lonics (2023) 29:1579-1591
https://doi.org/10.1007/511581-023-04895-2

ORIGINAL PAPER q

Check for
updates

Electrochemical sensor based on graphene and tungsten disulfide
nanoparticles for determination of noscapine and papaverine

Emran Ahmadi' - Ebrahim Zarei? - Alireza Asghari’

Received: 29 March 2022 / Revised: 23 December 2022 / Accepted: 16 January 2023 / Published online: 14 February 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

In this research, for the first time, an electrochemical sensor has been introduced by incorporating synthesized graphene
nanoparticles (GrNPs) and tungsten disulfide nanoparticles (WS,NPs) into a carbon paste (CP) matrix. This sensor was used
for the simultaneous measurement of noscapine (NOS) and papaverine (PAP) as two important alkaloids in opium. The
properties of the synthesized nanoparticles were examined by scanning electron microscopy, elemental analysis, and X-ray
diffraction. The electrochemical behavior of the modified electrode in aqueous solutions was studied by chronoamperometry,
cyclic voltammetry, impedance, and differential pulse voltammetry techniques. A significant enhancement in the peak cur-
rent response of NOS and PAP was observed at the graphene nanoparticles and tungsten disulfide nanoparticle-modified
carbon paste electrode (GrNPs/WS,NPs/CPE) compared to the bare CPE. Also, using differential pulse voltammetry (DPV)
method, linear range 5 to 1000 pM and limit of detection (LOD) (S/N=3.0) 0.5062 pM and 1.0793 pM were obtained for
NOS and PAP, respectively. Real-sample analysis results showed a recovery range 93.0-95.0% and 93.0-95.4 for NOS and
PAP, respectively, that confirm a powerful ability of GrNPs/WS,NPs/CPE for determination of NOS and PAP in urine and
industrial effluent samples.

Keywords Graphene nanoparticles - Tungsten disulfide nanoparticles - Modified electrode - Simultaneous determination -

Noscapine - Papaverine

Introduction

Recently, the metal sulfides have been received considerable
attention because of its promising properties, for example,
chemical stability, non-toxicity, electron redox activity, low
cost, environmental friendliness, and high electron transfer
kinetics which have significant applications [1, 2]. Thus,
many research groups studied metal sulfides for various sci-
ence and technological applications. Therefore, it is widely
applied to supercapacitors, corrosion prevention, batteries,
hydrogen storage, fuel cells, photo- and electrocatalysts, and
electrochemical sensors [3—7]. Currently, tungsten disulfide
(WS,) possesses many fascinated properties such as high
electrical conductivity, excellent catalytic activity, and high
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thermochemical stability [8, 9]. Several methods have been
introduced for the synthesis of micro-nanoscale WS, with
specific morphologies and startling properties. These meth-
ods include the mechanical activation, magnetron sputtering,
thermal decomposition, laser ablation, chemical vapor depo-
sition, solid—gas reaction, etc. [10]. However, these methods
are less favored due to the involvement of higher time and
cost. The synthesis of WS, via hydrothermal process has
multiple advantages as compared with other methods due
to the low temperature, an appropriate and simplest fab-
rication process, and the highly pure end product [11]. In
this research, hydrothermal process method was used for
WS,NPs synthesis.

Carbon-based solid electrodes are of current widespread
use within electroanalysis owing to their broad poten-
tial window, low background current, low cost, chemical
inertness, and suitability for various sensing applications
[12-15]. Carbon is one of the most abundant nonmetallic
elements and is found uniformly distributed throughout the
globe. The uniqueness of carbon is due to its catenation
property, i.e., the property of an element to form bonds with

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11581-023-04895-2&domain=pdf

1580

lonics (2023) 29:1579-1591

similar or different kinds of atoms. Because of its catena-
tion property, carbon mainly exists in two different allotropic
forms: crystalline and amorphous carbon. The crystalline
form has an ordered arrangement which includes diamond
(sp3), graphite (spz), carbine (spl), and fullerenes (distorted
sp?). Graphene is a relatively new 2D material consisting of
one atom thick planar layer of sp? hybridized carbon atoms
packed in a hexagonal lattice. Graphene and its compos-
ites exhibit good electrochemical performance owing to
their superior properties, such as high surface area, high
mechanical strength, good conductivity, and chemical stabil-
ity [16, 17]. On the other hand, nanostructure materials have
attracted much attention in the last few years due to their
unique properties that are different from the bulk materials
[18]. During the past few years, researchers have produced
a short analysis and study of graphene preparation literature
[19], illustrating the most common graphene. In summary,
basic graphene preparation consists of mechanical exfolia-
tion, liquid phase exfoliation, chemical vapor deposition, arc
discharge method, and synthesis on SiC. The liquid-phase
exfoliation method is an effective method for producing gra-
phene, so in this work, this method was used to produce
GrNPs. Many studies have focused on using WS, along with
other nanomaterials as novel modified electrode materials
due to their aggregation properties [20, 21]. In this regard,
integrating WS, and high conductive matrix into a nano-
structure has been demonstrated as a valuable approach to
improve the conductivity [22, 23]. In recent years, various
nano- and multilayer—based matrices including graphene and
graphene-based high conductive materials have been widely
used to construct with WS, to improve their electrocatalytic
performance [24-26].

Noscapine and papaverine have been considered as the
derivatives of isoquinoline. The second most abundant
alkaloid in opium is NOS (in concentrations of 2-8%)
without analgesic traits [27] and is often used the phar-
maceutical antitussive activity [28]. Moreover, NOS can
cause apoptosis in many cell types and has strong anti-
tumor action versus solid murine lymphoid tumors and
human breast and bladder tumors fixed in nude mice.
Papaverine was first separated from alkaloids of the opium
group by Merck in 1848. Its value present in opium is
almost 0.5-1% [29]. PAP lowered tonus and reduced the
contractile activity of smooth muscles [30]. In significant
doses, it decreased the excitability of the cardiac muscle
and delayed intracardiac conduction [31]. In spite of many
therapeutic effects, it has side effects for example causing
prolonged fall in arterial blood pressure, when the intes-
tinal tract is relaxed [29]. Also, PAP has interaction with
cellular membrane and influence on affinity of hemoglobin
to oxygen. Besides morphine, other alkaloids, such as
PAP, NOS, or codeine, are co-extracted together with mor-
phine and therefore reflect both the primary composition
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of opium and the method of extraction used. The methods
of heroin production were experimentally examined by
Huizer [32], who compared two main procedures used for
illicit isolation of morphine from opium: the lime method
(used in Southeast Asia) and the ammonia method (West
Asian method). Both methods showed similar yield for
morphine, codeine, and thebaine, but the content of PAP
and particularly of NOS was strikingly higher in the
ammonia extracts. Huizer [32] found 14.99% of NOS and
1.33% of PAP (median values) in 513 non-prescription
heroin samples seized in the Netherlands and analyzed in
the period 1994-1999. Also, Gough [33] observed that the
Pakistani Type 1/Iranian heroin contained approximately
10% NOS and approximately 2% PAP, and in Chinese,
Indian, Pakistani Type 2, and Turkish heroin, only traces
of these alkaloids were present.

Various methods have been reported for determination of
PAP, such as chemiluminescence [34, 35], chromatography
[36, 37], spectrophotometry [38, 39], and electrochemistry
[40, 41]. Among them, the electrochemical methods have
received much interest in recent years due to their rapid,
lower cost, disposability, portability, high accuracy, and
simplicity of preparation. Also, electrochemical methods in
comparison with reported chromatographic methods have
lower matrix interferences, so there is no requirement for
time-consuming extraction step [42]. The simultaneous utili-
zation of GrNPs/WS,NPs for the fabrication of electrochem-
ical sensors for simultaneous determination of noscapine and
papaverine has never been reported in the literature.

In this paper, the graphene nanoparticles (GrNPs) and
tungsten disulfide nanoparticles (WS,NPs) were applied for
bulk modification of the CPE to fabricate an electrochemical
sensor for NOS and PAP measurements. The CPE modi-
fied with GrNPs and WS,NPs (GrNPs/WS,NPs/CPE) could
remarkably enhance the electrochemical responses of NOS
and PAP and improve the sensitivity and selectivity of NOS
and PAP detection. Furthermore, the electrochemical sensor
was successfully employed to determine the NOS and PAP
concentrations in real samples.

Experimental
Materials

All the reagents used in this work including, methanol, etha-
nol, HCI, HNO3’ NaOH, H;PO,, H,SO,, sodium tungstate
dihydrate (Na,WO,.2H,0), K,S,05, P,0s, Na,S, KOH, KCl,
NaCl, hydroxylamine hydrochloride, and nujol oil from the
Merck company. All solutions were freshly prepared with
double-distilled water. NOS and PAP were purchased from
the Sigma-Aldrich chemical company.
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Apparatus

Electrochemical data were obtained with a three-electrode
system using a Potentiostat/Galvanostat (OrgaFlex 500,
Franc). The three-electrode system was employed with an
Ag/AgCl (saturated by KCl) electrode as a reference elec-
trode, a Pt wire as a counter electrode, and a CPE modified
with graphene and WS, nanoparticles was used as a working
electrode. All of used electrodes were from Metrohm. The
electrochemical impedance spectroscopy (EIS) measure-
ments were performed by applying an AC voltage with 5 mV
amplitude in a frequency range from 0.01 Hz to 100 kHz
under open circuit potential conditions. X-ray diffraction
(XRD) patterns were obtained on a Burker AXS (Model
B8 Advance). The microstructure and elemental composi-
tion of the samples were analyzed by using scanning elec-
tron microscope (SEM) (FE-SEM TESCAN MIRA3) and
energy-dispersive spectra (EDS) (Mira3 detector SAMX)
analysis. A pH meter, PHS-3BWModel (Bell, Italy) with
a glass combination electrode was used for pH measure-
ments. An ultrasonic bath (SW3, Switzerland) was used at a
frequency of 50/60 kHz.

Synthesis of WS2 nanoparticles

WS, nanoparticles is synthesized via hydrothermal method
[43]. In a typical procedure for the synthesis of WS, nano-
particles, 329 mg of sodium aqueous tungstate and 156 mg
of sodium sulfide are dissolved in 50 mL of deionized water
using a magnetic stirrer; then, 347 mg of hydroxyl ammo-
nium chloride is added to this solution at a constant rate. To
dissolve completely in the solution, now with the help of
1 M hydrochloric acid or 1 M soda, the pH of the solution is
adjusted to 7, and finally, the resulting mixture is placed in
an ultrasonic bath at 70 °C for 1 h. The resulting precipitate
is then separated by centrifugation and washed several times
with deionized water and pure ethanol. Finally, the resulting
product is collected and dried under vacuum at 75 °C.

Fabrication of graphene nanoparticles

Graphite was put into a mixture of 12 mL concentrated
H,S0,, 2.5 g K,S,04, and 2.5 g P,0Os. The solution was
heated to 80 °C and kept stirring for 5 h using oil bath. Next,
the mixture was diluted with deionized water (500 mL). The
product was obtained by filtering using 0.2-um Nylon film
and dried naturally. The product was re-oxidized by Hum-
mers and Offeman method to produce the graphite oxide
[34]. Exfoliation was carried out by sonicating 0.1 mg/mL
graphite oxide dispersion for 1 h. Reduction of graphite
oxide was carried out by adding 0.5 mL hydrazine into the
solution of 50 mg graphite oxide powder in 20 mL water
after sonicating for 1 h and kept stirring for 24 h at 50 °C.

Finally, black hydrophobic powder of graphene was obtained
by filtration and dried in vacuum [44].

Preparation of working electrodes

To prepare the unmodified electrode, a certain amount of
graphite and nujol oil as the pasting liquid is weighed and
transferred to a mortar. The above materials are ground until
a completely homogeneous mixture is prepared. Its kinetics
and a small amount of it prevent the mixture from becoming
completely homogeneous, thus reducing the reproducibility
of the electrode. The prepared carbon paste is then trans-
ferred to a double-ended glass or plastic tube and completely
compressed. Then, using a copper wire, an electrical con-
nection is established (Scheme 1). Before using the carbon
paste electrode, the contact surface of the electrode must be
smooth and even. For the preparation of modified electrodes
GrNPs/CPE, WS,/NPs/CPE, and GrNPs/WS,/NPs/CPE, the
procedure was similar to the preparation of unmodified elec-
trodes; only in the first step, certain amounts of graphene
and WS, nanoparticles are added to graphite and nujol oil.

Prepare a solution of real samples

In this work, industrial effluent and urine were examined and
tested as two real samples. The urine samples were collected
from candidates without a disease history. The urine samples
were filtered through a 0.45-mm pore size cellulose acetate
filter and without dilution. The industrial effluent sample
prepared was centrifuged for 15 min at 4000 rpm to elimi-
nate the suspended pollutions. Then, each of the samples
was brought to the desired pH using sodium hydroxide solu-
tion or concentrated hydrochloric acid and was transferred
to an electrochemical cell separately for analysis. Finally,
the experiments were performed in a linear range with the
standard increase method.

Results and discussion
Characterization of Gr and WS2 nanomaterials

Figure 1A and B show the SEM images of graphene and
tungsten disulfide (WS,) nanoparticles, respectively. Gra-
phene nanoparticles are shown as hollow cavities and WS,
nanoparticles as lamellar layers. The size of nanoparticles
and cavities was calculated using two software: Digimizer
and Origin. The distribution of these two nanoparticles
improves the performance of the electrode and increases
the speed of electron transfer between the electrode surface
and the solution

X-ray energy diffraction (EDS or EDX) spectroscopy
is an analytical method used to analyze the structural or
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Scheme 1 Schematic procedure
of the GrNPs/WS,/NPs/CPE
preparation
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Fig.1 SEM images of A graphene and B WS, nanoparticles. EDS results of C graphene and D WS, nanoparticles. XRD patterns of E graphene

and F WS, nanoparticles

chemical properties of a sample. This method relies on the
interaction between the X-ray excitation source and the sam-
ple. The descriptive capabilities of this method are gener-
ally based on the general principle that each element has a
unique atomic structure that creates a unique set of peaks
in the X-ray spectrum. Since the energy of X-rays repre-
sents the energy difference between the two layers as well
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as the atomic structure of the element from which they are
emitted, it is possible to measure the composition of the
sample elements. The resulting EDX spectrum graphene
and WS, nanoparticles are shown in Fig. 1C and D, respec-
tively. The results about the weight percentage and atomic
percentage of the constituent elements of graphene and WS,
are summarized in Tables as insets. These results show the
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presence of elements C, O, W, and S in the structures of
these nanomaterials.

X-ray diffraction (XRD) is used to confirm the phase and
crystal structure of Gr and WS,. As shown in Fig. 1E, Gr
presents a diffraction peak at 26°, which can be ascribed to
(002) reflections of Gr, demonstrating the diffraction char-
acteristics of grapheme [45]. According to Fig. 1F, the pure
WS, sample shows the diffraction peaks at 16.11°, 29.82°,
44.84°, and 59.33° that correspond to the hexagonal 2HWS,
(002), (004), (006), and (008), respectively [46]. To inves-
tigate the mean size of graphene and WS, nanoparticles,
the highest and sharpest peaks in the XRD spectrum and
Debye—Scherrer Eqgs. (1-2) were used.

= KA
" B cosd @)

In this relation, 7 is the average particle size in nanom-
eters, K is the crystal shape coefficient which was considered
equal to 0.9, 4 is the wavelength of the X-ray tube which is
equal to 0.154 nm, 3 is the peak width in Half the maximum
height (FWHM), @ is the diffraction angle. In the Scherer
relation, K and cos@ have no dimension, and the dimensions
A, B, and 7 must be of the same material (unit of length). The
following formula is used to convert the # dimension from
degrees to units of length.

P x2x3.1416

360 @

For graphene in Eq. 1, # is equal to 0.0081 and cosf is
equal to 0.97, which after calculations, the size of graphene
nanoparticles was equal to 17.64 nm. Also, for WS,, f is
equal to 0.0031 and cos@ is equal to 0.99, which after calcu-
lations, the size of WS, nanoparticles was equal to 45.16 nm.

Impedance measurements of GrNPs/WS2NPs/CPE

Electrochemical impedance spectroscopy (EIS) was also
employed to study the Gr/WS,/NPs/CPE. Figure 2 shows
the typical results of AC impedance spectra of the bare CPE
(curve a), Gr/CPE (curve b), WS,/NPs/CPE (curve c), and
G1/WS,/NPs/CPE (curve d) in 0.1 M KClI solution contain-
ing 1.0 mM [Fe(CN)¢]*~*~ by applying 5 mV AC voltage
in the frequency range of 0-2 Hz. The experimental results
for the electrodes were fitted to equivalent circuit (inset of
Fig. 2). This comparable circuit encompasses an interfacial
capacitance (Cy), the ohmic resistance of the electrolyte
(R,), the electron-transfer resistance (R,), and the War-
burg impedance (Z,,). EIS in full frequency range includes
a semicircle part and a linear part. The semicircle part at
higher frequencies corresponds to the electron-transfer lim-
ited process, and the electron-transfer resistance R, which
controls the electron transfer kinetics of the redox probe
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Fig.2 Nyquist plots of the bare CPE (a), GrNPs/CPE (b), WS,NPs/
CPE (c), and GrNPs/WS,NPs/CPE (d) in 0.1 M KCl solution contain-
ing 1.0 mM [Fe(CN)4]*™~. Conditions: E,., 5 mV; frequency range,

ac?
0.1 to 10,000 Hz. Inset: Equivalent circuit used in the fit procedure of
the impedance spectra

at the electrode interface, is represented by the semicircle
diameter. The linear part at lower frequencies corresponds
to the diffusion process. It is clear that considerable differ-
ences in the electrochemical impedance spectroscopy were
observed for these four electrodes. Based on Fig. 2, the R
of (d) to (a) curves is respectively managed to be 4.9, 32.8,
61.5, and 86.1 k. The value of the R, also decreases from
(d) to (a) due to a rising trend in transfer rate constant, effec-
tive surface area, electron, and conductivity. These results
show that the surface of CPE was effectively modified by the
graphene and WS, nanoparticles, and the conductivity was
significantly increased. Therefore, the modified electrode,
the GrNPs/WS,NPs/CPE, was chosen for further electro-
chemical research.

Electrochemical behavior of NOS and PAP at GrNPs/
WS2NPs/CPE

Cyclic voltammograms obtained at different electrodes in
phosphate buffer solution (pH 7.0) containing 0.5 mM NOS
and 0.5 mM PAP as mixture within the potential window
of 0.3—1.7 V and at a scan rate of 50 mV s~! are shown
in Fig. 3. The results indicated that the graphene and WS,
nanoparticles had great improvement to increase peak cur-
rents and decrease anodic peak potentials of NOS and PAP
at the GrNPs/WS,NPs/CPE (curve d) compared the bare
CPE (curve a), GrNPs/CPE (curve b), and WS,NPs/CPE
(curve c). From these results, it can be concluded that the
GrNP/WS,NP-modified electrode displayed a synergistic
catalytic effect of GrNPs and WS,NPs towards NOS and
PAP oxidations, because GrNPs provided a large surface
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Fig.3 Cyclic voltammograms of the CPE (a), GrNPs/CPE (b),
WS,NPs/CPE (c), and GrNPs/WS,NPs/CPE (d) in in the phosphate
buffer solution (pH 7.0) containing 500 uM NOS + PAP at a scan rate
50 mVs.”!

area for decoration of WS,NPs and thereby enhanced the
electrocatalytic activity of the GrNPs/WS,NPs. Thus, the
simultaneous determination of NOS and PAP is feasible o
the GrNPs/WS,NPs/CPE surface.

Chronoamperometric measurements of NOS and PAP
at the GrNPs/WS,NPs/CPE were carried out by setting the
working electrode potential at 0.7 and 1.2 V vs. Ag/AgCl/
KClI (3.0 M), respectively, for 300, 500, and 700 uM NOS
and the same concentrations of PAP in 0.05 M phosphate
buffer (pH 7.0) (Figs. 4A and 5A). For an electroactive
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Fig.4 (A) Chronoamperograms obtained at the GrNPs/WS,NPs/CPE

surface in the presence of (a) 300, (b) 500, and (c) 700 uM NOS in

the buffer solution (pH 7.0) at setting of the working electrode poten-

tial at 0.7 V vs. Ag/AgCI/KCI (3.0 M). Insets: (A1) Cottrell’s plots for

NOS based on the data obtained from the chronoamperograms and

(A2) curves for the slope of Cottrell’s plots versus concentration of
NOS
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Fig.5 (A) Chronoamperograms obtained at the GrNPs/WS,NPs/CPE
surface in the presence of (a) 300, (b) 500, and (c) 700 uM PAP in
the buffer solution (pH 7.0) at setting of the working electrode poten-
tial at 1.2 V vs. Ag/AgCI/KCl (3.0 M). Insets: (Al) Cottrell’s plots
for PAP based on the data obtained from the chronoamperograms and
(A2) curves for the slope of Cottrell’s plots versus concentration of
PAP

material (NOS and PAP in this case) with a diffusion effi-
cient of D, the current observed for the electrochemical reac-
tion at the mass transport limited condition is described by
the Cottrell equation [47].

I = nFAD'2C, %1/ (3)

where D and C,, are the diffusion coefficient (cm? s
and the bulk concentration (mol cm™>), respectively. Experi-
mental plots of  vs. 12 were employed, with the best fits
for NOS Fig. 4A1) and PAP (Fig. 5A1). The slopes of the
resulting straight lines were then plotted vs. NOS and PAP
(Figs. 4A2 and 5A2, respectively). From the resulting slopes
and Cottrell equation, the mean values of the D were found
tobe 5.32x107° and 1.86x 10~ cm* s™' for NOS and PAP,
respectively.

Influence of experimental parameters

Voltammetric experiments were carried out with four differ-
ent modified electrodes at graphene nanoparticles content
5.0%, containing WS, nanoparticles ratio of 2.0, 5.0, 7.0,
and 10.0% (w/w) with respect to the carbon paste in phos-
phate buffer solution (pH 7.0) containing 250 pM NOS and
PAP. The value of anodic peak currents of differential pulse
voltammograms of NOS and PAP increased with increasing
of WS, percentage, and the maximum value was obtained at
5.0% then decreased (Fig. 6A and B). It may be caused by the
fact that the presence of WS, increases the number of sites
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Fig.6 The dependence of the
anodic peak currents of cyclic
voltammograms of A NOS and
B PAP on WS, nanoparticles
content and the effect of gra-
phene amount on C NOS and
D PAP responses at the GrNPs/
WS,NPs/CPE surface

Fig.7 Cyclic voltammograms
of a NOS (500 uM) and b PAP
(500 uM) in various pH values
of buffer solutions: 6.0, 7.0, 8.0
and 9.0. Inset: I,,-pH curves for
oxidation of a NOS and b PAP
at the GrNPs/WS,NPs/CPE
surface (scan rate 50 mV s.”!)
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for NOS and PAP adsorptions; subsequently, the oxidation
peak current increases. However, the excess of WS, increases
the resistance of the electrode and the anodic peak currents
of these compounds on the GrNPs/WS,NPs/CPE surface
decreases. Hence, a WS, nanoparticle (5.0%, w/w)-modi-
fied carbon paste electrode was chosen as optimal.

1.2
Potential (V)
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The effect of graphene nanoparticle content on response
of the GrNPs/WS,NPs/CPE was studied using cyclic vol-
tammetry technique at WS, nanoparticles content 5.0% by
varying the graphene percentage (2.0, 5.0, 7.0, and 10.0%) in
phosphate buffer solution (pH 7.0) containing 250 pM NOS
and PAP (Fig. 6C and D). With increasing the graphene
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over 5.0% in the modified electrodes, the anodic peak cur-
rents of NOS and PAP decrease. It may be due to electrode
conductivity decrease by the excessive amount of graphene
on the electrode surface.

The effect buffer pH (pH range from 6.0 to 9.0) on the
response of 500 uM NOS and PAP as mixture in 0.05 M
phosphate buffer was studied at the surface of GrNPs/
WS,NPs/CPE (Fig. 7). It was shown that with pH increas-
ing from 6.0 to 9.0, the NOS and PAP anodic peak currents
(Ipa) reach a maximum value at pH 7.0 and then decreases
gently with increasing of pH (inset of Fig. 7). As the disso-
ciation constants (pK,) of NOS and PAP were 7.8 [48] and
8:07 [49], respectively, the drugs presented as the proto-
nated forms in acidic media in fact. In pHs > 7, the concen-
tration of protonated these compounds were decreased and
as a result the peak currents are decreased. Therefore, the
accumulation of NOS and PAP on the GrNPs/WS,NPs/CPE
film performed out through electrostatic interaction between
GrNPs/WS,NPs with negative charge and pH dependent
protonated NOS and PAP forms. So, pH value of 7.0 was
selected for the determination of NOS and PAP. On the other
hand, as the pH increased, the anodic peak potentials (E,,)
of the drugs at the surface of GrNPs/WS,NPs/CPE shifted
to more positive values. The NOS and PAP peaks shift to
more positive potentials in the pH range of 6.0 to 9.0 from
781 mV (pH 6.0) to 1060 mV (pH 9.0) for NOS and from
1327 mV (pH 6.0) to 1550 mV (pH 9.0) for PAP. It may be
caused by the effect of proton (H") on these compound peaks
at the GrNPs/WS,NPs/CPE surface (Scheme 2) [48, 50].
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o

" Z>

hydrolysis

H
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Scheme 2 Electrooxidation mechanisms of noscapine and papaverine
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Effect of scan rate

The effect of scan rate on the simultaneous oxidation of
500 pM NOS and PAP at the GrNPs/WS,NPs/CPE inves-
tigated in 0.05 M phosphate buffer (pH 7.0) at different
potential scan rates (Fig. 8A). It can be seen that the oxida-
tion peak currents for both NOS and PAP linearly increased
with the square root of the scan rates "% (Fig. 8B and C,
respectively), suggesting that the redox reaction at the elec-
trode surface is predominantly diffusion-controlled process
for both NOS and PAP [47].

Moreover, the oxidation peak potential (E,,,) of both NOS
and PAP shifted in the positive direction with increasing the
scan rate. Also, the Tafel slope for NOS and PAP (Fig. 8D
and E, respectively) can be obtained from the slope of E,
vs. log v using Eq. (4) [51]:

Ep =b/2 logv + constant 4)
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Fig.8 A Cyclic voltammograms for oxidation of NOS (500 uM) and
PAP (500 uM) at the GrNPs/WS,NPs/CPE surface in the buffer solu-
tion (pH 7.0) at different scan rates: 5, 10, 30, 50, 100, 150, 200, and
300 mV s~!. Dependence of anodic peak currents B NOS and C PAP
on the square root of scan rate. Linear relationship between logarithm
of anodic peak potentials D NOS and E PAP and logarithm of scan rate
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Based on the Eq. (4), the slope of E, vs. logv curve is b/2,
where b indicates the Tafel slope and b=2 X0 E,,/d(logv).
The Tafel slopes were found to be 0.123 and 0.0951 V
for NOS and PAP, respectively. According to Laviron,
b=2.303RT/n(1 — a)F, for anodic peak, where F is the Far-
aday’s constant (96,485 C mol™') [52] and the other sym-
bols have their usual meanings. In addition, based on the
documents [51], the electron-transfer number (1) both for
NOS and PAP oxidations is 2. Therefore, the values of the
electron-transfer coefficients of NOS and PAP (a) are 0.531
and 0.38, respectively.

Analytical performance

The quantitative analysis of nitrite on GrINPs/WS,NPs/CPE was
carried out by differential pulse voltammetry (DPV). The DPV
parameters, such as step potential of 10 mV, modulation ampli-
tude of 60 mV, modulation time of 40 ms, and interval time of
200 ms, represent the optimum values with satisfactory height of
current responses of NOS and PAP. In Fig. 9, it can be observed
that the DPV responses of GrNPs/WS,NPs modified electrode
to different additions of NOS and PAP at the potential range
(0.3 to 1.7 V) in 0.05 M phosphate buffer (pH 7.0). The linear
dynamic ranges (LDRs) for determination of both NOS and PAP
were 5—-1000 uM. The detection limits (3¢) were 0.51 for NOS
and 1.08 uM for PAP (insets A and B of Fig. 9, respectively).
These values are comparable with values reported by other
research groups for oxidations of NOS and PAP at the surface
of chemically modified electrodes by other modifiers (Table 1).

Analysis of real samples

The practicality of the GrNPs/WS,NPs/CPE was investi-
gated by DPV method towards the detection of NOS and
PAP in urine and industrial effluent samples using standard
addition method. Prior to the analysis (sampling procedure
given in the “Experimental” section), the urine and indus-
trial effluent samples were prepared and diluted with buffer.
Then, certain concentrations of NOS and PAP were added to
the samples. Finally, as-prepared real samples were analyzed
by DPV method and the practicality of the modified sensor
has proved. In addition, the obtained peak current responses
have been calculated by standard addition method and the
results are given in Tables 2 and 3. The relative error and
recovery percentages summarized show the successful per-
formance of this technique in measuring the analytes present
in real samples.

Selectivity, reproducibility, and stability

The effects of potential interferents on the voltammetric
responses of NOS (200 pM) and PAP (200 pM) were evalu-
ated at pH 7.0. The potential interfering substances were
chosen from the group of substances commonly found with
NOS and PAP in pharmaceuticals and/or in biological flu-
ids. The corresponding test results are listed in Table 4. The
results show that the peak current change is less than 5%,
which suggests the good selectivity of the created GrNPs/
WS,NPs modified electrode toward the determination of
NOS and PAP.
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Table 1 Comparison of the NOS and PAP determination performance of GrNPs/WS,NPs/CPE with other sensors

Electrode Analyte Modifier LOD (pM) LDR (pM) Ref
GCE NOS MWCNT 0.08 0.4-100 [53]
CPE NOS Alumina-borate oxide fiber and reduced graphene oxide 0.049 0.07-300 [54]
GCE NOS Graphene nanosheets 0.2 Up to 40 [50]
Hg NOS 0.01 30-6600 [55]
CPE NOS TiO,/MWCNT-CPE 35 4-600 [56]
CPE PAP Mg-Al layered double hydroxide graphene oxide and MWCNT 0.04 0.10-100 [48]
GCE PAP Bovine serum albumin and poly-o-phenylenediamine/carbon- 8.3x10710 2.5%x 107345 [57]
coated nickel nanobiocomposite film
Graphite PAP 7.88 11.8-106 [58]
Ton-selective PAP Poly(vinyl chloride) membrane Upto 10 10-50,000 [59]
Ton-selective PAP Poly(vinyl chloride) membrane 2 10-1000 [60]
CPE PAP TiO,/MWCNT,-CPE 4.6 5-400 [56]
CPE NOS GrNPs/WS,NPs/CPE 0.51 5-1000 This Work
CPE PAP GrNPs/WS,NPs/CPE 1.08 5-1000 This Work

Table 2 Determination of NOS and PAP in urine sample based on
GrNPs/WS,NPs/CPE

Table 4 The results of GrNPs/WS,NPs/CPE selectivity in NOS and
PAP determinations

Urine sample Added (uM) Found (uM) Recovery (%) RSD (%)

NOS - <LOD - -
5.0 4.7 94.0 2.1
15.0 14.3 95.0 1.5
30.0 279 93.0 24

PAP - <LOD - -
10.0 9.3 93.0 22
20.0 18.9 94.5 1.8
50.0 47.7 95.4 1.6

Table 3 Determination of NOS and PAP in wastewater sample based
on GrNPs/WS,NPs/CPE

Wastewater Added (uM) Found (uM) Recovery (%) RSD (%)
sample
NOS - <LOD - -
5.0 5.2 104.0 1.5
15.0 14.8 98.6 1.3
30.0 29.7 99.0 1.1
PAP - <LOD - -
10.0 10.1 101.0 1.2
20.0 29.9 99.6 0.9
50.0 49.5 99.0 1.2

To test the repeatability of the Fe;0,/MWCNTs-CPE, the
response of a mixture of NOS (250 pM) and PAP (250 pM)
was measured successively five times at per day in 3 days
(Table 5). Also, as shown in Table 5, the stability of the elec-
trode was evaluated by probing of the electrode responses to

@ Springer

Species Tolerant limits NOS Tolerant limits PAP
(Wsubstance/ Wanalyte) (Wsubstance Wanaiyte)

KCl 500 80

NaCl 500 80

Ascorbic acid 300 100

Acetaminophen 200 80

Theophylline 300 50

FeCl, 50 30

CuCl, 80 50

B, 500 300

B, 500 200

Bs 500 300

electrocatalytic oxidation of NOS and PAP after being put
away at room temperature for 3 days. The relative standard
deviations were obtained to be 1.37% and 0.79% for NOS
and PAP, respectively. Subsequently, the results showed that
the proposed sensor has very good repeatability and stability.

Conclusion

In this work, for the first time, we reported fabrication a
modified CPE with graphene nanoparticles and tungsten
disulfide nanoparticles (GrNPs/WS,NPs/CPE). By using
scanning electron microscope, elemental analysis, and
X-ray diffraction, the formation of synthesized nanoparti-
cles graphene nanoparticles and tungsten disulfide nano-
particles was proved and their properties were investigated.
Also, chronoamperometry, cyclic voltammetry, impedance,
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Table 5 Anodic peak currents of NOS (250 uM) and PAP (250 uM)
for five measurements per day

Component Time Repeatability Stability
Mean of RSD (%) Meanof RSD (%)
currents currents
(nA) (nA)
NOS First day 4.46 0.87
Second 5.41 0.71 4.73 1.37
day
Third day  4.07 0.83
PAP First day 11.26 0.89
Second 11.87 0.62 11.56 0.79
day
Third day  10.69 0.71

and differential pulse voltammetry techniques were used
to investigate the electrochemical behavior of the modified
electrode in aqueous solutions. The GrNPs/WS,NPs/CPE
was applied as a sensitive sensor for simultaneous determi-
nation of NOS and PAP. The GrNPs/WS,NPs/CPE signifi-
cantly facilitated the electron transport between NOS and
PAP and the electrode, improving the oxidation property
of NOS and PAP on the electrode. The proposed method
displayed suitable characteristics, such as simplicity, low-
cost, high sensitivity, rapid analysis procedures, and wide
liner range. The modified electrode was successfully applied
to determine the concentration of NOS and PAP in real
samples.
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