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This work describes the development and optimization of an electrochemical method to evaluate pesti-
cide induced inhibition of honey bee (Apis mellifera) acetylcholinesterase (AChE) by means of acetyl-
cholinesterase biosensor. The inhibition assay was based on the detection of changes in
electrochemical activity of the enzyme caused by pesticide. As transducer, nitrogen doped carbon dots
BSA (N-CD/BSA) nanocomposite electrodeposited on pencil graphite electrode was used to covalently

- immobilize AChE. The as-synthesized nanocomposite and fabricated electrodes were characterized for
Ié?r’ ;‘; O:{:('Jts the structural, functional and electrochemical properties. Nanocomposite promoted the electron transfer
BSA reaction to catalyze the electro-oxidation of thiocholine and a large current response was obtained by
cyclic voltammetry at 0.77 V, indicating successful immobilization of AChE. The sensitivity of Diazinon,
an OP insecticide, for honeybee AChE was tested under optimal conditions and a linear response ranging

Graphitic pencil electrode (GPE)
Acetylcholinesterase

Honey bee 10-250 nM was obtained with a detection limit of 8.9 nM, and sensitivity 9 uA/nM/cm?. The method
Diazinon showed a good operational reproducibility and selectivity of biosensor. Further, the molecular docking
Docking provided additional support to the experimental data suggesting irreversible nature and contact toxicity

of the pesticide for honey bee AChE. The developed biosensor has proved useful for the diazinon detection
in wheat samples with 99% recovery rate.
© 2021 Elsevier B.V. All rights reserved.

1. Introduction the serine residue in the catalytic triad of the enzyme, thus block-

ing the transmission of nerve impulse that results in mortality of

With the consumption of so many novel pesticides, the recent
interest of food safety, aside from detecting the trace amounts of
pesticides in the contaminated environment, has moved towards
determining the impact of these pesticides on non-target organ-
isms such as bees, ants, wasps, termites etc. which play a signifi-
cant role in maintaining our ecosystem through involvement in
pollination, predation, seed dispersal, soil turnover and decompo-
sition etc. Besides it will also help us to select the most efficient
pesticides with low residual toxicity to non-target organisms [1,2].

The toxicity of pesticides depends on their ability to target an
enzyme Acetylcholinesterase (AChE), by irreversibly modifying
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insects. The extent of enzyme inhibition by different pesticides is
distinct, which can be used as an indicator to determine pesticide
sensitivity to target insects [3]. Previously, various qualitative and
quantitative methods have been utilized based on inhibition assays
to investigate sensitivity of pesticides [4,5]. Though these methods
are reliable but they require complex procedures, pretreatment
steps, expensive equipment, high amount of enzyme, and possess
altered substrate specificities, which greatly limit their practical
applications [6].

Currently, a great deal of research has been focused on enzyme
based electrochemical biosensors, using AChE as bioreceptor. This
method involves a simple procedure, low cost, rapid response
and high test sensitivity, which makes it an effective platform for
pesticide sensitivity investigation in insects [7-11]. The present
research has focused on the evaluation of pesticide sensitivity to
beneficial insects in order to come up with a simplified method
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to assess the impact of pesticide exposure on the health and well-
being of non-target organisms such as honeybees.

Apis mellifera (Hymenoptera: Apidae) or western honeybees, are
striking creatures for their social behavior and essential part they
play in global ecology by pollination. They are very important
group of eusocial insects responsible for pollination of about 35%
of all agricultural crops worldwide. The honey bee mediated polli-
nation values about $175 billion worldwide and $17 billion in the
United States [12,13]. They act as living terrestrial bioindicators
and forage in a wide area for pollination. During foraging, they
can collect traces of contaminants such as heavy metals, and pes-
ticides from the surrounding environment, which also contami-
nates pollens and nectars collected by honeybees. These pesticide
residues ultimately pollute colony matrix and cause serious health
disorders in pollen bees leading to sudden declines of honey bee
colonies termed colony collapse disorder (CCD) [14]. A US national
survey of bee pollen reported that only 18% of samples collected
from different regions of USA were free from pesticides [15,16].
To tackle these problems the scientific community is actively
working on finding greener and sustainable sources to resolve
environmental and healthcare issues. Moreover, the food safety
legislations within the European Union, covers all legal issues
related to the use of chemicals compounds and tolerable levels of
their residues in European Union countries and third world coun-
tries [17-20]. However, the monitoring of harmful pesticide resi-
dues is of great importance. The authors of [21] reported a
micro-analytical system to monitor pesticide hazards in honey
bees using LC-ESI-MS/MS method. However, electrochemical
assay using AChE biosensor to monitor pesticides sensitivity has
not been used for this purpose in spite of having potential to be
employed as an effective alternate to conventional assays.

A biosensor’s sensitivity is greatly determined by its design that
can be tuned by unique nanomaterials to create efficient trans-
ducer surface for high performance environmental applications.
The tremendous properties of functional nanomaterials such as
tunable sizes, structures, shapes, crystallinity and porosity allows
the fabrication of bio-surfaces which are capable of potential appli-
cations [22]. Such smart materials can be used to modify trans-
ducer surfaces to improve the sensitivity and specificity of
electrochemical test [23,24].

Among the nanomaterials quantum dots and carbon-based
nanomaterials have gained much attention for their outstanding
optical, mechanical and electronic properties. More recently, car-
bon quantum dots or carbon nanodots have evolved as new type
nanomaterials with the sizes in the range of 1--10 nm. These are
zero dimensional florescent materials possessing sp? hybridized
carbon atoms having surfaced passivity for oxygen contained func-
tional groups such as hydroxyl and carboxylic groups [25]. Owing
to their outstanding optical and physical properties, quantum con-
finement, good water solubility, biocompatibility and low cost,
they are considered ideal candidates for a wide variety of applica-
tions in bioimaging, photocatalysis and biosensing [26-28].

To improve the photo-physical properties of CDs, their doping
with heteroatoms such as Nitrogen, have been greatly pursued
[29]. The nitrogen doped carbon nanotubes have been explored
for their incredible electrocatalytic properties and uses in energy
storage, oxygen reduction, electrochemiluminisence and biosen-
sors. The nitrogen doping of CDs causes charge delocalization offer-
ing tunable optical properties causing high electron transfer
capability and improved conductivity. Further. the preeminent
intrinsic properties of N-CDs such as high electron transfer, small
size, large specific surface area, numerous edge sites and high cat-
alytic activity makes them highly suitable for electrochemical
sensing [30]. N-CDs can be easily prepared in single step through
bottom up microwave assisted method consuming inexpensive

Bioelectrochemistry 144 (2022) 107999

starting materials which produce stable and non-toxic N-CDs with
high stability in aqueous medium [31,32].

The carbon quantum dots possess exceptional electronic con-
ductivity but their inherent defects and other factors may hamper
their conductivity. Researchers have reported a number of major
developments in carbon dots modifications and their applications
[33]. The grouping of N-CDs with other functional materials in
one microstructure has been exploited in the construction of sen-
sors for various applications. For instance, the authors of [34]
designed a ternary heterojunctions composed of BiOCl, BiVO,4 and
N-CDs which exhibited enhanced photocurrent in a sensor plat-
form for detection of the dopamine. The authors of [32] developed
a taurine sensor using ECL properties of the N-CDs. The scientists in
[35] utilized N-doped porous Mo,C nanoflowers to develop a new
sensor for monitoring of organophosphorus pesticides. However,
the use of the CDs to construct electrochemical sensors for biolog-
ical and agricultural samples is still under development.

Herein, we report a novel N-CD/BSA nanocomposite where sur-
face functionalities of nanodots were integrated with BSA that pro-
vides a non-toxic surface with good chemical stability, high
electrical conductivity and numerous active sites to act as ideal
catalyst support material with strong affinity for protein fixation
without deactivating protein. The nanocomposite was electrode-
posited on the pencil graphite electrode providing thin layer of
material with high rate of deposition on electrode surface. The
honeybee AChE was used in its native environment to ensure its
inherent structural stability and activity. The enzyme was cova-
lently immobilized on modified transducer surface which leads
to a stable AChE biosensor for study of its inhibition by pesticides.
An organophosphate insecticide Diazinon was adopted to validate
this proposed method and the results were compared with compu-
tational modelling of enzyme with inhibitor to analyze their inter-
action pattern and binding mechanism. The developed
electrochemical method integrating the properties of N-CD/BSA
nanocomposite with electrochemical test was sensitive and selec-
tive for the interpretation of inhibition sensitivity of diazinon asso-
ciated with honeybee AChE activity.

2. Experimental section
2.1. Reagents

Acetylthiocholine chloride (ATCl), Urea, D- Fructose, Bovine
serum albumin (BSA), Chloroacetic acid, Sodium hydroxide, Potas-
sium ferrocyanide (K4[Fe(CN)g]) and Potassium ferricyanide (K3[Fe
(CN)6]) and Diazinon were supplied by Sigma-Aldrich Corporation,
USA. NHS (N-hydroxysuccinimide) was obtained from CovaChem,
USA. EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide) and
MES (4-morpholinoethanesulfonic acid) were obtained from Tokyo
chemical company (TCI), Japan. All chemicals were of analytical
standard and used without purification. For aqueous solutions
water from a Millipore Milli-Q system was used.

2.2. Synthesis of N-CD

Carbon nanodots associated with amine group (N-CD) were
synthesized by a fast and controlled microwave assisted heating
method originally proposed by [32] which produced CDs peripher-
ally abundant in nitrogen functional groups. Briefly, 1 mM D-
Fructose and 3 mM Urea was mixed in 10 ml of DI water and agi-
tated for 10 min to get a homogenous solution. The solution was
heated for 4 min in a domestic microwave oven (750 W) until a
dark brown caramelized solid. The solid was incubated at 60 °C
for one hour, re-dissolved in 20 ml of DI water and was left in dark
for 24 h at RT. After that the solution was stirred for 1 h and cen-
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trifuged at 10,000 RPM for 30 min to get rid of the large sized par-
ticles. The obtained supernatant was filtered through 0.22 pm syr-
inge filter to obtain the N-CD solution. The as prepared N-CDs were
stable in solution at 4 °C for several weeks.

2.3. Carboxylation of N-CD and formation of N-CD/BSA nanocomposite

The amine rich carbon dots were further functionalized with
carboxylic acid functional groups by mixing 5 ml solution of as pre-
pared N-CDs with 0.5 mM chloroacetic acid under highly alkaline
environment to convert OH- groups on N-CDs surface to carboxyl
functional groups. The acidic solution was thoroughly mixed with
N-CDs by sonication for 3 h. The functionalized N-CD/BSA
nanocomposites were prepared by mixing N-CD-COOH solution
with 0.05% (w/v) of BSA and the solution was left overnight for stir-
ring at 4 °C.

2.4. Instruments

UV-Vis measurements were performed on a Lambda-35 spec-
trophotometer (PerkinElmer, America) in the range of 200-
800 nm. Fluorescence (FL) spectra were collected with Cary Eclipse
fluorescence spectrophotometer (Agilent technologies, USA)
equipped with a 1 cm x 1 cm quartz cuvette. The Fourier Trans-
form infrared Spectroscopy (FTIR) was performed on Thermo Fis-
cher Scientific (Nicolet 6700, USA) spectrometer at scan range
600-4000 cm™!. For the photoluminescence (PL) measurement of
material Xe Lamp source F7000 Hitachi Spectrometer was used
and excitation wavelength was set at 488 nm. Cyclic voltammetry
was carried out on AMEL Electrochemistry Potentiostat (Model
2551) using Ag/AgCl reference and platinum wire counter elec-
trode. The working electrode was Pencil graphite electrode (PGE)
(diameter: 0.5 mm; length: 60 mm) from Staedtler, Germany. For
biosensor current measurements potential swept across 0.2 V to
0.9 Vin 0.1 M PBS (pH = 7.4). The Electrochemical impedance spec-
troscopy (EIS) was carried out using 2700 Z-Pulse by AMEL Electro-
chemistry at a frequency range from 0.1 Hz to 0.1 MHz.

2.5. Preparation of AChE/N-CD/BSA/PGE biosensor

To prepare acetylcholinesterase based biosensor AChE from Apis
mellifera was used to immobilize on N-CD/BSA modified pencil gra-
phite electrode. The crude extract of 80 mg insects was prepared
by homogenizing in 0.1 M PBS (pH = 7.4). After centrifugation,
the resulting supernatant was used as source of enzyme. 5 pl of
AChE extract was mixed with 1.5 ul of 100 mM EDC/NHS/MES buf-
fer solution for the activation of carboxyl functional groups [11].
For biosensor fabrication, the electrodes were cleaned to oxidize
or reduce the impurities by electrochemical pretreatment through
consecutive cyclic voltammetry scans in 0.5 M H,SO,4 potential in
the range of —1.5 V to +1.5 V. Then the electrochemical modifica-
tion of PGE with N-CD/BSA nanocomposite was performed with
linear sweep voltammetry (LSV) using 0.5 M acetate buffer as elec-
trolyte by sweeping potential between 0 and 1 V at 50 mVs~!. The
amino group on the electrode surface was conjugated to carboxyl
groups of AChE, by immersing the modified electrode in AChE/
EDC/NHS/MES solution for 45 min at 30 °C to covalently immobi-
lize enzyme through amide bond formation. The fabricated elec-
trodes were washed with PBS (0.1 M, pH = 7.4) carefully, dried
and used for further electrochemical measurements. A general
scheme for the steps involved in the fabrication of biosensor is pre-
sented in Scheme.1.
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2.6. Electrochemical measurement of modified electrodes

For electrochemical measurement of the biosensor, cyclic
voltammograms were recorded using 5 mM [1:1] K3[Fe(CN)s]/
K4[Fe(CN)g] solution in 0.1 M KCI as an electrolyte and to deter-
mine analytical response of the developed biosensor the CV was
recorded in response to acetylthiocholine chloride (ATCI) in
0.1 M PBS (pH = 7.4), at potential ranging from 0.2—-0.9 V with
50 mVs~! scan rate. Negative and positive controls were run along-
side and expected oxidation peak of thiocholine was observed in
each electrode. For each measurement substrate containing buffer
was replaced with fresh one and each electrode was used only
once.

For inhibition studies, same procedure was employed including
pre-incubation of electrodes with Diazinon with gentle stirring
which helps in particle dispersion and improves the coating qual-
ity. The incubation time was optimized by immersing the inte-
grated bioelectrodes in pesticide solution for 5 to 60 min, and
optimum incubation time for inhibition was recorded. The work
utilized a single electrode system and freshly prepared individual
bioelectrode has been used that has not been previously inhibited
by the pesticide, to record current response for each concentration.
CV was recorded afterwards and percentage inhibition was calcu-
lated by the following equation: [36].

Iy — 14
0

1% = % 100 (1)

where |, is the oxidation peak current for thiocholine produced by
the hydrolysis of AChE, and I, is the oxidation peak current for thio-
choline in the presence of inhibitor (Diazinon).

The calibration curve for Diazinon was formed and LOD,
Michaelis Menten Kinetics and sensitivity of biosensor was also
calculated.

2.7. Ligand preparation and protein structure modelling

The structure for Diazinon was attained from PubChem (https://
pubchem.ncbi.nlm.nih.gov) in SDF format (CID: 3017). The homol-
ogy models for Am-AChE (Apis mellifera) and Tc-AChE (Tribolium
castaneum) was obtained using PDB templates with an identity of
above 50% (Table S1). The homology model for AChE was built
through YASARA (Yet Another Scientific Artificial Reality Applica-
tion) Structure version 20.1.18 [37] following by structure refine-
ment using loop region optimization and steepest descent,
simulated annealing minimization as described in a previous study
[38]. All models were further validated using PROCHECK server
(http://www.ebi.ac.uk/thornton-srv/software/PROCHECK/), =~ VERIFY
3D server (http://services.mbi.ucla.edu/Verify_3D/) and Ramachan-
dran plot distribution.

2.8. Docking study

For diazinon molecular docking against Am-AChE and Tc-AChE,
YASARA Structure software version 20.1.18 [37] with a modified
AutoDock LGA algorithm and an AMBERO3 force field was used.
To improve the accuracy of the process 100 global docking runs
were obtained, rescored and analyzed for dissociation constants,
binding energy calculations and active site mapping as described
by [11]. PyMol, and LigPlus [39] were used to map the ligand-pro-
tein interactions.
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Scheme 1. Schematic illustration for the preparation of N-CD/BSA composite and fabrication of AChE/N-CD/BSA/PGE biosensor for the monitoring of diazinon poisoning.
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3. Results and discussion
3.1. Characterization of N-CD and N-CD/BSA nanocomposite

The optical properties of as-prepared N-CD were explored
through UV-visible absorption spectroscopy and florescence emis-
sion spectroscopy by varying excitation wavelengths. As shown in
Fig. 1A, the absorption spectrum of N-CD in aqueous medium
showed absorption bands at 272 nm and 320 nm. The band at
272 nm represent n-7* transition characteristic due to C=0 bonds
which are covalently bonded to the outer sp> carbons of the carbon
dots. Besides, a strong absorption was obtained near to the visible
region at around 320 nm which is attributed to the n-n* electronic
transition of C=0 and C—N bonds originated due to excited defect
surface state formation by the addition of nitrogen heteroatoms,
which makes the surface groups of N-CDs more heterogeneous
[32,40,41]. The change in absorption spectrum was also observed
after incorporation of BSA with N-CDs. A characteristic absorbance
band of BSA was observed at around 280 nm with increased
absorption intensity. The increase in absorbance intensity is prob-
ably due to the conformational change in peptide coiled backbone
upon complexation with N-CDs which further confirms hydropho-
bic micro-environment around peptide backbone [42]. The aque-
ous solution of N-CDs appeared light brown under normal light
while showed blue florescence when exposed to UV light as shown
in the inset of Fig. 1A, therefore when florescence emission spectra
of aqueous solution N-CD was recorded, maximum emission was
observed at 400 nm at the excitation wavelength of 320 nm. It is
known that the florescent emission of N-rich carbon quantum dots
is sensitive to changes in excitation wavelength. The resultant
emission spectra are broad and random, usually falls between
400 and 500 nm, which is due to the presence of several absorbing
and emitting centers around N-CD attributed to their different
sizes causing radiation dispersion [32,43,44]. The same effect can
be seen in Fig. 1B that with the increase in excitation wavelength,
a red shift in emission spectra occurs attributed to the characteris-
tic bathochromic effect of N-CD along with a subsequent decrease

in florescent intensity. The same effect was observed in the N-CD/
BSA nanocomposite, however the emission spectra further shifts
forward due to the presence of BSA with N-CDs (Fig. 1C), suggest-
ing a ground state complex formation which results in change in
conformation around Trp residues of BSA.

Currently, a great deal of research has been done to study PL of
carbon dots which is considered a characteristic of C-dots used in
photocatalysis [26,45]. The material is known to possess uniform
size with good luminescence, high stability, and excitation related
photoluminescence (PL) property. Fig. 1D shows the PL spectra for
the as prepared N-CD and N-CD/BSA nanocomposite at excitation
wavelength of 488 nm. It is eminent that the UV excitation has
shorter wavelength than emission. It has been reported that the
emission at 385 nm occurs due to the extended conjugation of 7-
electron domains in the C-dots and presence of surface trap states
(STS) results in strong emission at 460 nm which indicates elec-
tronic nature of carbon dots [46]. Noticeably, the absorption inten-
sity of N-CD/BSA nanocomposite is higher and the absorption edge
is somewhat shifted towards red in the visible region in contrast to
N-CDs. A large difference in absorption characteristics indicates the
existence of BSA on the surface of N-CDs, as the presence of BSA
offers multiple functional groups such as thiol, —OH, —COOH and
—NH,, which helps in passivating the inherent electronic defects
of N-CDs. Moreover the high surface energy and reactivity of BSA
allows binding of small sized N-CDs and produce a synergistic
effect between N-CD and BSA causing a more obvious increase in
PL intensity after formation. It can also be conferred that the
nanocomposite may have visible light absorption and thus result
in the production of more electron hole pairs as indicated by higher
PL intensity of nanocomposite material [47,48].

Fourier transform infrared (FTIR) spectroscopy was executed to
determine the presence of functional groups on the surface of N-
CDs depending on their starting materials. The FTIR spectra shown
in Fig. 2A shows a broad band as opposed to the starting materials
(Urea and Fructose) at 3350 cm™! ascribed to the vibrational
stretching of O-H and N-H bonds, signifying the presence of hydro-
xyl and amino functional groups on the edges of N-CDs, which
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Fig. 1. (A) UV-Vis absorption spectra of the Nitrogen doped CDs (a), and N-CD/BSA (b), inset: optical images taken under white light (left) and under UV light (right). (B) The
Fluorescence Emission spectra obtained at distinct excitation wavelengths of N-CD in aqueous solution (320-450 nm) and (C) N-CD/BSA (350-480 nm). (D) PL spectra of as

prepared N-CDs (a) N-CD/BSA (b).

makes them soluble in aqueous solvents [32,44]. The carbogenic
core of N-CDs results in absorption bands at around 1642 cm !
and 1575 cm~! which correspond to the vibrational stretching of
C=0 and skeletal N-H bending, moreover the peak at 1410 cm™!
arise due to stretching of C—N amide bonds [49]. The presence of
these functional groups greatly improve their modification with
other inorganic or organic materials, which makes them an excel-
lent choice to use as support materials or signal transducers in
development of electrochemical sensors with enhanced electrocat-
alytic efficiency. Herein the as prepared N-CDs were integrated
with BSA and FTIR spectra of N-CD/BSA nanocomposite was also
recorded. The characteristic bands of pure BSA can be seen in
Fig. 2A at 1642 cm™', 1536 cm™! and 1240 cm™! attributed to
amide I having high o helix content, amide II band and amide III
due to antiparallel B sheet vibrations respectively. However in
the N-CD/BSA nanocomposite a broad absorption band at
3290 cm™! belong to vibrational stretching of O—H and N—H bonds
of NCD whereas the intensity of characteristic BSA bands reduced
upon incorporation of BSA with NCD indicating a reduction in o
helix content of BSA after binding with nanodots. The changes in
the peak positions in the FTIR spectrum indicate sufficient cross-
linking between BSA and NCD [47].

3.2. Electrochemical characterization of integrated electrodes

The electro-oxidation of material at different steps of electrode
modification was characterized by LSV and the current at the elec-
trodes was measured by sweeping potential from O to 1 V between
the working and the reference electrode at a scan rate of 50 mVs !,
using acetate buffer pH 4.5. The oxidation peak current of N-CD

and N-CD/BSA can be seen in Fig. 2B, which shows a high magni-

tude of peak current in case of N-CD deposition suggesting high
electron transfer and conducting nature of N-CDs, whereas the
magnitude of peak current decreases for N-CD/BSA electrode
revealing immobilization of BSA on N-CD electrode. Moreover the
oxidation current for N-CDs modified with carboxyl groups moved
more towards negative due to hindrance in electron flow due to
negative charge of COO~ functional groups [50,51]. Furthermore,
the electrochemical behavior of prepared materials was investi-
gated by cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). For comparison, bare PGE, N-CD/PGE, N-CD-
COOH/PGE and N-CD/BSA/PGE were prepared in the same condi-
tion. Fig. 2C shows the CV responses of bare PGE (a, black), N-
CD/PGE (b, green), N-CD-COOH/PGE (c, blue) and N-CD/BSA/PGE
(d, red) modified electrodes which was carried out in 10 ml of
[1:1] K3[Fe(CN)g]/K4[Fe(CN)g] solution in 0.1 M KCl. As illustrated,
the bare PGE showed weak electro-activity and inconspicuous cur-
rent peaks. By contrast, the modified PGEs increased the electro-
chemical signals in different degrees. Notably, N-CD/PGE showed
an increase current response with respect to bare PGE, whereas
the electrochemical response declined in case of carboxyl group
functionalized N-CDs due increased current resistance hampering
the transfer of electrons resulting in high impedimetric response,
however the N-CD/BSA/PGE exhibited a maximum redox current
suggesting the electron transfer kinetics of redox probe is
improved after nanocomposite deposition and a most distin-
guished electroactive response on the surface of electrode was
obtained. The results corroborate with the EIS responses as shown
in the Nyquist plots in Fig. 2D that the bare PGE showed maximum
resistance to current flow as compared to N-CD/PGE and N-CD/
BSA/PGE represented a considerable decrease in the diameter of
the semicircle at high frequency, which confirms the conductivity
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CD/BSA nanocomposite (c) at a potential range from 0 to 1 V. (C) Cyclic voltammograms of bare PGE (a), N-CD/PGE (b), N-CD-COOH/PGE (c) and N-CD/BSA/PGE (d) modified
electrodes at 50 mVs~! by sweeping potential across —0.8 to 0.8 V using 5 mM Ks[Fe(CN)s]/K4[Fe(CN)g] solution in 0.1 M KClI as electrolyte. (D) EIS Nyquist plots of bare PGE

(a), N-CD/PGE (b), N-CD-COOH/PGE (c¢), and N-CD/BSA/PGE (d) electrodes.

of the electrode is increased due to the presence of N-CD/BSA
nanocomposite on the surface of electrodes, whereas the hindrance
increased in case of N-CD-COOH/PGE due to repulsion of negative
charges [11].

3.3. Verification of A. mellifera AChE immobilization

The success of A. mellifera AChE immobilization was verified by
recording CV and EIS of enzyme immobilized electrodes. An expli-
cit increase in electron transfer resistance can be envisioned after
immobilization of A. mellifera AChE on electrode surface. The cyclic
voltammogram of AChE/N-CD/BSA/PGE electrode shows a decline
in redox current due to insulating nature of enzyme which ham-
pered the transfer of redox probe to electrode surface therefore
cause an increase in impedimetric response as compared to N-
CD/BSA/PGE, however the current resistance of bare PGE was effi-
ciently reduced after electro-oxidation of BSA. The simultaneous
decline of redox current and increase in impedance as shown in
Fig. 3, confirms successful enzyme attachment on electrode surface
establishing a highly efficient sensing method for organophos-
phates detection. The presence of BSA in the nanocomposite bene-
fits with providing a biocompatible environment for enzyme and
blocks non-specific binding of protein. Further, the EDC/NHS func-
tionalization improved specific interaction of the enzyme with
nanocomposite on electrode surface.

3.4. Analytical behavior of AChE/N-CD/BSA/PGE biosensor

Fig. 4 shows the electro-catalytic response of the fabricated
biosensor in 0.1 M pH = 7.4 PBS containing ATCI, substrate for

AChE. It can be seen that for the negative control electrodes (a, b,
c and d), there is no detectable oxidation peak within the detection
range. However, in the presence of 6 mM ATCI in PBS solution, a
large oxidation peak occurred at AChE/N-CD/BSA/PGE at 0.77 V
with 4 pA oxidation current. The results illustrate that the immobi-
lized AChE on N-CD/BSA/PGE electrode is able to catalyze ATCl into
electroactive thiocholine (TCh) which generates an obvious oxida-
tion peak. The results depict that the prepared N-CD/BSA provides
an ideal biocompatible platform to act as template for efficient
AChE immobilization which results in the increase in electrochem-
ical response without disturbing enzyme’s natural conformation
and catalytic activity.

3.5. Experimental optimization

The experimental conditions to get best performance of pro-
posed biosensor had been optimized. The effect of scan rate on
electrochemical performance of biosensor was also studied.
Results demonstrate that anodic peak current increased exponen-
tially with increase in scan rate from 10 to 150 mVs~!. The figure
shows a linear response between square root of scan rate with ano-
dic peak current with regression equation as Ipa (pnA) = 0.0576v +
0.1366 (mVs~ ') and correlation coefficient of 0.9832, which proves
a surface controlled process on the surface of modified electrode
(Fig. 5A).

The influence of the AChE concentration on the performance of
the AChE/N-CD/BSA/PGE electrode was also studied. The electro-
chemical responses of the modified electrodes were measured
after the AChE immobilization on the surface of the modified elec-
trodes. The current response of the AChE/N-CD/BSA/PGE electrode
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Fig. 3. (A) CV response of bare PGE (a), N-CD/BSA/PGE (b) and A. mellifera AChE/N-CD/BSA/PGE (c) modified electrodes at 50 mVs~! by sweeping potential across —0.8 to 0.8 V
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electrodes at a frequency range from 0.1 Hz to 0.1 MHz.

Current (pA)

0.4 0.6

08 10
E(V)

Fig. 4. CV response of as fabricated AChE/N-CD/BSA/PGE biosensor in 0.1 M
pH = 7.4 PBS using 6 mM ATCI (e), and negative controls [(a) bare PGE in PBS, (b)
bare PGE in PBS containing 6 mM ATCI, (c) N-CD/BSA/PGE in PBS, (d) N-CD/BSA/PGE
in PBS containing 6 mM ATCI]. The oxidation peak of thiocholine as produced by
hydrolysis of ATCl by AChE appeared at 0.77 V showed good analytical response of
prepared biosensor interface.

was maximum when 0.8 mguL~! extract was used. So 0.8 mgpL ™!
crude AChE solution was considered adequate for effective binding
to the electrode and optimum current response. Nonetheless, the
incubation time of AChE on the surface of the AChE/N-CD/BSA/
PGE electrodes was also examined. As shown in Fig. 5B, the current
responses of the prepared electrodes increased maximally after
45 min of incubation and slightly declined after that which may
be attributed to the physical hindrance provided by the excess of
enzyme to the current flow after the saturation point. The
45 min incubation time was enough for the firm immobilization
of the AChE on the surface of the electrode, which was selected
for further experiments.

Moreover, the inhibition time of the diazinon for the inhibition
of AChE was also investigated. As shown in Fig. 5C, the current
response of the AChE/N-CD/BSA/PGE electrode showed a sequen-
tial increase when the inhibition time in OPs solution extended
from 5 min to 30 min and then became constant. The result
revealed that after 30 min the inhibition of the enzyme was satu-
rated. Therefore, 30 min inhibition time was adopted for the inhi-
bition experiments.

3.6. Calibration curve of ATCI

One of the most important experimental parameters to deter-
mine the bioelectrocatalytic activity and analytical performance
of the developed biosensor interfaces is the concentration of sub-
strate. Fig. 6A exhibits the current response of the prepared elec-
trodes when the concentration of ATCI was increased from 1 mM
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Fig. 5. (A) Plot of square root of scan rate vs. peak oxidation current, where linear equation is Ipa (1A) = 0.0576v + 0.1366 (mVs '), and R? = 0.9832 (B) Effect of incubation
time of Am-AChE enzyme extract on peak oxidation current of thiocholine, (C) Effect of inhibition time on AChE/N-CD/BSA/PGE after exposing with 100 nM of diazinon. Inset
shows plot of percentage inhibition of pesticide with time. Error bars represent standard deviation of three readings.

7



S. Bilal, Amtul Jamil Sami, A. Hayat et al.

Bioelectrochemistry 144 (2022) 107999

a o
MR,
Current (pA)
e = N ow A o

'S
1

2 4 3
Concentration of ATCI (mM)

!

N
-

Current (uA)
w

02 04 06 08 10
E(V)

B
0.9 -
<
2
S 05
=
=
o
0.1 -
03 01 | 01 03 05 07 09
ATCI (mM-)
03

Fig. 6. (A) CV response of AChE/N-CD/BSA/PGE biosensor with increasing concentrations of ATCl in 0.1 M PBS (pH = 7.4) (inset shows the calibration plot of current versus
ATCI concentration, with the linear equation as Ipa (nA) = 0.556¢ + 0.4102, and R? = 0.9632 (B) Lineweaver burk plot of Current™'/uA~! vs. ATCI"'/mM~! displaying Michaelis
menten kinetics of biosensor, with the linear equation as Ipa (1A) = 0.7582¢ + 0.1931, and R? = 0.9207.

to 6 mM. The greater the concentration of ATCI, the more thio-
choline was produced. Subsequently, the enhanced -current
response was achieved with a linear relationship between the oxi-
dation peak current and the concentration of the substrate and the
linear regression equation was given as, Ipa (LA) = 0.556¢ + 0.4102,
with R? = 0.9632. When the concentration of ATCI exceeded 6 mM,
the current response was almost constant exhibiting the saturation
of available active sites of enzyme. So, the concentration of 6 mM
ATCl was employed for optimum bioelectrocatalytic behavior
AChE/N-CD/BSA/PGE electrodes. The results showed that the cat-
alytic response of the developed biosensor follows Michaelis-
Menten kinetics and Lineweaver Burk equation [52] was used to
calculate apparent Michaelis-Menten constant (Km?®°P) of the
developed biosensor. The Km?®PP for integrated bioelectrodes was
computed to be 3.9 mM (Fig. 6B). This value shows a good enzyme
kinetic behavior and the obtained Km?PP value displays a good sub-
strate affinity for a biosensor fabricated with crude enzyme source
emphasizing the potential of this method in preparation of a com-
petitive biosensor interface for desired applications. Noticeably,
this value is also comparable or smaller than many lately reported
AChE biosensors [11,53-55].

3.7. Effect of Diazinon on activity of immobilized AChE

The analytical performance of the deduced biosensor to evalu-
ate the sensitivity of OPs to A. mellifera AChE was assessed with
diazinon as a model pesticide. The organophosphate is widely used
to control insects and mites and is considered quite toxic to honey
bees. Fig. 7A illustrates the CV responses in 6 mM ATCI after incu-
bating the integrated bioelectrodes with various concentrations of
diazinon. The plot of current versus percentage inhibition gives
range from 10 to 250 nM and the limit of detection (LOD) as calcu-
lated using standard deviation of the lowest response and slope of
the calibration curve, was 8.6 nM. The LOD value and the linear
range of the as fabricated biosensor is comparable to various pre-
viously reported electrochemical methods proposed for diazinon
detection (Table 1). Similarly, the sensitivity of the integrated elec-
trode was found to be 9 pA/nM/cm?. It can be deduced from the fol-
lowing findings that the as fabricated interface is suitable for
detection of diazinon and exhibit a concentration dependent elec-
trocatalytic behavior of the nanocomposite fabricated electrode.
The obtained results justify the scope of this study in terms of
detection sensitivity and toxicity investigation. It can also be
deduced from the results that the activation of detoxification

mechanisms of honeybees may restrict enzyme inhibition at very
low diazinon concentrations.

3.8. Mechanism of inhibition and inhibition kinetics

The proposed method was also employed to investigate the
mechanism of inhibition of A. mellifera AChE by diazinon. The
mechanism of inhibition and inhibition kinetics can be proficiently
determined by double reciprocal plots of 1/Ip, as a function of 1/[S].
A double reciprocal plot of the enzyme kinetics in the presence and
absence of diazinon shows changes in values of Km®*? correspond-
ing to changes in Vmax®*P. As shown in Fig. 7B, the visual impres-
sion of plot confirms non-competitive inhibition of enzyme with
diazinon. Technically, the apparent Km computed from Lineweaver
Burk equation was 3.9 mM both in the presence and absence of
diazinon, whereas whereas Vmax lowered in the presence of diazi-
non from 5.26 mM/min to 3.9 mM/min, which describes a non-
competitive or irreversible inhibition of A. mellifera AChE activity
by diazinon. These results are supported by literature [62] and it
should be noted that the presented platform is equally suitable
to study enzyme inhibition kinetics and behavior of insect
enzymes in the presence of inhibitors.

3.9. Molecular docking analysis of Diazinon with A. mellifera AChE

Molecular docking analysis is an effective tool to study the
interaction between receptor protein and a target ligand. The
physicochemical properties of the protein and docking analysis of
the inhibitors helps in understanding the binding mode of pesti-
cides in addition to predicting the overall toxicity of the pesticides.
In order to find out the structure and function relationship of A.
mellifera AChE inhibitor, molecular docking was performed. The
homology models for A. mellifera AChE1 were obtained as
described in our previous work [11]. The model validation was
done by YASARA z-scores (Table S1), Ramachandran plot and other
servers which showed acquisition of good quality homology mod-
elled structure (Fig S1).

Molecular docking shows that Diazinon interacts with honey
been acetylcholinesterase. The binding energy of Diazinon for
Am-AChE1 was found to be —5.15 kcal/mol and the dissociation
constant is 168.2 uM. The Diazinon interact with Am-AChE1 at
an allosteric site near the active site gorge of enzyme. The amino
acid residues Trp!'® and Tyr*® shows m-m interactions, while
Gly'®” and Tyr>® make strong hydrogen bonds with inhibitor, rest
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Table 1
A brief comparison of the proposed biosensor performance with some previous reports of sensors developed for Diazinon determination.
Sr. Electrode Linear range LOD Reference
1. AChE/N-CD/BSA/PGE 10-250 nM 8.6 nM This work
2. ITO/MnPc-TA/N3-PANI 0.20-7.50 pmol dm—3 0.062 pumol dm— [56]
3. Au-Pt@BSA-GNRs/GCE 0.01-10.0 2 nM [57]
10.0-170 uM
4. Nano-MIP/CP electrode 0.1-2 pmol dm— 7.9 x 1073 pmol dm— [58]
5. Micro IrOy 100-10,000 and 10,000-1,000,000 nM 3000 nM [59]
6. HMDE 40-390 nM 11 nM [60]
7. Nafion coated GCE 0-5000 nM 75 nM [61]
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Fig. 8. Showing surface view of molecular docking of Diazinon with Honey bee AChE: upper inset shows close up view of amino acid residues of AChE interacting with
diazinon where active site amino acid residues are shown in red, lower inset shows LigPlot view where the arcs with spokes radiating towards the ligand indicate
hydrophobic contacts with ligand atoms, green lines show H-bonds, blue lines shows some of important hydrophobic interactions, while blue line with round cap shows p
stacking interactions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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hydrophobic interactions are shown in Fig. 8. The most prominent
interaction revealed with Leu'’® (Fig. 8). The amino acids present
in catalytic triad are shown in red. The same amino acids have been
previously reported to form active site for the Am-AChE1 [63]. The
authors of [64] reported the crystal structure of Honey bee AChE to
determine the contact toxicity of pesticides by AChE inhibition. The
binding of diazinon with Trp''® in the anion binding site and Gly!¢”
in the oxyanion hole forming site of active site suggests irreversible
binding of diazinon to the active site of enzyme. As, these residues
play important role in the conformation and behavior of active site
gorge therefore binding of inhibitor at these sites blocks the pas-
sage of substrate to the active site. The binding affinity and confor-
mational behavior of enzyme-inhibitor complex acclaims toxicity
of Diazinon to Am-AChE and it is evident from the results that
experimental data are consistent with the computational findings.
The sensitivity of honeybees to different pesticides varies depend-
ing upon factors like genetic background and insecticide resistance.
Several reports have been published on impact of organophos-
phates on honey bees [16,65,66]. It is known that digestive and
nervous system enzymes of honey bee act differently than
enzymes of other social insects. Previous reports have suggested
that honey bee acetylcholinesterase is not inhibited by certain
organic pesticides which potently inhibit this enzyme in other
insects such as T. castaneum. The authors in [67] reported honey
bee AChE is not inhibited by neem derived saponins, moreover
coumaphos and amitraz pesticides are not very toxic to honey bees
and are frequently used by beekeepers [68]. The potential of insect
acetylcholinesterase for the formation of pesticide biosensor has
been studied previously with T. castaneum and its enzymes have
been known to be inhibited strongly with organic as well as chem-
ical pesticides [11]. Here we have compared the Am-AChE and
Diazinon binding interactions with T. castaneum AChE and Diazi-
non (Fig. S2). The inhibitor bind with relatively high affinity with
T. castaneum AChE and interact with Gly'®5, Tyr*°® through hydro-
gen bonding, whereas most prominent interactions include Ala'#°,
Trp'>?, Tyr'8 and Leu'®>. The binding interactions with Tyr'® and
Tyr>6, which renders the conformation of active site gorge to rel-
atively open to allow binding of substrate to active site, whereas

Table 2

Bioelectrochemistry 144 (2022) 107999

Gly'8 is a part of oxyanion hole [69]. Therefore the Diazinon bind-
ing at these residues would change the conformation of active site
making it unable to bind to the actual substrate. The results depict
that the binding affinity of Diazinon with both insects is different
therefore there toxicity would also be different. The results depict
why there is a need to study honeybee AChE inhibition sensitivity
by different OPs and establish methods to detect the presence of
these pesticides in honeybees or areas where they form their
colonies.

3.10. Real time application of biosensor

To test the commercial aspect of developed biosensor platform,
the practicability of the integrated electrode system was tested in
real samples of wheat flour following a standard addition method
described previously [11]. As given in Table 2, the values of recov-
ery percentages obtained for diazinon ranged from 97 to 99.4%. The
results demonstrated that the as-prepared AChE/N-CD/BSA/PGE
biosensor is reliable for detection of OPs on real agriculture sam-
ples providing high recovery rates with RSD < 5%.

3.11. Method validation

The detection specificity of the biosensor was assessed with
various interfering analytes (Fig. 9A). For this purpose, the peak
oxidation current value of the fabricated biosensor electrodes
was recorded in PBS (0.1 M, pH = 7.4) containing 6 mM ATCI with
diazinon and other interferrents. It was clear that the peak current
response did not decrease significantly except in the presence of
pesticide. The results highlighted a satisfactory pesticide detection
specificity with the biosensor. To verify the operational stability of
the biosensor independent CV measurements of five freshly pre-
pared electrodes was taken as shown in Fig. 9B, using 6 mM ATCI
and a mean peak current of 4.0 + 5 pA was attained each time, dis-
playing a good reproducibility of the biosensor with RSD < 3%
(n =5). Moreover, the precision of the offered biosensor was veri-
fied by the inter-assay where five fabricated biosensor electrodes
were utilized to independently detect pesticide and relative stan-

Detection of Diazinon in wheat flour samples using AChE/N-CD/BSA/PGE electrode system.

Pesticide Added (nM) Recovered (nM) % Recovery RSD

Diazinon i. 10 9.7 97 4.7
ii. 100 98.8 98.8 29
iii. 250 249 99.4 4.0
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Fig. 9. (A) Analytical response of biosensor in the presence of various interferrents. (B) The oxidation peak current values recorded for five independent freshly prepared

AChE/N-CD/BSA/PGE electrodes using 6 mM ATCl in 0.1 M PBS (pH = 7.4).

10



S. Bilal, Amtul Jamil Sami, A. Hayat et al.

dard deviation (RSD) was <4.5% which corresponds to good opera-
tional stability of the as-prepared biosensor interface. Nonetheless,
the storage stability of integrated bioelectrodes was determined by
observing changes in the amperometric response of electrodes for
over a period of 30 days by using electrodes stored at 4 °C and the
current response was reduced to 50% of the original response for
the same ATCI concentration.

4. Conclusion

The present study aims to explore the potential of an electro-
chemical test for the interpretation of organophosphorus pesti-
cides sensitivity associated to honey bee acetylcholinesterase. To
achieve this goal an acetylcholinesterase biosensor was designed
utilizing Honey bee acetylcholinesterase. To improve the electro-
analytical response of integrated electrodes, the mechanical and
physical properties of amine rich carbon dots were utilized by inte-
grating with BSA. The prepared nanocomposite was electrode-
posited on the surface of PGE that eventually produced an
effective transducer interface with enhanced electrocatalytic prop-
erty and high enzyme immobilization efficiency. The nanocompos-
ite by the virtue of its nanostructure and abundance of functional
groups created a biocompatible microenvironment for the enzyme
and stabilizes its biological activity by restricting its leakage from
the interface. Consequently, the detection sensitivity of the pro-
posed biosensor enhanced significantly as compared to its bare
and non-doping counterparts. Besides, the inhibition activity of A.
mellifera AChE in the presence of an OP, Diazinon was studied suc-
cessfully. The biosensor also showed good linear range, high selec-
tivity, and reliable reproducibility. In addition, the in-silico studies
gave an insight about the contact toxicity of honey bee AChE activ-
ity by diazinon, and provided information about the interacting
residues of the enzyme involved in the process of inhibition. The
molecular docking analysis further validated the experimental
results. The proposed interface was also tested for its applicability
in agricultural food products for the determination of diazinon
contamination and the results indicated a good practicability of
the designed biosensor platform for wheat samples. This electro-
chemical method provides a sound foundation to detect target
inhibitors and can be employed for honey bees as an effort to min-
imize the impact of non-target insecticides on honey bees and to
imply good management practices in agriculture and public health
policies. Future prospects may involve use of genetically engi-
neered honey bee acetylcholinesterase for large scale production
of biosensors for pesticide detection in honey, pollen and bee
colonies.
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