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This study introduces a highly sensitive electrochemical method for detecting paracetamol (PCT) in pharma-
ceutical tablets and human serum samples, utilizing a glassy carbon electrode modified with alizarin red S (poly
(ARS)/GCE). PCT is one of the most widely used analgesic and antipyretic drugs; however, its overdose or
prolonged use can lead to severe liver and kidney damage. Therefore, the development of sensitive and reliable
methods for monitoring PCT levels in pharmaceutical formulations and biological fluids is crucial for ensuring
drug safety and effective therapeutic monitoring. Characterization of the electrode confirmed that the surface
modification with a conductive and electroactive polymer film (poly(ARS)) significantly enhanced the effective
electrode surface area and reduced charge transfer resistance. Compared to the unmodified electrode, the
modified electrode exhibited a well-resolved, irreversible redox peak at a significantly lower potential with a
sixfold increase in current, highlighting the catalytic efficiency of the modifier toward PCT. The electrochemical
behavior of PCT was analyzed via cyclic voltammetry and square wave voltammetry, revealing significantly
enhanced sensitivity and selectivity due to the conductive polymer coating. Under optimized electrode condition
square wave voltammetric current response of poly(ARS)/GCE showed linear dependence on concentration of
0.01-250.0 pM and an ultralow detection limit of 1.0 nM in phosphate buffer solution (pH 7.0). Analytical
application on real samples confirmed the method's accuracy, achieving recovery rates of 98.8-100.3 % for
pharmaceutical tablets and human blood serum, even in the presence of potential interferents. The developed
method provides a cost-effective and robust alternative for PCT quantification, with superior performance
compared to previously report electrochemical approaches.

1. Introduction pharmacokinetic studies and quality assurance [3]. Given the extensive

clinical use of paracetamol, reliable quantification methods for its

The analysis of pharmaceuticals plays a pivotal role in ensuring drug
quality control and safeguarding public health. Paracetamol (N-acetyl-p-
aminophenol), also known as acetaminophen (Scheme 1), is a widely
used analgesic and antipyretic drug, commonly employed for relieving
pain and reducing fever [1,2]. Despite its therapeutic benefits, excessive
intake of PCT can lead to toxic effects such as hepatotoxicity and
nephrotoxicity [2], underscoring the need for accurate monitoring of its
concentration in pharmaceutical formulations and biological samples.

Analytical techniques are fundamental throughout a drug's lifecycle,
from development to post-market surveillance, as they assess physical
and chemical properties, inform dosage design, and ensure stability.
Both quantitative and qualitative drug analyses are essential for
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analysis in drugs and biological fluids are crucial. Challenges in PCT
determination include interference from impurities, degradation prod-
ucts, metabolites, or co-existing active substances, highlighting the need
for selective, sensitive, and cost-effective methods for PCT detection in
pharmaceutical and biological matrices [1,3].

A variety of analytical methods, such as chromatography [4,5],
spectrophotometry [6,7], and spectrofluorometry [8,9], have been
employed for PCT determination. However, these methods are often
associated with extensive sample preparation, lengthy procedures, and
high costs [10-13]. In contrast, electrochemical methods have gained
attention as an efficient alternative due to their simplicity, rapid
response, cost-effectiveness, and high sensitivity [1,10-13]. The

Received 7 March 2025; Received in revised form 14 April 2025; Accepted 16 April 2025

Available online 17 April 2025

2214-1804/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:adane_kassa@dmu.edu.et
www.sciencedirect.com/science/journal/22141804
https://www.elsevier.com/locate/sbsr
https://doi.org/10.1016/j.sbsr.2025.100792
https://doi.org/10.1016/j.sbsr.2025.100792
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sbsr.2025.100792&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

W. Girum and A. Kassa

OH

N
H

Scheme 1. Chemical structural of paracetamol

methods are increasingly preferred for analyzing real samples, offering
vital insights into drug resistance and efficacy [14].

The use of chemically modified electrodes for the sensitive and se-
lective detection of analytes is a notable advantage of electrochemical
methods. Among these, carbon-based electrodes have gained significant
attention in electroanalytical applications due to their affordability and
versatility [15,16]. Glassy carbon electrodes are particularly popular for
electrochemical analyses because of their excellent mechanical and
electrical properties, broad potential range, and chemical stability.
However, bare GCEs often face challenges such as limited sensitivity,
selectivity, and surface fouling. To address these issues, modified GCEs
have been developed to enhance electrochemical performance by
increasing surface area, improving compatibility, and facilitating elec-
tron transfer, making them suitable for detecting biologically significant
compounds.

This study aims to develop a green voltammetric method using an
alizarin red S-modified GCE for the selective and sensitive detection of
paracetamol in pharmaceutical formulations and human blood serum
samples. The proposed method seeks to enhance the linear range,
sensitivity, and detection limits, providing a reliable and efficient
approach for pharmaceutical quality control and clinical applications.

2. Materials and methods
2.1. Chemicals and materials

All chemicals and reagents used in this study were of analytical grade
and applied without further purification. Paracetamol (>99.9 %) was
sourced from Sigma Aldrich, while alizarin red S (>99.7 %) was ob-
tained from Samir Tech-Chem. (p) Ltd. Potassium hexacyanoferrice(III)
(98.0 %) and potassium hexacyanoferrate(II) (98.0 %) were supplied by
BDH Laboratories. Additional chemicals included potassium chloride
(99.5 %), sodium monohydrogen phosphate (>98.0 %), and sodium
dihydrogen phosphate (>98.0 %), all procured from Blulux Labora-
tories. Hydrochloric acid (37.0 %) and nitric acid (70.0 %) were pur-
chased from Fisher Scientific, while sodium hydroxide (Extra pure) was
acquired from Lab Tech Chemicals.

The instruments utilized in this study included an electronic balance
(Nimbus, ADAM Equipment, USA), a refrigerator (Lec Refrigeration
PLC, England), a deionizer/distiller (Evoqua Water Technologies), and a
centrifuge (1020D, Centurion Scientific LTD, UK). Additionally, the CHI
760E potentiostat (Austin, Texas, USA), a pH meter (8000 CE, Romania),
and a Basi potentiostat (USA) were used for experimental analyses.

2.2. Procedure

2.2.1. Preparation of poly(ARS)/GCE

Initially, the bare GCE was polished using a micro-cloth with alumina
powders of 0.1 pM and subsequently 0.05 pM particle size. After pol-
ishing, the electrode was thoroughly rinsed with distilled water. The
cleaned GCE was then immersed in a 0.1 M phosphate buffer solution
(PBS) at pH 7.0 containing 1.0 mM ARS. The potential was cycled be-
tween —0.8 V and + 1.8 V for 10 cycles at a scan rate of 100 mV s~.. To
remove any physically adsorbed monomer species, the poly(ARS)/GCE
was rinsed again with distilled water. The modified electrode was then
stabilized in 0.5 M H2SO4 by scanning between —0.8 V and + 0.8 V until
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Fig. 1. Repetitive CVs of GCE in pH 7.0 PBS containing 1.0 mM ARS scanned
between —0.8 & +1.8 V at a scan rate of 100 mV s for 10 cycles. Inset: CVs 1st
cycle, and 10th cycle of poly(ARS)/GCE.

a stable cyclic voltammogram was achieved. Finally, the stabilized poly
(ARS)/GCE was air-dried before being used in further experiments.

2.2.2. Preparation of standard PCT solution

A stock solution of paracetamol with a concentration of 10.0 mM was
prepared by dissolving 0.03779 g of PCT in 100 mL of distilled water.
From this stock solution, working standard solutions were prepared
through serial dilutions using PBS adjusted to the desired pH levels.

2.2.3. Preparation of real samples

2.2.3.1. Tablet sample. Tablets from four brands Epharm (Ethiopian
Pharmaceuticals Manufacturing Factory, Ethiopia), Corova (Aden
Healthcare, India), Para-Denk (Germany), and Panadol (GlaxoSmithK-
line plc, Ireland) were obtained from a local pharmacy in Bahir Dar,
Ethiopia. Five tablets from each brand were randomly selected, ground,
and homogenized using a mortar and pestle. A stock solution with a
nominal concentration of 2.0 mM was prepared for each brand by dis-
solving an amount of tablet powder equivalent to 30.2 mg of PCT in 100
mL of distilled water in a volumetric flask. Further working solutions for
each brand were prepared by serial dilution of the stock solution using
PBS at pH 7.0. For spike and interference studies, working tablet solu-
tions were also spiked with standard PCT solutions following the same
procedure.

2.2.3.2. Human blood serum sample. A 1.0 mL serum sample for PCT
analysis was obtained from human blood serum collected at Tibebe Gion
Referral Hospital in Bahir Dar City, Ethiopia. The serum was transferred
to a 25 mL conical flask, then filled to the mark with PBS at pH 7.0 and
stored in refrigeration for subsequent analysis. For recovery studies, the
serum samples were spiked with a standard PCT solution.

3. Results and discussion
3.1. Fabrication of poly(ARS)/GCE

The poly(ARS)/GCE was prepared by scanning the potential of a
polished GCE in a 1.0 mM ARS monomer solution with 0.1 M PBS at pH

7.0, within a potential range of —0.8 to +1.8 V for 10 cycles at a scan
rate of 100 mV s~! (Fig. 1). The resulting cyclic voltammogram showed
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Fig. 2. CVs of bare GCE (A), and poly(ARS)/GCE (B) in pH 7.0 PBS containing 10.0 mM Fe(CN)2~/# and 0.1 M KCl at (a-I: 10, 20, 40, 60, 80, 100, 125, 150, 175,
200, 250, and 300 mV s~ %, respectively). Inset: plot of I, vs. square root of scan rate.
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Fig. 3. Nyquist plot of (a) bare GCE and (b) poly(ARS)/GCE in pH 7.0 PBS
containing 10.0 mM [Fe(CN)61%~/*~ and 0.1 M KCl, measured over a frequency
range of 0.01-100,000 Hz, with an amplitude of 0.01 V and potential of 0.23 V.
Inset: (A) zoomed of curve b, and (B) proposed equivalent circuit.

the development of anodic peaks (a-d) and cathodic peaks (a’-c’) with
increasing current, indicating the formation of an electroactive polymer
film on the electrode surface. Compared to the first cycle (Inset of Fig. 1),
where a broad anodic peak and a wide cathodic peak were observed, the
10th cycle revealed more defined anodic peaks (b and c), including a
newly formed peak (b) and a cathodic peak (c’). This was accompanied
by a significant increase in current and a shift in the potential toward
more positive values, indicating the successful deposition of the redox
polymer film on the electrode.

3.2. Cyclic Voltammetric characterization of poly(ARS)/GCE

To evaluate how surface modification affects the electrode's surface
area, cyclic voltammograms of Fe(CN)s®>~/*~ were obtained for both the
unmodified and poly(ARS)-modified GCEs (Fig. 2) across various scan
rates. The active surface areas of the electrodes were calculated using
the Randles-Sevéik equation (Eq. (1)) [17], by determining the slope
from the plot of anodic peak current against the square root of the scan
rate.

Ipa = 2.69 x 10°n*2AD"/%1/2C, €Y}

Table 1
Summary of calculated circuit elements for the studied electrodes.
Electrode Ry/Q R./Q f/Hz Cal/F K°
cm? cm?
GCE (curve a) 14.1 4290.7 316.2 1.8 x 7.8 x
1077 10°®
poly(ARS) (curve 14.1 192.6 55.2 1.5 x 3.5 x
b) 10°° 1077

Here, Ipa represents the anodic peak current, n is the number of
electrons involved in the transfer process (n = 1), A denotes the active
surface area of the electrode, D is the diffusion coefficient of Fe(CN)g_/
4~ MD=7.6x10"° cmzs’l), Cy refers to the bulk concentration of the
redox probe (Cy = 10.0 mM), and v is the scan rate.

Compared to the unmodified GCE with an effective surface area of
0.09 cmz, the poly(ARS)/GCE exhibited a fivefold increase in effective
surface area, reaching 0.45 cm?. The improvement is ascribed to the
electrode surface modification with the conductive polymer film, which
significantly increased the active surface area. Consequently, the rise in
peak current observed for the probe in Fig. 2 using the poly(ARS)/GCE is
directly linked to this enhanced surface area.

3.3. Electrochemical impedance spectroscopic characterization

Electrochemical impedance spectroscopy was employed to confirm
the surface modification and assess the conductive properties of the
modifiers. Fig. 3 shows the Nyquist plots for bare GCE and poly(ARS)/
GCE modified electrodes. As observed, all electrodes displayed a semi-
circle in the high-frequency region and a straight line in the low-
frequency region, which corresponds to the diffusion of electroactive
species from the bulk solution to the solution-electrode interface. This
behavior is consistent with the recommended equivalent circuit (Inset
B).

1

Ca = 27R.f

(2)

Where Cdl represents the double-layer capacitance, fis the frequency
corresponding to the maximum value of the imaginary resistance, and
Rct is the charge transfer resistance. The circuit elements, including Rs,
Rct, and Cdl, for each electrode studied, were calculated from the
respective Nyquist plot using Eq. (1). The apparent heterogeneous
electron transfer rate constant (ko) was calculated using Eq. (2) [18].
These values are summarized in Table 1.

Among the two electrodes, the poly(ARS)/GCE exhibited the lowest
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Fig. 4. Cyclic voltammograms of bare (a & b) and poly(ARS)/GCE (c & d) in
pH 7.0 PBS with no PCT (a & c¢) and 1.0 mM PCT (b & d) at a scan rate of 100
mV s~ L. Inset: Blank-corrected cyclic voltammograms of (a) bare GCE and (b)
poly(ARS)/GCE.

Ret value (192.6 Q, curve b of Fig. 3) (Table 1), indicating that the poly
(ARS) film significantly enhanced the conductivity and, consequently,
the electron transfer rate between the substrate and the analyte. This
improvement can be attributed to the conductive properties of the
polymer film. The apparent heterogeneous electron transfer rate con-
stant (k%) value was estimated by using Eq. (3).

RT

0 _
k ~ F2ACR

3

Where R— the molar gas constant, T— temperature, F— Faraday
constant, A— surface area of the electrode, and C— the concentration of
[Fe(CN)61®~/*.

As shown in Table 1, the poly(ARS)/GCE exhibits a k° value 4.5 times
higher than that of the unmodified GCE, clearly demonstrating the
electrocatalytic properties of the modified electrode toward the probe.
The surface roughness factor (RF), which reflects the increase in surface
area, was further calculated for poly(ARS)/GCE using Eq. (4).

_Ca

Ry =
FCS

(C))

Where Rp represents the surface roughness, and Cq; and Cs are the
electrochemical double-layer capacitances of a planar, smooth electrode
surface of the same material, measured under identical conditions. The
RF value of poly(ARS)/GCE is five times greater than that of the un-
modified GCE, which aligns with the slopes observed for the two elec-
trodes (Fig. 2 (A & B, respectively)) and, consequently, the surface area.

3.4. Cyclic voltammetric investigation of PCT

3.4.1. Electrochemical behavior of PCT at poly(ARS)/GCE

In this study, the electrochemical oxidation of paracetamol was
investigated using cyclic voltammetry and square wave voltammetry.
The poly(ARS)/GCE exhibited low charge transfer resistance (Rct), high
surface roughness, and an enhanced effective surface area, indicating its
catalytic role. The electrochemical behavior of PCT showed irreversible
oxidation and reduction peaks at both unmodified and modified GCEs,
with differences in current intensity and peak potential (Fig. 4). The
appearance of a well-defined oxidative and reductive peak at a signifi-
cantly reduced potential (AE = 188 mV) and a more than sixfold

Sensing and Bio-Sensing Research 48 (2025) 100792

increase in current at poly(ARS)/GCE (curve b of inset) compared to the
unmodified GCE (curve a of inset) confirmed the catalytic effect of the
poly(ARS) film on PCT. The improved potential and current response at
poly(ARS)/GCE demonstrate its suitability for the determination of PCT
in real samples.

3.4.2. Effect of scan rate on peak current and peak potential

The effect of different scan rates on the electrochemical response of
paracetamol at poly(ARS)/GCE was examined using cyclic voltammetry.
Fig. 5 shows the cyclic voltammogram of PCT in pH 7.0 PBS at varying
scan rates. The observed shift of the peak potential in the positive di-
rection with increasing scan rate (Fig. 5) confirms the irreversible nature
of PCT oxidation at poly(ARS)/GCE. The linear relationship between
peak current and scan rate yielded a determination coefficient (R?) of
0.97288 (Fig. 5B). However, a stronger correlation was found between
peak current and the square root of scan rate (R2 = 0.99745) (Fig. 5C),
suggesting that the oxidation of PCT at the poly(ARS)-modified elec-
trode is primarily diffusion-controlled [19,20]. The slope of 0.64 for the
log(Ip) versus log(v) plot (Fig. 5D), which is close to the theoretical value
of 0.50 for a purely diffusion-controlled reaction, further supports the
conclusion that PCT oxidation at poly(ARS)/GCE is predominantly
diffusion-controlled [20].

The kinetic parameters, including the number of electrons involved
and the electron transfer coefficient for the oxidation of PCT at poly
(ARS)/GCE, were calculated. The an value in Eq. (5) for the irreversible
oxidation was determined by analyzing the cyclic voltammogram of PCT
in pH 7.0 PBS at a scan rate of 100 mV s, as shown in Fig. 5A. The
relationship between Ep and lnv for an irreversible process follows Eq.
(6) [17].

_ _ 48
E Ep%_ Jan )

1
RT D2 (1— anFu]1
A apF {0.780 +In (k—R> +In {7RT } 2 } (6)

In this context, o represents the charge transfer coefficient, n is the
number of electrons transferred, Ep is the peak potential, E° is the formal
potential, ko is the electrochemical rate constant, and the other param-
eters are defined by standard electrochemical theory.

From the cyclic voltammogram of PCT at a scan rate of 100 mV s~!
(Fig. 5), the peak potential (Ep) and half-peak potential (Ep;/2) were
found to be 468 mV and 420 mV, respectively. Using these values, an
product was determined to be 1.0, assuming that o for a completely
irreversible electrode process is 0.50 [20]. This indicates that two
electrons (n = 2) are involved in the electro-oxidation of PCT at the poly
(ARS)/GCE surface. Additionally, from the slope of 0.02 in the fitted line
(Epa (V) = 0.40 + 0.02lnv) in the plot of Ep versus In(v) (Fig. 5E), the
value of n(1-a) was calculated to be 0.64 at 25 °C using Eq. (6). Given
that two electrons are involved in the oxidation of PCT, the electron
transfer coefficient () was estimated to be 0.68, further supporting the
irreversibility of the PCT oxidation process [17,18,20].

Ep:E°+

3.4.3. Effect of solution pH

To optimize the poly(ARS)/GCE response for PCT oxidation, the
impact of pH on electrochemical oxidation was examined using cyclic
voltammetry across a pH range of 3.0-9.0 in a phosphate buffer solution
containing 1.0 mM PCT, at a scan rate of 100 mV s7! (Fig. 6). The
observed shift of the potential toward more negative values with
increasing pH (Fig. 6A) suggests the involvement of protons during PCT
oxidation at poly(ARS)/GCE. The slope of 0.05 V for the plot of oxidative
peak potential versus pH (curve b of Fig. 6B) indicates a 1:1 ratio of
proton and electron involvement [18].

Additionally, the PCT current at poly(ARS)/GCE increased as the pH
ranged from 4.0 to 7.0, then decreased at pH values above 7.0 (curve a of
Fig. 6B), with pH 7.0 identified as the optimal value. This trend may be
due to electrostatic interactions between PCT (pKa 9.5) [21] and alizarin
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Fig. 5. (A) Cyclic voltammograms of poly(ARS)/GCE in 1.0 mM PCT (pH 7.0 PBS) at various scan rates (a-1: 10, 20, 40, 60, 80, 100, 125, 150, 175, 200, 250, and
300 mV s}, respectively), (B) plot of peak current (Ip) versus scan rate (v), (C) plot of Ip versus scan rate, (D) plot of log(Ip) versus log(v), and (E) plot of peak

potential (Ep) versus In(v).

red S has two pKa values (pKa 5.49 and 10.85) [22]. The increase in
current from pH 4.0 to 6.0 may result from the attraction between
deprotonated PCT and protonated alizarin red S. At pH values between
3.0 and 6.0, lower oxidation peak currents were observed, likely due to
PCT hydrolysis and the involvement of H' in the formation of the un-
stable oxidation product, NAPQI. At pH levels above 7.0, the partici-
pation of OH™ destabilized NAPQI, further reducing the peak current.

A reaction mechanism was proposed (Scheme 2) based on the
determined kinetic parameters (nnn and o\alphaa) and the observed 1:1
proton-to-electron ratio. This mechanism aligns with findings reported
in earlier studies [23].

3.5. Square wave voltammetry investigation of PCT using poly(ARS)/
GCE

Square wave voltammetry (SWV) is a more effective technique than
cyclic voltammetry, offering higher sensitivity, better resolution, and
lower detection limits [18,24]. SWV was therefore used for the quanti-
tative analysis of PCT in tablet and serum samples. Fig. 7 illustrates the
SWV responses of 1.0 mM PCT in PBS (pH 7.0) at both bare and poly
(ARS)/GCE electrodes. At the bare glassy carbon electrode, the poor
electroactivity of PCT resulted in weak and insignificant current peaks.
However, at the poly(ARS)/GCE, a well-defined anodic peak and a
reduction in overpotential were observed for PCT, demonstrating that
accurate determination of PCT is feasible using SWV with the poly
(ARS)/GCE surface.
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Scheme 2. Proposed reaction mechanism for PCT.
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Fig. 7. SWVs of bare GCE (a & b) and poly(ARS)/GCE (¢ & d) in pH 7.0 PBS
with and without 1.0 mM PCT (a & c: without PCT, b & d: with PCT) at a
potential increment of 4 mV, amplitude of 25 mV, and frequency of 15 Hz.
Inset: Background corrected SWVs of PCT at (a) bare GCE and (b) poly
(ARS)/GCE.

3.5.1. Square wave voltammetric parameter optimization

To optimize the square wave voltammetry parameters, step poten-
tial, amplitude, and frequency were systematically evaluated. The re-
sults showed that the peak current increased with higher step potential,
amplitude, and square wave frequency, accompanied by a rise in
capacitive current (Fig. 8A-C). Based on these observations, the optimal
parameters were determined to be a step potential of 6 mV, amplitude of
35 mV, and a square wave frequency of 20 Hz for further analysis.

3.6. Calibration curve and method detection limit

Fig. 9 displays the square wave voltammograms for different con-
centrations of PCT under optimized solution conditions and method
parameters. The average current response (n = 3) showed a linear cor-
relation with PCT concentration within the range of 0.01-250.0 pM. The
method achieved a limit of detection (LoD) of 1.0 nM (calculated as 3 s/
m, n = 7) and a limit of quantification (LoQ) of 3.4 nM, as shown in the
inset of Fig. 9. The %RSD values for triplicate measurements were all
below 3.0 %, confirming the method's high precision when employing
the conductive polymer ARS as an electrode modifier.

The high sensitivity (calculated as the slope value of the calibration
plot divided by the surface area) approaching 1.0 validates the accuracy
and significance of the developed method.

3.7. Analytical application of the poly(ARS)/GCE

3.7.1. Tablet formulation samples

To evaluate the PCT content in tablet samples and compare it to the
nominal values provided by the manufacturers, samples from four
brands (EPHARM, Corova, Para-Denk, and Panadol) were prepared
following the outlined experimental procedure. The square wave vol-
tammograms for tablets with nominal PCT concentrations of 20.0 and
40.0 pM for each brand are presented in Fig. 10. The measured currents
were used to determine the PCT concentration in each tablet, and the
results were compared to the labeled values (Table 2). As indicated in
the table, the measured PCT content ranged between 98.8 % and 100.0
% of the expected values, with %RSD values below 3.3 %. These results
confirm the method's accuracy and precision, highlighting its suitability
for determining PCT in complex matrices.

3.7.2. Human blood serum sample

As shown in Fig. 11A, the absence of a peak at the characteristic
potential of PCT confirmed that PCT was not present in the analyzed
human blood serum sample. However, in Fig. 11B-D, a peak appeared at
a different potential, which was identified as “a” for uric acid and “c” for
creatinine [18].

3.8. Validation of the developed method
3.8.1. Spike recovery study

3.8.1.1. Human blood serum sample. As illustrated in Fig. 11, the cur-
rents for peaks (a and c) in the unspiked serum sample remained
consistent, even with increasing concentrations of spiked PCT, sug-
gesting that these peaks are unrelated to PCT. Conversely, a new peak
(peak b in curves B—D) emerged, showing a rising current response
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Fig. 9. Blank corrected SWVs of poly(ARS)/GCE in pH 7.0 PBS for different
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120, 160, 200.0, and 250.0 pM, respectively) at step potential 6 mV, amplitude
35 mV, and frequency 20 Hz. Inset: plot of oxidative peak current (mean + %
RSD as error bar) vs. concentration of PCT.

proportional to the spiked PCT levels. The spike recovery results,
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Fig. 10. Blank corrected SWVs of poly(ARS)/GCE in pH 7.0 PBS containing (A)
20.0 and (B) 40.0 pM, PCT tablet samples of different brands (a & b: EPHARM, ¢
& d: Corova, e & f: Para-Denk, and g & h: Panadol, respectively).

summarized in Table 3, ranged between 99.75 % and 100.30 %, with a
%RSD below 3.2 % for PCT in human serum samples. These results
confirm the method's accuracy and reliability for quantifying PCT in
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Table 2
Summary of detected PCT content and percent detected as compared to the
nominal value for each analyzed tablet brand.

Tablet Labeled Nominal PCT  Detected PCT in Detected
brand PCT i 1 PCT (%
ran (mg/ In sample sample tablet (%)
tablet) (uM) a
(uM) (mg/
tablet)
EPHARM 500 20.0 19.76 + 494.0 98.8
0.030
40.0 39.67 + 495.9 99.20
0.020
Corova 500 20.0 20.0 £ 500.0 100.0
0.017
40.0 40.0 + 500.0 100.0
0.015
Para- 500 20.0 19.88 + 497.0 99.4
Denk 0.025
40.0 39.86 + 498.3 99.65
0.021
Panadol 500 20.0 19.95 + 498.8 99.75
0.033
40.0 39.95 + 499.4 99.88
0.020
@ Detected mean PCT + %RSD.
0
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Fig. 11. Background-corrected SWVs of poly(ARS)/GCE in pH 7.0 PBS with
(A-D: unspiked human blood serum sample, serum spiked with 20.0 uM, 40.0
pM, and 80.0 pM PCT, respectively). Peaks correspond to (a) uric acid, (b) PCT,
and (c) creatinine.

Table 3
Recovery of 20.0, 40.0, and 80.0 pM PCT in spiked human blood serum samples.
Sample  PCT before spike Added PCT Found PCT Recovery
(M) (M) (Y )"
B ND 20.0 19.95 £+ 0.030 99.75 + 3.00
C ND 40.0 40.0 £+ 0.022 100.00 +
2.20
D ND 80.0 80.23 + 0.032 100.3 + 3.20

ND not detected.
@ Detected mean PCT + RSD.
b 9% Recovery PCT + %RSD.
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Fig. 12. Background-subtracted SWVs of poly(ARS)/GCE in pH 7.0 PBS with
Epharm brand tablet samples spiked with standard PCT at concentrations of
0.0, 20.0, 40.0, and 80.0 pM (A-D, respectively).

Table 4
Summary of spike recovery results for 20.0, 40.0, and 80.0 pM PCT added to
tablet solutions with a PCT concentration of 19.76 + 0.03 pM.

Spiked PCT Expected PCT Detected PCT (mean + RSD)  Recovery
(uM) (uM) (M) (%)

— 19.76 19.76 + 0.03 —
20.00 39.76 39.64 + 0.02 99.4
40.00 59.76 59.76 £ 0.025 100.0
80.00 99.76 100.0 £+ 0.03 100.3

2 Detected mean PCT =+ RSD.
human blood serum.

3.8.1.2. Tablet formulation sample. To further confirm the applicability
of the developed method for PCT determination in real samples, where
matrix effects might be significant, spike recovery experiments were
conducted. The Epharm brand tablet sample, previously analyzed, was
spiked with standard PCT solutions at concentrations of 0.0, 20.0, 40.0,
and 80.0 pM. Fig. 12 shows the square wave voltammograms of the
Epharm tablet sample spiked with different PCT concentrations. The
spike recovery results, ranging from 99.4 % to 100.3 % (Table 4),
demonstrated the accuracy of the method and validated the use of the
poly(ARS)/GCE method for PCT determination in real samples.

3.8.1.3. Interference study. The proposed method's selectivity for
detecting PCT was assessed in the presence of various potential inter-
ferents. Substances were selected based on their possible inclusion in
PCT tablets, structural similarity to PCT, or likelihood of being co-
administered. The effect of each interferent was tested at varying con-
centrations (Fig. 13). As summarized in Table 5, the presence of these
interferents in tablet samples containing a fixed PCT concentration
caused random errors, all within an acceptable tolerance of +5 %,
confirming the method's selectivity.

3.8.1.4. Stability study. The %RSD for five consecutive measurements
of the PCT current at poly(ARS)/GCE, taken every two hours within a
single day (Fig. 14A), and for similar measurements taken every four
days over a span of twenty days (Fig. 14B), were 1.82 % and 3.33 %,
respectively. These results, obtained with a constant concentration of
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Fig. 13. Background corrected SWVs of 20.0 uM PCT tablet solution (pH 7.0 PBS) in the presence of (A) AMP, (B) AMX, (C) CAF, and (D) CLN at their various

concentrations (0.0, 10.0, 20.0, 40.0, & 80.0 pM).

Table 5
Summary of recovery of 20.0 pM PCT in tablet sample in the presence of AMP,
AMX, CAF, and CLN at their levels from 0.0 to 80.0 pM.

Interferent Interferent Detected current Expected current %
type added (uM) (mean for n 3) (mean for n 3) error
(hA) (uA)
0.0 19.0 19.0 —
10.0 18.4 19.0 3.3
AMP 20.0 18.8 19.0 1.06
40.0 19.0 19.0 0.0
80.0 19.2 19.0 1.05
0.0 19.0 19.0 —
10.0 18.3 19.0 3.8
20.0 18.6 19.0 2.1
AMX 40.0 19.0 19.0 0.0
80.0 19.3 19.0 1.6
0 19.0 19.0 -—
10.0 18.5 19.0 2.7
20.0 18.8 19.0 1.06
CAF 40.0 18.9 19.0 0.5
80.0 19.6 19.0 3.1
0 19.0 19.0 —
10.0 18.6 19.0 2.1
20.0 18.9 19.0 0.5
CLN 40.0 19.2 19.0 1.05
80.0 19.7 19.0 3.7

PCT, demonstrate the stability of the polymer film.

The excellent spike recovery, interference recovery, and stability,
combined with a wide linear range and low limit of detection, confirmed
the effectiveness of the developed method for determining PCT in real-
world samples, including those with complex matrices such as phar-
maceutical tablets and human blood serum.

3.9. Performance evaluation of the present method

The current method using poly(ARS)/GCE was evaluated against
recently published approaches, considering factors like linear range,
limit of detection (LoD), and the affordability and accessibility of the
surface modifier utilized (Table 6).

The method described here, utilizing poly(ARS)/GCE, demonstrated
the broadest linear range and the lowest limit of detection compared to
previously reported techniques (Table 6). Consequently, the poly(ARS)
film, derived from the readily available alizarin red S monomer,
exhibited superior performance over methods that relied on more
expensive electrode modifiers.

4. Conclusion

This study successfully developed and validated an electrochemical
method for the sensitive and selective determination of paracetamol
(PCT) using an alizarin red S-modified glassy carbon electrode (poly
(ARS)/GCE). The modification significantly enhanced the electrode's
electrochemical performance, increasing its active surface area, con-
ductivity, and antifouling properties. The optimized electrode exhibited
excellent analytical capabilities, including a broad linear range
(0.01-250.0 pM), an ultralow detection limit (1.0 nM), and high
reproducibility.

Application of the method to pharmaceutical tablets and human
serum samples demonstrated its accuracy and reliability, with recovery
rates ranging from 98.8 % to 100.3 % and negligible interference from
common coexisting substances. Furthermore, the method's stability and
cost-effectiveness highlight its potential for routine quality control and
clinical analysis. Compared to previously reported approaches, the poly
(ARS)/GCE method offers superior performance and practicality, mak-
ing it a valuable tool for pharmaceutical and biomedical applications.
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Fig. 14. Five repetitive SWVs of poly(ARS)/GCE in 1.0 mM PCT (pH 7.0 PBS) recorded (A) at every two hrs in one day, (B) at every four days in twenty days' time

under the optimized method parameters.

Table 6
Performance of the present method compared with previously reported works.
Substrate Modifier Method Dynamic range (uM) LoD (pM) Ref.
HPLC 15.0-300.0 0.01 [3]
SPCE NanoMIP DPV 100.0-1000.0 50.0 [25]
GCE Fe304/rGO/Nafion ASVDPV 2.0-10.0 0.17 [10]
GCE Au-PEDOT/rGO cv 0.001-8000.0 0.007 [26]
LC-MS 0.827-330.77 0.827 [27]
UV-Vis 5.0-50.0 1.162-10.789 & 0.225-8.955 [28]
CPE AQMCPE SWV 33.1-992.2 0.13 [29]
GCE AgNP/ xGnPs SWV 4.98-3.38 0.085 [301
GCE Smy03@ZrO,/CNT SWV 0.021-15.0 0.00631 [31]
GCE fCNTs/ZnO/fCNTs SWASV 2.5-143 0.6 [32]
GCE Poly(ARS) SWV 0.01-250.0 0.001 This work
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