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ABSTRACT: Herein, a nonenzymatic detection of paraoxon-ethyl
was developed by modifying a glassy carbon electrode (GCE) with
gold—silver core—shell (Au—Ag) nanoparticles combined with the
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composite of graphene with poly(3,4-ethylenedioxythiophene)/ g _ :
poly(styrenesulfonate) (PEDOT:PSS). These core—shell nano- ey L mixing ' d’“"‘:.“
particles (Au—Ag) were synthesized using a seed-growth method - Mbedin Sy gpnene Au!m

and characterized using UV—vis spectroscopy and high-resolution ' : -
transmission electron microscopy (HR-TEM) techniques. Mean- RUNPs g Auhg core-shell O
while, the structural properties, surface morphology and top- §v§ ﬂ . i
ography, and electrochemical characterization of the composite of i gt > § / A -
Au—Ag core—shell/graphene/PEDOT:PSS were analyzed using Chinese  pear |
infrared spectroscopy, field emission scanning electron microscopy & cabbage  fruit

(FE-SEM), atomic force microscopy (AFM), and electrochemical

impedance spectroscopy (EIS) techniques. Moreover, the proposed sensor for paraoxon-ethyl detection based on Au—Ag core—
shell/graphene/PEDOT:PSS modified GCE demonstrates good electrochemical and electroanalytical performance when
investigated with cyclic voltammetry (CV), differential pulse voltammetry (DPV), and chronoamperometry techniques. It was
found that the synergistic effect between Au—Ag core—shell nanoparticles and the composite of graphene/PEDOT:PSS provides a
higher conductivity and enhanced electrocatalytic activity for paraoxon-ethyl detection at an optimum pH of 7. At pH 7, the
proposed sensor for paraoxon-ethyl detection shows a linear range of concentrations from 0.2 to 100 M with a limit of detection of
10 nM and high sensitivity of 3.24 yA uM™' cm™. In addition, the proposed sensor for paraoxon-ethyl confirmed good
reproducibility, with the possibility of being further developed as a disposable electrode. This sensor also displayed good selectivity
in the presence of several interfering species such as diazinon, carbaryl, ascorbic acid, glucose, nitrite, sodium bicarbonate, and
magnesium sulfate. For practical applications, this proposed sensor was employed for the determination of paraoxon-ethyl in real
samples (fruits and vegetables) and showed no significant difference from the standard spectrophotometric technique. In conclusion,
this proposed sensor might have a potential to be developed as a platform of electrochemical sensors for pesticide detection.

B INTRODUCTION the human body via the digestive system is paraoxon-ethyl,
The concern about pesticide residue in foods has become a which is used in agricultural farming because of its exceptional
critical issue in modern farming due to excessive and ability to control and eradicate the population of pests and
uncontrolled application to agricultural land, which has led to insects.”® The accumulation of trace-level concentrations of
environmental pollution and aquatic pollution. In the literature, paraoxon-ethyl residue in the human body can cause a serious
the percentage of pesticide sprayed on agricultural crops that threat to the metabolic,” immune,'® and central nervous
reaches the target pest is thought to be less than 0.1%, with the systems.! Furthermore, the United States Environmental

rest contaminating the surrounding environment and left as
pesticide residues.’> Most pesticide residues are classified as
toxic and harmful substances depending on their chemical
structures, which can enter the food chain through water, soil,
and food including vegetables and fruits.”* Moreover, humans
can absorb pesticide residue from the environment through their
skin and respiratory and digestive systems.”® One of the
pesticide residues that might occur in the environment and enter
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Protection Agency (USEPA) declared that paraoxon-ethyl (one
of the most widespread organophosphate insecticides) is a
dangerous compound due to its 70% similarity of chemical
properties with the nerve agent sarin.'> In the literature,
paraoxon-ethyl has a half-life of around 5000 years and is
considered the most potent and poisonous insecticide that poses
significant health risks to humans."”'* According to the
European Union pesticide database, the maximum residue
limit (MRL) of paraoxon-ethyl should be no more than 0.01
mg/L (0.036 xM) in humans and 0.05 mg/kg in plant-based
food."”” In addition, the acute toxicity (LDS0 values) of
paraoxon-ethyl in mice was calculated to be 0.66 mg/kg.'®
These factors have led to the prohibition and restriction of
paraoxon—ethgrl application to agricultural farming in several
countries.'”*® As a result, developing a portable, selective, and
sensitive detection of paraoxon-ethyl is essential for environ-
mental monitoring, agricultural activities, and health manage-
ment.

Several analytical methods have been developed to detect the
concentration of paraoxon-ethyl in the environmental matrices
based on ultraviolet—visible spectroscopy,'’ surface-enhanced
Raman spectroscopy,”’ chemiluminescence,”’ high-perform-
ance liquid chromatography—mass spectrometry,” gas chro-
matography—mass spectrometry,”™ quartz crystal microba-
lance,”* biosensors,”>*° and electrochemical methods.”” >’
Although these methods are accurate and trustworthy, their
applicability is compromised by their complex pretreatment for
sample preparation, overpriced instruments, and the require-
ment of trained personnel, which make them impractical for
daily routine analysis. Electrochemical techniques were
developed to address these issues because they can detect very
low concentrations of analytes with good reproducibility and
selectivity. They are also quick and affordable, and the
instruments are simple to opere\te.30’31

The combination of conductive materials between graphene
and poly(3,4-ethylenedioxythiophene) /poly(styrenesulfonate)
(PEDOT:PSS) has been extensively employed to enhance
conductivity of modified electrodes.”” ** Graphene has been
known as an excellent candidate as electrode modifier due to its
great conductivity,® high electron mobility,*® high surface-to-
volume ratio,>” and versatility to be modified as a material
composite-based electrode.’® Furthermore, graphene might be
aggregated because of electrostatic and 7— interactions, which
can reduce its conductivity. PEDOT:PSS could employed to
avoid the restacking problem between the graphene layers.””*’
In addition, gold—silver core—shell (Au—Ag) as a bimetallic
particle has shown a synergistic effect in terms of its optical
properties and electrocatalytic activity when employed as an
electrode modifier."' The employment of Au—Ag core—shell
modified electrodes has been investigated for the quantitative
detection of antimicrobial drugs,* redox protein,””** heavy
metals,*>*¢ fungicides,47 and antidepressants.48 However, to the
best of our knowledge, no previous work has reported the
employment of a combination between Au—Ag core—shell
nanoparticles with the composite of graphene and PEDOT:PSS
as a platform for electrochemical sensors. Therefore, it would be
worthwhile to investigate the application of these material
composites deposited onto the surface of a glassy carbon
electrode (GCE) for paraoxon-ethyl detection.

In this work, we developed an electrochemical sensor based
on Au—Ag core—shell nanoparticles combined with a graphene/
PEDOT:PSS composite modified glassy carbon electrode
(GCE) for quantitative determination of paraoxon-ethyl in
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samples of fruits and vegetables. The prepared modified
electrode shows remarkable electroanalytical performance for
paraoxon-ethyl detection with high sensitivity and selectivity
with a low limit of detection via an electrocatalytic reduction
process. The concentration of paraoxon-ethyl obtained from this
proposed sensor was then compared with the standard UV—vis
spectrophotometric technique using statistical analysis and
resulted in no significant difference between these two methods.
Thus, this developed method might have potency to be further
employed for the determination of paraoxon-ethyl in practical
applications.

Reagents and Apparatus. Poly(3,4-dioxythiophene)/
poly(styrene-4-sulfonate) (PEDOT:PSS) (CAS: 155090-83-
8), graphene powder (Jiangsu XFNano Materials Tech, China),
HAuCl,, H,SO,, KMnO,, H,0, 30%, Na,HPO,, NaH,PO,,
KCl, diethyl 4-nitrophenyl phosphate or paraoxon-ethyl (POE,
CAS: 311-45-5), NaNO,, FeSO,, Zn(CH,CO,), NH,NO,,
chlorophenol, triclosan, and ascorbic acid were obtained from
Sigma-Aldrich Ltd. and used without further purification.

All electrochemical experiments were performed in a three-
electrode system, i.e., a glassy carbon electrode (GCE) (3 mm
diameter, IJ Cambria Scientific) as the working electrode, silver/
silver chloride (3 M) as reference electrode, and platinum wire
as an auxiliary electrode. The experiments of electrochemical
studies were conducted using a PalmSens Emstat 3
(ES316U669) (Houten, The Netherlands) equipped with the
PSTrace 5.9 software using cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) techniques. All voltam-
metric data were processed and interpreted using Origin Pro 7.0
(OriginLab, Northampton, USA). In addition, the investigation
of electrochemical impedance spectroscopy (EIS) of the
modified electrode was performed using a Sensit BT.SNS
(Houten, The Netherlands). The UV—vis spectra of the Au—Ag
core—shell were obtained using a UV—visible spectrophotom-
eter (MS1 Bel Engineering). Meanwhile, the surface morphol-
ogy of the synthesized Au—Ag core—shell was characterized
using scanning electron microscopy (SEM; JEOL JSM-IT200
InTouch Scope) and transmission electron microscopy (TEM;
FEI Tecnai G2 20 S-Twin). Furthermore, the surface top-
ography of the Au—Ag core—shell was characterized using
atomic force microscopy (AFM; Park System NX 10).

B EXPERIMENTAL SECTION

Synthesis and Characterization of the Au—Ag Core—
Shell. The synthesis of the Au—Ag core—shell was carried out
using the seed and growth method according to previous works
as reported in ref 49 from gold and silver salt solution and
trisodium citrate as reducing agent. The detailed procedure is as
follows: The seed solution of gold was obtained by preparing 50
mL of 0.01% HAuCl, solution and then heating it to 100 °C with
constant stirring. Next, 2 mL of 1% trisodium citrate solution
was quickly added to the HAuCl, solution and vigorously stirred
for 20 min. The seed solution was kept at room temperature
until the solution changed to a dark red color, indicating the
formation of gold nanoparticles (AuNPs) in the seed solution.
Then, 25 mL of AuNP seed solution was heated at 100 °C
followed by a subsequent addition of 4 mL of 1% trisodium
citrate and 2.5 mL of 10 mM AgNO; dropwise in the condition
of vigorous stirring. The solution color will be changed into
yellow, which indicates that the formation of the Au—Ag core—
shell was completed. The reaction of the Au—Ag core—shell can
be described as follows: (1) the reduction of Au®" from gold salts
(HAuCl,) into Au’ to form a core consisting of citrate-stabilized
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AuNPs core and (2) trisodium citrate also reduced AgNO; into
Ag’, which capped the citrate-stabilized AuNP core to produce
Au—Ag core—shell nanoparticles. The chemical reaction
involved in the process of the Au—Ag core—shell is as follows:

6HAuCl, + Na,CH,0, + SH,0

— 6Au + 6CO, + 21HCI + 3NaCl (1)

Au + 3AgNO, + Na,CH,0, — Au—Agcore—shell 2)
Then, the obtained solution containing the Au—Ag core—
shell was characterized using a UV—vis spectrophotometer
(MS1). In addition, the solution containing a Au—Ag core—shell
was further investigated using FESEM and TEM techniques.

Modification of GCE with the Au—Ag Core—Shell/
Graphene/PEDOT:PSS Composite. The electrode modifier
for GCE was prepared by mixing graphene powder with
PEDOT:PSS at the composition ratio of 7:3 by weight. Then,
1.0 mL of the solution containing the Au—Ag core—shell was
added to 2 mg of the composite of graphene and PEDOT:PSS at
the weight ratio of 7:3. The composite containing a mixture of
Au—Ag core—shell with graphene/PEDOT:PSS (7:3) was then
sonicated for 1 h and continuously stirred for 1 h to obtain the
composite solution in the concentration of 2 mg/mL. Next, S uL
of the composite solution was drop casted onto the GCE surface
followed by drying in an oven at 80 °C for 5 min. The surface
morphology of the modified electrode was characterized using
SEM and TEM techniques, and AFM analysis was performed to
obtain the information about the topography of the electrode
surface.

Evaluation of the Electrochemical Behavior of the
Modified Electrodes. The evaluation of the electrochemical
behavior of GCE, GCE-modified graphene/PEDOT:PSS/GCE,
and GCE-modified Au—Ag core—shell/graphene/PEDOT:PSS
was performed using a cyclic voltammetry (CV) technique by
measuring 1.0 mM K;[Fe(CN),] solution in 0.1 M KCL The
experimental parameters used for the investigation of electro-
chemical behavior were determined using the CV technique at
the potential range from —1.0 to +0.2 V with variation of scan
rates (25, 50, 75, 100, 150, and 200 mV s™!). In addition, the
conductivity of three different electrodes was also determined by
measuring 1.0 mM K;[Fe(CN);] solution in 0.1 M KCI using
electrochemical impedance spectroscopy (EIS). A similar
experiment using the CV technique with the same experimental
parameters as above was also performed using paraoxon to
determine the electrochemically active surface (ECSA) and the
electron transfer coefficient. Furthermore, the diffusion
coefficient and catalytic rate constant were determined using
the chronoamperometry technique by measuring paraoxon in
concentrations of 20, 40, 60, 800, and 100 yM in 0.1 M of pH 7
phosphate buffer.

Evaluation of Electroanalytical Performance of the
Modified Electrode. Linearity, Limit of Detection (LOD), and
Limit of Quantification (LOQ). The linearity of GCE-modified
Au—Ag core—shell/graphene/PEDOT:PSS was evaluated by
measuring paraoxon at the concentration range of 0.2—100 M
in 0.1 M phosphate buffer pH 7 using the DPV technique. The
experimental parameters for the DPV technique were set at a
potential range of 0 to —1.0 V vs Ag/AgCl, a potential step of 10
mV, a potential pulse of 50 mV, a pulse time of 0.05 s, and a scan
rate of 50 mV/s. The linearity was determined from the
calibration curve from the paraoxon concentration versus its
current response. Then, the linear regression and the coefficient
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of determination (R?) can be calculated, with the highest
sensitivity indicated by R* ~ 1. The limit of detection (LOD)
and limit of quantification (LOQ) were subsequently
determined based on the signal-to-noise (S/N) ratio for LOD
(S/N=3)and LOQ (S/N = 10). Furthermore, the sensitivity of
GCE-modified Au—Ag/graphene/PEDOT:PSS for paraoxon
measurements can be determined based on the slope of a
calibration curve.

Reproducibility, Stability, and Selectivity. The electrode
reproducibility was evaluated by measuring 80 yM paraoxon in
0.1 M of pH 7 phosphate buffer using five different electrodes
based on GCE-modified Au—Ag core—shell/graphene/PE-
DOT:PSS. Meanwhile, the electrode stability was investigated
by also measuring 0.1 M of pH 7 phosphate buffer containing 80
UM paraoxon using a similar electrode for 3 consecutive days. In
addition, the electrode selectivity was evaluated by measuring 80
UM paraoxon in 0.1 M pH 7 phosphate buffer in the presence of
several interfering species, such as diazinon (DZN), ascorbic
acid (AA), glucose, carbaryl, nitrite, NH,Cl, NaHCO;, and
MgSO,. The concentration ratio between paraoxon and
interfering species was adjusted to 1:1. All electrochemical
measurements were performed using the differential pulse
voltammetry (DPV) technique at a potential range from 0 to
—1.0V, a scan rate of S0 mV s}, a potential step of 10 mV, a
potential pulse of 50 mV, and a pulse time of 50 ms.

Detection of Paraoxon in Fruit and Vegetable
Samples. To assess the applicability of the proposed sensor, a
GCE-modified Au—Ag core—shell/graphene/PEDOT:PSS was
employed for paraoxon detection in the vegetable and fruit
samples using the standard addition method. The Chinese
cabbage and pear were chosen to represent the vegetable and
fruit samples and obtained from the local store in the Bogor area,
West Java, Indonesia. The parts of the samples used for analysis
were the outer leaf of Chinese cabbage and the skin of pear fruit.
Both samples of Chinese cabbage and pear were directly
analyzed without the washing process to avoid the removal of
residual pesticide from the samples. Each 10 g of both samples of
cabbage and peel of pear was mashed and extracted using 30 mL
of 0.1 M phosphate buffer pH 7 followed by the sonication
process for 40 min. Each extract obtained from the fresh sample
was then filtered followed by spiking with S mL of paraoxon and
diluted with 0.1 M of pH 7 phosphate buffer to obtain the final
concentration from §, 10, 15, 20, and 25 M. The concentration
of paraoxon in the fresh sample (Ca) can be calculated as an x-
intercept of the calibration curve using the following equation:

x-intercept = — Cy,—
£

where C, is the concentration of paraoxon in the sample of
cabbage or pear, V; is the initial volume of the fresh sample of
cabbage or pear, Vis the final volume of the spiked fresh sample
solution, and x-intercept is obtained when y is equivalent to zero.

The concentration of paraoxon in the fresh sample of
vegetables and fruit determined with the proposed sensor was
also compared with the standard methods using the
spectrophotometry technique using a similar pretreatment
process.”’ Briefly, the standard solution of paraoxon was
dissolved in 0.1 M NaOH (pH =~13) until the paraoxon
solution changed color from colorless to yellow. Then, S mL of
cabbage and pear was spiked with the standard solution of
paraoxon-ethyl in a series of concentrations of S, 10, 15, 20, and
25 uM followed by dilution in 0.1 M NaOH. The absorbance of

https://doi.org/10.1021/acsomega.3c08349
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Figure 1. (A) Schematic illustration of the synthesis of the Au—Ag core—shell using citrate as a stabilizer. (B) UV—vis spectra of AuNPs and Au—Ag
core—shell. (C) TEM Au—Ag core—shell. Inset: diameter distribution of the Au core and Au—Ag core—shell. (D) HRTEM of the Au—Ag core—shell.

(E) SAED pattern for the Au—Ag core—shell.

the spiked solution of a fresh sample containing paraoxon was
then measured using a UV—visible spectrophotometer at a
maximum wavelength of 400 nm. The concentration of
paraoxon in samples was calculated based on the x-intercept
equation as above and its results were compared with
electrochemical methods using a statistical analysis at a 95%
confidence interval.

B RESULTS AND DISCUSSION

Characterization of the Au—Ag Core—Shell Using UV—
Vis Spectroscopy and TEM. Figure 1A depicts the synthetic
strategy of Au—Ag core—shell nanoparticles by forming silver
nanoshells onto seeds of citrate-stabilized gold nanoparticles
(AuNPs) that act as nucleation sites. Besides acting as a
stabilizer for AuNDPs, citrate also causes reduction of Au®* into
Au. The successful formation of AuNP in the solution can be
traced back to the color of the solution changing from light
yellow into wine red and its maximum absorbance of AuNPs
obtained at 524 nm (Figure 1B). The average size of the
synthesized AuNPs can be calculated as ~28 nm based on the
calculation from the Haiss equation.”’ However, when silver was
coated with citrate-stabilized AuNPs to form a Au—Ag core—
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shell, its maximum absorbance was shifted to 485 nm (Figure
1B). This blue shift of absorbance into a lower wavelength is due
to the presence of silver nanoparticles in the shell and the
formation of Au—Ag core—shell in the solution.”” In addition,
based on transmission electron microscopy (TEM) analysis with
its size distribution measurements from 100 nanoparticles of the
Au—Ag core—shell (Figure 1C), the average size of this core—
shell is approximately 48 nm. Furthermore, the obtained HR-
TEM image obtained from a single Au—Ag core—shell revealed
the distinct difference between the gold core as a darker shade
and the silver shell as a lighter color as shown in Figure 1D. The
HR-TEM images also confirm that clear lattice fringes with
fringe spacing of 0.23 nm match with the 111 plane for the gold
core and those with 0.24 nm correspond to the 101 plane for the
sitver shell. The selected area electron diffraction (SAED)
pattern of this core—shell metal nanoparticle as shown in Figure
1E also reveals several interplanar distances with corresponding
planes for gold as 2.44 A (101), silver as 2.30 A (111), and Au—
Ag core—shell as 2.02 A (200).

Characterization of the Au—Ag Core—Shell Combined
with the Graphene-PEDOT:PSS Composite Using FTIR
Spectroscopy, FESEM, and AFM Techniques. FTIR

https://doi.org/10.1021/acsomega.3c08349
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Figure 2. (A) Infrared spectrum of graphene, PEDOT:PSS, and graphene:PEDOT:PSS composite. (B) TEM image of Au—Ag core—shell/graphene/
PEDOT:PSS. (C) The SAED pattern for Au—Ag/graphene/PEDOT:PSS composite. SEM images were obtained from (D) graphene, (E)
graphene:PEDOT:PSS composite, and (F) Au—Ag core—shell/graphene/PEDOT:PSS. AFM images of (G) graphene/PEDOT:PSS composite and
(H) Au—Ag core—shell/graphene/PEDOT:PSS.

spectroscopy was employed to study the successful integration
between graphene and PEDOT:PSS as an electrode modifier for
glassy carbon electrodes. As seen in Figure 2A, only a few
absorption signals of graphene were observed as a result of the
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small difference in the state of charges between the graphene
layers.”® Meanwhile, PEDOT:PSS shows several characteristic
peaks at 840 and 980 (C—S stretching in the thiophene ring),
1050 (C—O stretching), 1400 (S=O stretching), and 1600

https://doi.org/10.1021/acsomega.3c08349
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measurement of 1 mM K;[Fe(CN)] in 0.1 M of pH 7 phosphate buffer using four modified electrodes (bare GCE, graphene-modified GCE,
graphene/PEDOT:PSS-modified GCE, and Au—Ag/graphene/PEDOT:PSS-modified GCE). Voltammogram of 1 mM K;[Fe(CN),] in 0.1 M pH 7
phosphate buffer measured with (B) bare GCE, (C) graphene/PEDOT:PSS-modified GCE, and (D) Au—Ag core—shell/graphene/PEDOT:PSS-

modified GCE.

(C=C stretching) and a broad peak at 3500 cm™' (O—H
stretching). However, when graphene was combined with
PEDOT:PSS, it can be seen that the previously mentioned
infrared signals of PEDOT:PSS were mirrored in the graphene-
PEDOT:PSS composite. This result confirms that the backbone
of PEDOT:PSS has been successfully integrated into the
graphene structure. Further investigation of the Au—Ag core—
shell/graphene-PEDOT:PSS composite using TEM analysis
(Figure 2B) revealed that the Au—Ag core—shell embedded in
the graphene-PEDOT:PSS nanocomposite. In addition, the
SAED pattern of Au—Ag core—shell/graphene/PEDOT:PSS
(Figure 2C) also confirms the interplanar distance for gold as
2.34 A (111) plane; silver as 2.41 A (101) plane; Au—Ag core—
shell as 1.23 A (311), 1.41 A (220), and 2.08 A (200) plane; and
graphene layer as 3.34 A (002) plane.

The surface morphologies of graphene, graphene-PE-
DOT:PSS composite, and Au—Ag core—shell/graphene/
PEDOT:PSS nanocomposite were investigated using the field
emission scanning electron microscopy (FESEM) technique.
Figure 2D reveals that the surface of graphene has a flake-like
morphology with some agglomerates made up of several sheets
of graphene layers. However, when graphene is combined with
PEDOT:PSS, it can diffuse within the stacked layer, and a flake-
like morphology leads to the formation of a thin layer on the
graphene surface as displayed in Figure 2E. It is known that the
7m—r interactions between graphene layers and PEDOT:PSS
helps to stabilize the formation of a tightly coated polymeric
layer on the graphene surface.”**> Further, TEM analysis of
Au—Ag core—shell/graphene/PEDOT:PSS as shown in Figure
2F confirms the homogeneous distribution of these core—shell
nanoparticles on the surface of the graphene/PEDOT:PSS
composite.

To further understand the impact of Au—Ag core—shell
integration on the surface of the graphene-PEDOT:PSS
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composite, the atomic force microscopy (AFM) technique
was employed to obtain information about the surface
topography and its roughness. Figure 2G,H shows 2D and 3D
images of AFM obtained from the graphene/PEDOT:PSS
composite and Au—Ag core—shell/graphene/PEDOT:PSS,
respectively. Both AFM images were investigated in a scan
area of 1 X 1 ym with a scan rate of 0.75 Hz. It was observed that
the value of root-mean-square roughness (Rq) was increased
from 26.6 nm for the graphene-PEDOT:PSS composite to 41.5
nm for Au—Ag core—shell/graphene/PEDOT:PSS. In addition,
the value of peak-to-valley (R,,) was also enhanced from 149.8
nm for the graphene-PEDOT:PSS composite to 263.9 nm for
Au—Ag core—shell/graphene/PEDOT:PSS. The increase of
both roughness (Rq) and peak-to-valley (va) could be
attributed to the higher volume ratio of the Au—Ag core—shell
embedded to the graphene/PEDOT:PSS composite that leads
to a higher amount of these core—shell nanoparticles
penetrating the nanocomposite layer.”**” In addition, this
increase could also minimize the electron diffusion length, which
could facilitate a faster charge transfer on the active layer of the
Au—Ag/graphene/PEDOT:PSS nanocomposite. The enhanced
properties of these core—shell nanoparticles modified with the
nanocarbon composite would be expected to be beneficial when
they were employed as a material for electrode modifier as will
be investigated in the next sections.

Electrochemical Characterization of the Modified
Electrodes Using Cyclic Voltammetry (CV) and Electro-
chemical Impedance Spectroscopy (EIS) Techniques.
The electrochemical characterization was performed on the
modified electrodes to obtain information about the funda-
mental characteristics and properties of the electrodes before
they would be investigated further for sensing applications. One
way to investigate the fundamental properties at the electrode/
electrolyte interface is using electrochemical impedance spec-
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Figure 4. (A) Cyclic voltammogram obtained at a scan rate of S0 mV s from measuring 1 mM paraoxon in 0.1 M of pH 7 phosphate buffer using bare
GCE. (B) The complete electrochemical reaction of paraoxon involving its oxidation and reduction processes at bare GCE, (C) Voltammograms
obtained at a scan rate of 50 mV s~ for the measurements of 100 uM paraoxon-ethyl in 0.1 M of pH 7 phosphate buffer (solid line) and the
measurements of electrolyte solution (dashed line). (D) The current response (I,.) of 100 4M paraoxon in 0.1 M of phosphate buffer at a pH range
from 4 to 10 measured with Au—Ag core—shell/graphene/PEDOT:PSS/GCE. E) Schematic illustration of the interaction between Au—Ag core—

shell, graphene, and PEDOT:PSS on the surface of GCE.

troscopy (EIS) analysis for the modified electrodes. Figure 3A
shows the Nyquist plot obtained from the measurements of 1
mM K;[Fe(CN)4] in 0.1 M of pH 7 phosphate buffer with a
frequency range from 1 X 10°to 5 X 10° Hz and E,. = 10 mV at
an open constant potential using four different modified
electrodes (bare GCE, graphene/GCE, graphene/PE-
DOT:PSS/GCE, and Au—Ag/graphene/PEDOT:PSS/GCE).
The diameter size of the semicircle obtained from the
impedance measurement of each modified electrode corre-
sponds to the charge transfer resistance at the interface of
electrode/electrolyte. In general, a larger diameter of the
semicircle is related to less resistance and a faster charge transfer
process at the electrode/electrolyte interface.”® Thus, the value
of electrode resistance (R,) can be obtained by fitting the
Nyquist plot from each modified electrode to the equivalent
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Randles circuit as displayed in the inset of Figure 3A. Based on
Figure 3A, the order of diameter size of the obtained Nyquist
plot from each modified electrode from the largest to smallest
with its corresponding resistance value is as follows: bare GCE
(149 Q), graphene/GCE (85 Q), graphene/PEDOT:PSS/GCE
(71 Q), and Au—Ag core—shell/graphene/PEDOT:PSS/GCE
(61 Q). The lowest resistance value observed at Au—Ag core—
shell/graphene/PEDOT:PSS/GCE among other electrodes
indicates an enhanced electronic conductivity of the modified
electrodes that could be attributed to two main points. First, the
presence of the Au—Ag core—shell in the graphene/
PEDOT:PSS composite could facilitate a faster electron transfer
process at the electrolyte/electrode interface.”” Second, the
synergistic effect between graphene and PEDOT:PSS as
conductive materials could lower resistance at the electrolyte/
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Ag core—shell/graphene/PEDOT:PSS/GCE at the applied potential (E4.) of —0.64 V vs Ag/AgCl; inset: Cottrel plot from Figure 4G. (D) The
corresponding calibration plot of paraoxon measurements versus their slopes obtained from the Cottrell plot measured with Au—Ag core—shell/
graphene/PEDOT:PSS/GCE. (E) Galus plot (£/2 versus I/I; ) obtained from the chronoamperometric measurement of 100 #M paraoxon in 0.1 M

pH 7 phosphate buffer.

electrode interface and increase the electron transfer rate as
well.°>°" Thus, the enhanced electrocatalytic activity of this
metal—carbon—polymer nanocomposite due to higher elec-
tronic conductivity might be intriguing to further investigate it as
electrode modifier for electrochemical sensing purposes
particularly for pesticide detection.

Next, the effect of scan rate was investigated by measuring 1
mM K;[Fe(CN)4] in 0.1 M of pH 7 phosphate buffer with the
cyclic voltammetry (CV) technique at various scan rates from 25
to 250 mV s '. The investigation of scan rate effect was
performed using three different electrodes (bare GCE,
graphene/PEDOT:PSS/GCE, and Au—Ag core—shell/gra-
phene/PEDOT:PSS/GCE). As displayed in Figure 3B, the
bare GCE shows both increasing peaks for oxidation (Ipa) and
reduction (I,.) with the corresponding calibration plot of I,
versus v'/* (I, = 0.2256x — 0.5575, R* = 0.9912) and L, versus
v (I, = —02457x + 0.3479, R* = 0.9852). Meanwhile,
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graphene/PEDOT:PSS/GCE displays a linear relationship with
the corresponding calibration plot of I, versus vl/2 (I, =
2.8847x — 9.9743, R* = 0.9913) and I, versus v'/* (I, =
—2.4571x + 5.700, R* = 0.9899), as shown in Figure 3C. In
addition, Au—Ag core—shell/graphene/PEDOT:PSS/GCE
(Figure 3D) exhibits a linear plot with the corresponding
regression equation of I, versus v'/? = 3.9425x — 12.878, R* =
0.9934) and I, versus W2 = 4 1157x + 12.759, R* = 0.9899).
All these results show an excellent linear relationship that
confirmed that the electrochemical reaction of electroactive
species on the surface of modified electrode was controlled by
diffusion processes. Furthermore, the effective area for bare
GCE, graphene/PEDOT:PSS/GCE, and Au—Ag core—shell/
graphene/PEDOT:PSS/GCE can be calculated based on the
Randles—Sevcik equation:

i, = (2.687 x 10°)n* %' ?AD'2C
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where i, is the peak current for the oxidation or reduction of
K;[Fe(CN)¢] (ampere), n is the number of electrons involved in
the redox reaction of K;[Fe(CN)g] (1), D is the diffusion
coefficient (6.70 X 107° cm® s™" as reported in ref 62), A is the
effective area electrode (cm?), v is the scan rate (Vs™'), and Cis
the concentration of K;[Fe(CN)g] solution (mol cm™). It can
be calculated that the effective surface area for bare GCE,
graphene/PEDOT:PSS/GCE, and Au—Ag core—shell/gra-
phene/PEDOT:PSS/GCE is 0.008, 0.084, and 0.115 cm?
respectively. This result reveals that the effective surface area for
Au—Ag core—shell/graphene/PEDOT:PSS-modified GCE was
roughly 14 times higher than that of the unmodified GCE.
Therefore, the improvement of the effective surface area for the
Au—Ag core—shell/graphene/PEDOT:PSS modified GCE is
expected to enhance the electrocatalytic activity toward
pesticide detection particularly for paraoxon sensing compared
with the unmodified GCE.

Electroanalytical Behavior of the Modified Electrode
for Paraoxon-ethyl Detection. At first, the unmodified GCE
was employed to investigate the electrochemical behavior for
paraoxon-ethyl detection. Figure 4A shows the cyclic voltammo-
gram (CV) obtained at a scan rate of SO mV s™' for the
measurements of 1 mM paraoxon-ethyl in 0.1 M of pH 7
phosphate buffer, which was first scanned from 0 to —1 V and
reversed back to +0.6 V vs Ag/AgCl. It can be seen from this CV
that there is a cathodic peak observed at —0.6 V vs Ag/AgCl with
two additional peaks for oxidation and reduction displayed at
0.07 and —0.16 V vs AgCl, respectively. The first cathodic peak
observed at —0.6 V vs Ag/AgCl can be attributed to the direct
reduction of paraoxon-ethyl into phenylhydroxylamine involv-
ing the transfer processes of four electrons and four protons®®
(Figure 4B, system I). Meanwhile, the subsequent reversible
redox processes for both anodic (B) and cathodic (C) peaks
could be related to the formation of hydroxylamine to the
nitroso group requiring the transfer of two electrons and two
protons”* (Figure 4B, system II). Thus, we decided to focus on
investigating the first electrochemical reduction of paraoxon-
ethyl into phenylhydroxylamine on scanning toward a cathodic
direction.

Figure 4C shows the electrochemical characterization of 100
#M paraoxon-ethyl in 0.1 M of pH 7 phosphate buffer measured
with four different electrodes (bare GCE, graphene/GCE,
graphene/PEDOT:PSS/GCE, and Au—Ag core—shell/gra-
phene/PEDOT:PSS/GCE) using DPV techniques. From this
figure, it can be seen that there is a shift in the peak reduction
potential of paraoxon-ethyl when it was measured with Au—Ag
core—shell/graphene/PEDOT:PSS/GCE to a potential —0.5V
vs AgCl compared to other modified electrodes. In addition, the
cathodic peak current of paraoxon-ethyl at this modified
electrode is shown to be more than 6-fold higher than bare
GCE, depicting the significant electrocatalytic activity of Au—Ag
core—shell/graphene/PEDOT:PSS. It is also observed from
Figure 4D that the highest current for paraoxon-ethyl reduction
at Au—Ag core—shell/graphene/PEDOT:PSS/GCE was ob-
served at pH 7 in a pH range from 4 to 10. The lowered intensity
of peak current for paraoxon-ethyl reduction in acidic or alkaline
conditions could be attributed to its decomposition processes in
both media.”® Then, pH 7 was chosen as the optimum pH for
subsequent investigation of paraoxon-ethyl measurements using
this modified electrode.

Figure 4E displays the schematic illustration of chemical
interaction between graphene and PEDOT:PSS as conductive
materials with Au—Ag core—shell as an electron channel on the
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surface of GCE. The improved performance of the modified
electrodes could be associated with two parallel synergistic
phenomena that occur on the surface of Au—Ag core—shell/
graphene/PEDOT:PSS modified GCE. The first is due to 7—7
interactions between graphene with PEDOT:PSS, whose
polymeric structure can be intercalated within graphene layers
and thus could enhance the conductivity of the material
composite.66

In addition, 7—x interactions may also occur between the
aromatic moiety of paraoxon-ethyl with graphene and PSS to
improve the electrocatalytic redox process on the surface of
modified electrodes.”” Second, the hydrogen interaction occurs
between oxygen in nitro (NO,”) and orthophosphate (PO,")
functional groups from the chemical structure of paraoxon-ethyl
with sulfonic acid functional groups (—SO;H) in the chain
structure of PSS. Therefore, all these possible chemical
interactions may occur on the surface of the modified electrode
possessing the highest electrocatalytic activity that is due to the
synergistic effect between Au—Ag core—shell, graphene, and
PEDOT:PSS.

The effect of scan rates on the cathodic peak current was
investigated by measuring 100 M paraoxon-ethyl in 0.1 M of
pH 7 phosphate buffer at different scan rates (10, 25, 50, 7S, 100,
150, 200, and 250 mV s™') using Au—Ag core—shell/graphene/
PEDOT:PSS/GCE. As displayed in Figure SA, the peak current
of paraoxon-ethyl reduction (I,.) is linearly proportional with
the scan rate from 10 to 250 mV s~". Based on the inset of Figure
5A, a corresponding calibration plot of I, vs v!2 (IPc =—1.4676x
— 1.6804; R? = 0.9910) can be obtained, which defines an
excellent calibration curve. This result also confirms that the
electrochemical reduction process of paraoxon-ethyl on the
surface of Au—Ag core—shell/graphene/PEDOT:PSS was
controlled by diffusion phenomena. In addition, the potential
of cathodic peak (E,) for paraoxon-ethyl reduction negatively
shifted as the scan rates increased when it was measured with
this modified electrode. Based on Figure 5B, the E,. for
paraoxon-ethyl reduction shifted linearly with the natural
logarithm of scan rate (In v) with the increasing scan rates
from 10 to 250 mV s~". The obtained linear regression was E,.=
—0.0143x — 0.5041; R* = 0.9904 as shown in Figure SB. Thus,
the kinetic parameters for the electrochemical reduction process
of paraoxon-ethyl can be determined according to Laviron’s
theory, as follows:

RT In v

E.=E' - —————In
(1 — a)nF

pc

RT
log k, = alog(l — a) + (1 — a)loga — log —
nFv

a(l — a)nFAE,

2.3RT
(o)
— | — |lnv
anF

where n is the number of transferred electrons, a is the
coefficient for electron transfer, k, is the electron transfer rate
constant, F is the Faraday constant, R is the universal gas
constant, T is the absolute temperature, v is the scan rate, E” is
the formal potential, and K? is the standard potential. It was
obtained from the above calculations that the values for @ and n
are 0.45 (equivalent to 0.5) and 3.5 (equivalent to 4),

respectively. Meanwhile, the calculated value for k is 3.50 57/,
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Figure 6. (A) Voltammograms obtained from the measurements of paraoxon-ethyl in different concentrations from 0.2 to 100 #M using Au—Ag core—
shell/graphene/PEDOT:PSS/GCE. (B) Reproducibility of the paraoxon-ethyl measurements at a concentration of 80 #M in 0.1 M of pH 7 phosphate
buffer using five different electrodes. (C) Stability of paraoxon-methyl measurement at a 80 M in 0.1 M of pH 7 phosphate buffer over 3 consecutive
days. (D) Variation in the reduction current of the measurement of paraoxon-ethyl in the presence of several potential interfering species when

measured with Au—Ag core—shell/graphene/PEDOT:PSS/GCE.

Table 1. Comparison of the Analytical Performance of This Developed Sensor for Paraoxon-ethyl Detection with Previous

Sensors
techniques electrode linear range (#M) LOD (nM) sensitivity (uA uM ™' cm™?) ref
colorimetry AChE-[Cu(Nc),]** 0.15-1.25 0.045 25
DPV AChE/PANI’@CuO 1X 107302 9.6 X 1072 4.98 x 10* 27
DPV NiCO,0,—~SWCNT* 1X107*-14x 1073 2.03x 107 9.8 X 10° 28
swv graphene@NiFe phosphosulfide 123 X 107210 x 10° 3.7 65
DPV La**-TiO,-fMWCNT* 11.66—307.66 1.9 7.669 68
DPV Ag@CuO/polyaniline 5x107-1x 107* 11.35 X 1073 5.5 % 10° 72
amperometry ~ CuO@PEDOT:PSS 1-8 x 1072 43x107* 9.13 X 10° 73
DpPV MnCo,0, 0.015—43S 2% 1073 2.3 74
amperometry Zn-Ni-P-S/GO 1-200 35 6.39 X 1072 75
amperometry Pd-WO;/g-C;N,° 0.01-900 0.03 3.7 76
DPV defect graphene nanoribbon 0.01-25 4.3 77
DPV BivO, 0.05—860 30 0.345 78
DPV Au—Ag core—shell/graphene/PEDOT:PSS/GCE 0.2—100 10 3.24 this work

“Single-walled carbon nanotube. bAcetylcholinesterase/polyaniline. “Graphitic carbon nitride. dSquare wave voltammetry. “Functionalized

multiwalled-carbon nanotube.

which is still comparable to the values reported in the previous
works (1.10 s™" as reported in ref 68).

The chronoamperometric studies were conducted to
determine the diffusion coefficient in a series of concentrations
of paraoxon-ethyl in 0.1 M pH 7 phosphate buffer using Au—Ag
core—shell/graphene/PEDOT:PSS/GCE as a working elec-
trode. As displayed in Figure 5C, the chronoamperograms show
an increasing cathodic current of paraoxon-ethyl reduction
corresponding to the increasing concentration of paraoxon-ethyl
varying from 20 to 100 yM. Then, a diffusion coefficient (D) of
paraoxon-ethyl can be determined using the Cottrell equation as
follows:
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I = nFADY g V%7172

where n is the total number of electrons involved in the
reduction of paraoxon-ethyl (4), D is the diffusion coefficient for
paraoxon-ethyl (cm” s7'), and A is the electrode area (0.115
cm?). It can be seen in Figure SD that the plot of I vs £/ at
various concentrations of paraoxon-ethyl ranging from 20 to 100
UM was linearly proportional. The calculated diffusion
coeflicient for paraoxon-ethyl detection using Au—Ag core—
shell/graphene/PEDOT:PSS was 4.45 X 1077 cm” s, which is
also comparable with previous studies (9.19 X 10 cm s " as

reported in ref 69). In addition, the catalytic rate constant can be
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determined using the slope of the I/I; vs t"/>

SE following the equation below:

Io/1, = (nk,Ct)"/?

as shown in Figure

where I is the catalytic current of paraoxon-ethyl reduction
using Au—Ag core—shell/graphene/PEDOT:PSS/GCE, I is
the limiting current in the absence of paraoxon-ethyl (A), k; is
the catalytic rate constant (L mol™' s!), C is the concentration
of paraoxon-ethyl (mol L™"), and ¢ is the experiment time (s).
On the basis of this equation, it can be derived that the catalytic
rate constant (k;,) for the paraoxon-ethyl reduction using this
modified electrode is 1.98 X 10° L mol™! s™!, which is
proportional to the value reported in previous studies (5.88 X
10* L mol™" s™" as reported in ref 70 and 2.25 X 10°> L mol ™' s™*
as reported in ref 71).

Electroanalytical Performance of Au—Ag Core—Shell/
Graphene/PEDOT:PSS/GCE for Paraoxon-ethyl Detec-
tion. The electroanalytical performance of Au—Ag core—shell/
graphene/PEDOT:PSS/GCE was evaluated in terms of several
parameters such as linearity, limit of detection (LOD), limit of
quantitation (LOQ), reproducibility, stability, and selectivity
toward several interfering species. Figure 6A shows the
evaluation of the linearity derived from the DPV measurements
at a scan rate of SO mV s~ for paraoxon-ethyl in a concentration
range from 0.2 to 100 #M in 0.1 M pH 7 phosphate buffer. This
figure clearly indicates that the intensity of peak current
increased linearly with the increasing concentration of para-
oxon-ethyl with the corresponding calibration plot at a range of
0.2—1 uM (I, = 3.2467x + 0.5936, R = 0.9951) and 1—100 uM
(IPc = 0.4179x + 2.8985, R* = 0.9998), as shown in the inset of
Figure 6A. From signal-to-noise investigation, it can be
calculated that the LOD, LOQ, and sensitivity for paraoxon-
ethyl measurements using Au—Ag core—shell/graphene/
PEDOT:PSS/GCE were 0.01 uM, 0.03 M, and 3.24 pA
UM em™?, respectively. In addition, based on Table 1, it can be
seen the electroanalytical performance of this proposed sensor
for paraoxon-ethyl detection is comparable with previous
sensors.’”*”*' ™" The synergistic effect between the Au—Ag
core—shell with the composite of graphene/PEDOT:PSS could
improve the electrochemical performance and sensitivity toward
paraoxon-ethyl measurements at the optimum experimental
conditions.

The reproducibility of Au—Ag core—shell/graphene/PE-
DOT:PSS/GCE for was evaluated by measuring 80 uM
paraoxon-ethyl in 0.1 M of pH 7 phosphate buffer. Figure 6B
displays the value of the relative standard deviation (RSD) of
4.6%, which was obtained by measuring paraoxon-ethyl using
five different electrodes. Meanwhile, the stability of Au—Ag
core—shell/graphene/PEDOT:PSS/GCE was investigated by
measuring 80 uM paraoxon-ethyl in 0.1 M of pH 7 phosphate
buffer using a similar electrode in 3 consecutive days, which
resulted in a %RSD value of 4.9% (Figure 6C). The obtained
current from this sensor based on Au—Ag core—shell/graphene/
PEDOT:PSS/GCE was gradually diminished after 3 days, which
suggests that this proposed sensor might be suitable for further
development as a disposable sensing platform.

In addition, the selectivity of the Au—Ag core—shell/
graphene/PEDOT:PSS/GCE was investigated to evaluate
several interfering species to meet its requirement as a selective
sensing platform for paraoxon-ethyl detection. Figure 6D shows
the current variation obtained from the measurement of 80 yM
paraoxon-ethyl (POE) in 0.1 M of pH 7 phosphate buffer in the
presence of several potential interfering species including
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diazinon (DZN), ascorbic acid (AA), glucose, carbaryl, nitrite,
NH,CI, NaHCOj;, and MgSO,. As revealed in this figure, the
current response of Au—Ag core—shell/graphene/PE-
DOT:PSS/GCE shows negligible change when several interfer-
ing species were added to paraoxon-ethyl, which indicates that
this proposed sensor provides a selective current signal for
analytes. Furthermore, Table 2 also shows that the recovery

Table 2. Effect of the Presence of Several Interfering Species
and Its Recovery Value for the Measurement of 80 uM
Paraoxon-ethyl in 0.1 M of pH 7 Phosphate Buffer

interference ratio level e apativi recovery
interferences  (interference/paraoxon-ethyl) (uA) (%)
33.19 £ 0.11
diazinon 1:1 34.89 + 1.50 105.14
(DZN)
ascorbic acid 1:1 33.33 +0.82 100.41
(AA)
glucose 1:1 32.50 + 1.00 97.93
carbaryl 1:1 32.82+0.35 97.51
nitrite 1:1 3490 + 1.15 10S.18
NH,CI 1:1 33.62 +1.13 101.32
NaHCO, 1:1 32.79 £ 0.34 98.79
MgSO, 1:1 33.69 + 0.74 101.52

value obtained from this investigation is in the range of 97—
105% and can be assumed to be in the acceptable analytical
range.”” Therefore, it can be concluded that this proposed
sensor for the detection of paraoxon-ethyl yielded a reliable and
good analytical performance and might have a potency further to
be employed in real samples such as vegetables.

Analysis of Real Samples. The applicability of Au—Ag
core—shell/graphene/PEDOT:PSS/GCE for paraoxon-ethyl
detection in real applications was investigated using two
different samples (Chinese cabbage and pear fruit) by the
DPV technique. Figure 7AB shows the results of electro-
chemical evaluation of the proposed sensor for the two different
samples using the standard addition method. Each sample was
first initially prepared in S mL solution and subsequently added
with paraoxon-ethyl in the concentration range from S to 25 M.
The inset of Figure 7A,B reveals two calibration plots: the first is
I, = 0.8026x + 1.3635, R? = 0.9984, for the Chinese cabbage
sample, and the second is I, = 0.8343x + 0.4262, R* =0.9981,
for the pear fruit sample. Then, the real concentrations of
paraoxon-ethyl in the sample of Chinese cabbage and pear fruit
as shown in Table 3 were 4.128 + 0.043 and 1.024 + 0.017 uM,
respectively. The results from this proposed electrochemical
technique were then compared with the standard spectrophoto-
metric technique with its corresponding calibration plot as y =
0.0351x + 0.0794, R* = 0.9968, for the Chinese cabbage sample
and y = 0.0495x + 0.0109, R* = 0.9900, for the pear fruit sample
(figure not shown). Thus, the concentration of paraoxon-ethyl
in the sample of Chinese cabbage is 4.349 + 0.093 M and that
in the sample of pear fruitis 1.101 + 0.011 M as shown in Table
3. The concentrations of paraoxon-ethyl in two samples
determined with two different techniques were subsequently
compared with statistical analysis (f_gene 2t the 95% confidence
interval), which resulted in no significant difference between
these two methods. Therefore, it can be concluded that the
proposed sensor for paraoxon-ethyl detection based Au—Ag
core—shell/graphene/PEDOT:PSS/GCE might have a potency
to be further employed in real samples, and its results were also
comparable with the standard method. This also indicates that

https://doi.org/10.1021/acsomega.3c08349
ACS Omega 2024, 9, 2896—2910


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
A (o R o
[Spiked Paraoxon]
5uM
< 104
: 20 y =0.8026x + 1.3635
R’ =0.9984
25 uM 0
-20- ,
5 10 15 20 25
[Spiked Paraoxon] (M)
1.0 -0.8 -0.6 -0.4 0.2

E(V) Vs Ag/AgCl

0.0

B [o{ — X 7 T
[Spiked Paraoxon]
5pM
104
[ y =0.8343x + 0.4262
i B R*=0.9981
<,
25,M :Jﬂ
20
0
0 5 10 15 2 25
[Spiked Paraoxon] (M)
T T N g
-0.8 -0.6 -0.4 -0.2

E(V) Vs Ag/AgCI

Figure 7. (A) Voltammograms recorded at a scan rate of 50 mV s™' with Au—Ag core—shell/graphene/PEDOT:PSS/GCE from the measurement 0.1
M of pH 7 phosphate buffer spiked with various concentrations of paraoxon-ethyl ranging from S to 25 uM in the sample of (A) Chinese cabbage and

(B) pear fruit.

Table 3. Comparison of the Paraoxon-ethyl Concentration in
the Sample of Chinese Cabbage and Pear Fruit Determined
with Electrochemical and Spectrophotometric Techniques

measured concentrations

sample electrochemical (uM)  spectrophotometric (1M)
Chinese cabbage 4.128 + 0.043 4.349 + 0.093
pear fruit 1.024 + 0.017 1.101 £ 0.011

this proposed sensor for paraoxon detection could be further
developed as a platform for quick and early detection of pesticide
concentration in agricultural products.

B CONCLUSIONS

In conclusion, we have demonstrated the successful fabrication
of an electrode modifier based on the Au—Ag core—shell/
graphene/PEDOT:PSS composite and employed it as a
platform for paraoxon-ethyl sensing by embedding it into the
GCE surface. Before being used as an electrode modifier, the
Au—Ag/graphene/PEDOT:PSS composite was characterized
using UV—vis and FTIR spectroscopy, FESEM, TEM, and AFM
techniques, as well as electrochemical characterization (CV and
EIS). Analysis of the electrochemical behavior of Au—Ag core—
shell/graphene/PEDOT:PSS/GCE found that the first cathodic
peak corresponds to the direct reduction into phenylhydroxyl-
amine involving the transfer process of four protons and four
electrons, and thus, it can be further quantitatively investigated
at pH 7 as the optimum pH for paraoxon-ethyl detection. It is
also revealed that Au—Ag core—shell/graphene/PEDOT:PSS
shows a sensitivity for paraoxon-ethyl detection, with its current
peak intensity being approximately 6-fold higher than bare GCE.
Further characterization of Au—Ag core—shell/graphene/
PEDOT:PSS/GCE confirmed its electroanalytical range area
in a wide linear range concentration (0.2—100 yM), a low LOD
(10 nm), and a high sensitivity (3.24 yA uM™' cm™) for
paraoxon-ethyl detection. This is due to the fact that the
synergistic effect of the Au—Ag core—shell with the graphene/
PEDOT:PSS composite via hydrogen and z—r interactions
could enhance the conductivity of the modified electrode as
confirmed by EIS studies. In addition, the proposed sensor for
paraoxon-ethyl detection also shows a satisfactory performance
in terms of its reproducibility and selectivity toward several
potential interfering species, and this sensing platform might be
more suitable further as a disposable electrode. Furthermore, the
calculated concentration of paraoxon-ethyl derived from the
proposed sensor (Au—Ag core—shell/graphene/PEDOT:PSS/
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GCE) was found to have no significant difference using
statistical analysis compared with the standard spectrophoto-
metric technique (_. at 95% confidence interval) when it was
employed in the samples of agricultural products. Thus, this
present work demonstrates an alternative electrochemical
sensing platform for paraoxon-ethyl detection, which offers a
rapid and reliable method and might be used in future
applications to monitor the pesticide concentration in environ-
mental samples.
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