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Abstract

In this study, we report the fabrication of a novel impedimetric electrochemical sensor for the sensitive and reliable detection
of the organophosphorus pesticide Dichlorvos (DDVP). The sensor is based on a glassy carbon electrode (GCE) modified with
multi-walled carbon nanotubes (MWCNTs) and gold nanoparticles (AuNPs). MWCNTs provide a large surface area, high
conductivity, and mechanical stability, while AuNPs enhance electron transfer and adsorption capability. The synergistic
combination of these nanomaterials significantly improves the electrode’s sensitivity and selectivity. The detection
mechanism is based on the inhibition of interfacial electron transfer resulting from the strong interaction between DDVP and
the modified electrode surface. This interaction produces measurable impedance changes, allowing indirect quantification of
DDVP. The sensor achieved a low detection limit of 18.8 nM and a wide linear range of 0.36 - 1.8 uM (R?= 0.99), demonstrating
excellent reproducibility and reliability. The developed sensor is label-free, cost-effective, and easy to fabricate, making it
suitable for large-scale monitoring. Owing to its simplicity and high performance, this system holds great potential for
environmental water analysis, agricultural product testing, and food safety assessment, offering an efficient tool for pesticide
monitoring and public health protection.
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1. Introduction

Organophosphorus (OP) pesticides are a group of highly toxic
chemical compounds extensively applied in agriculture due to
their rapid degradation in the environment and strong
insecticidal activity.['! Their potent neurotoxic effects make
them highly effective in protecting crops from a wide range of
pests, which has led to their continuous global usage. Among
them, Dichlorvos (DDVP; 2,2-dichlorovinyl dimethyl
phosphate) is one of the most widely used OP pesticides.
Structurally, DDVP is an organophosphate compound applied
in the food industry, household pest control, and agricultural
practices to combat domestic insects.’l The insecticidal
mechanism of DDVP is attributed to its inhibition of
acetylcholinesterase (AChE), a key enzyme in the nervous

!Center of Physical Chemical Methods of Research and Analysis, Al-
Farabi Kazakh National University, 96a Tole bi Street, Almaty,
050012, Kazakhstan

’4bai Kazakh National Pedagogical University, 13 Dostyk avenue,
Almaty, 050010, Kazakhstan

*Email: y.bakytkarim@abaiuniversity.edu.kz (Yrysgul Bakytkarim)

Engineered Science Publisher

system responsible for the hydrolysis of the neurotransmitter
acetylcholine. The inhibition of AChE results in abnormal
accumulation of acetylcholine in synaptic clefts, which causes
persistent nerve stimulation, muscular paralysis, and
eventually death of the pest.l’! In practical applications, DDVP
is widely used to control pests such as cockroaches, aphids,
mosquitoes, caterpillars, and mushroom flies.*! Despite its
effectiveness, DDVP is associated with significant health risks
to humans. Scientific studies have reported that exposure to
DDVP can lead to adverse symptoms including cyanosis,
muscular paralysis, ataxia, seizures, headaches, chest tightness,
dyspnea, visual disturbances, dermal and ocular irritation,
nasal congestion, nausea, and diarrhea.>® Moreover,
increasing evidence suggests that long-term or prenatal
exposure to OP pesticides and their metabolites may
contribute to neurological disorders, particularly in children,
by elevating the risk of attention deficit hyperactivity disorder
(ADHD)."#1 Given these serious health and environmental
concerns, the development of rapid, sensitive, accurate, and
reliable analytical methods for the detection of OP pesticides
is of great importance.”!
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Conventional analytical techniques such as gas
chromatography (GC), liquid chromatography (LC), and high-
performance liquid chromatography (HPLC) are widely
recognized as reliable and well-established approaches for the
detection and quantification of organophosphorus pesticides
(OPPs).l' These techniques are highly sensitive and precise,
enabling the accurate measurement of OPPs even in complex
sample matrices. However, despite their robustness, their
broader applicability is restricted by several inherent
drawbacks. In particular, GC, LC, and HPLC require
sophisticated, high-cost instrumentation, as well as specialized
laboratory facilities and skilled personnel for operation.!"
Moreover, these techniques typically involve laborious, multi-
step sample preparation procedures, which not only increase
the time and cost of analysis but may also introduce errors or
analyte loss during pretreatment. Consequently, although
these techniques are invaluable in controlled laboratory
environments, they are less suitable for routine, on-site, or
large-scale monitoring of pesticide residues in food and
environmental samples.

In recent years, nanomaterial-based electrochemical
sensors have gained significant attention as promising
alternatives to conventional detection methods, primarily due
to their high sensitivity, low cost, and operational simplicity.
Among these, acetylcholinesterase (AChE)-based biosensors
have been extensively explored, as they combine the
advantages of straightforward fabrication with excellent
sensitivity and strong selectivity toward organophosphorus
compounds.['>'4 The principle of detection is based on the
irreversible inhibition of AChE by OPPs, leading to
measurable changes in the enzyme’s electrochemical signal.
While this approach offers significant advantages, AChE-
based biosensors are not without limitations. The intrinsic
instability of biological enzymes often leads to poor long-term
durability, reduced reproducibility, and limited reusability.!'s!
These shortcomings restrict their applicability in real-world
scenarios, especially in field-based pesticide monitoring
where sensor robustness is critical. As a result, increasing
attention has shifted toward the development of non-
enzymatic electrochemical sensors. These devices bypass the
drawbacks associated with biological components and instead
exploit the electrocatalytic properties of metals and metal
oxides. Materials such as CuO, ZnO, Fe;03, Co304, and NiO
have been widely investigated owing to their low cost,
excellent electrocatalytic activity, and ability to facilitate
electrochemical reactions at relatively low potentials.['6-18]
Among them, copper and its oxides are particularly
noteworthy due to their strong affinity for sulfur-containing
compounds, a property that has been exploited for selective
pesticide detection.l'>?"! For instance, Razium et al. reported
the development of an electrochemical sensor employing
triangular CuO nanosheets for the sensitive detection of
malathion.?l In this system, CuO electrodes displayed well-
defined redox peaks in a blank buffer solution. However, upon
the addition of malathion, these electrochemical signals were
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markedly suppressed, which was attributed to strong
interactions between CuO and the analyte. This inhibition
effect enabled the indirect quantification of malathion by
monitoring changes in the CuO redox response. While
effective, this method is inherently limited by its poor
selectivity, as it is primarily tailored for malathion detection
and cannot be broadly applied to other organophosphorus
pesticides.

To address the inherent shortcomings of existing methods,
in this study we developed a novel multi-analyte
electrochemical sensor platform designed for the
impedimetric detection of a broader spectrum of
organophosphorus  pesticides (OPPs), with particular
emphasis on dichlorvos (DDVP). Unlike conventional single-
target sensors, the proposed system is engineered to
accommodate the simultaneous detection of multiple analytes,
thereby enhancing its applicability in real-world scenarios
where complex pesticide mixtures are frequently
encountered.?>?¥ The sensor architecture is based on a glassy
carbon electrode (GCE) functionalized with multi-walled
carbon nanotubes (MWCNTs) and gold nanoparticles
(AuNPs). This hybrid modification strategy was selected due
to the synergistic properties of the two nanomaterials:
MWCNTs provide a large electroactive surface area and
outstanding conductivity,?+?*l while AuNPs introduce superior
electron-transfer kinetics and strong affinity toward
organophosphorus compounds.?”1 The integration of these
materials not only accelerates charge transfer processes but
also enhances analyte adsorption, significantly boosting
sensor performance compared to conventional electrode
systems.?!  The detection mechanism relies on
electrochemical impedance spectroscopy (EIS) as an indirect
analytical technique. Specifically, the interaction of DDVP
with the modified electrode surface leads to the suppression of
interfacial charge transfer, resulting in measurable impedance
changes.? This inhibition-based approach eliminates the need
for enzymatic or labeling components, ensuring simplicity,
cost-effectiveness, and operational stability.?3'!  The
fabricated sensor  exhibited outstanding analytical
characteristics, achieving an impressively low detection limit
of 18.8 nM, with a wide and linear dynamic response range
from 0.36 uM to 1.8 uM (R2 = 0.99). These results highlight
the capability of the platform to detect trace levels of
pesticides with high accuracy. Moreover, the system
demonstrated excellent selectivity against potential interfering
substances, underlining its robustness for complex sample
matrices. Beyond its superior sensitivity and selectivity, the
developed sensor offers several additional advantages. It is
label-free, avoiding the cost and complexity associated with
external markers; it is scalable and reproducible, which is
critical for mass production; and it is adaptable for portable
sensing devices, making it suitable for on-site environmental
and food safety monitoring. Taken together, these attributes
establish the proposed platform as a highly promising
candidate for next-generation analytical technologies aimed at
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ensuring food security, safeguarding public health, and
protecting the environment from the harmful effects of
organophosphorus pesticide contamination.

2. Experimental section

2.1 Chemicals and reagents

Chemically pure reagents were used throughout the
experiments. Multi-walled carbon nanotubes (MWCNTSs)
were purchased from Nanjing Xianfeng nanomaterials
Technology Co., Ltd. HAuCls* 2H,O were purchased from
Nanjing Xianfeng nanomaterials Technology Co., Ltd. All
other chemicals were of analytical grade and used without
further purification. The buffer solution was prepared using 5
mmol/dm? K3[Fe(CN)]/K4[Fe(CN)g] in the presence of 0.1 M
KCl, with a total volume of 25mL. This redox couple solution
is well-suited for studying the electrochemical redox behavior
of pesticides. Additionally, a phosphate buffer solution (PBS)
was prepared by mixing 0.1 M NaH>PO4 and 0.1 M H3PO4 in
a 1:1 volume ratio. The pH of the solution was adjusted as
needed using acetic acid, sodium acetate, or sodium hydroxide
solutions. The oxygen was removed from the solution by
purging it with high-purity nitrogen (or argon) gas for
approximately 10—15 minutes prior to the measurements. This
procedure was performed to eliminate dissolved oxygen,
which could interfere with the electrochemical measurements
and to ensure the accuracy of the results. All aqueous solutions
were prepared using double-distilled water.

2.2 Instruments and method

The experimental studies were carried out using an EC-Lab
(BioLogic ~ SP-300)  potentiostat-galvanostat ~ system.
Electrochemical measurements were controlled and recorded
using the “EC-Lab” software. All experiments were performed
in the rmostated three-electrode electrochemical cells. The
glassy carbon electrode (GCE) was used as the working
electrode, an Ag/AgCl electrode as the reference electrode,
and a platinum wire as the counter electrode. The chemical
behavior of DDVP on the electrode was characterized by
cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). Cyclic voltammetry is an electrochemical
method based on measuring the dependence of the current on
the potential of a polarized electrode in the analyte solution.
This technique enables the evaluation of the overall oxidation
or reduction capacity of a compound and is commonly used to
investigate the electrochemical behavior of various
antioxidant compounds by determining their redox potential.
And electrochemical impedance spectroscopy (EIS) is a
powerful technique used to analyze the resistance and
capacitance of an electrochemical system by applying a small
amplitude alternating voltage over a range of frequencies. EIS
provides reliable information about processes occurring at the
electrode surface, including reaction kinetics, charge transfer,
and membrane properties. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) analyses
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were carried out to comprehensively investigate the surface
morphology, structural features, and dispersion characteristics
of the synthesized multi-walled carbon nanotubes (MWCNTSs)
and gold nanoparticles (AuNPs) on the electrode surface. The
JEM-1400 Plus is a 120 kV Transmission Electron
Microscope (TEM) used at Nazarbayev University. It is
equipped with a high-resolution polepiece and an advanced
operation system, allowing both experts and beginners to
operate it with ease. The instrument provides high-resolution
TEM imaging, making it particularly suitable for research in
medical and biological fields. Its high-resolution objective
lens enables clear observation of specimens across a wide
magnification range.

2.3 Preparation of multi-walled carbon nanotubes
(MWCNTs) and decoration with gold nanoparticles
(AuNPs)

First, 0.1 g of multi-walled carbon nanotubes (MWCNTs) was
dispersed in 50 mL of 6 M nitric acid (HNO3) and refluxed
under stirring for 12 hours. This acid treatment was carried out
to remove impurities and amorphous carbon, as well as to
introduce carboxyl (—COOH) functional groups onto the
surface of the MWCNTs. The presence of —COOH groups
improves surface activity, enhances the dispersion of
MWCNTs in aqueous media, facilitates the attraction and
immobilization of gold ions, and promotes efficient electron
transfer. After 12 hours, the suspension was filtered and
washed several times with double-distilled water to remove
residual acid. The functionalized MWCNTs were then
ultrasonicated in ethanol to achieve uniform dispersion.
Subsequently, the treated MWCNTs were added to a solution
containing 100 mM H>SOs4 and 2 mM chloroauric acid
(HAuCls-2H,0) for gold nanoparticle (AuNP) deposition.

2.4 Preparation of MWCNTs-AuNPs/GCE impedimetric
electrochemical sensor

As shown in Fig. 1, the modification of the GCE surface with
MWCNTs-AuNPs: The surface of the glassy carbon electrode
(GCE) was mechanically polished using an aluminum oxide
(Al2,03) paste for 15 minutes. After polishing, the electrode
was immersed in ethanol and subjected to ultrasonic treatment
for 6 minutes. Subsequently, the GCE was immersed for 1
hour in a mixture of 0.5M nitric acid (HNOs) and 0.1M
sulfuric acid (H2SOs) in a 2:1 volume ratio, followed by
thorough rinsing with double-distilled water. For the
modification step, the cleaned GCE was immersed in a
prepared solution containing functionalized MWCNTs and
gold nanoparticle (AuNP) precursors for 5 hours. After rinsing
with double-distilled water, the electrode was re-immersed in
the same solution for an additional 3 hours. Finally, the
modified MWCNTs-AuNPs/GCE electrode was rinsed with
double-distilled water and dried in air.

3. Results and discussion
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Fig. 1: Schematic representation of the surface modification of the glassy carbon electrode (GCE) with multi-walled carbon
nanotubes (MWCNTs) decorated with gold nanoparticles (AuNPs).
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Fig 2: SEM images of (a) multi-walled carbon nanotubes (MWCNTs), (b) MWCNTSs decorated with gold nanoparticles (MWCNTs-
AuNPs) and TEM images of (c,d)MWCNTs decorated with gold nanoparticles (MWCNTs-AuNPs)

3.1 Morphology and characterization of nanocomposites

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) analyses were carried out to
comprehensively investigate the surface morphology,
structural features, and dispersion characteristics of the
synthesized multi-walled carbon nanotubes (MWCNTs) and
gold nanoparticles (AuNPs) on the electrode surface. In Fig.
2(a), the characteristic tubular network structure of MWCNTs
is clearly observed, confirming their successful
immobilization onto the glassy carbon electrode (GCE)
surface. The nanotubes are uniformly dispersed, forming an
interconnected fibrous structure that provides a large specific
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surface area. This, in turn, creates favorable conditions for the
subsequent attachment of nanoparticles and enhances the
electrochemical activity of the electrode. Fig. 2(b) illustrates
the distribution of gold nanoparticles (AuNPs) within the
MWCNT framework. The AuNPs are densely and uniformly
anchored along the nanotube surfaces with minimal
aggregation, indicating strong interactions between the AuNPs
and the functionalized sites of MWCNTs. Such a uniform
coating improves the electrical conductivity and catalytic
properties of the nanocomposite by providing a greater
number of active sites for electron transfer processes. The
nanoscale morphological features observed by SEM confirm
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the successful formation of a stable and homogeneous
MWCNT-AuNP composite layer on the electrode surface.
Furthermore, to confirm the proper attachment of AuNPs on
the MWCNTs, transmission electron microscopy (TEM)
analysis was conducted. As shown in Fig. 2(c, d), the TEM
images reveal that the gold nanoparticles (AuNPs) are well
attached and uniformly distributed on the surface of the multi-
walled carbon nanotubes (MWCNTs), demonstrating the
successful ~ preparation of the MWCNTs/AuNPs
nanocomposite. In addition, to verify the elemental
composition of the prepared nanocomposite, energy-
dispersive X-ray spectroscopy (EDS) analysis was performed,
and the results are presented in Fig. 3. The EDS spectrum
confirms the presence of two predominant elements—carbon
(C) and gold (Au)—corresponding to the MWCNTs and
AuNPs, respectively. Quantitative analysis revealed that the
relative weight percentages of carbon and gold were
approximately 85.4 wt% and 14.6 wt%. The appearance of
copper (Cu) peaks in the spectrum is attributed to the copper
substrate used during SEM sample preparation and does not
belong to the composite itself. Collectively, the SEM, EDS,
and TEM analyses provide clear evidence that AuNPs were
successfully integrated into the MWCNT matrix, resulting in
a uniformly distributed nanocomposite with high structural
stability and desirable physicochemical properties. Such
morphology and composition are expected to significantly
enhance the electrochemical performance of the modified

sensitivity and selectivity.

3.2 Electrochemical characterization of different modified
electrodes

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were employed to investigate the
electrochemical properties of the AuNPs-MWCNTs-modified
glassy carbon electrode (GCE). Fig. 4A presents the CV
curves of the bare GCE (black), MWCNTs/GCE (red), and
AuNPs-MWCNTs/GCE (blue) recorded in a 5 mmol/dm?
Ks[Fe (CN)s]/Ks[Fe(CN)s] solution containing 0.1M KCl at a
scan rate of 5 mV/s. For the bare GCE (black), a pair of
reversible redox peaks is observed at approximately +260 mV
(anodic) and +170 mV (cathodic). Upon modification with
MWCNTs (red), a significant increase in both anodic and
cathodic peak currents is observed due to the large effective
surface area of the MWCNTs. Further modification with the
AuNPs-MWCNTs nanocomposite (blue) leads to an even
greater increase in redox peak currents and an elevated
background current. This enhancement is attributed to the
excellent electrical conductivity and enlarged electroactive
surface area provided by the AuNPs-MWCNTs composite,
which facilitates faster electron transfer at the electrode
interface. Fig. 4B displays the corresponding Nyquist plots
obtained from EIS measurements. The bare GCE (curve a)
exhibits relatively high charge transfer resistance, while both
the MWCNTs/GCE and AuNPs-MWCNTs/GCE (curve b)
show significantly decreased resistance, indicating enhanced
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Fig 3: The EDS results of MWCNTs-AuNPs nanocomposites.
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Fig 4: (A) CVs and (B) EIS of the bare GCE (black), MWCNTs/GCE (red), and AuNPs@MWCNTs/GCE (blue) recorded in a 5
mmol/dm? K;3[Fe(CN)s]/K4[Fe(CN)s] solution containing 0.1M KCl at a scan rate of 5 mV/s.
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charge transfer kinetics. Together, the CV and EIS results
confirm the successful fabrication of the AuNPs-MWCNTs-
modified GCE and demonstrate its superior electrochemical
performance, highlighting its potential for use in sensitive and
efficient electrochemical sensing applications.

3.3 Electrochemical behavior of DDVP at the MWCNTs-
AuNPs/GCE  electrode Investigated by  Cyclic
Voltammetry

As shown in Fig. 5A, cyclic voltammetry (CV) (A) and
differential pulse voltammetry (DPV) (B) were employed to
investigate the electrochemical behavior of DDVP on the
MWCNTs-AuNPs/GCE electrode. The experiments were
conducted in 0.1 M phosphate-buffered saline (PBS, pH 6.5),
which served as the supporting electrolyte. No
electrochemical activity was observed in the PBS alone,
indicating the absence of measurable faradaic currents. Upon
the addition of 100 pM DDVP, a distinct anodic oxidation
peak appeared at approximately +270 mV, confirming that the
oxidation of DDVP molecules occurs specifically at this
potential. Furthermore, increasing the scan rate from 20 mV/s
to 40 mV/s resulted in a proportional increase in the oxidation
peak current, indicating that the oxidation process is diffusion-
controlled and occurs at the electrode surface. However, the
overall electrochemical response was relatively weak. In
particular, the DPV results shown in Fig. 5B also exhibited a
very low anodic oxidation peak current. This limited and
unstable current response suggests that amperometric
detection of DDVP using CV and DPV is not sufficiently
sensitive for reliable analysis. Therefore, due to the poor
sensitivity and instability of the voltammetric signals, these
methods were not pursued for further analysis. Instead,
electrochemical impedance spectroscopy (EIS) was employed
as an alternative technique. EIS provides higher sensitivity and
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reliability, particularly for detecting low-concentration
analytes, by monitoring changes in interfacial charge transfer
resistance. This technique allows for a more precise evaluation
of electron transfer processes at the electrode surface, making
it better suited for the indirect detection of DDVP in this study.

3.4 Analysis of electrochemical impedance spectroscopy
(EIS) results

Electrochemical impedance spectroscopy (EIS) was used to
evaluate the surface electrochemical properties of the
electrode. Fig. 6A shows the Nyquist plot recorded for the
unmodified bare glassy carbon electrode (GCE), which
displays a clear semicircle. The diameter of this semicircle
corresponds to the charge transfer resistance (Rct). Based on
the shape and size of the curve, it can be concluded that the
bare GCE exhibits relatively high charge transfer resistance,
indicating sluggish interfacial electrochemical reactions and
limited electron transfer at the electrode surface. Fig. 6B
presents the Nyquist plots obtained after modifying the
electrode with multi-walled carbon nanotubes (MWCNTSs)
and gold nanoparticles (AuNPs). A significant decrease in the
semicircle diameter is observed, reflecting a drastic reduction
in Ret and a substantial acceleration of the electron transfer
process. The nanomaterials' increased effective surface area
and enhanced electrical conductivity are responsible for this
improvement. MWOCNTs, known for their excellent
conductivity, facilitate rapid electron transport, while AuNPs
serve as electrocatalytically active sites. The reduced Rct
values indicate a notable enhancement in the surface
conductivity of the electrode and an overall improvement in
electrochemical reaction efficiency. The synergistic effect
between MWCNTs and AuNPs plays a key role in
significantly enhancing the electrochemical performance of
the modified electrode.
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Fig 5: CV(A) and DPV(B) curves of the MWCNTs-AuNPs/GCE electrode recorded in 0.1M PBS solution pH 6.5 in presence of 100

uM dichlorvos.
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Fig. 7: Nyquist plots of the MWCNTs-AuNPs/GCE electrode recorded in 5 mM Kj3[Fe(CN)s]/K4[Fe(CN)s] + 0.1 M KCI solution

with incremental additions of 0.1 to 0.6 mL of 45uM DDVP.

3.5 Quantitative determination of DDVP

As shown in Fig. 7 electrochemical impedance spectroscopy
(EIS) was employed to investigate the interaction of the DDVP
pesticide at the electrode surface. During the study, a solution
of K3[Fe (CN)g]/K4[Fe(CN)s] with 0.1 M KCI was used as the
redox probe. Various concentrations of 45uM DDVP pesticide
(0.1 mL to 0.6 mL) were added to the solution, and the
resulting Nyquist plots were used to evaluate the charge
transfer characteristics of the system. The diameter of the
semicircle in the Nyquist plot corresponds to the charge
transfer resistance (Rct). As the concentration of DDVP
increased, an enlargement in the semicircle diameter was
observed, indicating that DDVP molecules adsorb onto the
electrode surface and hinder the electron transfer process. The
increase in pesticide concentration led to a decrease in the
current signal and a corresponding increase in the charge
transfer resistance, suggesting that DDVP participates in the
oxidation process and slows down the electrochemical
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reactions occurring at the electrode interface. As the
concentration of DDVP increases, the corresponding rise in
Rct values indicates diffusion-limited behavior, attributed to
the formation of a barrier layer of pesticide molecules on the
electrode surface. This layer hinders the access of redox
species to electrode, resulting in a reduced rate of electron
transfer. Such behavior is characteristic of analytes that
strongly interact with the electrode surface and confirms the
sensor’s sensitivity to the presence of DDVP. These findings
further support the application of EIS as an effective technique
for the indirect detection of organophosphorus pesticides
through monitoring changes in interfacial charge transfer
resistance.

Fig. 8 presents a calibration plot that illustrates the changes
in charge transfer resistance (Rct) corresponding to various
concentrations of DDVP pesticide. The obtained calibration
line is described by the following Eq. (1):

Ret=1.318X — 0.0820 (1)
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Fig 8: Calibration Curve for Impedimetric Detection of DDVP
Pesticide on GCE/MWCNTs-AuNPs Electrode.

In this equation, Rct represents the charge transfer
resistance measured in ohms, while C denotes the
concentration of DDVP expressed in umol/L. The correlation
coefficient value of R = 0.988 confirms the high degree of
linearity and demonstrates the analytical accuracy and
reliability of the method. The sensitivity of the impedimetric
method was evaluated through its limit of detection (LOD),
which was calculated to be 18.8 nM. Moreover, compared
with the most recently reported electrochemical sensorsf*23°!
for the determination of DDVP, our proposed nanocomposite
sensor can perform ultrasensitive DDVP detection with a
much wider linear range and significantly lower detection
limits (Table 1). LOD was determined using the following Eq.

(2):
LOD= =2 2)

slope

where: o is the standard deviation of the signal, slope - is the
slope of the calibration curve (1.318).

Table 1: Comparison of performances of the MWCNTs-
AuNPs/GCE with other modified electrodes.

Electrode Detection Linear Ref
limit/(nM)  range/(nM)

Acetylcholinesterase/rGO @ 9.05 22.6-453 1321

Nafion /GCE

Acetylcholinesterase/chitosan 29 36-22600 [33]

@TiO2/ rGO/ GCE

ChOx/PBCBethaline-HNO3 1.6 2.5-60 (341

PTD

Nd203@MIL(Fe)-88A/GCE  0.92 1-250 (351

MWCNTs-AuNPs/GCE 18.8 360-1800 This

work

These results indicate that the sensor based on MWCNTs-
AuNPs/GCE can detect extremely low concentrations of
DDVP pesticide with high sensitivity and reliability. This
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demonstrates its potential applicability for monitoring DDVP
residues in environmental and food samples.

3.6 Selectivity, stability, and reproducibility of the Sensor
First, the effects of 0.5mM common inorganic ions and 50nM
organic molecules on the detection of DDVP were examined.
As shown in Fig. 9, the influence of various potential
interferents on the Nyquist plot semicircle diameter was
evaluated. For this purpose, 0.3 mL of 45 uM DDVP was
added to 15 mL of Ki[Fe(CN)s]/Ks[Fe(CN)s] solution
containing 0.1 M KCIl, which served as the redox probe. The
presence of 0.5 mM inorganic ions had minimal effect on the
semicircle diameter, indicating that these ions did not cause
significant electrochemical interference. Similarly, the current
variation in the presence of 50nM organic molecules was less
than 2%, confirming the excellent selectivity of the
MWCNTs-AuNPs/GCE sensor. These results suggest that
DDVP molecules effectively adsorb onto the electrode surface
and hinder electron transfer, thereby producing a measurable
impedance signal.
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Fig 9: Effect of 0.5 mM inorganic ions and 50 nM organic
molecules on the response signal of 0.9 uM DDVP current at
MWCNTs-AuNPs/GCE. (A 0.3 mL aliquot of 45 pm DDVP was
added to 15 mL of Kjs[Fe (CN)¢/Ks[Fe (CN)¢] solution
containing 0.1 M KCl.)

3.7 Detection of DDVP in real samples

To evaluate the practical utility of the proposed sensor, the
standard addition method was applied for the determination of
DDVP in real water samples. As shown in Table 2, the
recoveries were within the range of 97.2—-101.9%, while the
relative standard deviation (RSD) values for three replicate
measurements were below 0.57%. These results indicate
excellent accuracy, precision, and reproducibility, suggesting
that potential matrix effects from real samples did not
significantly interfere with the detection process. The obtained
recovery rates confirm that the sensor is capable of accurate
quantification of DDVP at trace levels in complex water
matrices. Taken together, these findings highlight the strong
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Table 2: Determination of DDVP in Actual Water Samples (n=3).

Sample Added (uM) Found (uM) Recovery (%) RDS (%)
1 0.9 0.8848 98.32 0.57
2 1.5 1.4580 97.2 0.18
3 1.7 1.7323 101.9 0.28

applicability of the developed sensing platform for practical
environmental monitoring and routine pesticide residue
analysis.

4. Conclusion

In conclusion, a novel impedimetric electrochemical sensor
based on a glassy carbon electrode modified with multi-walled
carbon nanotubes (MWCNTs) and gold nanoparticles (AuNPs)
has been successfully developed for the indirect detection of
dichlorvos (DDVP). The synergistic effect of MWCNTSs and
AuNPs significantly enhanced the electroactive surface area,
conductivity, and interfacial electron transfer properties of the
electrode, thereby enabling highly sensitive and selective
pesticide detection. The fabricated sensor demonstrated
excellent analytical performance, with a low detection limit of
18.8 nM and a broad linear range of 0.36 uM to 1.8 uM (R? =
0.99). The proposed impedimetric strategy, which relies on the
inhibition of charge transfer by DDVP at the electrode—
electrolyte interface, provides a label-free, cost-effective, and
facile detection platform. Moreover, the robustness,
reproducibility, and simplicity of this sensor make it a
promising candidate for integration into portable and
miniaturized devices, addressing the increasing demand for
real-time pesticide monitoring. Considering the global
concern over pesticide contamination and its severe
implications for ecosystems and public health, the developed
sensor provides not only an efficient analytical tool but also
contributes toward sustainable agricultural practices and
environmental protection. Future work may focus on
extending this approach to the detection of other
organophosphorus pesticides and exploring its performance in
complex real-world matrices, thereby further advancing its
practical utility.
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