response of all three fabricated
interfaces, i.e. Am-AChE/Ni/GCN/PGE, Tc-AChE/Ni/GCN/PGE,
and Zn-AChE/Ni/GCN/PGE was determined, and the peak
oxidation current of thiocholine was found to be different
among them. It was noticed that current was decreased maxi-
mally in the case of Z. nevadensis AChE (Zn-AChE) compared to
T. castaneum AChE (Tc-AChE), and least in the case of A. melli-
fera AChE (Am-AChE). The impedance increased in the same
reverse order (Fig. 4D). The results confirmed good electrical
conductivity of the composite and successful immobilization of
each component of the biosensor.

2.4. Analytical behavior of integrated bioelectrodes

It is important to measure the electro-catalytic behaviour of the
prepared bioelectrodes in response to thiocholine, which is the
electroactive hydrolysis product of the AChE reaction and is
responsible for electrochemical activity. For this purpose, CV was
run for the AChE/Ni/GCN/PGE biosensor in the presence and
absence of the substrate, ATCIl. The response of three types of
bioelectrodes, i.e. Am-AChE/Ni/GCN/PGE, Tc-AChE/Ni/GCN/PGE
and Zn-AChE/Ni/GCN/PGE, was compared in the presence of
ATCL. As shown in Fig. 5, the current response of the bare elec-
trode and negative controls did not produce any obvious oxida-
tion peaks; however, in the case of Zn-AChE/Ni/GCN/PGE,
a reversible oxidation peak arises at 0.7 V, whereas in Tc-AChE/

© 2022 The Author(s). Published by the Royal Society of Chemistry

Ni/GCN/PGE, a peak at 0.74 V can be observed. An obvious
oxidation peak at 0.79 V was observed in Am-AChE/Ni/GCN/PGE
with the highest peak signal compared to Tc-AChE and Zn-AChE.
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Fig. 5 Cyclic voltammograms of bare PGE in pH 7.4 PBS (a), bare PGE
in pH 7.4 PBS containing ATCL (b), Ni/GCN/PGE in pH 7.4 PBS (c), Ni/
GCN/PGE in pH 7.4 PBS with ATCL (d), Zn-AChE/Ni/GCN/PGE (e), Tc-
AChE/Ni/GCN/PGE (f), and Am-AChE/Ni/GCN/PGE (g) in pH 7.4 PBS
containing ATCL
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The absence of the oxidation peak in negative controls confirmed
that the anodic peak was coming from the hydrolysis product of
AChE, ie. TCh. It can be inferred that AChE activity is consid-
erably high in A. mellifera, and it provides suitable attachment
sites, structural and surface features that stabilize protein
conformation and orientation, providing efficient immobiliza-
tion on the surface of the Ni/GCN modified electrode.

2.5. Experimental optimization

The optimum experimental parameters were set in order to
ensure the best performance of fabricated biosensors. In order
to improve the analytical efficiency of the biosensor, the incu-
bation time of the material was validated by incubating the
bioelectrodes in composite suspension for a time period of 60
minutes. Fig. 6A shows that 15 minutes is a suitable time to
achieve a better current response.

Moreover, from Fig. 6B we could find that by increasing scan
rate from 10 to 125 mV s, the peak current increased subse-
quently and the plots of square root of scan rate and current
showed a linear response with the regression equation y =
0.2612x + 0.2381 (R*> = 0.9865), which indicates a surface
controlled electrochemical process on the electrode, which
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means that the composite provides a conductive pathway and
a large surface area for the effective immobilization of the
enzyme on the electrode surface. However, 50 mV s~ was used
for all electrochemical measurements.

Similarly, the optimum incubation time of enzyme deposi-
tion was also determined to be 15 minutes (Fig. 6C). It was
observed that under the given conditions, the current for the
oxidation of acetylcholine increased with the increase in
immobilization time of the enzyme; however, after 15 minutes
a decrease in oxidation peak current was noticed probably due
to interruption in current flow after a saturation point for the
enzyme was achieved.

Further, the appropriate amount of extract that can be used
for AChE was determined, because the amount of enzyme plays
an important role in biosensor fabrication due to its insulating
nature and possibility of increased film thickness. The varying
amount of extracts of A. mellifera, T. castaneum and Z. nevadensis
was deposited on the electrode surface, and 0.8 mg pL ™" was
found suitable to obtain sufficient oxidation peak current
(Fig. 6D).

The pH of phosphate buffer was adjusted at 7.4 for all elec-
trochemical measurements. To ensure the maximum degree of
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AChE source immobilized on the pencil electrode surface.
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enzyme inhibition, the effect of inhibition time was determined
and it was observed that after 15 minutes of biosensor incu-
bation with malathion, the degree of inhibition increased, after
which it was stabilized by virtue of saturated binding between
the active sites of the enzyme and pesticides (Fig. 8A). Thus,
15 min was employed for malathion inhibition assay.

2.6. Calibration curve of ATCI and enzyme kinetics

The influence of substrate concentration on the analytical
performance of biosensors is an important parameter to
determine the performance and sensitivity of the biosensor. A
plot of current versus ATCI concentration is useful to determine
the kinetics of the enzymatic reactions. The current response
produced by the product of enzymatic catalysis corresponds to
the velocity of the enzymatic reaction, which is proportional to
the activity of the immobilized enzyme, according to the
Michaelis-Menten equation. The effect of ATCI concentration
was investigated with the already standardized parameters by
varying its amount from 0.5 mM to 8 mM in 0.1 M pH 7.4 PBS.
The substrate concentration at which the maximum current
response obtained was different for each insect; therefore,
detection limits and sensitivities for each biosensor were also
different (Fig. 7A). For Am-AChE/Ni/GCN/PGE, the maximum
current response was obtained at 2 mM, whereas in the cases of
Zn-AChE/Ni/GCN/PGE and Tc-AChE/Ni/GCN/PGE, the
maximum current response was attained at 6 mM and 8 mM,
respectively. All readings were taken in triplicate with RSD < 4%
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(n = 3). The sensitivities of Am-AChE/Ni/GCN/PGE, Tc-AChE/Ni/
GCN/PGE and Zn-AChE/Ni/GCN/PGE were calculated to be
62.27, 22.29 and 22.41 pA mM ™" ecm >, respectively. To deter-
mine the affinity of the enzyme for the substrate, the apparent
Michaelis-Menten constant (Km?®"P) was calculated for each
biosensor from the slope and intercept for the reciprocal plots
of the steady-state current vs. ATCI concentration (Fig. 7B). The
Km?PP for Am-AChE/Ni/GCN/PGE, Zn-AChE/Ni/GCN/PGE and
Tc-AChE/Ni/GCN/PGE was 140 pM, 0.41 mM and 0.46 mM,
respectively. It can be inferred from the results that honeybee
AChE has higher affinity and sensitivity for the ATCI than red
flour beetle and termite AChE, which have almost equal affinity
for the substrate. However, the values are quite low and
comparable to those of many other reported biosensors as
shown in Table 1, which ensures good analytical behaviour and
sensitivity of proposed biosensor platforms on account of the
exceptional catalytic efficiency of the Ni/GCN composite using
insect enzyme sources.

2.7. Electrochemical test for malathion sensitivity

To investigate the applicability of proposed biosensors for
organophosphorus pesticide detection, the modified bio-
electrodes were incubated with different concentrations of
malathion under optimized conditions and CV responses were
recorded (Fig. 8). The linear ranges for three types of biosensors
were different. The linear range for Am-AChE/Ni/GCN/PGE, Tc-
AChE/Ni/GCN/PGE, and Zn-AChE/Ni/GCN/PGE was 0.1-1.6 uM,

3.5 -

1/Current (uA")

Am-AChE = Tc-AChE 4 Zn-AChE
-10 -5 0 5 10 15

1/ATCI (mM ™)

(A) Calibration curves of ATClin pH 7.4 PBS for Am-AChE/Ni/GCN/PGE (a), Tc-AChE/Ni/GCN/PGE (b), and Zn-AChE/Ni/GCN/PGE (c); (B)

the Lineweaver—Burk plot of 1/current vs. 1/ATCl for Am-AChE/Ni/GCN/PGE (a), Tc-AChE/Ni/GCN/PGE (b), and Zn-AChE/Ni/GCN/PGE (c).

Table 1 Km®FP and sensitivity of reported AChE modified electrodes and our proposed AChE/Ni/GCN modified PG electrodes

Biosensor platform Km?PP Sensitivity Reference
AChE/Ti;C,T,-CS/GR/GCE 4.89 mM NR 53
AChE/3D tree-like Ag/GCE 137.5 M 0.056 pA mM ! 54
AChE-Chit/Pd@Au NWsN/GCE 190 uM NR 55
f-MWCNT/poly(SNS-NH,)/AChE 1.038 mM 24.16 p)AmM ' cm 2 56
Am-AChE/Ni/GCN/PGE 140 uM 62.27 pA uM ! em 2 This work
Te-AChE/Ni/GCN/PGE 0.46 mM 22.29 pA mM ! em™? This work
Zn-AChE/Ni/GCN/PGE 0.41 mM 22.41 yA mM ' em 2 This work
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1-40 nM, and 2-100 nM respectively. The LOD and LOQ values
for each biosensor were determined by the method based on the
standard deviation of the current response and the slope of the
calibration line. The LODs were found to be 2 nM, 0.86 nM and
2.3 nM and LOQs were 6 nM, 2.6 nM, and 7 nM for Am-AChE/Ni/
GCN/PGE, Tc-AChE/Ni/GCN/PGE, and Zn-AChE/Ni/GCN/PGE,
respectively. Similarly, the detection sensitivities were 1607,
58.09 and 21.4 pA nM~* em ™2 for Am-AChE/Ni/GCN/PGE, Tc-
AChE/Ni/GCN/PGE, and Zn-AChE/Ni/GCN/PGE, respectively. A
high detection limit for Am-AChE/Ni/GCN/PGE may result from
many factors such as population genetics or insecticide resis-
tance among these insects. Previous reports have shown unique
behaviours of honeybee enzymes towards certain insecticides
and it has been found that many organic and chemical pesti-
cides pose limited toxicity to honeybees, while others are highly
toxic towards them, whereas the T. castaneum AChE is more
susceptible to organophosphates and the genes and structure of
AChE are widely studied in these insects.’* The insects
damage a large mass of stored grains each year and multiply in
large amounts in a very short time. In addition, they develop
insecticide resistance, resulting in reduced sensitivity against
insecticides. Based on its potential, the insect has been used in
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our previous study for the construction of biosensors for OP
detection.”* Further, the damp wood termite species used in this
study have not been significantly studied for their enzymes and
the impact of pesticides on them. Even though the results
indicate a similar inhibition pattern to T. castaneum AChE, the
linear range for detection is wider than that for Tc-AChE. It can
be recommended from the results that the platform is highly
suitable to study the behaviour of insects’ AChE towards OPs
and can be utilized for all forms of AChEs. The result for Am-
AChE suggests that the sensing design exhibits properties
useful for organophosphate determination for commercial
applications in honeybee populations contaminated by pesti-
cides. The analytical performance of the proposed platforms
was even better than that of various previously reported
biosensor platforms for malathion detection (Table 2). More-
over, the presented design is tested on stored grains such as
wheat for its practicality, which has not been done before.

2.8. Real time detection of malathion from wheat flour

The potential application of the proposed biosensor was
demonstrated by detecting malathion in real samples of whole-
wheat flour, which was not contaminated with pesticides. A

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 A comparison of linear range and LOD of proposed biosensor platforms with other reported biosensors for malathion detection

Malathion biosensor Linear range LOD References
AChE-PANI/ZnO/RGO/GCE 10-40 nmol L™* 11 nmol L™* 61
CHIT-g-PANI based electrode 2-62.5 pM 3.8 UM 62
AChE/HCS@PANI/GCEAChE/HCS@PANI/GCE 1.0-10 pg mL™* 0.16 ng mL™* 47
poly(TTP)/AChE/GCE 9.99-99.01 nM 4.08 nM 63
PANI-ES SWCNTS/GE 0.2-1.4 yM 0.2 pM 64
Am-AChE/Ni/GCN/PGE 0.1-1.6 M 2 nM This work
Tc-AChE/Ni/GCN/PGE 1-40 nM 0.86 nM This work
Zn-AChE/Ni/GCN/PGE 2-100 nM 2.3 nM This work

Table 3 Determination of malathion in spiked wheat flour samples
through the biosensor method and comparison of recovery values
with the standard HPLC method

Source Added (M) Found (uM) % Recovery RSD%

Biosensor method

Apis mellifera (honeybee) (i) 0.128 0.127 99.2 3.2
(i) 1 1.009 100.9 2.1
(iii) 1.6 1.594 99.6 4.1

HPLC method

Apis mellifera (honeybee) (i) 0.128 0.128 100 3.9
(i) 1 0.99 99 3.0
(iii) 1.6 1.61 100.6 3.6

standard addition method was employed to detect wheat
samples for different concentrations of malathion. The Am-
AChE/Ni/GCN/PGE biosensor exhibited good practical applica-
tion showing good reliability with the recovery ranging from 99
to 100.9%, as well as RSDs less than 5% (Table 3). The other two
interfaces did not provide satisfactory recoveries of malathion
from wheat samples and therefore are not included here. The
liability of the proposed method was assessed by comparing the
obtained results with HPLC as a reference method, and the
results were comparable as shown in Table 3. The results

e
=
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N« Pb K

Uric  Urea
acid

Control Zn

Fig.9

showed that the Am-AChE/Ni/GCN/PGE biosensor is most
effective in recovery for malathion in real agricultural samples.

2.9. Selectivity and reproducibility

The selectivity of the biosensor was assessed by recording the
current responses of Am-AChE/Ni/GCN/PGE in the presence of
possible interfering analytes in the environment, like urea, uric
acid, metal ions and transition metal ions. It can be seen in Fig. 9A
that the interfering substances did not display any considerable
disturbance in the current signals in the presence of 2 mM ATCL.
Moreover, the current response of malathion in the presence of
interfering substances was also investigated which did not get
affected significantly; therefore, the results were not added in the
manuscript. The obtained results propose an outstanding anti-
interference capability of the biosensing interface.

The precision was evaluated by evaluating the current
response of five different electrodes using the same concen-
tration of malathion and the RSD was acquired <5% (n = 4),
showing good operational reproducibility of the biosensor
(Fig. 9B). The above results validated a good reproducibility of
the devised method.

2.10. Docking studies for AChE-malathion interaction

The study of the physicochemical properties of an enzyme and
its structural and surface features is also very important to

11l

Bioelectrodes

1.45

Current (pA)

&

[

(A) CV current responses in pH 7.4 PBS containing 2 mM ATCl without and with the interfering substances. (B) CV current responses of five

bioelectrodes in pH 7.4 PBS containing 2 mM ATCl to test the reproducibility of the results.
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predict the immobilization efficiency of an enzyme on the
transducer surface. AChE is a comparatively hard protein with
a high degree of hydrophobicity that helps its binding on the
hydrophobic substrates, prevents denaturation, and improves
its thermal stability. Such immobilizations are known to
improve organophosphate detection more efficiently. Further-
more, amino acids can form coordination metal complexes
through their amino and carboxylate functional groups, while
side chains of some amino acids possess metal-binding groups
such as the imidazole ring of His or phenol ring of Tyr. For this
study, the AChE has been immobilized through EDC/NHS
chemistry, causing covalent binding of amine groups of AChE
amino acids to the carboxylate-modified composite material.
Moreover, the complexation of Ni with amino acids possibly
improves the immobilization and catalytic efficiency of enzymes
with the transducer surface. The imidazole ring of His and thiol
sulfur group of Cys coordinates with Ni and is crucial for the
interactions between peptides and Ni through amino or amide
nitrogen atoms.**"®” Therefore, the offered transducer surface
not only helps in catalysis and improved conductivity but also
provides a suitable binding site for efficient enzyme immobili-
zation with disturbing the structure of active sites, making them
available to bind with the analyte molecules.

Further, to gain an insight into the binding interaction of the
model pesticide, malathion, with the amino acid residues of
AChE enzymes of source insects, molecular docking simula-
tions were performed. The molecular docking analyses show
that malathion interacts with all three acetylcholinesterase
enzymes, ie., Tc-AChE, Am-AChE1, and Zn-TChE. The binding
energies of malathion for Tc-AChE, Am-AChE1, and Zn-TChE
were found to be —5.73, —5.95, and —5.54 kcal mol™?, while
the dissociation constants were 62.6, 43.5, and 87.1 uM,
respectively.

Malathion interactions with Am-AChE1 show that ASN
and TYR?® are involved in the formation of two H-bonds (3.47
and 3.17 A) with oxygen atoms of malathion, while other
surrounding residues, including GLY'®®, GLY'®, GLY''?,
GLUHS, TRPllG’ PHE386’ TYR389’ TYR179, GLUZSZ, and TYR104,
are involved in stabilizing the interactions (Fig. 10A). TYR'®®
and TRP*** are present at the entrance gorge. The same amino
acids have been previously reported to form the Am-AChE1
active site.®®

In the case of Tc-AChE, O4 in malathion forms a compara-
tively strong H-bond (2.95 A) with the backbone amine of
TYR'®, present at the opening of the active site gorge of Te-
AChE, therefore blocking the ATC entry site. Moreover,
GLY187, GLY186’ ASNlSS, ALA149, ASP140, ILEng, ALASOS’ TRPlSZ,
GLU?%®, SER*”, TYR**®, PHE**”, and HIS°” were involved in the
stabilization of the ligand-enzyme complex (Fig. 10B). Previ-
ously, Phosmet was also found to make H-bonding with Tyr'®°
and Ser™ of Tc-AChE.?* Distal methyl groups in malathion were
found to bind deep in the active site gorge and show hydro-
phobic interactions with GLY'®”, SER*>*® and TRP**°. Previously,
azadirachtin, a saponin from Azadirachta indica, was found to
interact with Tc-AChE with lower binding affinities and at
different binding sites.*** In our study, malathion was also
found to bind acetylthiocholine active site residues mentioned
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Fig.10 Molecular docking analysis of (A) Am-AChEL, (B) Tc-AChE, and
(C) Zn-AChE with malathion. The upper insets show a close-up view of
amino acid residues interacting with malathion, while the lower inset
presents the protein-ligand interaction diagram showing binding
mode affinities of the ligand with the receptor where H-bond (back-
bone) is indicated with purple arrows.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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by ref. 21, with comparatively less affinity (—5.54 kcal mol "
binding energy and 84.8 uM dissociation constant), including
ILEISS, ASP14O, ILE139, ALA149, TRP152, ASN153, GLYlSS, GLY186’
GLY187, TYR189, SEngO, GLUZGG, SER267, ALAZGS’ TYRSQG, PHE397,
TYR'?, TRP**°, HIS*”, and ALA®’%. Surprisingly, when 300 ppm
(~1 mM) malathion was used against T. castaneum, an 11-fold
increase in Tc-AchE activity was found.” Our molecular docking
results may explain the reason for this increased Tc-AChE
activity; the dissociation constant of malathion-Tc-AChE was
found to be 62.6 pM, while at high concentrations, malathion
binds nonspecifically at various sites in Tc-AChE that may bring
conformational changes in enzyme structure and augment its
activity. Malathion also interacts with Zn-AChE, while binding
on the surface interactions is stabilized by GLU®’, TRP%,
GLUZQS, SERZH, PHE343, ARG346, VAL347, ASN449, MET458,
HIS*®, GLY*®°, and ASP**' residues (Fig. 10C).

3. Materials and methods

3.1. Chemicals

Analytical grade acetylthiocholine chloride (ATCI), potassium
ferricyanide (K3[Fe(CN)g]), potassium ferrocyanide
(K4[Fe(CN)g]), malathion, Na,Cr,0; and Ni,SO, were purchased
from Sigma-Aldrich. Co. Ltd (USA). EDC (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide) and MES (4-morpholi-
noethanesulfonic acid) were obtained from the Tokyo Chemical
Industry Co Ltd (JP), and NHS (N-hydroxysuccinimide) was
attained from CovaChem LLC Company (US). Deionized water
(18 MQ cm) was acquired from an ultra-pure purification unit.

3.2. Instruments

The surface morphology of the as-prepared composite material
was studied through Scanning Electron Microscopy (SEM) and
elemental composition analysis using a Nova NanoSEM 450
field emission scanning electron microscope (FESEM) equipped
with EDX. The crystallinity and phase structure of the
composite were determined by X-ray diffraction (XRD) using
a Rigaku-D/max-2500PC diffractometer at 40 kV with a graphite
type monochromator working at 40 mA. The Fourier Transform
Infrared (FTIR) spectroscopy measurements were recorded
using a Thermo Fischer Scientific (Nicolet 6700, USA) spec-
trometer in the 600-4000 cm™' scan range. The photo-
luminescence (PL) measurements of materials were obtained
from a Xe lamp source F7000 Hitachi Spectrometer. Cyclic vol-
tammetry was performed on an AMEL Electrochemistry Poten-
tiostat (Model 2551) with a three-electrode system using an Ag/
AgClreference and platinum wire auxiliary electrode. The pencil
graphite electrode (PGE) (diameter: 0.5 mm; length: 60 mm) was
used as a working electrode acquired from Staedtler, Germany.
Electrochemical impedance spectroscopy (EIS) was done on
a 2700 Z-Pulse by AMEL Electrochemistry in the 0.1 Hz to 100
kHz range of frequency.

3.3. Synthesis of the NiCr,0,/g-C;N, composite

Graphitic carbon nitride (g-C;N,) was synthesized in bulk using
a previously described method.®® The NiCr,0,/g-C3N,
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composite was prepared by an in situ chemical reaction at
ambient temperature. Typically, 1 g of NaCr,0; and 2.5 g of
Ni,SO, were immersed in 100 mL of de-ionized water and ultra-
sonicated for 30 minutes. Then 5 g of g-C;N, was added and
stirred for 1 hour at room temperature. The prepared suspen-
sion was then stirred for another 2 hours and the precipitates
were collected by centrifugation and washed with ethanol and
water three times. The collected sample was dried at 60 °C for 24
hours and stored at room temperature.

3.4. Insects

Cultures of T. castaneum (Herbst) were reared in the laboratory
under standard conditions. A. mellifera was collected from the
honey bee collection centre of University of the Punjab and
stored at —20 °C. Z. nevadensis was obtained from fallen logs
and tree stumps from north Pakistan.

3.5. Preparation of AChE/Ni/GCN/PGE bioelectrodes

Three types of AChE/Ni/GCN/PGE biosensors were prepared
differing in the source of AChE. The crude extracts were
prepared using a previously described method.”* The extracts
were used directly as a source of insects’ AChE. For electrode
modification, the electrodes were electrochemically cleaned
using 0.1 M H,SO, and after washing with dH,O and drying at
RT, the functionalized Ni/GCN composite was adsorbed on the
electrode surface by dipping in 2.5 pL of its aqueous suspension
for 15 minutes. After drying and washing, the modified elec-
trodes were immersed in 0.05 mL of AChE/EDC/NHS/MES
extracts of T. castaneum, A. mellifera and Z. nevadensis in sepa-
rate Eppendorf tubes for 15 minutes to allow for enzyme
immobilization. The modified electrodes were then removed,
dried at room temperature and washed carefully with deionized
water to remove any unbound enzyme and impurities. The
fabricated bioelectrodes were again dried and used for electro-
chemical measurements. The bonding mechanism depends on
the activation of the carboxyl group functionalized material by
EDC/NHS coupled enzyme molecules to make amide bonds
between the amino group of the enzyme and carboxyl group of
the material. Fig. 1 provides a schematic illustration of steps
involved in fabrication of the biosensor.

3.6. Electrochemical measurement procedure

The electrochemical behaviour of the material on the surface of
the electrode was determined through cyclic voltammetry using
ferro-ferricyanide electrolyte solution at a potential ranging
from —0.8 to +0.8 V. Similarly, the electro-catalytic ability of as-
prepared biosensors was analysed through cyclic voltammetry
using 0.1 M pH 7.4 PBS buffer electrolyte solution comprising
acetylthiocholine chloride (ATCl), at a potential ranging from
0.2 to 0.9 V and 50 mV s~ ' scan rate. The response of bare
electrodes and modified controls was recorded and compared
by observing the oxidation peak potential of Tch.

For enzyme inhibition by the pesticide, the modified elec-
trodes were pre-incubated with malathion. The optimum inhi-
bition time was determined by incubating the electrodes with
malathion solution for 5 to 60 minutes, and 30 min was selected
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as the optimum incubation time for malathion. CV was recor-
ded afterwards, and percentage inhibition was calculated from
the following formula:

[% Inhibition = I' — I°/I' x 100]

where I' is the oxidation peak current of the control and I° is the
oxidation peak current of the test in the presence of malathion.
The calibration curves for each biosensor were generated using
different concentrations of malathion and LOD was calculated
for each.

3.7. Detection of malathion in wheat flour

The prepared biosensors were employed to detect malathion in
whole wheat flour as a real sample using the procedure
described previously.”* The pesticide was spiked in 2 grams of
wheat flour to obtain three concentrations covering the whole
range, and the pesticide was extracted in acetonitrile : PBS (6 : 4
v/v) extraction solvent. After 10 minutes of incubation and
centrifugation, the resulting supernatant was used as a pesti-
cide mother solution to determine the percentage recovery of
the pesticide using the same measurement procedure described
above. The obtained results have been compared with a stan-
dard HPLC method using procedure as described in ref. 21.

3.8. Ligand and protein structure preparation

The structure for ligand, malathion in SDF format (CID: 4004) was
obtained from PubChem (https:/pubchem.ncbi.nlm.nih.gov).
The homology models for Am-AChE (A. mellifera), Tc-AChE (T.
castaneum), and Zn-AChE (Z. nevadensis) were built using YASARA
(Yet Another Scientific Artificial Reality Application) Structure
version 20.1.18 (ref. 21 and 71) and further refined by loop region
optimization and steepest descent, simulated annealing mini-
mization. The homology models for Tc-AChE, Am-AChE1, and Zn-
AChE were obtained. Models were validated by YASARA z-scores,
Ramachandran plot, PROCHECK server and VERIFY 3D showing
acquisition of good quality homology modelled structures.

3.9. Molecular docking simulations

For Malathion molecular docking against three different AChE,
YASARA Structure ver. 20.1.18 (ref. 71) with a modified Auto-
Dock LGA algorithm and an AMBERO3 force field was used.
For improved accuracy and better prediction of ligand-protein
interactions, 100 global docking runs were obtained, rescored,
and analyzed for dissociation constants, binding energy calcu-
lations and active site mapping as described in ref. 21. PyMol,
Maestro, and PLIP were used to map the ligand-protein
interactions.

4. Conclusions

In conclusion, the proposed work utilized the electrochemical
biosensing approach to compare the malathion sensitivity based
on three different insect and pest AChE enzymes that were
immobilized on a potential NiCr,0,/g-C3N, composite material.
The surface and electrochemical properties of NiCr,0,/g-C3Ny
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favoured the immobilization and electrocatalytic activity of
insects' enzyme, thus amplifying the sensitivity and ampero-
metric response of the developed biosensors. The results sug-
gested that the composite provides a biocompatible environment
and potential binding sites for enzyme immobilization, a large
surface area and high electrical conductivity, which resulted in
good electrochemical performance of electrodes. The proposed
platform was expected to be utilized to determine the sensitivity
of OP insecticides and evaluate their toxicity against insects.
Among three insect species, A. mellifera AChE was found to be
immobilized with the highest efficiency and kinetic analysis
showed its high affinity for the substrate. The electrocatalytic
behavior of Am-AChE was also better than that of Tc-AChE and
Zn-AChE; however, the malathion inhibition was observed at
high concentrations compared to Tc-AChE and Zn-AChE, which
showed that Tc-AChE and Zn-AChE are more sensitive to mala-
thion than Am-AChE. The results were further confirmed
through computational docking and the binding interactions of
malathion with AChE of these insects were explored. These
initial studies have opened ways for the rational designs of
electrochemical biosensors and their use in the study of the
insecticides' toxicity to insects. This study provides new devel-
opment in the biosensor design, which offers considerable
promise in several agriculture and environmental applications.
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