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Organophosphorus pesticides are widely utilized in agricultural fertility. However, their long-term accumula-
tions result in serious damage to human health and ecological balance. Paraoxon (PAR) can block acetylcho-

Keywords: linesterase in the human body, resulting in death. Thus, in this study, a molecularly imprinted electrochemical
Paraoxon o PAR sensor based on multiwalled carbon nanotubes (MWCNTs)/molybdenum disulfide nanoparticles (MoS;NPs)
y{;ﬁiﬁﬁiﬁ;mpnmmg nanocomposite (MoS:NPs@MWCNTs) was proposed for selective tap water determination. A hydrothermal
Nanocomposite fabrication approach was firstly implemented to prepare MoS;NPs@MWCNTs nanocomposite. Afterwards, the

formation of PAR imprinted electrochemical electrode was performed on nanocomposite modified glassy carbon
electrode (GCE) in presence of PAR as template and pyrrole (Py) as a monomer by cyclic voltammetry (CV)
technique. Just after determining the physicochemical features of as-fabricated nanostructures by scanning
electron microscopy (SEM), transmission electron microscopy (TEM), x-ray diffraction (XRD), Raman spectros-
copy, and atomic force microscopy (AFM), the electrochemical behavior of the fabricated sensors was deter-
mined through CV, differential pulse voltammetry (DPV), and electrochemical impedance spectroscopy (EIS).
The suggested imprinted electrode provided the acceptable limit of quantification (LOQ) and limit of detection
(LOD) values of 1.0 x 10711 M, and 2.0 x 1072 M, respectively. As a consequence, the proposed PAR imprinted

Food safety

electrochemical sensor can be offered for the determining safe tap water and its utility.

1. Introduction

Pesticides, which are used for purposes such as protecting agricul-
tural products from pathogens, increasing productivity, and improving
quality, that can be ended up in the food chain, and thus the life cycle,
from various sources such as streams, rivers, and soil, and threaten both
human health and the environment due to their high stability and
toxicity (Gopi et al., 2022). Moreover, overuses of pesticides has become
an increasingly critical problem that threatens notably the environment,
as well as human health (Paschoalin et al., 2022; Raymundo-Pereira
et al., 2021). Organophosphate compounds, have a wide range of uses,
including their use as insecticides, herbicides, and even as an agent in
living organisms to transmit neurons (Dhull, 2020). Even more, it can
serious complications since when it interacts with human beings it may
cause respiratory disorders, atrial fibrillation, and even muscle
dysfunction by inhibiting acetylcholinesterase enzymes (Costa et al.,
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2008; Mulchandani et al., 2001; Palleschi et al., 1992). There are a
number of organophosphorus insecticides, one of which is paraoxon
(PAR), exceedingly harmful to human health (Gallardo et al., 2006).
With a half-life of around 5000 years, PAR is one of the most potent and
toxic acetylcholinesterase insecticides and has various biological
harmful side effects (Khoshsafar et al., 2022). Monitoring of even a trace
amount of PAR in both environmental and human samples such as air,
soil, water, urine, blood, etc. is seemed to be a solution to contain the
pesticide contamination problem (Gopi et al., 2022). Although the
performance of powerful analytical techniques such as chromatography
and mass spectroscopy for PAR detection has been validated until now
(Bravo et al., 2002; Toerger and Smith, 1993), studies on the develop-
ment of alternative methods have accelerated due to their costly,
time-consuming and complex systems, the requirements of qualified
personnel, and their inability to perform in-situ and real-time analysis
(Gopi et al., 2022). Hence, high-performance electrochemical sensors
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with high sensitivity, simplicity, cost-effective, fast response time, as
well as being suitable for real-time analysis, are considered as one of the
most effective methods for the detection of organic compounds
including pesticides (Boke et al., 2020; Karimi-Maleh et al., 2022a, b;
Karimi-Maleh et al., 2021a; Medetalibeyoglu et al., 2020; Mohanraj
et al., 2020). It should be highlighted, however, that it is critical to
enhance the sensitivity, selectivity, and repeatability of the bare elec-
trode by modifying it with high-performance nanostructures (Karaman
et al., 2022a, 2022b) In this respect, various forms of nanoarchitectures
present a new avenue for altering electrodes to improve their electro-
chemical features, thanks to cutting-edge developments in
nanotechnology.

Carbon nanotubes have been garnered a huge amount of concern in
recent years for electrochemical determinations due to superior elec-
tronic conductivity, physicochemical properties, and specific surface
area (Agui et al.,, 2008; Verma et al., 2021). Furthermore, carbon
nanotubes can increase the ability of electron transfer between target
molecules and electrode surface. Thus, they can be employed as the
electrochemical materials for the fabrication of electrochemical sen-
sor/biosensor (Lahiff et al., 2010). Recently, metal dichalcogenides with
a layered structure such as SnSy and MoS, have been started a significant
interest in electrochemical applications owing to excellent electronic
structure and specific surface area (Huang et al., 2013b; Li et al., 2013a).
Molybdenum disulfide (MoS,) with its layered architecture is known to
be a good functional material because of electron-electron interactions
between molybdenum atoms providing the increase of electrochemical
transportation efficiency. MoS; is composed of the sandwiched molyb-
denum atom between two sulfur atoms and possesses poor van der
Waals interactions through layers (Li et al., 2013b; Yin et al., 2012). In
addition, MoS, can be employed in a variety of applications such as
catalysts, supercapacitor, and lithium battery (Ma et al., 2013; Rezaei
et al., 2012). However, due to MoS;’s limited electronic conductivity in
comparison with graphene oxide/graphene, many efforts have been
spent on the improvement of sensor electrode material efficiency (Ma
etal., 2013). Nonetheless, the doping or combination treatment between
MoS; and some conducting materials can eliminate the limited elec-
tronic conductivity. For example, polypyrrole/MoS, composites were
synthesized and utilized as an electrode material in supercapacitor
application (Ma et al., 2013). Lastly, the voltammetric sensor based on
graphene/MoS; was also presented to detect acetaminophen, dopamine,
and ascorbic acid (Huang et al., 2013a).

In this work, a molecularly imprinting electrochemical paraoxon
sensor based on MoS;NPs@MWCNTs nanocomposite was proposed for
the first time. First of all, the preparation of MoS,NPs, and
MoS;NPs@MWCNTSs nanostructures was performed by a hydrothermal
technique. Subsequently, the molecular imprinting technique (MIT) was
carried out on MoSsNPs@MWCNTs nanocomposite. Since it can repli-
cate natural recognition entities such as antibodies and biological re-
ceptors, MIT is a promising synthetic strategy for designing molecular
recognition technologies. This technique based on molecular recogni-
tion is a kind of polymerization process that occurs around relevant
molecules called target molecules and creates specific cavities with
highly cross-linked polymeric matrices (Beytur et al., 2018; Kar-
imi-Maleh et al.,, 2021b; Ozkan et al.,, 2019). The construction of
molecularly imprinted polymer (MIP) generally consists of three steps:
(i) an interaction between the functional monomers and the template
molecule, (i) Cross-linking polymerization process  with
monomer-target molecule, (iii) Desorption of the target molecule with a
desorption agent. As a consequence of this work, it was revealed that the
developed MIP-based electrochemical sensor could provide high selec-
tivity, superior sensitivity with a LOD of 2.0 x 102 M, good health and
environmental compatibility.
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2. Experimental
2.1. Materials

Paraoxon (PAR), lindane (LIN), chlorpyrifos (CHL), methyl para-
thion (MEPA), malathion (MAL), uric acid (UA), MWCNTs (with 20-30
nm in diameter and 1.0-4.0 mm in length), cetyltrimethylammonium
bromide (CTAB), sodium molybdate dihydrate (NasMo00O4.2H20), pyr-
role, and L-cysteine were supplied from Sigma-Aldrich. In addition to be
utilized as a dilution buffer solution, a 1.0 x 10~! M phosphate-buffered
saline (PBS) (pH = 7.0) was employed as a supporting electrolyte.

2.2. Apparatus

ZEISS EVO 50 SEM (Carl-Zeiss-Stiftung, Germany), and JEOL 2100
TEM (JEOL Ltd., Tokyo, Japan) were employed to examine the surface
morphologies of nanostructures. The XRD survey of the nanomaterials
were recorded through a Rigaku X-ray diffractometer (MiniFlex, Japan/
USA) with Cu-Ka radiation (A = 0.154 nm). Furthermore, the Gamry
Reference 600 workstation (Gamry, USA) was assigned with performing
CV, EIS, and DPV investigations for the electrochemical
characterizations.

2.3. Fabrication procedure of MoS2NPs and MoSaNPs@MWCNTs
nanostructures

A hydrothermal production approach was applied for the fabrication
of MoSyNPs and MoS;NPs@MWCNTSs nanocomposite (Yadav et al.,
2021). Firstly, MWCNTs (20.0 mg) and CTAB (200.0 mg) was dispersed
in ultra-pure water (100.0 mL) at 25 °C. CTAB as cationic surfactant
provided homogeneous dispersion of nanotubes. Following that,
NapyMo0O4.2H,0 (0.60 g) was poured into the nanotubes dispersion and
ultra-sonicated over 30 min. After the adjustment of pH to 7.0 with 0.1
M NaOH solution, L-cysteine (1.00 g) was also added into the resultant
dispersion. After vigorious stirring for 30 min, the mixture was trans-
ported to Teflon steel autoclave and the maintained at 200 °C for 20 h,
providing MoS2NPs@MWCNTs nanocomposite. The preparation of
MoS,;NPs was performed by same fabrication procedure without intro-
ducing MWCNTs.

2.4. Fabrication of MoSaNPs@MWCNTs nanocomposite modified GCE

Following the previously described cleaning procedure, the as-
cleaned GCE was kept ready for its upcoming use (Yola et al., 2012).
Briefly, in the cleaning procedure of GCE, AlyOs slurries of various
particle sizes were deposited onto polishing pads, and GCE was treated
with them over a 10 min. Following the rinsing of GCE with acetonitrile
at 25 °C to eliminate residual alumina on the GCE, the
MoS;NPs@MWCNTs dispersion (20.0 pL, 0.2 mg mL™') was gently
dropped onto the as-cleaned GCE surface. Afterwards, an IR heat lamp
was employed for 30 min to remove the solvent from GCE surface,
resulting in MoS;NPs@MWCNTSs modified GCE
(MoS;NPs@MWCNTs/GCE) as electrochemical sensor platform.
Finally, the same procedure was implemented to fabricate MWCNTs
modified GCE (MWCNTs/GCE).

2.5. Molecular imprinting of PAR on MoS;NPs@MWCNTs/GCE and the
studies of PAR removal from the electrode surface

The molecular imprinting of PAR on MoS;NPs@MWCNTs/GCE
(MIP/MoS;NPs@MWCNTs/GCE) was carried out in the presence of
100.0 mM Py as a monomer in 25.0 mM PAR contained PBS solution
(0.1 M, pH = 7.0). This was conducted by 30 subsequent CV cycle at 100
mV s~! potential scan rate and in the potential range of +0.30 V to
+1.20 V. PAR non-imprinted polymer on MoS;NPs@MWCNTs/GCE
(NIP/MoS2NPs@MWCNTs/GCE) was also successfully prepared by the
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same fabrication procedure except for introducing PAR into PBS solu-
tion. Moreover, for comparison, the same protocol was also performed
to fabricate MIP/bare GCE and MIP/MWCNTs/GCE. Scheme 1 illus-
trated the fabrication procedure of MoSaNPs@MWCNTSs nanocomposite
and PAR imprinted electrochemical electrode. There are specific elec-
trostatic forces, and hydrogen bond interactions between the Py’s polar
groups and PAR molecules. Hence, these interactions were need to be
eliminated. In this regard, all PAR imprinted electrodes were firstly
placed into shaker containing 20.0 mL NaCl solution (1.0 mol L™}) as a
desorption agent, following by it was shaked at 250 rpm during elution
time of 20 min. Subsequently, the prepared PAR imprinting electrodes
were allow to dry at the ambient temperature. A three-electrode system
including Ag/AgCl (sat KCl) as reference, platinum wire as counter
electrode and MIP/MoSaNPs@MWCNTs/GCE as working electrode was
used in all electrochemical experiments. Argon gas (>99,9%) was
passed through the solution 100.0 mM Py in 25.0 mM PAR contained
PBS solution (0.1 M, pH = 7.0) during 15 min before the elimination of
Oa.

2.6. Procedure for real sample preparation

The tap water samples were acquired from a local tap in Gaziantep/
TURKEY. The samples were employed in experiments without any
filtration to show the applicability of the proposed PAR imprinted
electrode. In addition, pH adjustment of the samples was implemented
by 0.1 M acetic acid.

3. Results and discussion
3.1. Principle of MoS;NPs@MWCNTs nanostructure preparation

A hydrothermal technique was implemented to prepare the MoS;NPs
and MoS;NPs@MWCNTs nanostructures. The hydrothermal technique
is of several advantages including minimal chemical consumption and
cost-efficiency (Pourabbas and Jamshidi, 2008). In addition, this tech-
nique can provide the controlled growth of nanoparticles and the
controlled nucleation (Hu et al., 2007; Wang et al., 2004). Owing to the
low crystallinity of MoS,NPs, the complex structure between MoS;NPs
and MWCNTs occurred under hydrothermal conditions (Pourabbas and
Jamshidi, 2008). MWCNTs providing the promotion of MoS;NPs growth
on its surface caused the formation of the layered structure of MoS;NPs
with the high crystallinity degree. Due to the incorporation of MoS;NPs
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into MWCNTs, the improved chemical, physical and mechanical prop-
erties were observed, providing that MoS;NPs@MWCNTs nano-
composite acted as the efficient functional material for sensor
applications. Furthermore, L-cysteine acted as the sulfur source and a
reducing agent during nanocomposite preparation. Thus, HyS was
released, indicating the reduction of M0042’ into MoS,. The reaction
mechanism can be expressed as follows (Huang et al., 2014; Pourabbas
and Jamshidi, 2008):

HSCH,CHNH,COOH + H,O — CH3COCOOH + NH3 + H,S (€D)]

4Mo004>~ + 9H,S + 6CH;COCOOH — MoS; + SO,2~ + 6CH;COCOO™ +
12H,0 )

3.2. Characterizations of MoS2NPs and MoS;NPs@MWCNTs
nanostructures

XRD studies were firstly carried out to explore the crystalline
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Fig. 1. XRD spectra of MoS;NPs and MoS;NPs@MWCNTSs nanocomposite.
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Scheme 1. Preparation protocol of MoS;NPs@MWCNTs nanocomposite and PAR imprinted electrochemical electrode.
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structures of MoS;NPs and MoSoNPs@MWCNTSs nanostructures (Fig. 1).
The whole specific XRD peaks relating to MoSo;NPs were observed in the
hexagonal phase due to XRD peaks attributing to (002), (101), (103),
(105) and (110) crystal planes which were corresponded to 20 = 13.94°,
33.44°, 40.18°, 50.07°, and 59.04°, respectively (Liu et al., 2016). In
addition, the XRD pattern of MWCNTs was also represented in Fig. S1.
According to Fig. S1, the XRD peaks detected at 26 = 26.09°, and 43.41°
corresponded to (002), and (100) planes, respectively, and were
attributed to graphite’s hexagonal structure, indicating the superior
electrochemical conductivity of MWCNTs. XRD peaks belonging to
MoS,NPs were detected on XRD pattern of MoS;NPs@MWCNTSs nano-
composite. On the other hand, the intensities of XRD peaks belonging to
MWCNTs were weak, suggesting the full incorporation of MoS;NPs into
MWCNTs surface (Huang et al., 2014). Furthermore, the XRD peak
belonging to (002) plane of MoSo;NPs@MWCNTs nanocomposite was
shifted to a higher angle in comparison with MoS;NPs. Hence, it was
concluded that the preparation of MoS;NPs on MWCNTs surface was
confirmed via the lattice expansion in the c-axis direction.

Raman spectra (Fig. S2) was collected for the evaluation of the
electronic and structural properties of MoS;NPs@MWCNTs nano-
composite. The absorption peaks at 410 em! (A1g), and 377 em ! (B! 2g)
were observed in harmony with out-of-plane and in-plane modes of
MOoS,NPs. These absorption peaks revealed that MoS;NPs structure was
parallel to 2H-MoS; (Lee et al., 2010). In addition, for MWCNTSs, the
detected D band at 1346 cm ™!, and G band at 1586 cm ™! were corre-
sponded to sp3-hybridized carbon, and E! 2¢ mode, respectively, (Huang
et al., 2014). Hence, the successful synthesis of MoS;NPs on MWCNTs
was confirmed by also the Raman spectra of the nanostructures.

The measurement of zeta potential was also conducted to explore the
overall charge on MoS;NPs@MWCNTs nanostructure (Fig. S3). Ac-
cording to Fig. S3, MoSa;NPs@MWCNTs was of about 28 mV positive
charge, attributing to the presence of CTAB on the surface. The bounded
CTAB group resulted in this positive charge, and it provided a smooth
film of MoS;NPs@MWCNTs nanostructure on glassy carbon electrode.
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TEM images (Fig. 2) were obtained to further examine the surface
morphology of MoS;NPs, and MoSa;NPs@MWCNTSs nanostructures. Ac-
cording to Fig. 2A, the twisted thin layers belonging to MoS,NPs were
observed. In addition, TEM micrograph of MoS;NPs@MWCNTs nano-
composite (Fig. 2B) demonstrated that the uniform grown of MoS;NPs
on the surface of MWCNTs was successfully accomplished. Hence, the
insertion of MWCNTs between MoS,;NPs layers was confirmed. Ac-
cording to Fig. 2C, the distribution and interconnection of MoS;NPs
layers on MWCNTs surface resulted in a three-dimensional nano-
structure. During hydrothermal process, MWCNTs had significant
function as substrate to carry out MoS;NPs’ growth and nucleation on
carbon nanotube surfacee. HRTEM image (Fig. 2D) of
MoSoNPs@MWCNTs nanocomposite showed the interface between
MoS,NPs and MWCNTs. The space interlayer distances of MoS;NPs and
MWCNTs were calculated as 0.50 nm and 0.38 nm, respectively
(Fig. 2D).

SEM images were provided for the investigation of surface proper-
ties. According to Fig. 3A, MWCNTs was smooth and homogeneous in
harmony with specific nanotube morphology. Fig. 3B demonstrated
flexible wrinkled sheets belonging to MoS;NPs. Three-dimensional
structure of MoS;NPs@MWCNTs nanocomposite was observed on
Fig. 3C, confirming the insertion of MoS;NPs into MWCNTSs. Hence, this
structural difference provided a high surface-to-volume ratio which
improved the electrochemical surface area. Furthermore, MoS,;NPs’
incorporation into nanocomposite structure gained an interlinked con-
ducting framework providing a feasible way for the electron transfer.

AFM measurements (Fig. S4) were carried out for the examination of
the thickness and surface morphology. Fig. S4A showed the AFM image
of bare GCE with a roughness value of 2.60 nm whereas Fig. S4B
demonstrated the AFM image of M0oS;NPs@MWCNTs nanocomposite
modified GCE. Fig. S4B confirmed the homogenous and uniform
topography of nanostructure and its roughness value was calculated as
13.44 nm. Thus, the observed morphological change confirmed the
successful modification of GCE by MoS;NPs@MWCNTSs nanostructure.

Fig. 2. TEM image of (A) MoS,;NPs, (B) and (C) MoS,NPs@MWCNTs nanocomposite, (D) HRTEM image of MoS,;NPs@MWCNTs nanocomposite.
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Fig. 3. SEM image of (A) MWCNTs, (B) MoS;NPs and (C) MoS;NPs@MWCNTs nanocomposite.

3.3. Assessment of electrochemical behaviors of MWCNTs and
MoS;NPs@MWCNTs nanostructure modified electrodes

The electrochemical characteristics of the as-constructed sensor
platforms were evaluated by means of CV and EIS techniques in the
presence of 1.0 mM [Fe(CN)¢] 3-/4-, Initially, an anodic peak at +0.300 V
and a cathodic peak at +0.150 V were detected using bare GCE (curve a
of Fig. 4A). On the other hand, for MWCNTSs/GCE (curve b of Fig. 4A), an
obvious enhancement in the electrochemical response was detected
owing to its electronic, chemical characteristics, besides its large surface
area (Agui et al., 2008; Xu and Wang, 2005). When MoS;NPs@MWCNTSs
nanocomposite modified electrodes (curve c of Fig. 4A) were exposed to
1.0 mM [Fe(CN)g]®/#, the electrochemical performances were
augmented over MWCNTs/GCE due to the synergistic impact of
MoS,NPs and carbon-based materials.(Huang et al., 2013a).

In order to verify CV results, EIS measurements were subsequently
implemented (Fig. 4B). The charge transfer resistance (R.) values of
bare GCE (curve a), MWCNTSs/GCE (curve b), and MoSo;NPs@MWCNTs/
GCE (curve c) were determined as 90 Q, 75 Q, and 60 Q, respectively. As
a consequence, the most efficient charge transfer occurred on
MoS;NPs@MWCNTs/GCE due to its relatively lower R, value. Ulti-
mately, the data revealed that the CV and EIS results were in good
agreement.

3.4. Polymerization of PAR imprinted polymer on MoS;NPs@MWCNTs/
GCE

Fig. S5A demonstrated the polymerization voltammograms in the
existence of 100.0 mM Py containing 25.0 mM PAR on
MoS;NPs@MWCNTs/GCE. The electrooxidation current signals were
observed at 1.0 V during the 1st scan cycle. Following then, the current

so| A —a
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signals rapidly decreased with succeeding scans, virtually disappearing
in the 30th cycle. It was concluded that these decreasing peak current
signals indicated polymer formation on MoS;NPs@MWCNTSs/GCE.

Differential pulse voltammograms (DPVs) were obtained by using
MIP/MoS2NPs@MWCNTs/GCE and NIP/MoS;NPs@MWCNTs/GCE to
verify the imprinting selectivity (Fig. S5B). As expected, there were no
obvious electrochemical signals observed without PAR molecules (curve
a of Fig. S5B). When the electrochemical signals between NIP and MIP
surfaces were compared, the current signals on MIP/
MoSoNPs@MWCNTs/GCE (curve c of Fig. S5B) were found to be higher
than those of NIP/MoS;NPs@MWCNTs/GCE (curve b of Fig. S5B) in
presence of 0.5 nM PAR in 0.1 M PBS (pH 7.0). As a result, the consid-
erable selectivity property was provided in this work by applying mo-
lecular imprinting technology.

Finally, identical PAR imprinted electrochemical electrodes were
constructed and tested in 1.0 x 10~! mol.L. ! PBS with 0.5 nM PAR. In
agreement with Fig. 4A and B, the strongest current signals were
detected on MIP/MoS;NPs@MWCNTSs/GCE, as shown in Fig. S5C. In
addition, according to Fig. S6 including PAR electroreduction, an elec-
trochemical reaction with an equal number of electrons and protons
occurred (Gopi et al., 2022).

The SEM micrographs of MIP and NIP surfaces were also provided for
morphological evaluation (Fig. S7). According to Fig. S7A, the porous
polymeric structures were observed, indicating a successful polymeri-
zation process. On the contrary, smooth polymeric structures were
shown in Fig. S7B, confirming NIP formation on the electrode surface.

3.5. Optimization investigations

In optimization experiments, the effects of solution pH, molar ratios
of PAR to pyrrole monomer, desorption duration, and scan cycle were

300 -
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o
N 100 -
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Fig. 4. (A) CV curves and (B) EIS responses at (a) bare GCE, (b) MWCNTSs/GCE, (c) MoS;NPs@MWCNTs/GCE, (Redox probe: 1.0 mM [Fe(CN)g] 3/4 containing 0.1 M

KCl, potential scan rate: 100 mV s™2).
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thoroughly explored and were reported in Supplementary Materials
(Fig. S8).

3.6. Linearity range

The acquired calibration equation of y (pA) = 15.911x (Cpar, nM) +
0.0514, (R2 =0.9997) by increasing PAR concentrations and differential
pulse signals were depicted in Fig. 5. LOQ, and LOD values were
computed as 1.0 x 10711 M, and 2.0 x 10712 M, respectively, by means
of equations (3) and (4):

LOQ =100S/m 3)
LOD =3.35/m 4

where S represents the standard deviation of the intercept, whereas m
stands for the slope of the regression line. Table 1 demonstrated how the
developed electrochemical PAR sensor outperformed previous ap-
proaches in terms of sensitivity and linearity. First of all, a hydrothermal
technique was applied for the preparations of MoS;NPs and
MoS;NPs@MWCNTSs nanocomposite. This synthesis method has several
advantages including minimal chemical consumption and cost-
efficiency. In addition, a sensitive PAR imprinted electrode was pre-
pared in the present work in the terms of LOD values. The other
advantage issue was satisfactory selectivity in real sample analysis via
the molecularly imprinting technique. Hence, it can be speculated that
in this work, the molecularly imprinted electrode system with high
selectivity, sensitivity, and stability was presented for high-efficiency
PAR assay.

3.7. Recovery analysis

Tap water samples were prepared for the recovery studies. Table S1
tabulated the recovery values of PAR in the existence of 1.0 x 107} M
PBS solution (pH 7.0), which were obtained by Equation (5).

Recovery = Found PAR, nM/Real PAR, nM (5).

According to Table S1 of recovery experiments, the values close to
100.00% confirmed the high accuracy of the as-fabricated molecularly
imprinting electrode, thereby revealing the effective determination of
PAR in tap water samples without any interference effect.

Standard addition method was also tried to confirm the high selec-
tivity for tap water samples and y (pA) = 15.937x (Cpag, nM) + 1.173 R2
= 0.9991 was formed as calibration equation. Thereby, the close slope

1 nm

0.01 nm

>

)

©

y =15.911x +0.0514
R2=0.9997

Current, pA

&

0.4 0.6 0.8 1
PAR concentration, nM

T T T T T T
-01 =02 -03 =-04 -05 =06

Potential, V

Fig. 5. DPVs with different PAR concentrations at MIP/MoS;NPS@MWCNTs/
GCE in PBS with pH = 7.0 (in a concentration range of 0.01-1.0 nM). Inset:
PAR’s calibration curve.
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Table 1
The performance characteristics of the as-fabricated electrochemical PAR sensor
in comparison to those of different recently described approaches.

Material or Method Linear Range = LOD Ref.
o) (%)
Stearic acid/nanosilver/GCE 1.0x1071°- 1.0 x Kumaravel
5.0 x 10°° 1071 et al. (2020)
PEDOT/PSS 0.0-8.0 x 4.95 x Hryniewicz
1077 10°° et al. (2018)
Bismuth film/GCE 5.0 x 107° - 2.0 x Stoytcheva
4.0x1078 10°° et al. (2017)
Graphene oxide encapsulated 3D 7.0 x 1078 - 4.5 x Rajaji et al.
porous chalcopyrite Modified 8.0 x 107 107° (2019)
SPCE
OMCs/GCE 1.0 x 1078 - 1.9 x Zhang et al.
1.0 x 10°° 107° (2014)
BiVO,/SPCE 1.0x107°-  3.0x Gopi et al.
1.0 x 107° 1078 (2022)
CuNCs@BSA-SWCNT 5.0 x 1078 - 1.3 x Bagheri et al.
3.5x10°° 1078 (2017)
CBNPs-DMF-Glut-Nf-BSA-BChE 2.0 x 1078 2.0 x Arduini et al.
1.2 x 1077 108 (2015)
MIP/MoS;NPs@MWCNTs/GCE 1.0x10"7 20« This study
-1.0x10° 10'?

values between direct calibration (inset of Fig. 5) and standard addition
methods suggested the selective PAR assay.

3.8. Assessment of the selectivity, stability, reproducibility and reusability
features of the fabricated PAR imprinted electrode

For the selectivity assessment, six unique solutions including (i) 1.0
nM PAR, (ii) 100.0 nM LIN, (iii) 100.0 nM CHL, (iv) 100.0 nM MEPA, (v)
100.0 nM MAL, and (vi) 100.0 nM UA were prepared, and the fabricated
PAR imprinted electrode was applied to them. According to Fig. 6A and
Fig. 6B, the obtained current signals (HA) were observed as 16.0 pA,
0.80 pA, 0.60 pA, 0.40 pA, 0.30 pA, and 0.20 pA, for PAR, LIN, CHL,
MEPA, MAL, and UA respectively, by using MIP/MoSaNPs@MWCNTs/
GCE. On the other hand, by using NIP/MoSo;NPs@MWCNTs/GCE, the
current signals (pA) were determined as 1.0 pA, 0.40 pA, 0.30 pA, 0.20
pA, 0.10 pA, and 0.05 pA, for PAR, LIN, CHL, MEPA, MAL, and UA,
respectively. Table S2 also summarized both the selectivity coefficient
(k) and relative selectivity coefficient (k') values. According to Table S2,
the proposed PAR imprinted electrode was 20.00, 26.67, 40.00, 53.33
and 80.00 times more selective for PAR against LIN, CHL, MEPA, MAL
and UA owing to selective cavities of PAR molecule in polymeric
structure. As a consequence, we can infer that the molecular imprinting
approach resulted in great selectivity in sensor applications with no
interference impact.

The gathering of 7-week period DPV data demonstrated the stability
of the suggested PAR imprinted electrode. (Fig. S9). The obtained cur-
rent signal at the end of the 7th week was calculated as almost 99.02%,
indicating the superior stability of the proposed PAR imprinted
electrode.

For the repeatability tests, 20 separate PAR imprinted electrodes
were constructed using the procedure outlined in sections 2.4 and 2.5.
The relative standard deviation of the observed current signals was 0.18,
confirming the high level of reliability.

Lastly, the reusability test for the proposed PAR sensor was pre-
sented. During the proposed one PAR sensor’ 40 times usages, relative
standard deviation (RSD) value of the obtained current (I) signals was
calculated as 0.97%, confirming a high degree of reusability.

4. Conclusions
In the present work, a selective and precise molecularly imprinted

electrochemical sensor based on MoS;NPs@MWCNTs nanocomposite
was presented for paraoxon assay. The proposed paraoxon imprinted
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Fig. 6. DPVs of (A) MIP/MoS;NPs@MWCNTs/GCE and (B) NIP/MoS;NPs@MWCNTs/GCE in 1.0 nM PAR, 100.0 nM LIN, 100.0 nM CHL, 100.0 nM MEPA, 100.0 nM

MAL and 100.0 nM UA

electrochemical sensor has major advantages such as sensitivity with a
limit of the detection value of 2.0 x 10~12 M, providing facile usage in
food safety. Furthermore, in the presence of other interfering com-
pounds, the suggested sensor demonstrated a considerable affinity for
paraoxon. Thus, the proposed electrode based on MoS;NPs@MWCNTs
nanocomposite can be utilized to determine the environmental pollut-
ants in practical applications. In addition, the produced nanocomposite
results in better voltammetric improvement for the determination of
complex samples. Finally, this study potentially opens the ground for the
design and development of an exceedingly selective and sensitive elec-
trochemical sensor for the detection of organophosphorus pesticides.
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