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ABSTRACT

Background: The inhibition reactions of acetylcholinesterase (AChE) have been studied to develop chlorpyrifos
biosensors. The performance of AChE, both as a free enzyme and when immobilized on avidin-functionalized
magnetic beads (aMB), was evaluated for the hydrolysis of acetylthiocholine. Detection was conducted through
the oxidation of thiocholine on a boron-doped diamond (BDD) electrode surface. Methods: The study compared
the performance of free and immobilized AChE by analyzing their ability to oxidize thiocholine on the BDD
electrode surface. The inhibitory effects of chlorpyrifos were assessed by determining IC10 and IC50 values for
both enzyme forms. Additionally, the influence of metal ions (Fe** and Mn?*) on AChE activity was investigated
to evaluate interference effects. Findings: Free AChE demonstrated superior performance in thiocholine
oxidation compared to the immobilized enzyme. In chlorpyrifos detection, free AChE exhibited a significantly
lower IC10 value (3.44 x 10™® mM) compared to immobilized AChE (12.9 x 107® mM), and its IC50 value (3.8 x
10~* mM) was approximately two orders of magnitude lower than that of the immobilized AChE (5.18 mM).
Furthermore, AChE exhibited resistance to metal ion interference, with signal losses of 48.7% and 40.8% in the
presence of Fe?* and Mn?"* ions, respectively. These findings indicate that the immobilization of AChE must be
carefully optimized for effective sensor application. Conclusion: The study highlights the superior performance
of free AChE in chlorpyrifos detection compared to its immobilized counterpart. Immobilization significantly
affects enzyme sensitivity, resulting in higher inhibitory concentration values. Additionally, AChE demonstrated
notable resistance to interference from metal ions. These results emphasize the need for careful consideration
when immobilizing AChE for sensor applications. Novelty/Originality or this article: This study provides a
detailed comparison between free and immobilized AChE in chlorpyrifos biosensing, highlighting the impact of
immobilization on enzyme sensitivity and performance. The findings contribute to the development of more
efficient biosensors by emphasizing the importance of optimizing enzyme immobilization strategies.

KEYWORDS: organophosphate pesticides; enzymatic sensor; magnetic beads; acetyl
thiocholine; boron doped diamond.

1. Introduction

Chlorpyrifos (CO,0-diethyl O-3,5,6-trichloro-2-pyridyl phosphorothioate) is a pesticide
from organophosphate group that is commonly used in agricultural activity due to its
superiority against insects and worms (Mishra et al., 2021). European Union (EU) bans
chlorpyrifos due to its serious risks reports especially for human being (Nandhini et al,,
2021), and also causes serious problem for environment (Camacho et al., 1996; Mishra et
al,, 2021). Chlorpyrifos use for a long period is reported to lead to health issues not only for

Cite This Article:

Atriardi, S. R., Hani, A. M., & Putri, G. (2024). The effect of acetylcholine immobilization on the electrochemical properties of
thiocholine on boron-doped diamond electrode for chlorpyrifos sensor. Environmental and Materials, 2(2), 90-101.
https://doi.org/10.61511/eam.v2i2.2024.1414

Copyright: © 2024 by the authors. This article distributed under the terms and conditions of the Creative ®
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). @ —

EAM. 2024, VOLUME 2, ISSUE 2 https://doi.org/10.61511/eam.v2i2.2024.1414


https://journal-iasssf.com/index.php/EAM
https://journal-iasssf.com/index.php/EAM
https://issn.brin.go.id/terbit/detail/20230803372005442
https://doi.org/10.61511/eam.v2i2.2024.1414
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.61511/eam.v2i2.2024.1414
https://journal-iasssf.com/index.php/
mailto:shafrizalrasyid@pusan.ac.kr

Atriardi et al. (2024) 91

humans but also animals, especially in neurological system. It can cause dangerous
symptoms, from nausea and vomiting to even death. Therefore, monitoring and action to
slow down chlorpyrifos exposures in the environment is necessary (Wotejko et al., 2022).

Common conventional methods for chlorpyrifos detections and quantifications depend
on chromatography techniques coupled with mass spectrometry (Van Dyk & Pletschke,
2011; Hernandez et al., 2005). However, application of this method is limited due to the
expensive equipment, complex procedures, time-consuming preparation, and requirement
for specialized expertise (Pico et al., 2020), while biosensor employing acetylcholinesterase
(AChE) as an alternative for pesticide detection due to their several advantages in terms of
their economic cost and simple application (Pino et al, 2015). AChE -catalyzes
acetylthiocholine hydrolysis to produce thiocholine, which is electrochemically detectable
on solid electrodes based on the oxidation of thiocholine.

On the other hand, boron-doped diamond (BDD) known as an alternative for solid
electrodes because of its superior electrochemical properties, including a low capacitive
background and very wide potential window as well as its inertness and biocompatibility
due to its sp* hybridization (Girard et al., 2007; Waldvogel & Elsler, 2012; Chaplin et al,,
2013; Vosahlova et al.,, 2018; Chen et al,, 2022; Raharto et al,, 2023). Those properties still
make BDD is the most considerable material for a sensor development. The problem in the
direct immobilization of AChE on BDD surface is generally overcome by the modification of
AChE with magnetic compound that can enhance the stability and sensor performance
(Rachmawati et al,, 2023).

In this study, chlorpyrifos biosensors is developed using a BDD electrode. To maintain
the reproducibility responses of the sensor system, the AChE was immobilized with avidin-
functionalized magnetic beads (aMB) with the help of biotin as a linker. The hydrolysis
activity was then studied from thiocholine oxidation measurement on the BDD surface.
Although higher sensitivity of free AChE than the immobilized (AChE-aMB) was observed,
this study shows that AChE-aMB is a suitable method for sensor fabrication, although it is
more prone to metal ion interference.

2. Methods
2.1 Materials and instruments

Most of the chemicals used in this work were supplied by Sigma Aldrich, including
chlorpyrifos, acetylthiocholine iodide (ACTI), acetylcholinesterase (AChE), bovine serum
albumin (BSA), phosphate buffered solution (PBS), sulfo-NHS-biotin, avidin-functionalized
magnetic beads (aMB), a-alumina, sulfuric acid, sodium hydroxide, methanol, glycerol, 1-
propanol, FeCl;.4H,0, and MnCl;.4H;0. All materials were used without any purification.
The electrochemical behavior was studied with a potentiostat (PGSTAT204, Metrohm)
coupled by a Nova 2.1 software. All experiments were conducted using a standard three-
electrode cell system. A BDD film was used as the working electrode, while a Pt wire and an
Ag/AgCl system as the counter and the reference electrode, respectively. The electrolyte
solution was phosphate buffer solution (PBS) pH 7.4.

2.2 Preparation of the working electrode

The BDD film was prepared using microwave-assisted chemical vapor deposition
(CVD) technique on the surface of silicon wafer was used as the working electrode. The
synthesis of BDD has been previously described (Fujishima, 2005; Suzuki et al.,, 2007).
Methanol containing 1% trimethoxy boron together with hydrogen was used as the
precursor materials. A deposition time of 8 hours in the CVD apparatus was applied. Raman
spectroscopy used to evaluate the quality of BDD showed the spectrum with peaks at
around 1333 cm}, indicated the presence of sp3 C-C bonds of diamond (Nakamoto, 2008).
In addition, the peak at 519 cm-1 was also observed to be correlated to the phonon excitation
of boron (Fujishima, 2005). Besides Raman characterization, scanning electron microscope
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(SEM) characterization was also performed, showing the formation of homogeneous
crystals on the surface of Si wafer with the particle size of around 3 pum.

2.3 Immobilization of AChE with avidin-functionalized magnetic beads (AChE-aMB)

Prior to immobilizing AChE on aMB surface, AChE was modified with sulfo-NHS-biotin.
Briefly, the solution of AChE in PBS was desalted using a PD-10 column, then mixed with
sulfo-NHS-biotin solution before incubated for 1 hour at room temperature. The AChE-
biotin adduct was stored at -200°C in PBS solution containing 50% glycerol and 1 mg/mL
BSA. To activate the aMB, 30 pL. aMB was washed by stirring in PBS (pH 7.6) before mixing
with vortex. Then, aMB was separated from the solution and this washing step was repeated
several times. The activated aMB was mixed with 50 pL. AChE-biotin adduct solution with a
gentle shaker for 5 minutes before incubated at 40°C for 12 hours and homogenized with
vortex before placed in a magnetic holder. The separated aMB was washed with PBS to
remove the undesired compounds, added with AChE-biotin adduct solution and incubated
for 12 hours at 4 °C.

2.4 Electrochemical measurements of cholorpyrifos

Cyclic voltammetry (CV) applied over a potential range of -0.5 V to +1.5 V with an
applied scan rate of 100 mV /s was used to optimize the electrochemical measurements.
Preliminary studies were conducted to obtain the highest current response of ACTI. The pHs
of ACTI solution in PBS varied from 6.8 to 7.5 while various ACTI concentrations were
screened from 2x10-2 to 1 mM. A volume of 4.0 mL PBS (pH 7.4; 50 mM) was mixed with 0.5
mL ACTI (1.0 mM), then 0.5 mL of AChE (25 mU activity) was added. To obtain an optimum
response, the contact time was varied from 0 to 30 minutes, while AChE concentration was
varied from 5 to 50 mU.

In the electrochemical measurement using AChE-aMB, a magnetic bar was placed
under BDD electrode. Initially, a solution containing 500 pL of 5 mM PBS (pH 7.6) and 100
uL of ACTI (1x10-3 M) was mixed with 0.5 mL of 25 mU AChE before performing the
electrochemical measurements and left in optimum time. Then, 100 pL chlorpyrifos was
added with various concentrations from 1x10-5 to 1x10-1 mM was conducted and followed
by 100 pL addition of AChE or AChE-aMB. The interference of metals was examined with 1
mlL aliquot of the chlorpyrifos in water. The sample was added with 0.5 mL AChE or AChE-
aMB before the addition of various concentrations of Fe or Mn ions.

3. Results and Discussion
3.1 Electrochemical behavior of thiocholine at BDD electrode

Voltammograms in Figure 1 indicate an oxidation reaction and a reduction reaction of
thiocholine occur at the potential of 1.2 V and -0.3 V (vs. Ag/AgCl), respectively. This
reaction is attributable to an enzymatic reaction of AChE, which acetylcholine was
hydrolyzed into thiocholine and acetic acid (Figure 2). Since thiocholine is electroactive, the
oxidation reduction reaction of thiocholine can be used to detect the AChE activity (Pino et
al,, 2015).

[t is known that activity of enzyme is strongly dependent on the electrolyte. Most of
enzymes show optimum activity in the pH range from 7.2 - 8.0 and below that range (pH
around 5.0), the enzyme activity is decreased up to 70% (Carucci et al., 2017). To obtain the
highest current response of ACTI, the pHs of ACTI solution in PBS varied from 6.8 to 7.5.
Figure 1b shows that the highest current response could be detected at pH 7.4. Accordingly,
this pH was selected for the next experiments. Further measurements performed using 50
mM PBS pH 7.4 containing various ACTI concentrations from 2x10-2 to 1 mM show the
increase of oxidation currents along with the increase of ACTI concentration. Since the peak
at 1.0 V is correlated to the presence of ACTI, increasing of ACTI concentrations results in
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the increase of the peak intensity. Plots of the oxidation current responses of the
voltammograms shows linear correlation against the concentrations (Figure 1c) in the
range of 2x10-2 to 1 mM with a regression coefficient of 0.9879. The results suggest that the
system can be applied for thiocholine detection.
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Fig. 1. Voltammograms of 0.1 M PBS containing 1 mM ACTI (a) in various pHs and (c) in various
ACTI concentrations, and (b) and (d) showed the related signal-to-background current dependence
on pH and linear regression curve, respectively
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Fig. 2. Enzymatic hydrolysis of ACTI to produce thiocholine

To determine the optimum contact time between ACTI and AChE, the measurement
was performed using PBS pH 7.4 and 25 mU/mL of AChE (Figure 3a). AChE peak was not
observed until 15 minutes contact time. When the contact time was extended to 20 minutes,
an AChE peak was observed around 0.8 V which has lower oxidation potential compared
with the ACTI peak (1.0 V). Increasing the contact time to 25 minutes gave the highest
current response, indicating the optimum contact time for AChE.

Enzyme activity can be influenced by several factors, including pH. It is known that
enzyme has an optimal pH range. While enzyme activity becomes suboptimal below the
optimal pH and denatures above it. AChE is known to reach an optimal activity in pH range
between 7.2 and 8.0. Figure 3b and 3c show the voltammograms of 1 mM ACTI solution in
50 mM PBS at various pH from 7.2 to 7.7. The highest oxidation current of AChE was
observed at pH 7.6, which is considered the optimal pH.

The measurements of AChE oxidation performed in 50 mM PBS pH 7.4 solution
containing various AChE concentrations from 5 to 50 mU. The observed oxidation current
at 0.8 V peak showed the good linearity against AChE concentrations (Figure 3d). However,
the oxidation current response of the AChE 5 mU activity gave slightly small responses,
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while from the 40 to 50 mU activity the oxidative current responses were shifted. The linear
correlation between the current and AChE concentration were studied and finally obtained
a regression coefficient of 0.9533. Based on the linearity result, LOD was calculated and
obtained value of 15.5 mU. The result showed good tolerance with the small amount of AChE
while using BDD electrode.
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Fig. 3. Voltammograms of 0.1 M PBS containing 1 mM ACTI and 25 mU/mL AChE (a) and (b) in
various contact times and (c) in various pHs together with (d) the related signal-to-background
current dependence on pH. (e) Voltammograms of 0.1 M PBS containing 1 mM ACTI and various

activity of AChE in pH 7.6 and (f) the related linear regression curve

3.2 AChE immobilization with aMB (AChE-aMB)

AChE was modified with sulfo-NHS-biotin before being immobilized with aMB. This
step introduces biotin compound as a linker. However, the reaction can be interfered with
the tris-buffer in AChE. Tris-buffer in AChE can compete with sulfo-NHS-biotin, since both
molecules contain amine groups that reacts with the enzyme’s binding sites (Usui et al,,
2004). As a result, the initial step is to remove the tris-buffer with a PD-10 column.

a
(a) 9.0 90
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sulfo-NHS-biotin AChE-biotin adduct
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) o,
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AChE-biotin adduct AChE-aMB
Fig. 4. The synthesis of (a) AChE-biotin adduct, (b) AChE-aMB.
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The synthesis of AChE-biotin adduct was conducted through amide-formation reaction.
The carboxylic site of AChE reacts with the cyclic amine group of sulfo-NHS-biotin, making
amide bond as shown in Figure 4a. Despite the formation of amide bond between AChE and
sulfo-NHS-biotin, a non-stable covalent or a hydrogen bond, were also observed. The
resultant AChE-biotin adduct was stored at 4°C in a solution containing 50% glycerol, 1
mg/mL BSA, and 50 mM PBS to ensure the stability of the AChE-biotin adduct. Glycerol was
used to prevent enzyme denaturation during storage at low temperature while BSA can
prevent undesired reaction.

The next step was immobilization the AChE-biotin to the aMB. The reactive sites of each
compound were amine group in aMB and sulfo-NHS ester in the AChE-biotin adduct (Figure
4b). The reaction is similar to the formation of AChE-biotin adduct, which formed the amide
bond. The key step of this immobilization was the utilization of sulfo-NHS as a leaving group,
made the amine group in aMB was easier to attack the carbonyl group in the NHS ester. The
electrochemical performance of AChE-aMB was conducted with the help of magnetic bar.
By putting magnetic bar under BDD electrode, the immobilization of AChE-aMB on BDD
electrode was simply achieved with a good stability. This immobilized AChE sensor
performance then compared with free AChE using BDD electrode.

3.3 Electrochemical performance of chlorpyrifos on AChE and AChE-aMB

The electrochemical performance of chlorpyrifos began with the optimization of
inhibition time between AChE as the enzyme and chlorpyrifos as an inhibition as well as the
concentration of chlorpyrifos. The inhibition time measures the optimum contact time.
Linear sweep voltammetry (LSV) in a potential range from -0.5 V to +1.5 V was applied to
obtain the optimum inhibition time (Figure 5a).

Thiocholine oxidation current response was not observed owing to the proximity of the
thiocholine to the ACTI oxidation current response, leading to the overlap of two current
peaks. Theoretically, the oxidation current of ACTI comes from the iodide ions oxidation
(Fierro et al.,, 2013). From the voltammogram, the correlation between oxidative current
response and contact time has been analyzed (Figure 5b). From 2 to 5 minutes, the oxidative
current response increased. However, in 10 minutes it showed decrement of oxidative
current response and tend to be stagnant afterwards. The optimum inhibition time was set
at 10 minutes and will be used for the next optimization.

After that, the oxidation of thiocholine was performed using various AChE and AChE-
aMB concentrations from 1x10-5 to 1x10-1 mM. The BDD electrode current response to the
system will be proportionally inversed. A higher concentration of chlorpyrifos will result in
a decrease of thiocholine oxidation current response. However, more amount blocks the
active sites of AChE. The voltammograms carried out at the solution containing chlorpyrifos
in the mixture of 25 mU/mL AChE and AChE-aMB was showed in Figure 5c and 5d,
respectively.

The thiocholine oxidation current response was observed around 0.8 V. This peak was
expected to be overlapped between thiocholine and ACTI peaks. AChE-aMB oxidative
current response was smaller compared with AChE because the surface area of BDD was
covered with aMB and prevents the electron transfer from the electrolyte to the electrode
surface. The oxidation currents in Figure 5c and 5d were assumed to represent the oxidation
of both thiocholine and ACTI. In that case, that peak has a similar effect on the individual
thiocholine peak. To confirm this effect, the difference between the oxidation currents
response was calculated with and without chlorpyrifos, then plotted against the
chlorpyrifos concentration, as shown in Figures 5e. The calibration curve shows that the
chlorpyrifos concentration is proportional to the % inhibition. From the calibration curve,
the slope of AChE is greater than that of AChE-aMB, suggesting that the AChE is more
sensitive than AChE-aMB in the detection of chlorpyrifos pesticide.
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Fig. 5. Voltammograms of 0.1 M PBS and 1 mM ATCI containing 1 mM chlorpyrifos pesticide and 25
mU/mL AChE (a) and (b) in various contact time, (c) and (d) in various chlorpyrifos pesticide
concentration in AChE and AChE-aMB, respectively. (e) show the linear regression curve

The inhibition percentage was calculated from the oxidation current before and
after the addition of chlorpyrifos (Table 1). The values IC1o and ICso indicate the inhibitory
concentrations at 10% and 50%, respectively. The results showing around 4 times lower
inhibitory concentrations of IC1o of AChE (3.435x10-¢ mM) than AChE-aMB (12.9x10-6 mM)
and around 2 orders lower of ICso of free AChE (3.8x10-* mM) than the immobilized AChE
(5.18 mM). The immobilization of AChE onto aMB still gives higher 1C1o and ICso values
compared to the free AChE although the stability of AChE-aMB on BDD surface is better than
free AChE.

Table 1 Inhibitory concentration of chlorpyrifos on AChE and AChE-aMB
% Inhibition

Concentration (mM) AChE AChE-aMB
0.00001 9.37 11.33

0.0001 27.89 16.18

0.001 38.03 20.31

0.01 42.04 28.92

0.1 52.57 40.68

IC10 3.44x10-¢ mM 12.9x10-¢ mM
ICso 3.8x10* mM 5.18 mM
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3.4 Interference Study on AChE and AChE-aMB

The interference of metal ions was examined using Fe2+ and Mn2* added into the
electrochemical system. LSV was conducted over a potential range of -0.5 to 1.5 V in various
the concentrations of Fe2* and Mn2+* ions between 5x10-4 to 5x10-3 pM. The voltammograms
(Figure 6a and 6b) show the oxidation current response decrease with the increase of metal
ion concentration. Metal ions can inhibit the enzyme activity by binding to the enzyme’s
active site. The inhibition effect of metal ions on the pesticides detection was examined for
each enzyme in the electrochemical system. At free AChE, Fe2* ion addition gave the lower
oxidative current response of thiocholine since the Fe?* ion has a stronger binding affinity
to the enzyme's active site compared with Mn?* ion. As a result, Fe2+ gave higher signal loss
percent in each concentration compared with Mn2+ (Table 2).
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Fig. 6. Voltammograms of 50 mM PBS and 10 mM ATCI containing the mixture of chlorpyrifos
pesticide with AChE and (a) Fe2* ion, (b) Mn?2* ion, the mixture of chlorpyrifos pesticide with AChE-
aMB and (c) Fe?* ion, (d) Mn?* ion

The effect of the metal ion interference was also studied on AChE-aMB. Figure 6c and
6d are the voltammograms of AChE-aMB with Fe2+ and Mn2+ as metal ion interferences.
From the voltammogram, it can be observed that the higher concentration of metal ion will
give similar trend with AChE results. On the contrary, the smallest concentration of Fe2* ion
interference (5x10-4 pM) showed a peak shifting in the AChE-aMB compared to the control
(without Fe?* ion). It could be affected by the nanoparticles presented in the aMB sites. As
shown in Table 2, the presence of aMB could give low signal loss percent (5x10-4 uM Fe?+,
15.4% signal loss) while Mn2+ gave higher signal loss percent (5x10-4 uM Mn2+, 29.5% signal
loss).

Table 2. Percentage of the signal reduction of the systems with free AChE and AChE-aMB in the
presence of FeZ* and Mn?* as interferences

Concentration Free AChE (%) Immobilized AchE (%)
(mM) Fe Mn Fe Mn
0.5 23.6 13.8 15.4 29.5
1.0 37.0 37.5 44.3 32.8
5.0 48.7 40.8 53.9 45.9
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The immobilization of AChE-aMB was also studied to determine the efficiency of the
chlorpyrifos sensor system. Modification with magnetic beads were known to enhance the
stability and the performance of the sensor. The utilization of magnetic beads can facilitate
the electron transfer more efficiently and simply attract the magnetic bioconjugate using
the magnet located under the electrode. In this metal ion interference studies, only low
concentration of Fe2* (5x10-4 uM) give satisfactory result. Conversely, AChE-aMB in this
study has higher affinity to metal ions due to the presence of Fe nanoparticles in the
magnetic beads. Overall it can be concluded that the system with free AChE exhibits a
greater resistance to the interference of metal ions than that of immobilized AChE-aMB.

4. Conclusions

The investigation of the chlorpyrifos sensor has been performed using BDD surface
between free acetylcholinesterase (AChE) and AChE-modified on magnetic beads (AChE-
aMB). The linear calibration curve on the optimum contact time and pH could be achieved
over a concentration range of from 1x10-1 to 1x10-5 mM, with a regression coefficient of
0.945. The IC10 and ICso shows the good inhibitory concentration of 10% and 50%,
respectively, with free AChE (ICi0 and ICso; 3.44x10-¢ mM and 3.8x10-4, respectively).
Moreover, the effect of metal ion could cause a decrease in percent signal intensity. For the
AChE-aMB, the percent signal loss decreased to 15.4% for Fe2+*. While another metal ions
and bigger concentration resulted in undesired data. The immobilization of AChE-aMB is
still promising system to be used in sensor and the continuity of this research is necessary
in the future. Finally, to develop a highly sensitive sensor, it is essential to remove all
interfering substances and suggested that careful immobilization has to be considered while
immobilizing AChE for the sensor application.
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