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ABSTRACT

Background: The extensive utilization of pesticides in agricultural practices presents considerable
environmental and health hazards, which calls for the creation of precise and specialized detection techniques.
Methods: This study focuses on the development of an enzymatic biosensor designed to detect chlorpyrifos
pesticide residues. The biosensor employs an oxidative boron-doped diamond (OBDD) electrode as the
transducer platform, offering exceptional sensitivity and stability. The detection mechanism is based on the
inhibition of acetylcholinesterase (AChE) activity on the OBDD surface. Various factors were optimized to
assess the precision and sensitivity limit of the developed sensor. The cyclic voltammetry (CV) results indicated
that the presence of AChE is necessary for acetylthiocholine chloride (ATCI) to generate an electrical signal. To
enhance detection, AChE was modified with magnetic beads. Findings: This modification facilitated the
oxidation of ATCI to thiocholine chloride, an oxidation peak of thiocholine could be observed at the magnetic
beads modified AChE-Biotin/OBDD at a potential of +0.804 V (vs. Ag/AgCl), formed by an enzymatic reaction
of AChE in the presence of acetylthiocholine. The current signal decreased due to the inhibition of AChE
activity by chlorpyrifos pesticide. The oxidation current of thiocholine chloride consistently decreased as the
chlorpyrifos concentration increased within the range of 0.001nM to 10nM at the optimum condition of 50 mM
phosphate buffer solution pH 7.6; 250 mu/5 mL AChE; and 1 mM ATCl in an inhibition and contact time of 30
and 15 min, respectively. The regression equation obtained using magnetic beads modified by AChE-Biotin is y
= 0.043In(x) + 1.074, with an R? value of 0.9062. The sensor demonstrated a lower limit of detection value of
0.6551nM. Conclusion: Furthermore, the developed sensor proved suitable for testing real samples of tap
water, showing minimal interference with a % RSD value lower than 10%. Novelty/Originality of this Study:
This study introduces a novel enzyme-based biosensor using oxidative boron-doped diamond (OBDD)
electrodes for detecting chlorpyrifos pesticide. The originality lies in the use of electrochemically modified
BDD, which enhances enzyme immobilization and stability, providing higher sensitivity and lower detection
limits compared to traditional methods.

KEYWORDS: acetylthiocholine chloride (ATCI); chlorpyrifos pesticide (CP); magnetic
beads; oxidative boron-doped diamond electrode (OBDD).

1. Introduction

Organophosphorus pesticides are widely used globally as a safer alternative to the
long-term and toxic organochlorine and carbamate group of pesticides. These pesticides
are biodegradable compounds that exhibit lower environmental persistence and high
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efficacy against a wide range of insect species (Das and Adhya, 2015; Nandhini et al,, 2021;
Gaonkar et al,, 2019; Karpouzas and Singh, 2006; Kaur and Goyal, 2019). Chlorpyrifos
(0,0-diethyl-0-3,5,6-trichloro-2-pyridyl ~ phosphorothioate; CP) a non-systemic,
broad-spectrum chlorinated OP insecticide that belong to the organophosphorus (OPs)
family. The pesticides in question have been classified by the World Health Organization as
a moderately hazardous class II pesticide. The half-life of chlorpyrifos in soil ranges from
20 to 120 days, with the formation of 3,5,6-trichloro-2-pyridinol (3,5,6-TCP) as the main
degradation product. Other data indicate that the half-life can range from 2 weeks to more
than 1 year. This high interchangeability of the half-life is related to the soil properties,
which include the soil type, pH, moisture, temperature, organic matter and organic carbon
content, and the microbial metabolism of chlorpyrifos (Jepson et al., 2020; Farsani et al,,
2021; Nandhini et al., 2021). CP residues have been found in a variety of vegetables
including eggplant, cabbage, cauliflower, ladyfinger (Sinha et al,, 2012; Zhu et al,, 2021).
lettuce, carrot, and radishes (Yuan et al.,, 2014; Hongsibsong et al., 2020). They have also
been detected in fruits like apples and pears (Jankuloska et al., 2016; Du et al,, 2020). It is
reported that CP is neurotoxic and has a negative impact on both immunological and
psychological levels of health’s (Nandhini et al, 2021). Acetylcholinesterase and
cholinesterase play crucial roles in maintaining the proper functioning of the central
nervous system (Rachmawati et al., 2023). CP disrupts the regular operation of these
enzymes, leading to potential harm to the central nervous system as well as the
sympathetic and parasympathetic nervous system (Hongsibsong et al., 2020; Yuan et al,,
2014; Farsani et al., 2021).

Various analytical methods have been developed and utilized for detecting CP in
various samples. There are several advanced techniques used in scientific research, such as
high-performance liquid chromatography (Norbert Adum et al,, 2021; Ramin et al., 2021).
gas chromatography-mass spectrometry (GC-MS) (Tay and Wai, 2021), and liquid
chromatography-mass spectroscopy (Lee et al, 2014; Jiao et al, 2022). While these
methods are known for their accuracy and dependability, the process of preparing
samples, conducting tests, and analyzing the results can be intricate and time intensive.
The costs of the instrument are quite high, and typically require operators with specialized
expertise (Rawtani et al., 2018), efficient, and cost-effective.

Electrochemical sensors are widely used for CP detection due to their excellent
detectability, ease of use, and cost-effectiveness compared to other types of sensors (Dewi
et al., 2024). Electrochemical biosensors can be categorized into different types, including
voltammetry, conductometric, amperometry, potentiometric, and microelectromechanical
systems (Zamora-Sequeira et al, 2019). Acetylcholinesterase (AChE) enzyme-based
electrochemical biosensors have proven to be superior to previous methods for pesticide
detection. They offer a low detection limit, rapid response, portability, and affordability
(Nagabooshanam et al,, 2019). AChE exhibited a high level of specificity and a strong
affinity for the chlorpyrifos insecticide due to its abundant aromatic amino acid regions
(Alex and Mukherjee, 2021).

For fabrication of stable and sensitive biosensors, the strategy for immobilization of
the enzyme onto the electrode surface is one of the most important factors (Wei et al,,
2014). Magnetic beads (MBs) modified with biomolecules have a wide range of
applications in separation and sensing processes. The function of magnetic beads to
immobilize AChE at an electrode surface. Modified magnetic beads have an advantage, as
they provide a stable support for protein (AChE) immobilization and have been used
successfully for ligand isolation for several proteins. Enhancing the affinity of MBs to the
target molecule through modification by biomolecules (Williams et al., 2006; Wahyuni et
al, 2016). Various carbon electrodes, including carbon nanotubes (Xue et al., 2012;
Chauhan and Pundir, 2011), graphene (Yang et al., 2013), carbon spheres, porous carbon
(Wei et al,, 2014) have been utilized to immobilize AChE. The literature also mentioned the
use of Indium Tin Oxide (ITO) (Nagabooshanam et al.,, 2019), Fluorine-doped Tin Oxide
(FTO) (Talan et al., 2018), and Screen-Printed electrodes (SPEs) (Govindasamy et al., 2017)
for electrochemical sensing of OPs. These electrodes present several challenges from a
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commercialization perspective, such as high costs, the need for large sample volumes,
surface imperfections, electrode fouling, and short shelf-life. Compared to the mentioned
electrodes, the boron-doped diamond (BDD) electrode has superior fouling resistance, a
small background current, a big potential window, and peculiar electrochemical
characteristics (Wei et al, 2014; Rahmawati et al, 2024). The applications of BDD
electrodes as detectors and sensors for some important pesticides especially have been
reported. However, it is very rare that enzymatic systems have been developed using BDD
electrodes, since it is difficult to perform chemical modifications, such as enzyme
immobilization, at a BDD (Pino et al, 2015). Min Wei et al developed a novel AChE
biosensor based on AuNPs-CSs nanocomposite for OPs detection. The prepared
AChE/AuNPs-CSs/BDD biosensor exhibited higher sensitivity, lower detection limit, good
reproducibility, and acceptable stability toward chlorpyrifos detection (Wei et al., 2014).

In this study, we present enzyme-based biosensors for the detection of chlorpyrifos
pesticide. Oxidative boron doped diamond electrode (OBDD) electrodes were used
because they have a wider working potential area compared to BDD. To obtain OBDD,
oxidation of BDD electrochemically uses 0.1 M H,S0O,. At first cyclic voltammetry as much
as 20 cycles was carried out in the potential range of -0.75 V to 1.75 V. Then, continue with
chronoamperometry for 20 minutes at potential 3V. AChE and magnetic beads modified
AChE that are immobilized on the OBDD were used to catalyze the hydrolysis reaction of
acetylthiocholine chloride to thiocholine and acetic acid. The immobilized AChE exhibits
greater affinity to its substrate and excellent catalytic effect on hydrolysis of ATCL. The
proposed AChE biosensor is applied to detect chlorpyrifos pesticide as a model compound
for OPs, and shows higher sensitivity, lower detection limit, quantification limit and
acceptable stability. The developed sensor could apply in real tap water samples.

2. Methods
2.1 Materials and instruments

The chemicals and materials that were used in this research are, K,HPO, (99.9%),
KH,PO, (99.9%), a-alumina, acetylcholinesterase (AChE, electrophorus electricus, EC
3.1.1.7), acetylthiocholine Chloride (ATCl, 99%), acetylthiocholine lodide (ACTI, 99%),
bovine serum albumin (BSA), and sulfo-NHS-biotin, H,SO, (98%), NaOH, phosphate buffer
saline (PBS), methanol (99.8%), glycerol (>99%), isopropanol (>99.8%), chlorpyrifos, and
the solids magnetic beads. All the chemicals were analytical grade and purchased from
Sigma-Aldrich. The instruments used in this experiment include Fourier Transform
Infrared Spectroscopy (FTIR), X-Ray Photoelectron Spectroscopy (XPS), Scanning FEI
Quanta 650 electron microscopy (SEM) and HORIBA - The LabRAM HR Evolution Raman
Microscopes.

2.2 Fabrication of boron-doped diamond (BDD) electrode

OBDD were used as a working electrode for immobilization of enzymes. Prior to
acquiring an OBDD electrode, it is advisable to conduct hydrogenated boron-doped
diamond (HBDD) synthesis initially utilizing the Microwave Plasma Assisted Vapor
Deposition (MPACVD) instrument. The process of synthesizing the HBDD electrode
involves seeding and deposition. The seeding process involves gently scraping the surface
of the silicon wafer onto the nanodiamond powder for about 20 minutes. This creates
numerous scratches on the silicon wafer which facilitate the growth of crystals on the
surface of silicon wafers. After the silicon wafers have been etched, they are carefully
sonicated with isopropanol three times, each time for a duration of 5 minutes. Next, place
the silicon wafer into the plasma chamber during the MPACVD process.

The basic principle of the MPACVD instrument is to deposit chemical vapors that have
a duration of 6 hours. The diamond deposition process entails introducing carbon vapor
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derived from methane gas (CH,) into a hydrogen atmosphere at high pressures and
temperatures. In addition, a small quantity of boron gas obtained from tri-methyl borate is
added to assist in the process of doping boron onto the diamond. The general schematic
can be seen in Figure 1 (Ivandini et al., 2019).

Silicon wafer

Fig. 1. MPACVD general scheme

A vibrant shade of purple plasma is created in the plasma chamber. When carbon
vapor is introduced, an intense purple plasma with a noticeable yellow hue emerges on the
surface of the silicon wafer. The plasma is ignited to initiate a nucleation process on the
surface of the silicon wafer, leading to the creation of stable diamond sp®. BDD is formed by
utilizing HBDD with the boron doping level of 0.1%. To obtain OBDD, HBDD was
electrochemically oxidized using a 0.1M H,SO, solution. The activation was achieved by
performing cyclic voltammetry 20 cycles within the potential range of -0.75 V to 1.75 V
followed by chronoamperometric test for a duration of 20 minutes, applying a potential of
3V (Ivandini et al., 2019). It was then subjected to a sonication process using isopropanol
and aquabidest for 10 minutes each.

2.3 Measurement procedure

OBDD electrode was used as a working electrode and cyclic voltammetry technique
was used for all the electrochemical experiments. Firstly, 0.1M phosphate buffer solution
(PBS) (pH 7.4) was prepared, and acetylcholine chloride (ATCl) was immersed as a
substrate to evaluate and study electrochemical signals generated by CV. AChE,
AChE-Biotin Enzyme with Magnetic Beads and CP solutions prepared in 0.1M PBS were
mixed and given them incubation time. After specific incubation time, the solution was
immersed in the acetylthiocholine chloride solution.

The oxidation peak current obtained during the hydrolysis of acetylcholine chloride to
thiocholine is related to the activity of immobilized AChE in the presence of chlorpyrifos
pesticide. This could be used as an indicator for the quantitative measurement of the
inhibition action of CP on the activity of immobilized AChE. The performance of the sensor
was tested in the range of 0.001 nm to 10 nm chlorpyrifos concentration. For the real
sample tap water was utilized and the effect of the interference analyte in tap water was
investigated.

3. Results and Discussion
3.1 Characterization of BDD electrode

A study was conducted using Raman spectroscopy to analyze the chemical structure
and molecular interactions of an OBDD. Prior to the characterization, it is necessary to
lower the Raman instrument temperature to -75 ‘C. Before using the sample, the Raman
instrument is calibrated using naphthalene, a standard with known peaks. The BDD
electrode was carefully positioned under the Raman instrument to precisely direct the
laser beam onto the sample surface. The Raman spectrum displays peaks at 522 cm™, 1150
cm?, and 1333 cm?, as illustrated in Figure 2a.
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Fig. 2. (a) Raman study of BDD (b) XPS spectrum of an electrode OBDD (c) XPS spectrum of an
electrode HBDD (d) SEM study of OBDD

There was a distinct peak at 522 cm™ that corresponded to the Silicon signal. The
peaks at 522 cm™ and 1150 cm exhibit the Fano effect. This effect demonstrates a
correlation with B doping, indicating the coupling between phonons and electrons. This
peak can also arise from the electronic interaction of excited boron. The diamond (C Sp?)
crystal signal is indicated by a distinct peak at 1332 cm™. As the boron concentration
increases, the sp* diamond peak decreases (Ivandini and Einaga, 2017).

The OBDD XPS spectra show a peak at bond energies of 284, 286 and 532 eV (Figure
2(b)). The bond energy 284 eV gives indication of the presence of C-H bond. The existence
of C-C bonds at 286 eV peak and C-O and O-H bonds at 532 eV peak are indicative of the
presence of these bond types on the surface of OBDD. The peak at 532 eV, a relatively high
bond energy, indicates that OBDD was successfully synthesized with the oxygen-to-carbon
ratio of 4:6. A peak at bond energies of 284, 286, and 532 eV was likewise produced in the
XPS HBDD spectral data (Figure 2(c)) (Ivandini et al, 2019). Despite that, the peak is
significantly lower than OBDD's at an O/C ratio of 2 to 9. Air or oxygen gas used in MPACVD
contamination of HBDD could lead to the existence of an O group.

Micrographic images of the sample are captured using a Scanning Electron Microscopy
(SEM) instrument. Figure 2(d) shows the results of BDD characterization using SEM tools.
When magnified 6000 times, the diamond particles on the silicon wafer surface measure
approximately 2.5 pm in size. The figure clearly demonstrates the high level of
homogeneity in the BDD size, which is indicative of excellent BDD quality.

3.2 Modification of AChE enzyme with sulfo-NHS-biotin

Modification of AChE enzyme with sulfo-NHS-biotin has been added to the AChE
enzyme during its preparation. Immobilizing the AChE enzyme on electrodes requires
altering the enzyme therefore it may be attached to magnetic beads that have been treated
with avidin. Filtering to remove buffer-tris from the AChE enzyme is required prior to
making modifications with Sulfo-NHS-Biotin. The reason behind this is that the tris-amine
buffer's group can hinder Sulfo-NHS-Biotin's ability to attach to the AChE enzyme.
Competitors for binding to the AChE enzyme include buffer-tris and sulfo-NHS-biotin.

The desalting process utilizing the PD-10 column involves a series of precise steps to
effectively exchange the tris-buffer, as presented in Figure 3. Following the removal of the
PD-10 column from the carrier solution, thorough rinsing with PBS at pH 7.6 is performed
to eliminate any residual carrier solution. Subsequent loading of the AChE enzyme onto the
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PD-10 column isolates its tris-buffers, while a pre-prepared sulfo-NHS-biotin solution lies
beneath to facilitate interaction. After transfer to a sulfo-NHS-biotin-containing container, a
12-hour incubation period at room temperature allows for optimal enzyme reaction.
Reintroduction into the PD-10 column removes any remaining buffer-tris, followed by
storage of the desalted findings at 4°C in a solution of 50 mM PBS, 1 mg/mL BSA, and 50%
glycerol to maintain enzyme stability. Storage in glycerol at a 50% concentration preserves
the AChE biotin enzyme's activity over time.

PBS pH 7.4
+ AChE enzyme PBS pH 7.4
= Y
—
—> — >
H ] r T
Sulphur-NHS-Biotin

Fig. 3. llustration of the use of the PD-10 column
3.3 Modification of AChE-Biotin enzyme with magnetic beads

The successful conjugation of AChE-Biotin enzyme with magnetic beads is achieved
through meticulous steps shown in Figure 4(a).
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Fig. 4. (a) llustration of AChE-biotin enzyme modified with magnetic beads (b) Reaction of AChE
enzyme with sulfo-NHS-biotin (c) Reaction between enzyme-biotin and avidin
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These beads, structured like colloids with metal nanoparticles and modified with
avidin, are homogeneously prepared and then separated from the carrier solution using
magnetic shelves. Thorough cleansing with PBS ensures bead purity before the enzyme is
attached through gentle agitation and subsequent 12-hour incubation at 4°C. The
interaction between AChE enzyme and Biotin likely occurs at specific chemical groups,
such as the lactam group in sulfo-NHS-biotin and the carboxyl group in AChE, forming
stable covalent or hydrogen bonds (Figure 4(b)). This attachment mechanism is similar to
the specific binding observed in studies utilizing avidin modified magnetic beads (Figure
4(c)), highlighting the efficacy of such conjugation methods in biochemical research.

3.4 Electrochemical study of acetylthiocholine iodide (ACTI) with acetylthiocholine chloride
(ATCI)

Electrochemical characteristic of thiocholine on the electrode was determined using
cyclic voltammetry (CV) method. The electrochemical activity of iodide ions is
demonstrated by the oxidation peaks at a potential of +1.104 V, as shown in Figure 5(a).
which is derived from cyclic voltammetry (CV) observations.

120 o
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— 80 =14
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Fig. 5. (a) CV 1mM ACTI (b) CV 1mM ATCI (c) CV 1mM ACTI with 25mU AChE (d) CV 1mM ATCI
with 25mU AChE

As shown in Figure 5 (a) ACTI does show an electrical signal, which represents the
oxidation reaction of the iodide ion. In contrast, no electrochemical activity is observed
when measuring ATCl with CV, resulting in no signal shown in Figure 5 (b). The distinction
between ATCI and ACTI in peak oxidation potential is due to the fact that iodide ions are
more easily oxidized than chloride ions. This is clearly demonstrated by the oxidation
potential of iodide and chloride ions. The oxidation potential of iodide ions is +0.54 V and
chloride ions is +1.36 V. The response of ACTI is further enhanced by the addition of AChE,
as shown in Figure 5 (c), resulting in an increased formation of thiocholine. The addition of
AChE enzyme to ATCI also catalyzes the oxidation of thiocholine chloride at a potential of
about +0.804 V, which was not previously observed without the AChE enzyme (Figure 5
(d)). Based on this voltammogram study, ATCIl exhibited a more selective oxidation peak
potential for thiocholine compared to ACTL.
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3.5 Determination of the optimum condition

It is important to optimize several factors to get accurate and precise results. pH could
affect the enzymatic activity of the AChE; therefore, it is important to optimize the pH of
the solution. The pH of the solution was optimized using CV method by applying varying
pH from 7.0 to 7.8. The measurement is done by mixing 25 mU AChE, 1 mM ATCI, and 50
mM PBS with varying pH. As shown in the Figure 6(a) and (b), The hydrolysis of ATCI into
thiocholine increases, as indicated by a gradual increase in the oxidation peak current with
increasing pH up to 7.6. Further increases in pH have no effect on the oxidation peak
current of thiocholine and pH 7.6 was chosen as the optimum pH for further observations.
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Fig. 6. (a) and (b) optimization of pH, (c) and (d) optimization of contact time between AChE
and acetylthiocholine chloride, (e) and (f) optimization of concentration of AChE, (g) and (h)
determination of the optimum inhibition time
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The optimal time for determining the activity of AChE enzyme was examined in a
50mM solution of PBS pH 7.6 mixed with 1mM ATCIL The time duration ranges from 5
minutes to 45 minutes, with intervals of 5 minutes. As shown in Figure 6 (c) and (d) the
contact time being observed is the duration of interaction between AChE and ATCI. Based
on the measurement results, it can be observed that the current response gradually
increases as the contact time increases, reaching its peak at 30 minutes. During a contact
time of 30 minutes to 45 minutes, the current response remains consistent. Thus, the ideal
contact time is 30 minutes.

The relationship between AChE enzyme concentration and oxidation peak current of
thiocholine was studied using CV at optimum contact of 30 min and optimum pH of 7.6
(Figure 6. (e) and (f)). The measurement was taken using various concentrations of AChE
enzyme ranging from 5mU to 50mU with an interval of 5mU and 1mM ATCI on the surface
of the OBDD electrode. The increasing concentration of AChE enzymes gradually increases
the peak oxidation current of thiocholine which is directly related to the production of
thiocholine in the reaction system. The linear regression equation was as follows y =
0.3786x + 2.4098. The limit of detection (LOD) value for AChE detection on the OBDD
electrode using straight line equation is 1.777316 mU. The limit of quantification (LOQ) is
5.9243mU and the sensitivity is 2.4098uA/mU.

The duration of ACHE enzymatic activity inhibition by chlorpyrifos pesticide was
evaluated using CV method. It was found that the current response decreases as
chlorpyrifos inhibits the enzyme activity of AChE at the surface of the OBDD electrode. The
observed variation in inhibition time ranged from 5 to 20 minutes, with intervals of 5
minutes, as depicted in Figure 6 (g) and (h). The current response is minimal after 2
minutes of inhibition time. This is because the ATCl were not mixed well with the solution,
resulting in a limited production of thiocholine. After 5 minutes of inhibition time, the
current response increases in comparison to 2 minutes of inhibition time, as the enzyme
activity begins to take effect. Nevertheless, with an inhibition time of 5 minutes, there is a
noticeable decrease in current when compared to the background, which consists of a
mixture of ATCl and AChE enzymes in a PBS solution. The current peaks that can be
observed at a potential of +0.825 V, decrease further as the inhibition time increases. The
current response at an inhibition time of 15 minutes appears to be consistently stable.
Thus, the time for inhibiting subsequent studies was set at 15 minutes.

3.6 Performance of the sensor
3.6.1 Linear calibration curve of chlorpyrifos pesticide

The performance of the sensor was examined using AChE and magnetic beads
modified AChE-Biotin. The measurement was carried out at optimum inhibition time of 15
minutes and optimum contact time of 30 minutes using LSV method. As shown in the
Figure 7 (a) and (b) visible peak at +0.787V observed for AChE/OBDD which corresponds
to the oxidation of thiocholine.

Similarly, for magnetic beads modified by AChE-Biotin, the thiocholine peak was
observed at a potential of +0.813 V (Figure 7 (c) and (d)). It was discovered through
observations that the decrease in current due to concentration variations is relatively small
in comparison to the unmodified AChE system. The values of IC10 and IC50 was
determined by inputting the corresponding inhibition percentages of 10% and 50% as the
values of y into the linear equation y = 0.054In(x) + 1.248 for AChE system and y =
0.043In(x) + 1.074 for magnetic beads modified AChE-Biotin system. The equations yield
an IC10 value of 0.0005nM and an IC50 value of 0.9643nM for non modified AChE system
and IC10 value of 0.0001nM and an IC50 value of 1.5947nM for magnetic beads modified
AChE-Biotin system.
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Fig. 7. (a) and (b) linear calibration curve of non modified AChE/OBDD (c) and (d) linear calibration
curve of magnetic beads modified AChE-Biotin/OBDD for chlorpyrifos analysis

LOD values calculated for non modified AChE is 12.0204nM and for magnetic beads
modified AChE-Biotin is 0.6551nM. Modified enzyme systems exhibit greater sensitivity
compared to unmodified enzyme systems. The range of 1C10 and IC50 in AChE-biotin
mobilized in magnetic beads is wider compared to the range of IC10 and IC50 in AChE that
is not mobilized. A comparison with other reported chlorpyrifos biosensors based on AChE
is presented in Table 1.

Table 1. Comparison with other reported chlorpyrifos biosensors based on AChE

Analytical method Linearity range Detection  Quantification Reference

limit limit
Chemiluminescence CL 10-1000 ng/mL 3.50ng/mL 3.5000 ng/mL (Lietal., 2008)
GCF 0.20-250.00 ng/mL 0.04 ng/mL 0.04 ng/mL (Pelitetal, 2012)
SERS 0.001-1000 mg/L  1.00 mg/L  1.00 mg/L (Ma etal., 2020)
SERS-AuNPs 0.01-10 mg/L 10.00 ug/L 10 pg/L (He etal,, 2019)
AuNPs-CSs modified BDD 10 pM-10 uM 13.00pM 13pM (Wei et al.,, 2014b)
Tyr/nano-Pt/graphene/GCE 0.7 nM-29 nM 0.57 nM 0.57 nM (Liu etal, 2011)
AChE-MB/BDD 10-1000 ng/mL 0.65 nM 0.6551 nM This work

Abbreviation: (CL) Chemiluminescence; (GCF) gas chromatography; (SERS) surface-enhanced
Raman spectroscopy; (SERS-AuNPs) surface-enhanced Raman spectroscopy with gold
nanoparticles; (AuNPs-CSs modified BDD) boron-doped diamond electrode modified with gold
nanoparticles and carbon spheres; (Tyr/nano-Pt/graphene/GCE) glassy carbon electrode modified
with graphene and tyrosinase immobilized on platinum nanoparticles; (AChE-MB/BDD)
Acetylcholinesterase modified magnetic beads on boron-doped diamond electrode

3.6.2 Stability of the sensor

In stability measurements, 3 scans were conducted with pesticide concentrations of
0.001 nM, as illustrated in Figure 8 (a), (b), (c), and (d). The stability measurement yielded
a %RSD of 8.5031%, which falls within the acceptable range for electrochemistry.
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Fig. 8. (a) and (b) stability study of non-modified AChE/OBDD (c) and (b) stability study of
magnetic beads modified AChE-Biotin/OBDD for chlorpyrifos analysis

3.6.3 Applications of the developed sensor in tap water sample

The linearity and selectivity of the sensor in tap water were tested by measuring the
variation in pesticide concentration using AChE and AChE-Biotin modified magnetic beads.
As shown in Figure 9 (a) and (c) an observation was made of a peak of thiocholine at a
potential of +0.796 for AChE and V +0.874 V for AChE-MBs. The current response in tap
water without the addition of pesticide showed a slight decrease, indicating that the sensor
has minimal interference from other analytes present in the tap water, as depicted in the
Figure 9 (a), (b), (c), and (d).
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Fig. 9. (a) and (b) application of the sensor in real tap water using non modified AChE/OBDD (c)
and (d) application of the sensor in real tap water using magnetic beads modified
AChE-Biotin/OBDD for chlorpyrifos analysis
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The IC10 and IC50 values were calculated, that is IC10 value 0.0005 nM and an IC50
value of 0.0986 nM AChE-MBs. According to the measurements, the obtained data remains
linear, but the sensitivity decreases, indicating the impact of tap water interference. This is
evident in AChE-MBs where tap water is not utilized. The IC10 and IC50 values have a
broader range compared to those obtained using tap water.

3.7 Possible reaction mechanism of the developed sensor

Figure 10 (a) and (b) explain the mechanism of enzymatic hydrolysis of
acetylthiocholine that occurred in the active site of AChE with acetylthiocholine quaternary
nitrogen atom is bound to AChE anionic site and carboxyl group to esteratic site of ACHE to
produce thiocholine and acetic acid (Rachmawati et al, 2023). The serine group of
acetylcholinesterase contain the hydroxyl group that act as a strong nucleophile and may
attack on the phosphorus group of chlorpyrifos molecules the bound the chlorpyrifos
molecule to the hydroxyl group on the AChE serine active site to inhibit the AChE catalytic
activity.
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Fig. 10. (a) Reaction mechanisms of acetylthiocholine hydrolysis by AChE active sites, and (b)
AChE inhibition by chlorpyrifos

4. Conclusions

In this work, we demonstrated a low cost and simple pesticide residue method using
magnetic beads modified AChE-Biotin that is immobilized on a OBDD electrode. The
developed sensor exhibits good performance towards chlorpyrifos pesticide residue
detection and gives a linear decrease in the thiocholine current in the range of 0.001nM to
10nM. The regression equation obtained using magnetic beads modified by AChE-Biotin is
y = 0.043In(x) + 1.074, with an R? value of 0.9062. The developed sensor gives a LOD value
of 0.6551nM which is compatible with other enzymatic sensors. The sensor is applicable in
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the real tap water sample and gives high stability towards the chlorpyrifos detection.
There is a low decrease in the sensitivity in the tap water because of the presence of
interference analytes.
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