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Abstract

One of the significant durability challenges is the corrosion of reinforced concrete. A gold
nanoparticle/reduced graphene oxide modified glassy carbon electrode (AuNPs-rGO-GCE) was
fabricated using an electrochemical reduction method for the simultaneous determination of
paracetamol (PAR) and chlorpheniramine maleate (CPM). AuNPs-rGO modified GC electrodes
were prepared through direct electrochemical reduction of GO to rGO, followed by direct reduction
of Au ions to Au on the rGO matrix. X-ray diffraction, scanning electron microscopy, Fourier-
transform infrared spectra, Raman spectroscopy, energy dispersive X-ray spectroscopy, high-
resolution transmission electron microscopy, electrochemical impedance spectroscopy, and X-ray
photoelectron spectroscopy characterized the resulting AuNPs-rGO. It was found that AuNPs
around 15.4 nm were highly dispersed on the rGO. The modification of GCE by AuNPs-rGO
accelerates the electron transfer process and increases the conductivity of the electrode. The
AuNPs-rGO modified electrode was used to simultaneously determine PAR and CPM using the
square-wave anodic stripping voltammetry (SQW-ASV) method. Under suitable experimental
conditions, the SQW-ASV method using AuNPs-rGO-GCE showed a wide linear range from 23.7 to
140.0 uM for PAR and from 7.5 to 54.0 uM for CPM. The limit of detection of PAR and CPM was
7.12 and 2.54 uM, respectively. The proposed SQW-ASV method was applied to analyze PAR and
CPM in samples of herbal medicine simultaneously, and the results were compared with those of
high-performance liquid chromatography, with no statistical difference.
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Introduction

Paracetamol (C8H9NO2, PAR), or acetaminophen, is an active ingredient in many pharmaceutical
formulations and is widely used due to its analgesic and antipyretic properties. The United King-
dom’s National Health Service proposes a maximum 500 mg dosage every 4 hours for adults [1].
However, paracetamol overdose causes liver and kidney damage [2]. Chlorpheniramine maleate
(C16H19CIN2:C4H404, CPM) is a sedating antihistaminic agent that causes moderate sedation. The
most common symptoms are sedation varying from slight drowsiness to deep sleep, dizziness, and
gastrointestinal disturbances [3]. A combination of PAR with CPM is introduced to the markets to
enhance the therapeutic effect needed in patients with upper respiratory tract infections [4]. Such
drugs are usually used against nausea and motion sickness, the common cold, and cough [5]. For
this reason, researchers have developed approaches that can be used to simultaneously quantify
some or all the active ingredients in a tablet.

Due to its importance, many researchers have focused on analyzing modern and traditional
medicines in different forms. Many analytical methods have been developed to simultaneously or
separately determine these active ingredients. Chromatographic analytical methods such as
reversed-phase high-performance liquid chromatography (RP-HPLC) [6], stationary-phase high-
performance thin-layer chromatography (HPTLC) [7], and ultra-high-performance liquid chromato-
graphy (UPLC) [8], the HPLC method mainly with UV-Vis detector or photodiode array detector (PAD)
or diode array detector (DAD) have been used to simultaneously or separately determine these
active ingredients. In addition, the molecular absorption spectroscopy method (UV-Vis) has also
been used to determine PAR and CPM [9]. However, the disadvantage of chromatographic analysis,
molecular absorption spectroscopy, and capillary electrophoresis is that they often undergo
complicated sample treatment stages [9,10]. The voltammetry methods using the electrodes
modified by metals and metal oxide nanoparticles and so on, have been recognized as robust
approaches for detecting pharmaceutical organic compounds in bioliquids and formulations
because they possess key analytical parameters such as high sensitivity, selectivity, low cost, and
low detection limits. Nanostructured carbons, metal nanoparticles, and molecularly imprinted
polymers modified electrodes were used to determine PAR [11]. A carbon paste electrode modified
with ZnO nanoparticles was employed to detect CPM [12]. Samadi et al. conducted simultaneous
determination of PAR, phenylephrine hydrochloride, and CPM using nickel phosphate nanoparticles
to modify the carbon paste electrode [13]. To the best of our knowledge, few articles have been
published to determine PAR and CPM simultaneously using voltammetry methods. In the present
paper, an electrochemical sensor based on a reduced graphene oxide/glassy carbon electrode
modified by AuNPs (AuNPs-rGO-GCE) was used to simultaneously analyse PAR and CPM by square
wave anodic stripping voltammetry (SQW-ASV). This modified electrode showed good repro-
ducibility, repeatability, and accuracy. Experimental results on real samples detected PAR and CPM
in some medicines and herbal medicines in Vietnam have been addressed.
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Experimental

Materials and reagents

Powder graphite (¢ < 20 um, Sigma-Aldrich, USA), sulfuric acid (98 % H,S04, Merck, Germany),
phosphoric acid (85 % H3PO’, Merck, Germany), potassium permanganate (99 % KMnOQa, Scharlau,
Spain), and hydrogen peroxide (30 % H.0,, Merck, Germany) were used for material synthesis
graphite oxide. Briton-Robinson buffer was prepared from phosphoric acid (85 % H3PQa, Merck,
Germany), acetic acid (CH3COOH, Merck, Germany) and boric acid (H3BOs, Merck, Germany). The
AuCls-HCl salts (Sigma-Aldrich, Germany), PAR (100.0 %) and CPM (97.65 %) drugs were purchased
from the National Institute of Drug Quality Control of Vietnam (NIDQC). Seven herbal medicines
collected from the local area were denoted as BNH093, HCHO04, HCH164, VNAO1, VNAO3, VNAO4
and VNAOS for testing PAR and CPM.

Apparatus

Fourier-transform infrared (FT-IR) spectroscopy was performed on an IR Prestige-21, Shimadzu.
Raman spectra were performed on a Raman microscopy XPLORATMPLUS, Horiba, Japan, with a
diode laser's wavelength of 785 nm. The X-ray diffraction (XRD) patterns were recorded on a
D8-ADVANCE (Bruker, Germany). Scanning electron microscopy (SEM) was conducted with a Hitachi
S-4800, Japan, and Energy dispersive X-ray spectroscopy (EDX) mapping was performed on a Horiba
7593-H analyser, England. High-resolution transmission electron microscopy (HR-TEM) was
recorded on JEM 2100 (Jeol - Japan). Electrochemical impedance spectroscopy (EIS) was conducted
on a Metrohm Autolab PGSTAT302 over a frequency range spanning from 100 kHz to 0.01 Hz, the
applied DC potential under open-circuit conditions and the amplitude of the AC signal (10 mV).
X-ray photoelectron spectra (XPS) were recorded on a Shimadzu Kratos AXISULTRA DLD equipment
(Japan), using an X-ray source with an Al target, a generator tube working at 15 kV and 10 mA.
Binding energies were calibrated by internal standardization with peak C1s (at 284.6 eV). Peaks were
resolved on the Casa XPS software [14].

The electrochemical analysis was performed using a Metrohm 797 instrument (Switzerland) with
techniques including cyclic voltammetry (CV) and square-wave anodic stripping voltammetry (SQW-
-ASV). The electrochemical cell consisted of a three-electrode system in which the working electrode,
counter electrode, and reference electrode were a glassy carbon electrode (GCE), a platinum
electrode, and Ag|AgCl|3 M KCl, respectively. HPLC comparison measurements of real samples were
conducted on a Shimadzu LC-20A series 2000-PAD.

Fabrication of gold nanoparticles/reduced graphene oxide modified glassy carbon electrode

Graphite oxide (GO) was prepared following the literature [15,16]. The GCE was carefully cleaned
with 0.03 um Al;03 powders. Then, it was exposed to a 2 M HNOs3 solution, ethanol, and distilled
water several times. Accurately weighed 10 mg of GO was poured into 10 mL of deionized water,
and then ultrasonicated for 24 h to obtain the suspension of graphene oxide (GO, 1.0 mg mL™!). Next,
a volume of 400 uL of 1 % Nafion, as a binder, was added to 10 mL of GO suspension. Then, 5 pL of
the mixture was dropwise dropped onto the polished GCE surface and dried naturally.

The electrochemical reduction of the GO-GCE was conducted by chronoamperometryin 0.1 M PBS,
pH 7, at a potential of -1,500 mV and for a time of 120 s to obtain rGO-GCE [17]. The subsequent
modification of rGO-GCE with AuNPs to obtain AuNPs-rGO-GCE was conducted using the cyclic
voltammetry method with 10 cycles from +500 to -1,000 mV at a rate of 100 mV s [18] in the mixture
containing 0.01 M H3S04 and 0.2 mM HAuCls. Bulk samples of reduced graphene oxide (rGO) and
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AuNPs materials for physicochemical characterization were synthesized by the electrochemical
method under similar experimental conditions. AuNPs-GO materials were prepared using the
electrochemical method (AuNPs:GO = 1:10 mass ratio).

Sample preparation

Thong Xoang Tan, a herbal medicine used to treat acute and chronic sinusitis, was selected as a
background sample because it was tested and found not to contain any PAR and CPM. The
procedure states that mo grams of the sample should be weighed accurately into a Falcon tube, after
which Vo mL of 96 % ethanol is to be added. The mixture should then be shaken for 5 minutes,
ultrasonicated for 15 minutes, and centrifuged for 10 minutes at 6000 rpm. Following this, it is
required that the supernatant be filtered through a 0.45 um filter to obtain solution A. V1 mL of
solution A is then diluted to V> mL using 96 % ethanol to obtain solution B. Solution B is used for
analysis. The other samples were prepared using a similar procedure.

Results and discussion

The fabrication of AuNPs-rGO-GCE

GO was first reduced electrochemically using chronoamperometry (Figure 1a). The reduction
current changes very rapidly from 0 s to 5 s. Then, it changes slowly from 5 s to 30 s and from 30 s
to 120 s; the current intensity changed insignificantly. This result proved the reduction of GO to rGO.
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Figure 1. a) Chronoamperometry curves of GO reduction to rGO (Econst = -1,500 mV and tmeas = 120 s) and
b) cyclic voltammetry curves (CVs) of Au(lll) ion reduction to AuNPs on the GCE surface (Egegin = +500 mV, Egng
=-1,000 mV, v=100 mV s, CV = 10 cycles, 0.2 mM Au(lll) in 0.01 M H,S0,)

Then, electrochemical deposition of gold nanoparticles on rGO-GCE was performed in a cell con-
taining 0.2 mM Au(lll) and 0.01 M H,S04 by cyclic voltammetry scanning with a potential starting at
+500 mV and ending at -1,000 mV and the number of scans was 10. For the electrochemical syn-
thesis of AUNPs on rGO-GCE, in the first scan (Figure 1b), two reduction peaks appeared at a poten-
tial of 79 mV (Rel) can be assigned to due to the Au(lll) ion being reduced to Au(l), and -171 mV
(Re2) was due to the Au(l) ion being reduced to Au(0), [19]. The Re2 reduction peak is 7.8 times
higher than the Rel reduction peak (see Figure 1b). In the second to tenth scans, the Rel peak has
an irregular change of the peak potential (Ep,re1), but the peak current (/pre1) decreases gradually
with each scan. Meanwhile, the Re2 peak has an insignificant change of Epge2 and /pge2, With
Epre2=-171+6 mV, RSD = 5.50 % and /p ge2 =-0.1520 + 0.0060 mA, RSD = 3.93 % with n = 9. This can
be explained by the fact that after the first scan, the Au(0) on the electrode surface continues to
accumulate and thus increases the current intensity during the oxidation process of Au(0) to Au(l).
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Meanwhile, for the oxidation process, only one oxidation peak (Ox1) appeared and did not change
much in ten scans, with Ep,ox1 = 322 =3 mV, RSD: 0.822 %. This may be the oxidation process of Au(0)
to Au(lll), similar to [18]. But in the 2" to 10™ scans, the Ox1 peak had /p with almost no change in
peak current intensity, with /p,ox1 = 0.201+£0.006 mA, RSD = 2.867 %, n = 9. The synthesis of rGO
material on the GCE electrode was carried out similarly to the first step of the synthesis of AUNPs-
rGO for comparison.

Material characterization

The Fourier transform infrared (FTIR) spectra of the prepared materials are presented in
Figure 2a. The vibrations from 3000 to 3600 cm™ are assigned to the von group in the H,0 molecule
that is still retained in the materials. The peak at 1718.6 cm™ is characteristic of the (1:c0) bond in
the carbonyl and carboxyl functional groups, but for two materials, AuNPs-GO and AuNPs-rGO,
these peaks did not appear, possibly due to overlapping with the vibration of the AuUNPs material.
The vco bond in the COO- group is ascribed to the vibration at 1392.6 cm™. The double bond of
Csp? of GO and rGO is ascribed to the vibration at 1580.0 cm™. The stretching vibration of the v.c.o
bond of the alkoxy group can be shown at two wavelengths of 1076.3 and 1055.1 cm™ [20,21].
Although the peak is not clear, the wave number of 586.4 cm™! for the two AuNPs-GO and AuNPs-
rGO materials can show that the AuNPs material is present in the composite material.
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Figure 2. a) FT-IR spectra, b) XRD patterns, and c) Raman spectra of the prepared materials

The XRD patterns of the materials are shown in Figure 2b. The GO sample has two distinct peaks at
26 angles of 9.46 and 42.36°, comparable to the (001) and (100) Miller indices with d-spacings of 9.34
and 2.13 nm. Next, upon electrochemical reduction to reduced graphene oxide (rGO), both peaks
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showed a significant decrease in intensity and tended to shift to larger diffraction angles because of
the functional groups such as hydroxyl, aldehyde, epoxy, and others on the reduced GO [20,21]. This
was also observed when the electrochemical reduction of the AuNPs-GO composite material to
AuNPs-rGO was carried out; the peak of (100) was almost entirely reduced. On the other hand, for the
AuNPs-GO, all the characteristic peaks of (001) and (100) for GO were observed, and three peaks at
38.20, 44.42 and 64.63° with indices (111), (200), and (220) according to JCPDS No.01-074-5379 were
assigned to the face-cantered cubic structure of AuNPs [22]. In addition, on the XRD patterns of the
AuNPs-GO material, there is still a peak at 44.36°, which may be GO. The three characteristic peaks of
AuNPs in AuNPs-rGO still appear quite clearly, but the peaks of the two materials, GO and rGO,
decreased very sharply and almost did not appear. This could happen due to the high amplitude of
the peaks characteristic of AuUNPs overlapping the peaks for rGO [23,24].

The Raman spectra of the samples shown in Figure 2c exhibit two characteristic bands, the D
band (~1353 cm™) and the G band (~1592 cm), corresponding to structural defect-induced
vibrations (D band) and the vibrations of the sp? carbon lattice (G band), respectively. The intensity
ratio Ip/lc is commonly used to evaluate the degree of defects or structural disorder in graphene
materials. The obtained Ip/Is ratios were 0.904 for GO, 0.981 for rGO, 0.8887 for AuNPs-GO, and
0.876 for AuNPs-rGO. The higher Ip/Is value observed in the rGO sample compared to GO indicates
an increase in structural defects after the reduction process, which may be attributed to the
formation of discontinuous sp? domains as oxygen-containing functional groups are removed. This
result shows that the GO material after being electrochemically reduced to rGO has a change in the
electronic conjugation state in the structure of GO [25]. This demonstrates the regeneration of the
Csp?-conjugated graphene network after the GO reduction process [24]. Meanwhile, the
incorporation of gold nanoparticles (AuNPs) onto the material surface slightly decreased the Ip/ls
ratio in both AuNPs-GO and AuNPs-rGO samples. This suggests that AUNPs may play a role in
restructuring or stabilizing the carbon network, thereby reducing the density of defects [26].

The AuNPs-rGO was also studied using the XPS method (Figure 3a-d). The survey XPS spectrum
presents C, O, and Au elements as expected (Figure 3d), which suggests that the rGO was decorated
with Au nanoclusters. Two distinct doublets for the Au 4f spectra of free Au nanoparticles are
introduced in the rGO matrix (Figure 3a), i.e. Au 4f;/; peak at 83.9 eV and Au 4fs/; peak at 87.6 eV.
However, concerning the AuNPs-rGO, the Au 4f;;; and Au 4fs;, peaks at 84.4 and 88.1 eV are
consistent with the Au(0) state [27], which has a 0.5 eV red shift compared with that of bulk Au. This
shift in binding energy is a typical phenomenon of metal clusters (including Au) on a variety of
supporting materials [28]. The Cls spectrum in Figure 3b exhibits five peaks of C-C (284.4 eV),
C-O-C (286.7 eV), C=0 (287.6 eV), 0O-C=0/C-0-OH (288.7 eV), which confirm the formation of
rGO [29]. In the O 1s spectrum (Figure 3c), the peaks appearing at 531.6, 532.8, and 535.9 eV are
attributed to oxygen-containing groups C=0, C-O-H, and H-O-H in rGO, respectively.

The SEM image (Figure 4a) of the material shows a granular surface morphology with diverse
particle shapes and sizes. EDX-mapping shown in Figure 4(b-g) reveals the appearances of expected
elements, including C, O, and Au. The mass composition of nitrogen in the material accounted for
2.48 %, possibly because of contamination during the synthesis, and Au elements were highly
dispersed in the reduced graphene oxide sheets. The HR-TEM image of the AuNPs-rGO material
(Figure 4h) shows that the size of the gold particles is distributed very evenly on the rGO matrix and
has an average size of 15.6 + 3.2 nm (Figure 4h, inset).
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Figure 3. Narrow scan spectra of: (a) Au 4f, (b) C 1s, (c) O 1s, and (d) XPS survey spectrum of AuNPs-rGO
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Electrochemical behaviour

In electrochemical methods, the peak current intensity (/p) depends on many factors, including
the electrochemically active surface area and the total impedance of the working electrode. The
surface area of the working electrode is determined by the Randles-Sev¢ik equation for the rever-
sible system [30,31] and CVs in Figure 5a. The average electrochemically active surface area for GCE,
GO-GCE, rGO-GCE, AuNPs-GO-GCE and AuNPs-rGO-GCE were 0.0358+0.0002, 0.0173+0.0007,
0.0431+0.0020, 0.0475+0.0005 and 0.0574+0.0015 cm?, respectively. Notably, the electroactive
surface areas of AuNPs-rGO-GCE modified electrode were 1.21, 1.33, 3.32 and 1.60 times higher
than the AuNPs-GO-GCE, rGO-GCE, GO-GCE and GCE electrodes, respectively.
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Figure 5. (a) CV curves (100 mV s) and (b) Nyquist plots of base and modified GC electrodes in 0.1 M KCl with
5 mM [Fe(CN)s/Fe(CN)s]*>"*, (c) CV curves at different potential scan rates (20 mV s to 400 mV s)

The electrochemical impedance of the working electrode could help to characterize the charge
transfer process and evaluate charge transfer resistance (R.) values of the base and modified
electrode types (Figure 5b). Rt values were calculated through the diameter of a semicircle at higher
frequencies, for the bare GCE, GO, AuNPs-GO and AuNPs-rGO-GCEs in KCI solution containing
[Fe(CN)s/Fe(CN)s]>/* redox pair. The obtained R values were 109.8, 1537.4, 170.8, 527.3 and
122.3 Q2. Compared to GO material, the R. values of two modified materials, rGO and AuNPs-rGO,
were significantly reduced by 9.0 and 12.6 times, respectively. This result demonstrated the
reconstruction of the Csp? configuration in the rGO sheet, indicating that electrical conductivity
improved after the electrochemical reduction process. The AUNPs-rGO-GCE had the smallest value
of Ret (122.3 Q) and the most significant area (0.0574 cm?), suggesting an accelerated electron
transfer process and increased conductivity of the electrode.
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On the other hand, for the AuNPs-rGO-GCE electrode, Figure 5c shows that the anodic peak po-
tential (Ear) does not change. Meanwhile, the cathodic peak potential (Ecp) does not change much,
with RSD of 3.726 % after seven potential scans from 20 mV s to 400 mV s, Epa = 292+000 mV,
RSD =0.000% (n=7); Ecp =172 £ 6 (mV), RSD =3.726 % (n = 7). Although AEp (| Epa - Epc|) = 120 mV
is not equal to the theoretical value of 59 mV [30], the Iap/Icp ratio at seven different potential scan
rates from 20 to 400 mV s* was approximately equal to unity, with the /ap//cp ratio: 0.98 + 0.02 and
RSD = 1.852 % indicating that the electrochemical currents for the redox reactions on the AuNPs-
rGO-GCE surface were well-matched, and the system exhibited quasi-reversible behaviour.

CV curves of PAR and CPM responses at four types of modified GC electrodes are shown in
Figure 6a. Figure 6b shows that the role of rGO material is very suitable in the stage of analyte
accumulation, such as PAR and CPM [32,33], compared to GO material. In addition, the combination
of rGO and AuNPs materials increased the Ip of PAR and CPM (Figure 6b). Therefore, the AUNPs-rGO-
GCE modified electrode was used in this study.

a) 80+ )
—— GO-GCE b) 18 PAR
AuNPs-GO-GCE 15 CPM

60{—— rGO-GCE
AuNPs-rGO-GCE

< 40
s
20
04
T T T T ' 04
0 300 600 900 1200 GO-GCE  AuNPs-GO-GCE ErGO-GCE AuNPs-ErGO-GCE
E/mV Type of electrodes

Figure 6. a) CV curves (100 mV s2) and b) Ip variations of PAR and CPM at different modified GC electrodes in
0.05 M BR buffer, pH 7, Cear = 70 UM, Ccom = 54 UM, Eace = -500 mV, tocc = 60 s

Effect of graphene oxide volume and pH on AuNPS/rGO-GCE response

The amount of nanocomposite material was investigated based on a 1.0 mg mL™* GO suspension,
which was drop-cast onto the surface of a glassy carbon electrode (GCE) and electrochemically
reduced to form a rGO film. The volume of AuNPs-rGO suspension significantly affects the
electroactive surface area, the film thickness, and the conductivity of the working electrode, thereby
influencing the peak current response of PAR and CPM, as well as the sensitivity in both CV and
SQW-ASV methods. As the suspension volume increased from 2 to 8 pL, the peak currents (/) of
PAR and CPM gradually increased and reached their maximum values at 6 uL for PAR and 5 pL for
CPM (Figure 7a and 7b). The initial increase in volume enhanced the electroactive surface area and
the number of catalytic sites, thereby improving sensitivity. However, when the volume exceeded
6 uL, the resulting GO film became too thick, hindering the efficient electrochemical reduction of
GO to rGO and reducing electron transfer efficiency. Conversely, a volume below 5 pL was insuf-
ficient to fully cover the electrode surface with active material, resulting in a smaller electroactive
area and fewer catalytic sites, leading to a lower current response. Notably, within the optimal range
of 5 to 6 uL, the /p values for PAR showed minimal variation in real sample applications, indicating
good stability and reproducibility of the modified electrode.

The volume of 5.0 L is the volume that many studies have proposed for dropping on the surface
of GC electrodes with diameters from 2.8 to 3 mm, which is very convenient [34,35]. Therefore, the
volume of GO of 5.0 pL (1.0 mg mL?) is found suitable for further studies.
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Figure 7. a) CVs (100 mV s2) of AuNPS/rGO-GCE with different GO volumes (1.0 mg mL™) in 0.05 M BR buffer,
PH 7, Coar = 70 UM, Ccpmi = 54 UM, Egec = -500 mV, tocc = 60 s and b) I of PAR and CPM in dependence on GO
volume. c) SQW-ASV curves (AE = 25 mV, f = 20 Hz, Usip, = 6 mV) of PAR and CPM at different pH and
d) Ir and E, of PAR and CPM in dependence on pH

In this study, the SQW-ASV method was used to investigate the effect of pH on the stripping
signal of PAR and CPM. The electrochemical response of both PAR and CPM is strongly influenced
by the pH of the supporting electrolyte, which affects the protonation/deprotonation states of the
analytes. The oxidation potential and peak current are closely related to the compounds’ pK; values.
For PAR (pKa = 9.38), the oxidation involves a proton-coupled electron transfer mechanism, which
becomes more favourable in its deprotonated form at higher pH values. Similarly, CPM (pKa = 9.2)
exhibits enhanced electrochemical activity when it transforms from its protonated to neutral or de-
protonated state, facilitating electron transfer at the electrode surface. The pH effect on the electro-
chemical signals was investigated from pH 6.4 to 10.1 using Britton-Robinson buffer (Figure 7c). As
shown in Figure 7d, the Ip of PAR decreased sharply as pH increased, whereas the /p of CPM tended
to increase and reached a maximum at pH 7.8. Meanwhile, the Ip of PAR is still large enough at
7.383+0.2835 pA, n = 4. Therefore, the pH value of 7.8 was considered acceptable for determining
PAR and CPM in subsequent studies. On the other hand, the Ep of PAR and CPM shifted toward the
negative side as the pH increased. This confirmed that H* ions participate in the electrochemical
reaction of PAR and CPM [35,36]. In addition, there is a linear correlation between Ep and pH,
described with Equations (1) and (2) (Figure 7d):

Epar = (830 £ 65) - (53 + 8) pH, R?> = 0.9884 (1)

Ecpm = (1,402 £ 70) - (69 + 9) pH, R? =0.9929 (2)

It was found that the slopes of Equations (1) and (2) are close to the theoretical value of 59 mV pH?
according to the Nernst equation. Therefore, an equal number of electrons and protons is involved in
the oxidation of PAR and CPM at the modified electrode. When considering the mechanism of the
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electrochemical reaction of PAR, various studies using different modified electrodes have reported
the number of electrons and protons exchanged during the oxidation process. The general consensus
is that two electrons and two protons are exchanged as shown in Scheme 1.

H3C O H3C \KO
NH N
-2¢,-2H"
_—
OH (0]

Scheme 1. The mechanism of PAR oxidation

For CPM, there are very few research works, where authors have different and inconsistent
discussions. Therefore, in this paper, some changes are proposed: i) the number of protons exchan-
ged is determined to be equal to (=~ 1), but when the electrochemical reaction mechanism is propo-
sed, it gives one product [37]. On the other hand, according to [36,38], it gives two products;
ii) although in the proposed mechanism, two electrons and two protons are exchanged, in the over-
all reaction, there is only one [34,39,40]; iii) according to [41] and [42], it is assumed that CPM ex-
changes two electrons and protons. In addition, the overall reaction gives two products, 3-(4-chlo-
rophenyl)-3-(pyridine-2-yl) propanal and dimethylamine. Therefore, based on the information that
the molecular structure of CPM contains a saturated tertiary amine and two unpaired electrons, this
is the centre of the electrochemical reaction. In addition, the intermediate product is a quaternary
amine Schiff base, which is very unstable and will be hydrolysed. Therefore, we propose the
electrochemical reaction mechanism of CPM as presented in Scheme 2.

H3C\1..\I.7{CH3 o)
-2¢,-2H" H . H3C\N _CH;
N + Hy0 AN
N H
G = Cl

Cl
Scheme 2. The proposed mechanism of CPM oxidation

Scan rate effect

The scan rate effect on the electrochemical signals of PAR and CPM at AuNPs-rGO-GCE is
presented in Figure 8a. From the figure, it is evident that this is an irreversible system because only
anodic peak appears, but no cathodic peak appears. The linear relationship between peak current
(I,) and the square root of scan rate (1*/2) could provide kinetic information. The line with a non-
zero intercept suggests this is an adsorption-controlled process; otherwise, this is a process
controlled by diffusion. From Equations (3) and (4), the 95 % confidence interval of the intercept did
not contain zero, indicating that the intercepts of the two linear regression equations of CPM and
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PAR did not pass through the origin. This suggests that the adsorption process prevails at the
modified electrode, based on the Randles-Sev¢ik equation for the irreversible system [30,31,43].

Ippar=(1.689 + 0.815) + (0.217 + 0.061) v¥/2, R = 0.9606 (3)
Ipcom = (8.870 + 1.264) + (0.485 + 0.095) v/2, R2 = 0.9806 (4)
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Figure 8. (a) Cyclic voltammetry curves of PAR and CPM on AuNPs-rGO-GCE at different potential scan rates;
(b) regression curves between Ir and v¥/?of PAR and CPM; (c) In |p vs. In v plots, (d) Ep vs. In v¥/? plots
(Eacc = -500 mV, toec = 60 s, scan rate varied from 20 to 400 mV s, Cpag = 70 uM,

Cpv = 54 uM, BR buffer 0.05 M, pH 7)

The relationship between In Ip and In v (Figure 8c) provides the concentration of PAR and CPM
per unit electrochemically active area of the modified electrode [30,38,44]. The surface coverage
(7) was calculated using Equation (5):

FPAT
In/, =In n +Inv (5)
4RT

which can come to the expression presented by Equation (6)
_ e“4RT
TP FA
where a represents the y-intercept of the linear regression line describing the logarithmic
relationship between peak current intensity (In /p) and scan rate (In v), n is the number of transferred
electrons, R is the gas constant (8.314 J mol! K1), T = 298 K is the temperature in Kelvin, F is the
Faraday constant (96,500 C mol?), A is the electrochemically active surface area [44].

Through the slopes of the two Equations (7) and (8) based on Figure 8c, the values of surface
coverage were calculated as 7par: 4.753x10°® mol cm and Z¢cpm: 5.549x10° mol cm™?, respectively.
In Ip,par = (-0.025 + 0.262) + (0.304 + 0.054) In v, R? = 0.9840 (7)

In Ipcpm = (1.820 £ 0.137) + (0.180 + 0.028) In v, R?=0.9874 (8)

(6)
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Therefore, the adsorbed quantity accumulated of PAR and CPM on the modified electrode
surface was quite large in 60 seconds, similar to Shetti et al. [39]. When compared to the Rajpurohit
et al. [37] using electrodes modified with manganese hexacyanoferrate/chitosan (MnHCF/CS)
material, the /cpm was much larger, 13,400 times.

The kinetics of the electrochemical reaction were also studied by examining the effect of the
potential scan rate on the stripping signal [43,45]. The electron transfer coefficient (a) was
calculated using the equation « = RT/bnF, where b is the slope of linear plots from the correlation
between Ep and In 11/2. From the slope of linear plots in Figure 8d, and the correlation between Ep
and In 1172 defined by Equations (9) and (10), the electron transfer coefficient (@) of PAR and CPM
was determined to be apar = 0.434 and acpm = 0.449. Both values are approximately 0.5, which is in
complete agreement with the theory for irreversible systems [31,43].

Eppar= (154 + 9) + (30 £ 4) In V//2, R”2=0.9923 (9)

Epcpm = (686 % 8) + (29 + 3) In V2, R2 = 0.9930. (10)

Optimizing the operational parameters of the anodic stripping voltammetry square-wave method

The operational parameters, including accumulation potential (Eacc), accumulation time (tac),
square wave frequency (f), pulse amplitude (AE), and potential step (Ustep), Were optimized. As shown
in Figure S1, when the Eac varied from -1,200 to -900 mV, the peak potential (Ep) changed
insignificantly. This showed that the external potential applied to the working electrode was not
related to the electrochemical reaction on the AuNPs-rGO-GCE. When the potential was shifted from
1,200 mV to -900 mV, the /p of PAR did not differ much, but for CPM there was a very significant
increase and reached a maximum at the Eacc of -900 mV. When Eac shifted to a more positive direction
to -400 mV, the Ir of PAR and CPM both decreased sharply, although still far from the PAR stripping
peak. The subsequent experiments shifted to -100 mV, and the /p of PAR and CPM also did not change
(not shown here). To determine PAR and CPM simultaneously, the Eacc of -900 mV was chosen.

Figure S2 shows that when the tacc increased from 5 to 30 s, the /p raised gradually. When the tacc
was greater than 30 seconds, the /p of PAR showed minimal change, but the /p of CPM still increased,
possibly due to the adsorption process of PAR and CPM being almost saturated on the surface of
the modified electrode. To reduce the analysis time, tiacc = 30 s was found appropriate.

The results of the square wave frequency survey from 5 to 50 Hz corresponding to the potential
sweep rate from 30 to 300 mV s* are shown in Figure S3. When the square wave frequency fluctuates
from 5 to 15 Hz, the /p of PAR and CPM both increased sharply, but from 20 to 50 Hz, i.e. with the
potential sweep rate from 120 to 300 mV s}, there was a slow increase. Since the square wave frequency
was related to the potential sweep rate, and therefore, the frequency of 20 Hz with a potential scanning
rate of 120 mV s was appropriate. AE is a parameter that significantly affects the electrochemical
signals of the analyte in the SQW-ASV method. When the pulse amplitude is small, the stripping peak
current will be small and when the pulse amplitude is large, the stripping peak current will be large, but
this leads to an increase in the full width at half maximum (FWHM). Therefore, it affects the selectivity
of the analytical method. The results in Figure S4 show that the Ep of PAR and CPM did not change
significantly when the pulse amplitude varied from 5 to 60 mV. Meanwhile, the /p of CPM increased quite
linearly, but for PAR, it increased linearly from 5 to 30 mV with a large slope and then increased slowly.
On the other hand, when increasing the pulse amplitude from 5 to 60 mV, the FWHM varied from 95 to
161 mV with PAR and from 156 to 183 mV, which was quite large. Therefore, increasing the pulse
amplitude increased the /Ip, but reduced the selectivity and the /p can easily fall out of the linear range.
Therefore, the pulse amplitude of 30 mV is considered appropriate.
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Limit of detection and linear range

The aim is to simultaneously analyse PAR and CPM in aqueous solutions and apply them to some
pharmaceutical samples. The study was conducted for three cases: i) the first case was to fix the
CPM concentration at 54 uM and gradually increase the PAR concentration from 7 to 700 uM, ii) the
second case was to fix the PAR concentration at 28 uM and progressively increase the CPM con-
centration from 10.8 to 194.4 uM, and iii) the third case was to add PAR and CPM simultaneously,
with PAR from 7.0 to 280 uM and CPM from 10.8 to 70.2 uM.

In the case of fixing the concentration of CPM, the /p of PAR gradually increased from 7.0 to
360 uM, but from 360 uM it increased very slowly to 588 uM, where it increased almost insignifi-
cantly (Figure 9a).

a) 60 b) 241
- -
504 20
40 4 164
< <
< 301 =12
= -
20 8
104 4
0 10 20 30 40 50 60
0 v v r v v r " 0 T 1
-200 0 100 200 300 400 500
ElmV Conr / BM
c) 80- d) 6
70 54
60 -
44
50 4 ) <
i 40 0 40 80 120 160 200 = 3
= A C/puM =
30+ 2
20 -
1
10 4 50
04 . . . . . . . 0 T T T T + )
200 0 200 400 600 800 1000 1200 0 20 40 60 80 100 120
E/mV Cepm/ 1M

Figure 9. (a) SQW-ASV curves of AuNPs-rGO-GCE at constant CPM concentration of 54 1M, and PAR concentrati-
ons varied from 7 to 700 uM; (b) calibration plot of I, versus concentrations of PAR from 7.0 to 308 uM; inset: used
for LOD determination with PAR concentrations from 7.0 to 56 uM,; (c) SQW-ASV curves of AuNPs-rGO-GCE at
constant PAR concentration of 28 uM, and CPM concentrations varied from 10.8 to 194 uM; d) calibration plot of I,
vs. concentration of CPM from 10.8 to 86.4 uM; inset: used for LOD determination with CPM concentrations from
10.8t0 43.2 uM (Eqee=-900 mV, t,=30's, AE=30 mV, Usiep=6 mV, f=20 Hz, v=120 mV s BR buffer 0.05 M, pH 7)

Meanwhile, the Ip of CPM did not change significantly with Ip,cpm = 3.046+0.149 pA, n = 18 and
RSD = 4.903 % and therefore, compared to % RSDy at 54 pM concentration (5.33 %) was accept-
able [46]. On the other hand, Ep,cem and Ep par did not change much, with Ep,cpm = 616214 mV, n =18
and Eppar = 115+10 mV, n = 18. This shows that 54 uM CPM did not affect the determination of PAR.

According to [47], the determination of LOD usually chooses the concentration range near the
origin and therefore, the concentration range was selected from 7.0 to 56 uM (the inset of Figure 9b).
The results are presented by Equation (11):

Ippar = (0.114 + 0.268) + (0.082 + 0.008) Cpar, R? = 0.9989 (11)

The calculated LODpag = 2.65 uM and LOQpar = 8.85 UM completely satisfy conditions: 10xLOD>Cmin
and LOD<Cmin, LOQ = 3.33xLOD [47,48]. Thus, the linear range in the fixed 54 uM CPM field of PAR is
from 8.85 um to 308 uM.
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In the second case, when the concentration of PAR is fixed at 28.0 uM, the /p of CPM gradually
increased from 10.8 to 194.4 uM. However, the increase of /p could be divided into two distinct
stages: from 10.8 to 97.2 uM (9t addition), it increases rapidly, and from 97.2 to 194.4 pM, it
increases slowly. However, at the concentration of CPM of 54.0 uM (5t addition), nearly twice the
concentration of PAR, the /p of PAR decreases very sharply. Next, increasing the concentration of
CPM to 194.4 uM, the Ip of PAR still tended to decrease slowly (Figure 9c). Thus, when the concen-
tration of CPM was doubled, it had a significant effect on the stripping signal of PAR. In addition,
Ep par shifted towards the positive direction quite clearly (Figure 9¢) from the 5% addition. But from
the 6th to the 18™ addition, the shift was slow, with Eppar = 134415 mV, n = 13 and RSD = 10.9 %.
Meanwhile, Ep,cpm almost changed insignificantly, with Ep,cpm =603 £ 23 mV, n =18 and RSD = 3.83 %.
Thus, in terms of electrochemical and chemical reactions, since Ep, cpm did not change and /Ip, cpm still
increased linearly from 10.8 to 97.2 uM, it is assumed that CPM did not interact with PAR. The
decrease in Ip,cpm may be due to the fact that CPM molecules have larger spatial structures, so they
competitively adsorb with PAR onto the surface of the AuNPs-rGO-GCE during the accumulation
stage. Similar to the consideration for PAR alone, LOD and LOQ were determined, while fixing the
PAR concentration at 28 uM and the CPM concentration from 10.8 to 43.2 uM, i.e. the concentration

range close to the origin, giving the following results, Equation (12):

Ip.com = (-0.047 + 0.209) + (0.073 + 0.007) Cepm , R? = 0.9990 (12)
giving LODcpm = 1.63 puM and LOQcpm = 5.44 pM.

The calculated LOD fully satisfies conditions of 10xLOD>Cmin and LOD<Cmin, LOQ = 3.33 LOD.

After determining the LOD and LOQ, the working concentration range of CPM at the fixed PAR
concentration of 28 uM is from 10.8 to 97.2 uM and the linear range is from 5.44 to 86.4 uM.

Finally, the simultaneous addition of PAR and CPM with specific concentration ranges was
conducted, with PAR concentration changing from 7.0 to 280 uM and CPM from 10.8 to 70.2 uM.
The results obtained after 12 additions, and each measurement repeated three times, are presented
in Figure 10a. In Figure 10b, it was found that the linear range of PAR and CPM has narrowed at high
concentrations compared to the cases of examining each PAR and CPM compound individually. As
a result, with PAR: from 7.0 to 140 uM and with CPM: from 10.8 to 54.0 uM. This is reasonable
because when adding PAR and CPM simultaneously, during the accumulation stage, the adsorption
process will be almost saturated on the surface of the modified electrode. At the same time, it is
also possible that due to competitive adsorption, the /r of PAR and CPM may decrease compared to
the individual examination. As a result, the sensitivity decreases, leading to an increase in the
detection limit. From the studied concentration ranges of PAR and CPM, linear regression Equati-
ons (13) and (14) were constructed as follows (Fig. 10c and 10d):

Ippar = (0.599 + 0.791) + (0.090 + 0.025) Cear, RZ =0.9921 (13)

Ipcpm = (0.321 +0.542) + (0.090 + 0.027) Ccpm, R? = 0.9902 (14)

As reported in previous studies [47,48], LOD and LOQ for PAR and CPM were determined using linear
regression data points near the origin, in accordance with the 3o criterion. The inset plots in Figures
10(a) and 10(b) were utilized for these calculations. Based on this approach, the calculated values were
LODpar = 7.122 uM and LOQpar = 23.740 uM, whereas LODcpm = 2.544 uM and LOQcpm = 8.480 uM.

Here, the obtained results on the linear ranges and detection limits for PAR and CPM at AuNPs-
rGO-GCE are compatible with those obtained at different electrodes and already published in the
literature, as shown in Table 1.
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Figure 10. (a) SQW-ASV curves of AuNPs-rGO-GCE for PAR (7 to 280 uM) and CPM (10.8 to 70.2 uM);

(b) variation of I, for PAR and CPM at different spiked concentrations; (c) calibration plot of I, versus PAR
concentration (7 to 140 uM), inset: LOD determination (7 to 56 uM); (d) calibration plot of I, versus CPM
concentration (10.8 to 54 uM), inset: LOD determination (10.8 to 27 uM). (Eacc -900 mV, tqec 30 s, AE=30 mV,

Ustep=6 mV, f=20 Hz, v=120 mV s BR buffer 0.05 M, pH 7)

Table 1. A comparison of analytical performance of CPM and PAR at different electrodes taken from the
literature, and AuNPs-rGO-GCE from the present work

Electrode Method, pH Linear range, uM  LOD, uM Sample Ref.
G-NS/GCE DPV, pH 7.3 10 - 60 0.062 Serum and urine [34]
IL/CNT/GCE LSV, pH 7.0 1.0-900 0.7 Tablet [35]
CPE DPV, pH 9.2 8.0-100 1.7 Tablet and serum [42]
CPM:9.74-718 CPM:2.92 Pharmaceuticals and
AUNP-p(L-met)/PGE DPV,pHA0 o AR:3.18-3000 PAR:0.95 serum [49]
MWCNTs-IL/GCE DPV, pH 12.0 1.4-99.7 0.40 Pharmaceuticals [50]
MWCNT/GCE DPV, pH 10.0 5-500 1.63 Serum [51]
Au@Ag/p-L-met/PGE DPV, pH 7.0 0.87 - 600.0 0.26 Pharmaceuticals [38]
rGO/AgNPs/GCE SWV, pH 10.0 10 - 300 42  Pharmaceuticalsand g
artificial urine
. CPM: 50 - 10000 CPM: 16
Ni-NPs/CPE DPV,pH 7.0 PAR: 750 - 7000 PAR: 140 Tablet [13]
Ru/Pty/GCE DPV, pH 10.1 2.0-45 0.338 Tablet and siro [52]
CPM:8.480-54 CPM:2.54 - This
AuNPs-rGO-GCE SWV, pH 7.5 PAR: 23.74-140  PAR:7.12 Herbal medicine study

Abbreviations: DPV: Differential pulse voltammetry; SWV: Square wave voltammetry; CPE: Carbon paste electrode; GCE: Glassy
carbon electrode; PGE: Pencil graphite electrode NiP NPs: Nickel phosphate nanoparticles; Ru/Pty: tris(2,2’-bipyridyl)Ru(Il) and Pty:
polytyramine; MWCNT: Multiwalled carbon nanotubes; AuNP-p(L-met): Gold nanoparticles-poly (L-methionine); G-NS: Graphene
nanosheet; p-L-met: poly(L-methionine).
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Repeatability and reproducibility

Experiments were conducted with four different concentrations of PAR and CPM to evaluate the
repeatability of the stripping signal in Figure 11. The repeatability evaluation was based on the
statistical quantity of relative standard deviation (RSD, %) [48,53]. The experimental /p and RSD values
were compared with the 1/2 RSDy to 2/3 RSDy values of the Howitz function (RSDy) [46] and according
to AOAC [54] at different concentrations of PAR and CPM. The results showed that the experimental
relative standard deviation (RSDgx.) values at all concentrations of PAR and CPM were much smaller
than % RSDh. As cited in [54], the allowable RSD values in the concentration range from 10 to 100 ppm
are 7.3 and 5.3 %. Thus, the repeatability of /p for PAR and CPM is considered acceptable.
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Figure 11. (a) I, of SQW-ASV curves of AuNPs-rGO-GCE with PAR and CPM at different concentration pairs with
nine replicate measurements: (1) Coar = 56 uM and Ccpn = 32.4 uM; (1l) Coar = 126 uM and Ccpmr = 64.8 uM;
(1) Cpar = 168 uM and Ccpm = 86.4 uM; (IV) Cpar = 224 uM and Ccens = 108 uM; (b) I» variation of PAR and CPM
at nine AuNPs-rGO-GCEs fabricated by the same procedure, Cear = Ccpms = 28 UM. (Egec -900 mV, toec 30 s,
AE=30 mV, Usep=6 mV, f=20 Hz, v=120 mV s BR buffer 0.05 M, pH 7)

The reproducibility of the proposed method was assessed by measuring the electrochemical signals
at different electrodes modified using the same procedure (Figure 11b). The modification process was
repeated 9 times to give 9 separate AUNPs-rGO-GCEs. The results showed that the Ep of PAR and CPM
had an irregular shift. This result was not due to the chemical interaction between PAR and CPM but
could be due to the change in potential of the reference electrode Ag/AgCl|3 M KCl, or it could also be
due to the modification for each time not being uniform. As seen in Figure 11b, the /p of PAR and CPM
changed almost insignificantly, with /, for PAR being 5.04310.206 pA (n =9), RSD = 4.092 %, and i, for
CPM being 2.942+0.185 pA (n =9), RSD = 6.277 %. At the concentrations of PAR (4.232 ppm) and CPM
(7.694 ppm), when compared with 2/3 RSDy [46,48], the deviations were minor, specifically with PAR,
RSDy = 8.587 % and with CPM, RSDy = 7.847 %. On the other hand, compared with AOAC [54], it was
also smaller than the predicted standard deviation of 8 % at an analyte concentration of 1 ppm. In
addition, when studying the linear range, it was still shown that the /p of PAR and CPM increased linearly
with the concentration of the standard spiking. In summary, the reproducibility of the AuNPs-rGO-GCE
modified electrode for simultaneous analysis of PAR and CPM is found acceptable.

Effect of interfering substances

The selected interfering substances include three groups: i) salts of metals commonly found in
the environment, such as AI(NOs)s, Ca(NO3s),, FeCls, KzHPO4, Mg(NOs)2, and NaCl; ii) toxic metals
such as Cd(NO3s),, CuCl,, Cd(NOs)2 and ZnSOa4. These two groups of metals were surveyed at concen-
trations 20 to 100 times higher; iii) organic compounds present in pharmaceuticals and biochemical
environments such as caffeine (CAF), D-glucose (D-Glu), propylene glycol (PG), sorbitol (SOB), uric
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acid (UA), and ascorbic acid (AA). For organic substances, AA, UA, and CAF were surveyed at concen-
trations from 2 to 10 times higher; the remaining substances were from 20 to 100 times higher. The
concentrations of PAR and CPM were fixed at 28 uM, i.e. Cear = 4.233 ppm and Ccpm = 7.694 ppm.
The effects of interfering substances are shown in Figure 12.

Among 16 compounds studied, AA, UA, and CAF had peaks in the voltammetry curves ranging
from -200 to +1200 mV (Figure S5). In particular, with UA (twice the concentration), there was a
phenomenon of overlapping peaks with the peak of PAR, and when AA was present in the solution,
the Ep of PAR and CPM was shifted to the positive side. Thus, with concentrations 4 to 10 times
higher than AA, UA, and CAF, it was impossible to quantify PAR and CPM because of the RSDgx. was
larger from 1/2 RSDx to 2/3 RSDx [46,54]. Organic substances, D-Glu, PG, and SOB did not affect the
stripping signals of PAR and CPM.
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Figure 12. Relative standard deviations (RSDex), n = 4 of lppar (a1, 2, a3) and lp.cem (bi, bz, bs) on
AuNPs-rGO-GCE after adding 16 different inorganic and organic interfering species (Eacc -900 mV, tocc 30,
AE=30 MV, Usiep=6 mV, £=20 Hz, v=120 mV s, Cpar=Ccpm=28 M, BR buffer 0.05 M, pH 7)

UA AA

Interfering substances

Inorganic compounds like NaCl and Cd(NOs), had RSDex values less than 2/3 RSDx of the /p signal
of PAR, so they did not affect the electrochemical signals. In addition, Mg(NOs). and CuCl;, salts
significantly affect the lp of CPM. Meanwhile, all other metal salts do not affect the stripping signal
of PAR and CPM. In addition, no dissolution peaks of all metals appear on the stripping voltammetry
curves (Figure S6).

Recovery and real sample analysis

The real samples used were two formulations: i) the first sample has PAR in the composition but no
CPM (denoted TD1), ii) the second sample has CPM in the composition but no PAR (denoted TD2), and
iii) the third sample is a herbal medicine sample that does not have two components PAR and CPM,
meaning the sample is negative (denoted DT3). Samples were prepared as described in sample pre-
paration. The accuracy of the SQW-ASV method using AuNPs-rGO-GCE was determined through the
recovery value (Rev) at three concentration levels of a standard addition to the initial solution (Table 2).

18 (co) X



H. V. Chungetal.

J. Electrochem. Sci. Eng. 15(6) (2025) 2841

Table 2. Results of determining the accuracy of the SQW-ASV method

TD1 (PAR) TD2 (CPM)

Concentration?, mg mL™* Concentration?, mg mL*
PAR Added Found Rev, % CPM Added  Found _ ReV%
239.0 328.0 104.9 212.0 644.0 98.47
77.27 424.0 517.0 103.7 435.3 668.4 1076 95.86
742.0 820.0 100.1 1018 1460 100.7

DT3
PAR CPM

Concentration?, mg mL? Concentration?, mg mL*
PAR Added Found Rev, % cPM Added  Found _ Rev%
444.0 463.1 104.3 274.4 281.2 102.5
0 742.0 739.7 99.70 0 848.0 882.1 104.0
1484 1509 101.72 1384 1331 96.15

aThe concentrations are converted to the volume of the solution after standardization (V, / mL as used in sample preparation)

The recovery values in two pharmaceutical samples ranged from 95.86 to 104.9 %, and one
herbal medicine ranged from 96.15 to 104.3 % for all three concentrations spiked into the original
samples. This result is entirely satisfactory compared to AOAC [54], and therefore, the method's
accuracy is acceptable.

The selected herbal medicines were prepared before the simultaneous determination of PAR and
CPM by two methods: SQW-ASV using AuNPs-rGO-GCE and the HPLC method.

Table 3 shows the herbal medicine samples containing two components, PAR and CPM, and the
herbal medicine samples containing only CPM.

Table 3. Contents of PAR and CPM in herbal medicine samples with two components

Found content, mg g* Relative

Sample mo/g  Analyte SQW-ASV? HPLC-DAD error, %
PAR 108.2 £ 2.648 197.2 0.471

BNHOS3  0.3321 CPM 16.46 * 0.6660 16.74 11.032
PAR 141.5 £ 0.6660 141.0 70384

HCHO4 04705 CPM 0.757 £ 0.4340 0.792 4.361
PAR 34.00 £ 1.759 3417 -0.505

HCH164  0.3876 CPM 0.478 + 0.2160 0.461 +3.676
VNAOL  0.3357 CPM 5.764 £ 2.046 5.831 1.15
VNAO3  0.2874 CPM 6.761 £ 2.046 6.952 2.75
VNAO4  0.2824 CPM 7300+ 1.754 7573 33.60
VNAO5  0.3643 CPM 2.118 £ 2.046 2.146 133

aThe mean value xs * teit.(p = 0.05, n = 3)xUy. The combined uncertainty of y is calculated as:
U, = \/ﬂ where Uy and Uxi were uncertainty of content and values [47]

On the other hand, relative error is considered a statistical quantity used to evaluate the accuracy
of the analytical method [55] as well as to compare the results of two different analytical me-
thods [56]. Thus, relative error values range from -4.361 to +3.676 % for 7 herbal medicine samples
containing one and two components of PAR and CPM (Table 3), indicating the differences between
the two methods were acceptable. Statistical comparison using paired sample t-test showed that
there was no significant difference between the two methods (t(4) = 0.824, p = 0.228 > 0.05) for PAR;
t(4) = -1.830, p = 0.07 > 0.05) for CPM. These results indicate the proposed method is accurate. The
results of simultaneous analysis of PAR and CPM in real samples by the proposed method are shown
in Table 3, showing that the mixing of PAR and CPM in foods has been banned in the production and
trading of health protection foods, but still exists [57]. On the other hand, by referring to some
published documents, some countries such as China, Korea and Iran have also found the mixing of
PAR and/or CPM in herbal medicines [58-60].
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Conclusions

The electrochemical sensor based on an AuNPs-rGO-modified glassy carbon electrode (GCE)
demonstrated effective simultaneous detection of paracetamol (PAR) and chlorpheniramine
maleate (CPM). The electrode was fabricated via a simple, rapid, low-cost, and environmentally
friendly electrochemical method. Structural and morphological analyses confirmed the uniform
distribution of gold nanoparticles on the rGO surface, which enhanced electrical conductivity and
facilitated electron transfer. The SQW-ASV technique using the AuNPs-rGO-GCE exhibited high
sensitivity, low detection limits, and high precision, with acceptable recovery. Moreover, the pro-
posed method was successfully applied to the simultaneous quantification of PAR and CPM in herbal
medicine samples. The results showed no statistically significant difference compared to those
obtained by the HPLC-DAD method, confirming the reliability and accuracy of the electrochemical
approach. These findings highlight the practical potential of AuNPs-rGO-based electrochemical
sensors for pharmaceutical analysis.

Supplementary material: Additional data are available electronically on article page of the journal's
website: https.//pub.iapchem.org/ojs/index.php/JESE/article/view/2841, or from the corresponding
author upon request.
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