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Pesticides have been extensively applied worldwide to protect crops from worms and insects; however, the
continuous use of pesticides affects ecosystems, agricultural product safety, nontarget organisms, and human
health. In this paper, we report a highly sensitive biosensor for the determination of pesticides based on tin
sulfide (SnS,) and chitosan (CHIT) nanocomposites decorated with a unique British housefly acet-
ylcholinesterase (AChE). The hydrothermally synthesized nano-SnS, mixed with chitosan solution (CHIT-SnS,)
was drop-casted onto a glassy carbon electrode (GCE). Subsequently, the British housefly AChE was immobilized

on the CHIT/SnS,-coated GCE that was then employed for pesticide detection. The developed biosensor showed
an ultra-high sensitivity and wide linear detection range from 0.02 nM to 20000 nM with a detection limit of
0.02 nM for the detection of chlorpyrifos as the model pesticide. Furthermore, the AChE/CHIT-SnS,/GCE ex-
hibited acceptable storage stability, good reproducibility, and selectivity.

1. Introduction

Pesticides are chemical substances that are widely utilized to pre-
vent, control, or kill pests for crop protection. Generally, pesticides are
categorized as either inorganic, biological, or synthetic. In particular,
carbamates, organochlorines, triazine, and organophosphates are used
frequently in agriculture (Vimala, Clarke, & Kaur, 2016). Among these,
organophosphorus pesticides (OPs) are the most extensively used in
commercial agriculture to control pests because of their high efficiency,
virulence, and ease of degradation. However, the continuous usage of
OPs in pesticides can cause environmental pollution of water, soil, and
air, harming the environment and human health (Liu & Wei, 2014). As
a result, numerous toxic agricultural products can become widely
available and endanger the health of the population, making effective
and accurate detection of pesticide residues in crops crucial. These OPs
interfere with or inhibit the activity of acetylcholinesterase (AChE) that
regulates the acetylcholine (ACh) neurotransmitter in the nervous
system. As ACh accumulates in large quantities and cannot be decom-
posed, it will cause muscles to be unable to relax, resulting in adverse

consequences such as dyspnea or even death (Costa, Giordano,
Guizzetti, & Vitalone, 2008; Eddleston, Buckley, Eyer, & Dawson, 2008;
Goel & Aggarwal, 2007; Jones, 2005; Lin, Lu, & Wang, 2004; Purves
et al.,, 2004; Tadeo, 2008; Thundiyil, Stober, Besbelli, & Pronczuk,
2008). Hence, the sensitive and selective determination of OPs has re-
ceived considerable attention. Numerous analytical techniques such as
high-performance liquid chromatography, spectrophotometry, and gas
chromatography have been employed for the investigation of pesticides
(Lee, Kim, Cho, & Lee, 2002; Nesakumar, Sethuraman, Krishnan, &
Rayappan, 2016). Nevertheless, electrochemical methods have been
shown to have a smaller footprint, low cost, good stability, high sen-
sitivity, and low detection limit compared to the general analytical
methods. To date, electrochemical methods have been extensively ap-
plied for the determination of pharmaceutical drugs, biological mole-
cules, and dyes (Ardakani et al., 2011; Beitollahi, Tajik, Asadi, &
Biparva, 2014; Ganjali et al., 2017, 2018; Kazemipour, Ansari,
Mohammadi, Beitollahi, & Ahmadi, 2009; Moghaddam, Tajik, &
Beitollahi, 2019; Motaghi, Beitollahi, Tajik, & Hosseinzadeh, 2016;
Tajik, Beitollahi, & Biparva, 2018; Tajik, Taher, Beitollahi, &
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Torkzadeh-Mahani, 2015; Tajik, Taher, Beitollahi, Hosseinzadeh, &
Ranjbar, 2016). The major advantage of the electrochemical detection
method is its fast response and the lack of requirement for the use of
sophisticated instruments for the analysis. Therefore, an AChE/CHIT-
SnS, nanocomposite-based biosensor was developed for the determi-
nation of chlorpyrifos.

Tin sulfide (SnS,) is an n-type semiconductor consisting of two
layers of hexagonal close-packed sulfur anions with sandwiched tin
cations (Chang et al., 2012; Xia et al., 2015a). The optical bandgap of
SnS, is in the range of 2.18-2.44 eV (Yang et al., 2011). Owing to the
advantages of SnS, such as good chemical stability, low cost (Rout
et al., 2014; Tao, Wu, Wang, & Wang, 2015), and good optical prop-
erties (Bai, Zong, Yu, Chen, & Wang, 2014; Yang et al., 2015) it has
become a popular material for use in light-sensitive photocatalysts.
However, SnS, has been rarely used in biosensor construction. SnS, is
easily available and easy to synthesize. Because of its high theoretical
capacity, SnS, demonstrated better applicability and good biocompat-
ibility compared to other metal sulfides in electrochemical sensor ap-
plications (Sakthivel, Kubendhiran, Chen, & Kumar, 2019). Hence, the
SnS, nanomaterial was used for the preparation of the nanocomposite.
On the other hand, chitosan (CHIT) is a membrane material that is
suitable for the immobilization of enzymes on the electrode surface
because of its ability to carry -NH, and —OH functional groups and
maintain the biological activity of biomolecules (Khor & Lim, 2003;
Meraz et al., 2016). CHIT has many interesting biological properties
including biodegradability, biocompatibility, natural origin, re-
generative effects on connective gum tissue, non-toxicity to normal
body tissues, aggressive binding to mammalian and microbial cells,
antitumor and anticholesterolemic behavior, acceleration of the for-
mation of osteoblasts responsible for bone formation, and acting as a
central nervous system depressant (Ohkawa, Minato, Kumagai,
Hayashi, & Yamamoto, 2006). Furthermore, CHIT has been widely used
as a stabilizing agent for enzyme immobilization because of its bio-
compatibility, mechanical strength, excellent film-forming ability, and
cost effectiveness (Muthusankar & Ragupathy, 2018). Generally, OPs
interfere or inhibit the activity of AChE. Hence, AChE was immobilized
on the SnS,/CHIT surface. The AChE enzyme was extracted from the
heads of British houseflies that have been carefully fed in an indoor
environment at the Taiwan Agricultural Research Institute that has
been free of contamination for more than 50 years. Compared to wild
flies that tend to show pesticide resistance, this housefly species is fed in
an air-conditioned room without any external pollution. Therefore, the
sensitivity of AChE in the detection of pesticides is much higher using
AChE generated from the British housefly than the AChE obtained from
Electrophorus electricus (electric eel) that is the most common source of
the AChE used in biosensors and therefore serves as a universal stan-
dard. Acetylcholinesterase (AChE) contains carboxylesterase that is a
serine protease that stabilizes the level of the acetylcholine neuro-
transmitter. Furthermore, AChE can be highly effectively immobilized
on the electrode surface by forming a covalent bond of the -NH, of
CHIT with the -COOH of AChE.

In this study, we demonstrate the hydrothermal synthesis of SnS,
and the preparation of a composite with CHIT. Then, AChE was used for
the immobilization on the surface of the CHIT-SnS,/GCE. After careful
evaluation, the fabricated electrode was used for the detection of
chlorpyrifos. More specifically, the interference and real-time perfor-
mance of this biosensor in vegetable samples were determined.

2. Experimental section
2.1. Materials

AChE (3.3 U/mg from British housefly) and acetylthiocholine iodide
(ATCI) were purchased from Si Cheng Biological Technology Co.

(Taiwan). Chlorpyrifos was purchased from Echo Chemical (Taiwan).
Tin chloride pentahydrate (SnCl,5H,0) and thioacetamide (C,HsNS)
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were purchased from Showa (Japan) and Alfa Aesar (USA), respec-
tively. CHIT was obtained from Cabco (Taiwan). Phosphate buffer
saline (PBS; 0.2 M) was prepared by mixing stock solutions of Na,HPO,4
and NaH,PO,. All chemical reagents were of analytical grade, and all
solutions were prepared using deionized water.

2.2. Instruments

All electrochemical experiments were performed using a CHI6114E
electrochemical workstation (CHI Instruments, USA) containing a
three-electrode system. The unmodified or modified GCE was used as
the working electrode, platinum wire as the auxiliary electrode, and
Hg/HgCl, as the reference electrode. The crystal structure and
morphologies of the SnS, were characterized using X-ray diffraction
(XRD, PANalytical, Netherlands), field emission scanning electron mi-
croscopy, (FE-SEM, SIGMA, Germany), and field emission gun trans-
mission electron microscopy (FEG-TEM, FEI, USA). The optical mea-
surements of OPs were performed using spectrophotometry (Thermo
scientific, USA).

2.3. Synthesis of SnS, nanoparticles

SnS, nanoparticles were synthesized using a simple hydrothermal
method. In the classic synthesis of SnS,, SnCl4-5H,0 (0.351 g), C;HsNS
(0.3 g), and deionized water (70 mL) were mixed and maintained at pH
10.5. Then, the mixed solution was poured into a hydrothermal
synthesis reactor, placed in an oven, heated to 200 °C at a rate of
3°Cmin ! for 1 h, and kept at 200 °C for another 11 h. The solution was
extracted and centrifuged (6000 rpm, 30 min) with deionized water and
ethanol to obtain the SnS, powders.

2.4. Preparation of the AChE/CHIT-SnS,/GCE

The method used to prepare the biosensor is illustrated in Fig. 1. A
glassy carbon electrode (GCE) was polished with alumina (0.05 pm)
powder and rinsed with double-distilled water. Then, SnS, powder
(0.02 g) was mixed with 0.2 M CHIT solution (4 mL) in order to prepare
the CHIT-SnS, solution. Next, CHIT-SnS, solution (10 pL) and AChE
solution (4 pL) were drop-casted onto the surface of the pre-cleaned
GCE, and then placed into the vacuum dryer to dry for 10 min. The
obtained AChE/CHIT-SnS,/GCE was stored at 4 °C when not in use.

2.5. Electrochemical detection of chlorpyrifos

The electrochemical characteristics of the AChE/CHIT-SnS,/GCE
were investigated using cyclic voltammetry (CV). The experiment was
conducted in 5.0 mM [Fe(CN)g]®>~/*~ and 1 mM ATCI containing 0.2 M
PBS pH 7 at a scan rate of 0.01 V s~ !, and the applied potential scan-
ning range was -0.4 V ~ 1.0 V. Herein, the chlorpyrifos were used as
the reference pesticide and AChE/CHIT-SnS,/GCE was employed for
the determination of chlorpyrifos by the differential pulse voltammetry
(DPV) method. The performance of the biosensor was evaluated using
DPV.

The electrode was rinsed with PBS (pH 7.5) after incubation in
pesticides with the desired concentration for 10 min, and then DPV
measurements were carried out. The inhibition rate of the pesticides
was calculated according to:

Inhibition(%) = [(I, — D)/Io] X 100% )

where Iy is the peak current of thiocholine obtained as the hydrolysis
product from ATCI on the AChE/CHIT-SnS,/GCE, and I is the peak
current of AChE/CHIT-SnS,/GCE inhibited by chlorpyrifos. Inhibition
(%) was plotted against the concentration of chlorpyrifos to obtain
linear calibration graphs. In addition, Ellman’s method which is the
standard method for the determination of AChE was used, and the
performance of AChE/CHIT-SnS,/GCE was compared to the previous
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Fig. 1. Schematic of the fabrication process of the AChE/CHIT-SnS,/GCE.

results. The experimental details for Ellman’s method have been re-
ported in the literature and are not discussed here (Pohanka,
Hrabinova, Kuca, & Simonato, 2011).

2.6. Storage stability

The stability of AChE/CHIT-SnS,/GCE stored under two conditions
was examined to ensure the properties of the biosensor. The electrodes
were stored either at room temperature or at 4 °C for a period of 7 days.
The same electrode was taken out for the measurement of the response
current every day, and the results were compared to the initial current
response of the same electrode measured on the first day.

2.7. Interference study

The inhibitory effect of the potential interferences on AChE/CHIT-
SnS,/GCE was investigated in the presence of 0.2 nM of chlorpyrifos
with different solutions such as 0, 0.1 mM of vitamin C, 0.1 mM of
glucose, 0.1 mM of sodium chloride (NaCl), and 0.1 mM of sodium
bicarbonate (NaHCO3).

2.8. Detection of chlorpyrifos in real samples

The recovery test was performed by adding a certain amount of
chlorpyrifos to vegetable samples. Fresh vegetables, cabbage, and
Malabar spinach (basella alba) were purchased from a local market.
Two grams of cabbage or basella alba were spiked with 2 mL of 0.02 nM
chlorpyrifos. Afterwards, the samples were placed in a refrigerator at
4 °C for 24 h, and then, each sample was added to PBS (10 mL, 0.1 M,
pH 7.5) followed by sonication. The solution mixture was centrifuged at
9000 rpm for 10 min. Finally, the supernatant was collected, and the
recovery results were measured using the DPV technique.

3. Results and discussion
3.1. Material characterization

The diffraction pattern of the hydrothermally synthesized SnS, na-
noparticles is shown in Fig. 2A. The XRD patterns show that the as-
prepared SnS, nanoparticles have significant peaks matching those of
pure hexagonal phase SnS, (JCPDS card 089-2358). Fig. 2B and C show
the FE-SEM images use for the examination of the surface morphologies

of the SnS, nanoparticles. Fig. 2B shows the uniform size distribution of
the SnS, nanoparticles, with most of the particles observed to be the
typical hexagonal crystals. The particle size of the SnS, nanoparticles
was approximately 340.7 nm, as shown in Fig. 2C. Fig. 2D presents an
FEG-TEM image showing the inner structure of SnS, in the (0 0 1) basal
plane, and the diffraction pattern was identified by selected area elec-
tron diffraction (SAED), as shown in Fig. 2E. The diffraction pattern
suggests that SnS, has a hexagonal crystal structure.

3.2. Electrochemical behavior of the AChE/CHIT-SnS,/GCE

The CV measurement results showed that the modified electrodes
had different performance characteristics. As shown in Fig. 3A, the CV
curve (a) of the bare GCE demonstrates the lowest peak current and
higher potential than those of the other, modified electrodes. The CHIT-
SnS,/GCE (curve b) exhibits the highest current density because the
CHIT and SnS, nanoparticles increase the conductivity of the GCE. On
the other hand, the AChE/CHIT-SnS,/GCE (curve c) showed a lower
current density than the bare GCE (curve a). AChE is an enzyme that
hinders the electron transfer and current density. The decreased current
density of AChE/CHIT-SnS,/GCE indicated that AChE successfully
modified the surface of the electrode. Furthermore, Nyquist plots
(Fig. 3B) showed the same trend for the electron transfer resistance
(Rct) values that were in the order of AChE/CHIT-SnS,/GCE >

GCE > CHIT-SnS,/GCE. Thus, the higher Rct on the AChE/CHIT-
SnS,/GCE confirmed the successful attachment of AChE onto the elec-
trode.

3.3. Optimization of the parameters

The amount of AChE affects the electrochemical performance of
AChE/CHIT-SnS,/GCE (Fig. 4A). It is observed that the current density
first increased and then decreased with increasing amounts of AChE,
reaching the maximum amount of approximately 0.04 U. This may be
due to the hindering of electron transfer by the excessive loading of
AChE. Thus, 0.04 U was chosen as the enzyme loading amount. The
effect of the inhibition time on biosensor response was also in-
vestigated, and the corresponding results are displayed in Fig. 4B. The
AChE/CHIT-SnS,/GCE was incubated in 200 nM chlorpyrifos solution
for different time durations such as 4, 6, 8, 10, and 12 min. As the
incubation time increased, the current density decreased and no distinct
change was observed for the incubation times longer than 10 min.
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Fig. 2. (A) XRD pattern of the SnS, nanoparticles prepared by the hydrothermal method. FE-SEM image of the SnS, nanoflakes (B) at a magnification of 25000 x
(scale bar = 1 um), and (C) at a magnification of 100000 X (scale bar = 200 nm). (D) FEG-TEM image of the SnS, nanoflakes. (E) SAED image of the SnS,

nanoflakes.

Therefore, 10 min was chosen as the working incubation time.

3.4. Determination of chlorpyrifos content

Fig. 4C shows the DPV curves for the different concentrations of
chlorpyrifos varying from 0.02 nM to 20000 nM. It is observed that the
current density decreased with increasing concentration of chlorpyrifos.
The observed decrease in the current density may be due to the for-
mation of covalent bonds between the —OH groups on the surface of
AChE with the —OP surface of chlorpyrifos that reduced the surface
charge. Fig. 4D shows the relationship between the inhibition rate and
the chlorpyrifos concentration. The chlorpyrifos concentrations were
spread over a wide linear range from 0.02 nM to 20000 nM, and the
AChE/CHIT-SnS,/GCE achieved a low detection limit (0.02 nM) and

short incubation time (10 min). The obtained results were comparable
to those obtained using the chlorpyrifos detection methods reported in
previous studies, as shown in Table 1. (Chauhan, Narang, & Pundir,
2011; Chauhan, Narang, & Jain, 2016; Chauhan et al., 2011; Rotariu,
Zamfir, & Bala, 2012; Sun, Zhai, & Wang, 2012, 2013; Viswanathan,
Radecka, & Radecki, 2009; Wang et al., 2014; Xia et al., 2015b; Zamfir,
Rotariu, & Bala, 2011; Zhai, Sun, Zhao, Gong, & Wang, 2013).

The various concentrations of chlorpyrifos (0.02 nM to 20000 nM)
were measured by the conventional optical method known as the
Ellman’s test to validate the newly developed biosensor. The Ellman’s
test results (Fig. 4E) clearly showed (R? = 0.988) the similar tendency
for the inhibition rate to that obtained using the electrochemical
method (R*> = 0.9965), with the higher concentration of chlorpyrifos
exhibiting greater inhibition of AChE. Thus, using the conventional
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Ellman’s method, it was confirmed that the fabricated AChE/CHIT-
SnS,/GCE is useful and accurate for the detection of AChE activity.

3.5. Storage stability

The AChE/CHIT-SnS,/GCE biosensor was stored at room tempera-
ture and at the lower temperature of 4 °C, and the current density was
measured once a day for one week to determine the stability of the
electrodes. The current density retention was 64.7% (Fig. 5A) and
83.5% (Fig. 5B) after storage at room temperature and 4 °C, respec-
tively, suggesting that the biosensor has is more stable in a low-tem-
perature environment.

3.6. Interference study

As shown in Fig. 5C, it was found that the current values of vitamin
C, glucose, NaCl, and NaHCO3; were approximately 15% of those
measured for chlorpyrifos. Since the concentrations of the interference
species was much higher than the concentration of the chlorpyrifos, the
interference should be negligible if they are at the same concentration.
This proves that these possible interference species in the analysis will
not interfere with the detection of chlorpyrifos.

3.7. Chlorpyrifos in real samples

The processed samples of cabbage and basella alba were tested for
chlorpyrifos using DPV. As shown in Fig. 5D, the current densities of the
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Fig. 4. (A) Effect of AChE loading on the response of AChE/CHIT-SnS,/GCE. (B) Effect of incubation time on the response of AChE/CHIT-SnS,/GCE. (C) DPV
response of AChE/CHIT-SnS,/GCE after inhibition in different chlorpyrifos concentrations for 10 min. (D) Inhibition rate of AChE/CHIT-SnS,/GCE after inhibition in
chlorpyrifos (0.02 nM-20000 nM) for 10 min versus the logarithm of the chlorpyrifos concentration. (E) Inhibition rate of different concentrations of chlorpyrifos
(0.02 nM to 20000 nM) detection obtained by optical method versus the logarithm of chlorpyrifos concentration.
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Table 1

Comparison of the biosensors for the detection of chlorpyrifos.
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Study of AChE biosensor

Linear ranges

Detection Limit

Incubation Time (min)

Ref.

AChE/Fc-F/GCE
AChE/Pin5COOH/Fe;04NP/GCE
AChE/sol gel-TCNQ-MWCNT/SPE
AChE/[BMIM] [BF4]-MWCNT/CPE
AChE/SWCNT-PANI/AuE
Nafion/AChE/chitosan-PB-MWCNTs-HGNs/AuE
AChE/1-Cys/HGNs/chitosan/GCE
AChE/Fe30,~-MWCNT/AuE
AChE/CMCS-AuNPs/GCE
AChE/ZnO-CGR/GCE
AChE-Pin5COOH/ZnS/AuE
AChE/CHIT-SnS,/GCE

0.005-1 uM
1.5-70 nM
1-100 nM
0.01-1 yM

10 pM-1 uM
0.05-75 nM
0.1-150 ug/L
0.1-50 nM
0.1-100 pg/L
0.1 pM-10 nM
1.5-40 nM
0.02 nM - 20000 nM

3 nM

1.5 nM
0.4 nM

4 nM

1 pM
0.05 nM
0.06 ug/L
0.1 nM
0.07 pg/L
0.05 pM
1.5 nM
0.02 nM

20
12
30
15
15
10
10
15
10
12
10
10

(Xia et al., 2015b)
(Chauhan et al., 2016)
(Rotariu et al., 2012)
(Zamfir et al., 2011)
(Viswanathan et al., 2009)
(Zhai et al., 2013)

(Sun, Zhai, & Wang, 2013)
(Chauhan and Pundir, 2011)
(Sun, Zhai, & Wang, 2012)
(Wang et al., 2014)
(Chauhan et al., 2011)
This work

sample measurements were similar to those of the pesticide-loaded
samples, and the recoveries of chlorpyrifos from cabbage and basella
alba were 98.5% and 98.4%, respectively. The results indicate that the
electrochemical detection with AChE/CHIT-SnS,/GCE is a precise and
suitable method for the detection of pesticides in real samples.

4. Conclusion

In this study, tin sulfide was synthesized by a hydrothermal reaction
and analyzed using XRD, FE-SEM, and FEG-TEM. A highly sensitive
biosensor for the determination of pesticides was developed based on
the nanocomposite of SnS, and chitosan decorated with a unique British
housefly acetylcholinesterase. This biosensor is favorable because of its
low-cost production and brief preparation method. Under optimized
conditions, this AChE/CHIT-SnS,/GCE biosensor showed ultra-high
sensitivity with a wide linear detection range from 0.02 nM to
20000 nM with chlorpyrifos as the model pesticide (R = 0.9965) and a

detection limit of 0.02 nM. The results demonstrated that the developed
biosensor has excellent storage stability at different temperatures.
Furthermore, the results suggest that the developed biosensor exhibits a
wide range of responses and good specificity for the detection of or-
ganophosphorus pesticides.
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