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ABSTRACT: A new, cost-effective selective and highly sensitive electrochemical
sensor (poly(cobalt(II) bis(1,10-phenanthroline) and copper(I) bis(2,2-bipyr-
dine)), poly(Co(Phen)2/Cu(Bip)2)/GCE) was synthesized based on the
sequential electropolymerization of diaquabis(1,10-phenanthroline) cobalt(II)-
iodide dehydrate ([Co(Phen)2(H2O)2]I2·2H2O) and bis(2,2′-bipyridine)hydroxyl
copper(II) iodide ([Cu(Bip)2OH]I) at a glassy carbon electrode. The established
sensor (poly(Co(Phen)2/Cu(Bip)2)/GCE)) was employed for the simultaneous
electrochemical determination of paracetamol (PCM) and chloroquine (CQ). The
established sensor was characterized by FTIR, cyclic voltammetry (CV), and
electrochemical impedance spectroscopy (EIS). The electrochemical performance
of unmodified GCE and poly(Co(Phen)2/Cu(Bip)2)/GCE was evaluated for the
simultaneous voltammetric determination of PCM and CQ. Using poly(Co-
(Phen)2/Cu(Bip)2)/GCE and optimized conditions, the simultaneous square wave
voltammetric determination of PCM and CQ shows linearity in the concentration range between 0.5 and 200 μM, with sensitivity of
0.389 and 0.462 μA/μM and detection limits (LOD) of (3δ/m) 4.38 × 10−2 and 7.48 × 10−2 μM, respectively. Poly(Co(Phen)2/
Cu(Bip)2)/GCE showed excellent performance for the simultaneous sensing of PCM and CQ in pharmaceutical, serum, and urine
samples, with spiked recoveries exceeding 98.9, 97.9, and 98.2%, respectively, demonstrating low LOD, excellent sensitivity,
admirable selectivity, venerable repeatability, and long-lasting stability. Poly(Co(Phen)2/Cu(Bip)2)/GCE's selectivity for the
simultaneous determination of PCM and CQ was shown, demonstrating excellent selectivity despite potential interferences like
sulfamethoxazole (SMX), salbutamol (SBM), guanine (Gua), and atorvastatin (ATS). These results designate that poly(Co(Phen)2/
Cu(Bip)2)/GCE exhibits admirable applicability for the simultaneous electrochemical sensing of PCM and CQ in various real
samples.

1. INTRODUCTION
N-Acetyl-p-aminophenol, or PCM, is another name for
acetaminophen, which is commonly used as an analgesic and
antipyretic drug. It has also been the main active component in
pharmaceutical formulations with many components and is
frequently used to treat disorders connected to headaches and
other conditions affecting various body regions.1 To treat
minor discomfort and fever, PCM is usually used in
conjunction with antibiotics like levofloxacin, amoxicillin,
ciprofloxacin, chloroquine, and others.2,3 The maximum
recommended dosage of paracetamol has been documented
at dosages below 40 mg/kg.4 In therapeutic dosages, this
medicine is safe to use; nevertheless, if used in more than
recommended amounts, it can act as a hepatotoxic and cause
substantial harm to the liver, as well as possibly other organs.5,6

Chloroquine (CQ, N4-(7-chloro-4-quinolinyl)-N1,N1-di-
ethylpentane-1,4-diamine diphosphate) is an antibiotic belong-
ing to the quinolone family that is useful in treating respiratory
infections, urinary tract infections, gastrointestinal disorders,
malaria, and systemic lupus erythematosus.7,8 However, if this

treatment is used excessively, it may lead to the creation of
additional antibiotic-resistant bacteria and health issues.9−11

When used as directed and in the administered quantity, CQ is
usually regarded as a safe medication for several illnesses. The
aged-based total dose of chloroquine is expressed in milligrams
of medicine per kilogram of body weight (mg/kg). An
acceptable therapeutic efficacy of chloroquine has been
documented at dosages below 25 mg/kg.12,13

Published findings state that persons with bacterial
infections usually experience fever and/or inflammation.
Antibiotics should be utilized in combination with nonanti-
biotic drugs to treat these symptoms.3 Moreover, studies
carried out both in vitro and in vivo have demonstrated a
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synergistic impact when antibiotics and antipyretics are
administered together.14 Thus, combining nonantibiotic
drugs with antibiotics compromises a chance to investigate a
formerly uncharted area of the bioactive chemical space.
Antipyretic drugs are therefore recommended to be used in
combination with antibiotics in medical treatments.14,15

Antipyretic and antibiotic drugs are not usually obtainable
together in pharmaceutical medications, although they are
occasionally utilized in treatments. However, certain antipy-
retic formulations also have antihistaminic and antiallergic
qualities. Nonetheless, considering the synergy that arises from
mixing antipyretic and antibiotic formulations, it is crucial to
develop an analytical method that is sensitive, selective, and
economical for determining these agents simultaneously to
determine their concentration in biological fluids and
pharmaceutical formulations.14

Analytical techniques like colorimetry and refractometry
methods16 and HPLC17 have been utilized for the simulta-
neous sensing of CQ and PCM in pharmaceutical and
biological samples.18 Compared with the previously described
approaches, electroanalytical techniques provide the potential
benefits of low cost, short analysis times, and high sensitivity.
Meanwhile, because of their high overpotential, low selectivity,
sluggish kinetics, poor sensitivity, and overlapping electro-
chemical signals, conventional electrodes’ electrochemical
response for simultaneous voltammetric measurement of
analytes is rather limited.19−21

Consequently, limited studies utilizing chemically modified
electrodes, such as nickel oxide nanoparticles modified glassy
carbon electrode (NiONPs/GCE),3 copper zinc ferrite nano-
particles modified carbon paste electrode (CZF-CPE),14 a
binary layer of poly(1,5-diaminonaphthalene) and platinum
nanoparticles (PtNPs/p-1,5-DAN/Pt electrode),22 boron-
doped diamond electrode,23 3D printed disposable electrode,24

platelet-like strontium vanadate (SrV) supported on a graphitic
carbon nitride (SrV/GCN) nanocomposite modified electrode
(SrV/GCN/GCE),25 and N ,N-bis[(E)-(1-pyridyl)-
methylidene]-1,3-propanediamine (PMPDA) self-assembled
monolayer (SAM) modified electrode (PMPDA SAM/
GCE,)26 have been published for the simultaneous electro-
analytical detection of antibiotic and antipyretic drugs in
pharmaceutical and biological samples.
Because of their catalytic ability to lower the overpotential of

the targeted electroactive analyte employed in electroanalytical
results, conducting polymers based on transition metal
complexes have garnered a great deal of attention in the field
of electrode modification these days.27 Numerous techniques,
including the self-assembling method,28,29 adsorption,30 and
electropolymerization,31 have been used to produce modified
electrode surfaces based on metal complexes.
A transition metal complex is a chemical species comprising

a central atom or ion, which is typically metallic and is called
the coordination center, and a neighboring arrangement of
bound molecules or ions that are in turn known as ligands or
complexing agents. Transition metal complexes are widely
recognized compounds with numerous uses in analytical,
antibacterial, anticarcinogenic, and medicinal applications.32 In
recent years, metal complexes have been used in the electrode
modification process, which serve as quick electron transfer
mediators in the electrochemical reaction by lowering the
overpotential of the electroactive substance.33 This could be
achieved by carefully designing and synthesizing transition
metal coordination complexes from carefully identified and

selected transition metal ions with appropriate ligands so that
they would have polymerizable electroactivity, a geometry that
results in a porous and large surface area over the electrode
surface and, consequently, high charge movements in the
entire polymer with appropriate redox potentials so that it
could oxidize or reduce the analytes in given samples. For this
purpose, certain transition metal ion complexes could be good
candidates and have been the focus of study. Several reports
indicate their promising efficient performances.34−37 Based on
this, copper(II) and cobalt(II) with ligands such as 2,2′-
bipyridine(Bip) and 1,10-phenanthroline(Phen) are identified
as perfect couples that result in complexes that undertake
redox activities by switching between its +2 and +1, and +2
and +3 oxidation states, respectively, in desirable potential
ranges in which the selected analyte is investigated with greater
sensitivity and enhanced selectivity when an electroactive
species is oxidized (reduced) slowly at the conventional
electrode at a higher magnitude of the redox potential.38 Bip is
a colorless heteroaromatic solid and an important isomer of the
bipyridine family. Phen is a tricyclic rigid heteroaromatic
molecule. Both form chelate complexes with most d-block
metals through both σ-donating nitrogen atoms and π-
accepting properties.39−42

Besides their effective electron transfer activity and catalytic
activity, transition metal complexes can be electropolymerized
layer by layer to immobilize two-layered conducting polymeric
films onto the electrode surface.20 The bilayered (hybrid) films
offer a synergistic framework with a distinctive combination of
properties, enhanced electrical conductivity, and large surface
area.43,44 The bilayered films enhance the electrochemical
performance of the sensor depending on the sensitivity,
detection limit, selectivity, multifunctionality, and miniatur-
ization.45

To the best of our knowledge, no reports have been made
for the simultaneous voltammetric sensing of PCM and CQ
using bilayered films of electropolymerized cobalt and copper
complex modified glassy carbon electrode (poly(Co(Phen)2/
Cu(Bip)2)/GCE). Accordingly, for the simultaneous voltam-
metric measurement of PCM and CQ in pharmaceuticals and
biological samples, a sensitive and economical voltammetric
approach based on poly(Co(Phen)2/Cu(Bip)2)/GCE was
suggested.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. The following analytical-

grade chemicals and reagents were utilized without further
purification: paracetamol (PCM, 99.8%, Merck), chloroquine
phosphate (99%, Sigma-Aldrich), dihydrated copper chloride
(CuCl2·2H2O), sulfuric acid (98% Loba Chemie, laboratory
reagent), methanol (>99.0%, BDH Laboratories Supplies,
England), CoCl2·6H2O, potassium iodide (KI) (99.5%, Blulux
Laboratories (p) Ltd.), potassium hexacyanoferrate (II),
sodium dihydrogen phosphate (NaH2PO4), 1,10-phenanthro-
line monohydrate (BDH Chemical Ltd., Poole, England),
sodium hydroxide (extra pure, LabTech Chemicals), 2,2′-
bipyridine (99.7%, Sigma-Aldrich), potassium hexacyanofer-
rate (III) (98.0%, BDH Laboratories Supplies, England),
sodium monohydrogen phosphate (Na2HPO4) (98%, Blulux
Laboratories (p) Ltd.), and hydrochloric acid (37%, Fisher
Scientific).

2.2. Instrumentation. Using a CHI 760E potentiostat
workstation (Austin, TX, USA), the voltammetric measure-
ment was performed. Three electrodes made up the electro-
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chemical cell: a saturated silver/silver chloride (Ag/AgCl)
electrode, a modified and unmodified glassy carbon electrode
composed of poly(Co(Phen)2)/Cu(Bip)2, and a platinum coil
(Pt) that served as the reference, working, and counter
electrodes, respectively. The DR6000 UV VIS Spectropho-
tometer, an atomic absorption spectrophotometer (Analytik
Jena Nov AA300), an electronic balance (Nimbus, Adam
Equipment, USA), the Avatar 330 FTIR Thermo Nicolet
spectrophotometer, a deionizer (Evoqua Water Technologies,
Germany), a conductivity meter (Jenway 4200), a pH meter
(AD8000, Adwa, Romania), and a melting point apparatus
(Stone, Staffordshire, ST15 OSA, UK) were among the
apparatus and equipment used in the experiment.

2.3. Poly(Co(Phen)2)/Cu(Bip)2)/GCE Preparation. The
synthesis procedure of [Cu(Bip)2Cl]I and [Co-
(Phen)2(H2O)2]l2·2H2O complexes was described in our
previous works.46,47 The bare GCE was meticulously polished
using alumina powder (0.05, 0.3, and 1 μm) before
synthesizing poly(Co(Phen)2)/(Cu(Bip)2)/GCE. The leftover
polishing powder was then repeatedly removed by washing the
GCE using distilled water. Next, 2 mM [Co(Phen)2(H2O)2]l2·
2H2O was electropolymerized to form the poly(Co(Phen)2)
coating on the polished and air-dried GCE surface in 0.1 M of
PBS of pH 7 by cyclic voltammetry ranging between -1.1 and
+1.8 V at 50 mV/s for 10 cycles. After carefully rinsing the
resulting poly(Co(Phen)2)/GCE with distilled water, it was
scanned in a monomer-free 0.5 M H2SO4 between −1.1 and
+1.8 V until a steady-state cyclic voltammogram appeared.
Using 2 mM of [Cu(Bip)2Cl], the same process was used to
prepare poly(Cu(Bip)2)/GCE. The bilayered film-modified
GCE poly(Co(Phen)2)/Cu(Bip)2)/GCE was then produced
by varying the number of polymerization scan cycles of 2 mM
[Co(Phen)2(H2O)2]l2·2H2O and 2 mM [Cu(Bip)2Cl]I. The
first poly(Co(Phen)2/Cu(Bip)2)/GCE was prepared through
electropolymerization of 2 mM [Co(Phen)2(H2O)2]l2·2H2O
at the GCE surface for 10 scan cycles without electro-
polymerization of 2 mM [Cu(Bip)2Cl]I. Then, the poly(Co-
(Phen)2/Cu(Bip)2)/GCE was prepared via electropolymeriza-
tion of eight scan cycles of [Co(Phen)2(H2O)2]l2·2H2O and
two scan cycles of [Cu(Bip)2Cl]I at the GCE surface. The
same electropolymerization procedure was also carried out for
6:4, 4:6, and 2:8 scan cycle ratios of [Co(Phen)2(H2O)2]l2·
2H2O and [Cu(Bip)2Cl]I, respectively, at the GCE surface. A
similar sequential electropolymerization procedure was con-
ducted for 10:0, 8:2, 6:4, and 4:6, 2:8 scan cycle ratios of 2 mM
[Co(Phen)2(H2O)2]l2·2H2O and [Cu(Bip)2Cl]I, respectively,
to synthesize poly(Cu(Bip)2/Co(Phen)2)/GCE. Then, the
prepared poly(Co(Phen)2/Cu(Bip)2)/GCE and poly(Cu-
(Bip)2/Co(Phen)2)/GCE were cleaned using distilled water
to remove loosely adsorbed monomer particles on GCE.
Finally, the prepared electrode was dried in air and used for
additional tests after being stabilized for 2 min in a monomer-
free 0.5 M H2SO4 until a stabilized CV was seen.

2.4. Solution Preparations. To prepare a 5.0 mM
solution of PCM and CQ, 38 and 80 mg of the CQ and
PCM standard, respectively, were dissolved in a 50 mL
volumetric flask using deionized water. The 5.0 mM of PCM
and CQ standard was diluted using 0.1 M PBS that was made
from an equimolar concentration of NaH2PO4 and Na2HPO4
to prepare the working solutions of PCM and CQ.
To do real sample analysis, two brands of PCM and CQ

tablets (ASKON, India, and EPHARM, Ethiopia) were
purchased from a local pharmacy in Bahir Dar, Ethiopia.

According to the manufacturer’s license, the nominal values of
PCM and CQ were 500 and 250 mg/tablet, respectively, as
electroactive ingredients. Using a pestle and mortar, five tablets
were completely ground and blended into a suitable powder.
Although the two brands (ASKON and EPHARM) of PCM
consist of 500 mg/tablet active ingredients, due to the
presence of inactive ingredients, the average weight mass was
638.8, and 555.96 mg/tablet, respectively. Similarly, the typical
measured mass of the CQ tablet sample was 387.6 and 297.72
mg/tablet for ASKON and EPHARM, respectively. Deionized
water was used to dissolve 48.6 and 124.04 mg and 42.2 and
95.3 mg of PCM and CQ of EPARM and ASKON tablet
powder, respectively, into a 50 mL volumetric flask to create
stock solutions (5.0 mM) of the tablet samples. The PCM and
CQ sample solutions were diluted in PBS at pH 6 to get the
final concentrations within the calibration curve’s linear range.
Serum and urine samples were acquired at the Tibebe Ghion

referral hospital located in Bahir Dar, Ethiopia. After that, the
serum (0.5 mL) was put into a volumetric flask (25 mL), and
pH 6 of 0.1 M PBS was added up to the mark. The same
procedure was used for urine sample solution preparation. To
do a recovery analysis, the urine sample solution and serum
were also made in a 25 mL flask with a 0.5 mL urine sample
using PBS. Finally, 25 and 50 μM PCM and CQ standard
solution were spiked into the urine sample solution for
recovery analysis. When it was not in use, the prepared sample
solution was stored in the refrigerator and used for the
electrochemical measurement.

3. RESULTS AND DISCUSSION
3.1. Fabrication of Poly(Co(Phen)2/Cu(Bip)2)/GCE. The

poly(Co(Phen)2/Cu(Bip)2)/GCE was produced using the
method mentioned in Section 2.3. [Co(Phen)2(H2O)2]l2·
2H2O and Cu[(Bip)2Cl]I were electropolymerized in the
range of −1.1 to +1.8 V for 10 cycles at a scan rate of 100 mV/
s. The electropolymerization of 2 mM of [Co(Phen)2(H2O)2]-
l2·2H2O (i) and [Cu(Bip)2Cl]I (ii) and the steady-state
stabilization of the poly(Co(Phen)2/Cu(Bip)2)/GCE by
monomer-free 0.5 M H2SO4 in −1.1 and +1.8 V potential
range are depicted in Figure 1i,ii (inset of Figure 1). The
identified redox peaks in the electropolymerization CVs of
[Co(Phen)2(H2O)2]l2·2H2O (i) and [Cu(Bip)2Cl]I (ii) at the
GCE surface verify the presence of the electroactive functional
groups in the monomer species.46,47 Different sequential
e lectropolymerizat ion scan cycle rat ios of [Co-
(Phen)2(H2O)2]l2 ·2H2O and [Cu(Bip)2]Cl ([Co-
(Phen)2(H2O)2]l2·2H2O/[Cu(Bip)2]Cl)�10:0, 8:2, 6:4, 4:6,
2:8, and 0:10�were used to make the bilayer electro-
polymerized films of (Co(Phen)2/Cu(Bip)2) (Co(Phen)2/
Cu(Bip)2). The Cu(Bip)2/Co(Phen)2 polymeric films were
also prepared by varying the sequence of the electro-
polymerization of the two monomers ([Cu(Bip)2Cl] and
[Co(Phen)2(H2O)2]l2·2H2O) at the GCE surface. Figure 1
depicts the voltammetric response of the sequential electro-
polymerization of 2 mM [Co(Phen)2(H2O)2]l2·2H2O and
[Cu(Bip)2Cl]I in the PBS of neutral pH on GCE in the
potential window of −1.1 and 1.8 V for four (i) and six (ii)
scan cycles. The presence of different redox peaks (a, b, c, d,
and a’ and w, x, y, z, x’, and w’) in the CVs of [Cu(Bip)2Cl]
and [Co(Phen)2(H2O)2]l2·2H2O, respectively, indicates the
appearance of a large number of electroactive functional
groups in the monomers. As displayed in the inset of Figure 1,
the formation of six new peaks in curve C (two reductive: II’
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and III’ and four oxidative: II, III, IV, and V) that were not
visible at GCE (curve A) validates the successful fabrication of
modified GCE.
The electropolymerization mechanism of monolayer Co-

(Phen)2(H2O)2]I2·2H2O and [Cu(Bip)2Cl]I at GCE was
described in our previous works.46,47 The proposed polymer-
ization of the mechanism of the synthesized bilayered film at
the GCE surface is clarified in Scheme 1. During the
electropolymerization process, the oxidation of the top layer
(poly(Cu(Bip)2) cannot take place until the reaction process
produces enough charge carriers for the oxidation of the
bottom layer (poly(Co(Phen)2). As a result, the poly(Co-
(Phen)2) layer helps as a redox mediator for the movement of
electrons from the electrode surface to poly(Cu(Bip)2), and its
ongoing regeneration results in a notable rise in the faradaic
current when interrelated to the poly(Co(Phen)2) layer
alone.48

The simultaneous electrochemical oxidation of PCM and
CQ was examined by measuring the CV response of each
modified electrode that was fabricated at a varied ratio of the
two monomers. In poly(Co(Phen)2/Cu(Bip)2)/GCE, which
was synthesized in varying ratios of monomer scan cycles, the
simultaneous electrochemical response of 1 mM PCM and CQ
at poly(Co(Phen)2/Cu(Bip)2)/GCE and poly(Cu(Bip)2/Co-

Figure 1. CVs of the sequential electropolymerization of 2 mM
[Co(Phen)2(H2O)2]l2·2H2O and [Cu(Bip)2Cl]I in 0.1 M PBS of pH
7 on GCE in the range between −1.1 and 1.8 V for four and six scan
cycles, respectively, at 50 mV/s of scan rate. Inset: CVs of (A) GCE,
(B) poly(Co(Phen)2)/GCE, and poly(Co(Phen)2/Cu(Bip)2)/GCE
in 0.5 M H2SO4 stabilized in the potential range between −1.1 and
+1.8 V at 100 mV/s.

Scheme 1. Proposed Sequential Electropolymerization Mechanism of [Co(Phen)2(H2O)2]l2·2H2O and [Cu(Bip)2Cl) at a
Glassy Carbon Electrode
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(Phen)2)/GCE is shown in Figure 2A,B. The simultaneous
voltammetric response of PCM and CQ at poly(Co(Phen)2/

Cu(Bip)2)/GCE shows better peak current enhancement as
compared to poly(Cu(Bip)2/Co(Phen)2)/GCE. Moreover, as
revealed in the inset of Figure 2A, the poly(Co(Phen)2/
Cu(Bip)2)/GCE prepared at a 4:6 ratio of [Co-
(Phen)2(H2O)2]l2·2H2O and [Cu(Bip)2Cl]I electropolymeri-
zation cycles demonstrates superior peak current enhancement
compared to the other electrodes. As a result, the bilayered film
that was synthesized via a 4:6 scan cycles ratio of the two
complexes ([Co(Phen)2(H2O)2]l2·2 H2O/[Cu(Bip)2Cl]I) was
preferred as the optimum bilayered film thickness for further
experiments.

3.2. Characterization of Poly(Co(Phen)2/Cu(Bip)2)/
GCE. 3.3.1. FTIR. FTIR analysis could provide insights into
the structural changes and interactions occurring in the

complexes involved during the electropolymerization process,
highlighting the bond order and strength changes within the
complexes, evidenced by the presumable characteristic vibra-
tional frequency changes. The coordinated water and
crystallization of water in [Co((Phen)2(H2O)2]I2·2H2O were
eliminated in the polymerization procedure, as shown by the
infrared spectrum of the electropolymerized product. The
nonappearance of the characteristic bands in the [Co-
((Phen)2(H2O)2]I2·2H2O spectra, which are situated at 3495
and 3345 cm−1, serves as evidence for this (Figure 3A).47

The broad signal observed between 3229 and 3177 cm−1 in
the FTIR spectrum of the composite (Figure 3C) resembles
the νO−H bonds present in the hydroxide group that are
coordinated to [Cu(bip)2Cl]I, where the chloride ion has been
replaced by the hydroxide ion, leading to the formation of
[Cu(bip)2(OH)]I that was signaled at 3441 cm−1 (Figure 3B)
during the polymerization process. The broadness of this band
is attributed to the interactions of the hydroxide group with
various hydrogen atoms from the coordinated 2,2′-bipyridine
ligands.46 The types and proximities of these hydrogen atoms
influence this interaction. Moreover, the hydroxides on the
surface and the bilayer interface created different electronic
environments and contributed to the band’s broadness. The
bands observed at 1461 and 1368 cm−1 are allocated to νC−C
and C−N, respectively, of both phen and bip (Figure 3C).
Additionally, a distinctive peak observed at 2962 cm−1 can

be assigned to νC−H bonds within the fused ring structure of
the phenanthroline moiety in complex [Co(phen)2(H2O)2]I2.
Another prominent peak at 2853 cm−1 is associated with the
νC−H originating from the N�C−H groups present in the
phenanthroline and bipyridine ligands of the complexes, whose
bond order is significantly decreased following the electro-
polymerization. Furthermore, the absorption band at 2926
cm−1 resembles the νC−H bonds within the C�C−H groups
from phen and bip (Figure 3C,D) whose bond order is
decreased in the same manner as N�C−H. Furthermore, the

Figure 2. CVs of 1 mM PCM and CQ in 0.1 M PBS of pH 7.0 at (A)
poly(Co(Phen)2/Cu(Bip)2)/GCE prepared from 10:0, 8:2, 6:4, 4:6,
2:8, and 0:10 ratio of [Co(Phen)2(H2O2)]I2·2H2O and [Cu-
(Bip)2Cl]I, respectively. and (B) poly(Cu(Bip)2/Co(Phen)2)/GCE
prepared from 10:0, 8:2, 6:4, 4:6, 2:8, and 0:10 ratio of [Cu(Bip)2Cl]I
and [Co(Phen)2(H2O2)]I2·2H2O, respectively. Inset: plot of the peak
current of PCM and CQ against the ratio of polymerization scan
cycles of [Co(Phen)2(H2O2)]I2·2H2O and [Cu(Bip)2Cl]I.

Figure 3. FTIR spectra of (A) poly(Co(phen)2), (B) poly(Cu(bip)2), and (C) poly(Co(phen)2)/poly(Cu(bip)2) composite (bilayer). (D)
Overlay of panels A, B, and C.
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strong band at 1634 cm−1 in the spectrum of poly[Cu(bip)Cl]I
(Figure 3B) characteristic of νC�C is found to change to
1586 cm−1 in the spectrum of the bilayered composite (Figure
3D).
In the FTIR spectra comparison between poly(Co(Phen)2)

(Figure 3A) and poly(Cu(Bip)2) (Figure 3B), it is noted that
poly(Co(Phen)2) exhibits a lower number of peaks compared
to poly(Cu(Bip)2). This discrepancy is attributed to structural
differences: poly(Co(Phen)2) features a tricyclic rigid structure
that efficiently cancels out net dipole moments, leading to the
absence of certain peaks. Instead, poly(Cu(Bip)2) comprises a
bicyclic nonrigid molecule, allowing for more freedom of
motion and fewer dipole moment cancellations, thus resulting
in the presence of multiple peaks.
When analyzing the bilayer spectrum (Figure 3C), a reduced

number of peaks is observed. This reduction is hypothesized to
stem from limitations on the motion freedom of the bipyridine
rings due to π−π interactions with the 1,10-phenanthroline
moiety in the adjacent layer. These interactions enhance dipole
cancellation, consequently diminishing the appearance of
distinct peaks in the spectrum.
Taken together, these spectral features suggest the formation

of a bilayer polymer structure involving the two complexes
under investigation.
3.3.2. Cyclic Voltammetry. The performance of the bare

GCE, poly(Co(Phen)2/GCE, poly(Cu(Bip)2)/GCE, and poly-
(Co(Phen)2/Cu(Bip)2)/GCE was investigated by CV using 10
mM [Fe(CN)6]3−/4− having 0.1 M KCl solution as a redox
probe. Figure 4 demonstrates the CVs of 10 mM [Fe-

(CN)6]3−/4− at the unmodified GCE, poly(Co(Phen)2/GCE,
poly(Cu(Bip)2)/GCE, and poly(Co(Phen)2/Cu(Bip)2)/GCE
at 100 mV/s. As shown in Figure 4, the poly(Co(Phen)2/
Cu(Bip)2)/GCE shows exceedingly enhanced current response
(Ip) and lower change in ΔEp as compared to the
poly(Co(Phen)2/GCE, poly(Cu(Bip)2)/GCE, and unmodi-
fied GCE. The recorded Ip and ΔEp of GCE and poly(Co-
(Phen)2/Cu(Bip)2)/GCE were above 113- and 252-fold and
104.9 and 129 mV. These advances in the electrochemical
behavior of poly(Co(Phen)2/Cu(Bip)2)/GCE might confirm
the presence of a synergistic effect, speedy electron trans-
ference, and better effective surface area.20,49

The effective surface areas of GCE, poly(Cu(Bip)2)/GCE,
poly(Co(Phen)2/GCE, and poly(Co(Phen)2/Cu(Bip)2)/GCE
were calculated using CV investigation by changing the scan
rate in the range of 10 and 300 mV/s (Figure 5A−D). The
areas of the bare GCE and all modified electrodes were

revealed from the plot of the current response (Ip) against the
square root of scan rate (v1/2) using the Randles−Sevcik
equation (eq 1).50 The calculated areas of GCE, poly(Cu-
(Bip)2)/GCE, poly(Co(Phen)2/GCE, and poly(Co(Phen)2/
Cu(Bip)2)/GCE were 1.02, 2.87, 2.79, and 3.1 cm2,
respectively:

= ×I n AD Cv2.69 10p
5 3/2 1/2 1/2

(1)

where n is the number of transferred electrons (=1), Ip is the
peak current (μA), C is the concentration of Fe(CN)63−/4− (10
mM), v scan rate (mV/s) and D is the diffusion coefficient of
Fe(CN)63−/4− (7.7 × 10−6 cm2/s).
3.3.3. Electrochemical Impedance Spectroscopy. The

electrochemical behavior of GCE, poly(Co(Phen)2/Cu-
(Bip)2)/GCE, poly(Cu(Bip)2)/GCE, and poly(Co(Phen)2/
GCE was characterized by EIS, which is a profitable analytical
technique to investigate the interfacial performance of
electrodes.51 The experimentation was achieved using 10
mM Fe(CN)63−/4− solution in the frequency range between
0.01 and 10,000 Hz. Figure 6 denotes the Nyquist plot of
unmodified GCE (a), poly(Co(Phen)2/Cu(Bip)2)/GCE (b),
poly(Cu(Bip)2)/GCE (c), and poly(Co(Phen)2/GCE (d).
The linear and semicircle parts of the plot validate the presence
of diffusion and charge transfer processes (Rct), respectively, at
the interface.52 The Rct quantities of the unmodified GCE,
poly(Cu(Bip)2)/GCE, poly(Co(Phen)2/GCE, and poly(Co-
(Phen)2/Cu(Bip)2)/GCE were 2,439, 57.18, 66.36, and 48.87
Ω respectively. As revealed in Figure 6, poly(Co(Phen)2/
Cu(Bip)2)/GCE exhibits the lowest Rct value, which is
attributed to the existence of a quick charge transfer rate and
is in covenant with the CV results. Moreover, the double layer
capacitance (Cdl) and charge transfer rate (Ks) were measured
based on eqs 2 and 3, respectively.

=C
R f

1
2dl

ct max (2)

=K
RT

n F CRs 2 2
ct (3)

The values of the Rct, solution resistance (Rs), frequency ( f),
Cdl, and Ks of the unmodified GCE, poly(Cu(Bip)2)/GCE,
poly(Co(Phen)2/GCE, and poly(Co(Phen)2/Cu(Bip)2)/GCE
are revealed in Table 1.

3.4. Electrochemical Oxidation of PCM and CQ. The
simultaneous voltammetric responses of PCM and CQ at GCE
and poly(Co(phen)2/Cu(Bip)2)/GCE were dealt with using
CV measurement within the range 0 to 1.4 V at a scan rate of
100 mV/s. Figure 7 represents the CVs of 1 mM PCM and CQ
in 0.1 M PBS at GCE and poly(Co(phen)2/Cu(Bip)2)/GCE
that were conducted to evaluate the simultaneous electro-
chemical response of PCM and CQ. The poly(Co(phen)2/
Cu(Bip)2)/GCE exhibits a more enhanced current response
corresponding to the oxidation of CQ and PCM with
respectable electrocatalytic behaviors. As compared to the
GCE, the displayed peak current responses at poly(Co-
(phen)2/Cu(Bip)2)/GCE were above 2.5- and 3.5-fold for
PCM and CQ, respectively, which confirm the presence of an
excellent effective surface area of poly(Co(phen)2/Cu(Bip)2)/
GCE. Besides, about 112 and 98 mV shifts toward the more
negative potential direction were observed, indicating the
presence of an excellent electrocatalytic effect in (Co(phen)2/
Cu(Bip)2) bilayer polymeric films.

Figure 4. CV responses of 10.0 mM [Fe(CN)6]3−/4− containing 0.1
M KCl (a) GCE, (b) poly(Cu(Bip)2)/GCE, (c) poly(Co(Phen)2/
GCE, and (d) poly(Co(Phen)2/Cu(Bip)2)/GCE at a scan rate of 100
mV/s.
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3.5. Influence of the Scan Rate on CQ and PCM
Oxidation. To examine the reaction mechanism, irrever-
sibility, and kinetic parameters, the effect of the potential scan
rate on the voltammetric responses of PCM and CQ was
assessed by changing the scan rate parameter ranging between
25 and 300 mV/s through CV measurements. Figure 8 depicts
the CVs of 0.5 mM PCM and CQ in PBS at pH 7 at
poly(Co(phen)2/Cu(Bip)2)/GCE at various scan rates
(between 25 and 300 mV/s). The results depict that the

current signals of PCM and CQ were improved and shifted to
the less negative potential with the increase in scan rates from
25 to 300 mV/s, proving the irreversibility of PCM and CQ
oxidation at poly(Co(phen)2/Cu(Bip)2)/GCE. The correla-
tion coefficient obtained from the plot of Ip against v1/2 (Ip/μA
= −3.018 + 2.174 ν1/2, R2=0.9970 and Ip/μA = −8.2728 + 5.83
ν1/2, R2 = 0.9936 (B)) was larger than the plot of Ip against v
(Ip/μA = 20.26 + 0.3036 ν, R2=0.9811 and Ip/μA = 20.26 +
0.3036 ν, R2=0.9751 (C)), indicating that the oxidation of
PCM and CQ at poly(Co(phen)2/Cu(Bip)2)/GCE is diffusion
controlled. The slope (0.58 and 0.64) obtained from the plot
of log Ip against log ν (Ip/μA = 0.1120 + 0.58log v, R2=0.9980

Figure 5. CVs of 10.0 mM [Fe(CN)6]3−/4− in KCl of 0.1 M (A) GCE, (B) poly(Cu(Bip)2)/GCE, (C) poly(Co(Phen)2/GCE, and (D)
poly(Co(Phen)2/Cu(Bip)2)/GCE in the scan rate range between 10 and 300 mV/s (a−i: 10, 25, 50, 75, 100, 150, 200, 250, and 300, respectively).
Inset: plot of Ip versus v1/2.

Figure 6. Nyquist plot of EIS found from (a) GCE, (b)
poly(Co(Phen)2/Cu(Bip)2)/GCE (c) poly(Cu(Bip)2)/GCE, and
(d) poly(Co(Phen)2/GCE toward 10.0 mM [Fe(CN)6]3−/4− in 0.1
M KCl in the frequency range between 0.01 and 10,000 Hz,
amplitude: 0.01 V, and potential: 0.23 V. Inset: equivalent circuit
model.

Table 1. Calculated Value of Circuit Elements of EIS Examination at Different Electrodes

electrode type Rs (Ω) Rct (Ω) frequency (Hz) Ks (cm2) Cdl (F)

GCE 65 2439 2.75 2.73 × 10−9 2.37 × 10−5

poly(Cu(Bip)2)/GCE 65 66.36 1.94 1.00 × 10−7 1.24 × 10−3

poly(Co(Phen)2/GCE 65 57.18 2.0 1.16 × 10−7 1.39 × 10−3

poly(Co(Phen)2/Cu(Bip)2)/GCE 65 48.87 2.08 1.36 × 10−7 1.57 × 10−3

Figure 7. CVs of GCE (a and b) and poly(Co(phen)2/Cu(Bip)2)/
GCE (c and d) in the absence (a and c) and presence of 1 mM PCM
and CQ (b and d) in 0.1 M of PBS pH 7.0 at a scan rate of 100 mV/s
(inset: blank corrected voltammograms of 1 mM PCM and CQ at
GCE (I) and poly(Co(phen)2/Cu(Bip)2)/GCE (II)).
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and Ip/μA = 0.4385 + 0.64log ν, R2=0.9995 (D)), which is
near 0.5 (the theoretical value of the diffusion process), also
confirms that the oxidation of PCM and CQ is a diffusion-
controlled process.
The transferred electrons (n) and the coefficient of electron

transfer (α) values in PCM and CQ oxidation at poly-
((Phen)2/Cu(Bip)2)/GCE were determined using eq 4.50

=n
a E E

47.7
( )p p1/2 (4)

The values of the maximum potential (Ep) and the half-peak
potential (Ep1/2) for PCM oxidation were 443 and 389 mV,
respectively. Similarly, the Ep and Ep1/2 values for the CQ
oxidation reaction were 1128 and 1026 mV, respectively. The
values of α for PCM and CQ oxidation at poly((Phen)2/
Cu(Bip)2)/GCE were also determined based on eq 5.

= + { +

+ [ ] }

E E RT
nF

D
K

nF
RT

(1 )
0.780 ln( )
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(1 )

p
0 R

1/2

0

1/2
(5)

The slope recorded from the plot of Ep against ln v (Ep/V =
0.9398 + 0.0267ln v, R2 = 0.9981) is equal to RT

F2 (1 )
(Figure

9). Based on eqs 4 and 5, the values of n and α for the
electrochemical oxidation of PCM and CQ were calculated to
be 2 and 1, and 0.62 and 0.42, respectively.

3.6. Influence of pH on PCM and CQ Oxidation. The
influence of the pH variation on the oxidative current response
and the peak potential of PCM and CQ at poly(Co(Phen)2/
Cu(Bip)2)/GCE was studied with CV by varying the pH of
PBS from 4.5 to 9.0 at 100 mV/s. The CVs (in Figure 10A)
show that the current signals of PCM and CQ were increased
with the rise in pH from 4.5 to 6 and diminished beyond 6.
Nonetheless, the current signal decayed progressively after pH
6, representing the existence of a strong Coulombic force of
interaction between protonated PCM and CQ and the
negatively charged Co(Phen)2/Cu(Bip)2 bilayer polymeric

film.53−55 The improvement in current response at the acidic
pH (pH 6) might be related to the robust electrostatic
interaction of the cationic PCM (pKa: 9.5)55 and CQ (pKa:
8.4)53,56 with negatively charged Co(Phen)2/Cu(Bip)2 bilayer
polymeric film (pKa values of 2,2’ bipyridine and 1, 10
phenanthroline were 4.47 and 4.93, respectively).57,58 Thus,
pH 6 was chosen as the optimum pH value for the succeeding
simultaneous voltammetric investigations of PCM and CQ.
Also, the peak potential of PCM and CQ was meaningfully
shifted to a less negative direction when the pH value increased
from 4.5 to 9 (Figure 10B), showing the proton participation
in the simultaneous oxidation of PCM and CQ at poly(Co-
(Phen)2/Cu(Bip)2)/GCE.55,59 The perceived correlation
between the Ep of PCM and CQ and the pH exhibits the
regression equation of Ep/V = 1.483−0.0621 pH, R2 = 0.9929
and Ep/V = 0.7592−0.0451 pH, R2 = 0.9959, respectively
(Figure 10C). A slope of 0.0621 and 0.0451 V/pH directs the
participation of an equal number of electrons (ne−) and
protons (nH+) in the electrode process. By bearing in mind the
value of participating protons and electrons in the reaction
process, the proposed reaction mechanism of PCM and CQ at
poly(Co(Phen)2/Cu(Bip)2)/GCE is pronounced in Scheme

Figure 8. (A) CVs of 0.5 mM of PCM and CQ in PBS pH 7.0 at poly((Phen)2/Cu(Bip)2)/GCE of various scan rates (10 to 300: 10, 25, 50, 75,
100, 150, 200, 250, and 300 mV/s). (B) Plot of Ip versus v. (C) Plot of Ip versus v1/2. (D) Plot of the log Ip versus log v.

Figure 9. Plot of Ep versus ln v of 0.5 mM PCM (a) and CQ (b) in
0.1 M PBS pH 7.0 at poly(Co(Phen)2/Cu(Bip)2)/GCE at several
scan rates ranging between 10 and 300 mV/s.
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2A,B, which is in agreement with the previous investiga-
tions.3,54

3.7. Square Wave Voltammetric Study of CQ. Square
wave voltammetry was preferred for the simultaneous
quantitative determination of PCM and CQ in real samples
owing to its rapid response and high sensitivity, low LOD, and
minimized background current.60 Figure 11 exhibits the SWVs
of 0.5 mM PCM and CQ in PBS of pH 6 at poly(Co(Phen)2/
Cu(Bip)2)/GCE. The observed current responses in GCE and
poly(Co(Phen)2/Cu(Bip)2)/GCE were due to the oxidation
of the amine and aminoquinoline moiety in the PCM and CQ
molecules, respectively.56,61 As depicted in Figure 11, the
poly(Co(Phen)2/Cu(Bip)2)/GCE exhibits more enhanced
oxidative peak current and excellent potential shift toward
the less positive direction for PCM and CQ than the GCE.
The resulting peak current, potential shift, and onset potential
of poly(Co(Phen)2/Cu(Bip)2)/GCE for PCM and CQ were
17.2 μA, 110 mV, and 258 mV and 35.3 μA, 92 mV, and 916
mV, respectively. As compared to bare GCE, the current
response enhancement of poly(Co(Phen)2/Cu(Bip)2)/GCE
toward the oxidation of PCM and CQ was above 2.5- and 3.5-
fold, respectively. Generally, the excellent potential shift, peak

current enhancement, and lower onset potential of PCM and
CQ oxidation might be due to the improved electrocatalytic
property and superior effective surface area of the (Co-
(Phen)2/Cu(Bip)2) bilayer film at the GCE surface.

3.8. Parameter Optimization. The step potential, pulse
amplitude, and frequency were adjusted to investigate how the
peak current of PCM and CQ oxidation depends on the SWV
parameters and to provide the optimal experimental conditions
for the simultaneous quantitative analysis of PCM and CQ in
actual samples. At poly(Co(Phen)2/Cu(Bip)2)/GCE, the
SWVs of 0.5 mM PCM and CQ at different step potentials
(A), pulse amplitudes (B), and frequency (C) are shown in
Figure S1 in 0.1 M PBS at pH 6. When the amplitude and
frequency were fixed at 25 mV and 15 Hz, respectively, the
peak current rose. When the step potential measurement was
altered from 4 to 16 mV, a notable peak current increment was
seen at 12 mV. The pulse amplitude effect was also studied in
the 15−60 mV range by using the optimal step potential (12
mV) and keeping the frequency at 15 Hz. As the amplitude
rose, the peak current rose from 15 to 60 mV, but the peak

Figure 10. (A) CVs of 0.5 mM of PCM and CQ in 0.1 M of PBS of different pH values (a−g: 4.5, 5.5, 6, 6.5, 7, 7.5, 8, 8.5, and 9), (B) the plot of Ip
of PCM and CQ versus pH, and C) the plot of Ep versus pH at poly(Co(Phen)2/Cu(Bip)2)/GCE at a scan rate of 100 mV/s.

Scheme 2. Suggested Oxidation Mechanisms of PCM (A)
and CQ (B) at Poly(Co(Phen)2/Cu(Bip)2)/GCE

Figure 11. SWVs of bare GCE (a and c) and poly(Co(Phen)2/
Cu(Bip)2)/GCE (b and d) in 0.1 M of PBS of pH 6.0 in the absence
(a and b) and presence of 0.5 mM of PCM and CQ (c and d) at an
increment of 4 mV, amplitude of 25 mV, frequency of 15 Hz, and scan
rate of 100 mV/s. Inset: blank corrected SWVs of 0.5 mM CQ at
GCE (I) and poly(Co(phen)2/Cu(Bip)2)/GCE (II).
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current barely ascended above 45 mV. Additionally, the impact
of frequency was considered in the 10−50 Hz range by using
the optimal step potential and pulse amplitudes of 12 and 45
mV, respectively. Both the PCM and CQ current signals
dropped once the frequency was increased to 40 Hz. Since the
peak’s character was twisted and enlarged following the
previously reported values, the ideal SWV parameters for the
upcoming studies were determined to be a step potential of 12
mV, amplitude of 45 mV, and frequency of 40 Hz.

3.9. Calibration. The SWV measurement was carried out
under optimized circumstances (pH: 6, step potential: 12 mV,
pulse amplitude: 45 mV, and frequency: 40 Hz) to create the

calibration curve for the simultaneous voltammetric assessment
of PCM and CQ in actual samples. In 0.1 M PBS at pH 6, the
current response of PCM and CQ was measured in the
concentration range of 0.5 and 200 μM (Figure 12). As the
concentrations of PCM and CQ increased, so did the current
signals of PCM and CQ at poly(Co(Phen)2/Cu(Bip)2)/GCE.
In addition, the current signal of PCM was examined in the
concentration range between 0.25 and 250 μM at a fixed
concentration (50 μM) of CQ. As can be perceived from
Figure 12, the obtained current signals of PCM were increased
linearly with concentration, while the value of the peak current
of CQ was significantly constant (RSD = 2.9%). Correspond-

Figure 12. SWVs of different concentrations of (A) equimolar PCM and CQ (a−i: 0.5, 1, 5, 10, 25, 50, 100, 150, and 200 μM), (B) PCM (0.25,
0.5, 1, 5, 10, 25, 50, 100, 150, 200, and −250 μM), and (C) PCM (0.5, 1, 5, 10, 25, 50, 100, 150, and 200 μM) in PBS pH = 6.0 at
poly(Co(Phen)2/Cu(Bip)2)/GCE at a scan rate of 100 mV/s, step potential of 12, amplitude of 45, and frequency of 40 Hz. Inset: plot of Ip versus
concentration.

Figure 13. SWVs of 50.0 μM PCM and CQ in 0.1 M of PBS pH 6.0 at poly(Co(Phen)2/Cu(Bip)2)/GCE without (a) and with varied
concentrations (25, 50, 75, and 100 μM (b−e)) of (A) SMX, (B) SBM, (C) Gua, and (D) ATS.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c08563
ACS Omega 2025, 10, 5601−5615

5610

https://pubs.acs.org/doi/10.1021/acsomega.4c08563?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08563?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08563?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08563?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08563?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08563?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08563?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08563?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ingly, when the concentration of PCM was kept at 50 μM and
CQ was varied in the range from 0.5 to 200 μM (Figure 12C),
the current signal of CQ increased significantly with
concentration, while the current response of PCM remained
constant (RSD = 3.7%). The linear equations corresponding to
the plot of Ip versus concentration of PCM and CQ were Ip/
μA= 2.78 + 0.389 C, R2 = 0.9989 and Ip/μA = 10.6 + 0.462 C,
R2 = 0.9994, respectively. The LOD (3δ/m) and LOQ (10 δ/
m) values based on the sensitivity of the method (m, sensitivity
= 0.389 and 0.462 μA/μM for PCM and CQ, respectively) and
the standard deviation of the background solution (δ) (n = 10)
were 4.38 × 10−2 and 1.46 × 10−1 μM and 7.48 × 10−2 and
2.49× 10−1 μM, respectively, for PCM and CQ.

3.10. Repeatability, Reproducibility, and Stability of
Poly(Co(Phen)2/Cu(Bip)2)/GCE. Using SWV, the poly(Co-
(Phen)2/Cu(Bip)2)/GCE was tested for repeatability, repro-
ducibility, and interday stability under optimal experimental
situations (Figure S2). The poly(Co(Phen)2/Cu(Bip)2)/GCE
repeatability was investigated using five SWV measurements of
0.5 mM PCM and CQ spaced 2 h apart throughout the day.
The RSD of 3.1% (n = 5) for five duplicate measurements
supports the good precision of the poly(Co(Phen)2/Cu-
(Bip)2)/GCE for PCM and CQ detection. Under comparable
circumstances, the reproducibility of the poly(Co(Phen)2/
Cu(Bip)2)/GCE was likewise examined using three distinct
electrodes. The poly(Co(Phen)2/Cu(Bip)2)/GCE has admir-
able reproducibility against PCM and CQ oxidation, as shown
by the RSD value (2.72% for n = 3). Six SWV investigations for
0.5 mM PCM and CQ at 2 day intervals and maintaining the
poly(Co(Phen)2/Cu(Bip)2)/GCE in PBS at 4 °C in a fridge
when not in utilization were additional methods used to
evaluate the intraday stability of the established sensor. With n
= 6, the electrode’s RSD of 3.71% demonstrated its long-term
stability for voltammetric PCM and CQ measurement.

3.11. Interference Study. The poly(Co(Phen)2/Cu-
(Bip)2)/GCE’s ability to detect PCM and CQ simultaneously
with potentially interfering compounds (such as sulfamethox-
azole (SMX), salbutamol (SBM), guanine (Gua), and
atorvastatin (ATS)) was investigated through a selectivity
investigation conducted under optimal SWV conditions. To do
the SWV measurement, the current response of 50 μM PCM
and CQ with concentrations of 25, 50, 75, and 100 μM of each
interference was recorded. Figure 13A−D shows the SWVs of
50 μM PCM and CQ both without and with various quantities
(25 to 100 μM) of (A) SMX, (B) SBM, (C) Gua, and (D)
ATS. The resulting current signals of 50 μM PCM and CQ
obtained with and without each interference are summarized in
Table S1. Furthermore, additional oxidation peaks emerged
around 812, 588, 624, 690, and 892 mV toward the oxidation
of PCM, SBM, Gua, and ATS, respectively, indicating the
outstanding selectivity of the poly(Co(Phen)2/Cu(Bip)2)/
GCE for PCM and CQ. The modification of the resultant
current signals of PCM and CQ with various concentrations of
each interference was in the 97.39−102.7% range.

3.12. Applications of Poly(Co(Phen)2/Cu(Bip)2)/GCE.
The analytical application of poly(Co(Phen)2/Cu(Bip)2)/
GCE was revealed under the optimized circumstances by
sensing PCM and CQ in two pharmaceutical samples
(ASKON, India, and EPHARM, Ethiopia). Figure 14 exhibits
the SWVs of 25 and 50 μM PCM and CQ having 0.1 M PBS at
the optimal pH for the ASKON and EPHARM brands. The
recorded quantity of PCM and CQ was related to their brand
value in the two medication formulations (Table 2). As

displayed in the table, the investigation of PCM and CQ in
medication formulations revealed a mean recovery of more
than 94.2%, confirming that the poly(Co(Phen)2/Cu(Bip)2)/
GCE has respectable capability for the detection of PCM and
CQ in drug samples. The recorded results are in agreement
with the brand name value of the pharmaceuticals.

3.13. Recovery Analysis. 3.13.1. Pharmaceutical Sam-
ples. To validate the established method for simultaneous
SWV sensing of PCM and CQ in drug samples, the recovery
investigation was conducted at poly(Co(Phen)2/Cu(Bip)2)/
GCE. The analysis was performed by spiking 25 and 50 μM
standard PCM and CQ solution into 50 μM EPHARM and
ASKON drug samples. Figure 15 exhibits the SWVs of
EPHARM (A) and ASKON (B) for 25 and 50 μM drug
formulations without and with PCM and CQ standard
solution. The spiked recovery responses of the EPHARM
and ASKON drug samples are depicted in Table 3. As
displayed in the table, the result of the spiked drug
formulations was in the 98.9−106.1% range with RSD in the
1.95−3.86% range, showing that poly(Co(Phen)2/Cu(Bip)2)/
GCE could be fruitfully employed for the simultaneous SWV
determination of PCM and CQ in drug formulations.
3.13.2. Human Serum Sample. Likewise, the application of

poly(Co(Phen)2)/Cu(Bip)2)/GCE for serum sample inves-
tigation was performed by spiking 0.5 mL of the serum sample
with 25 and 50 μM PCM and CQ standard solution having 0.1
M PBS (pH = 6). Figure 16 exhibits the SWV of serum
samples spiked with 25 and 50 μM PCM and CQ in pH 6 PBS
at poly(Co(Phen)2)/Cu(Bip)2GCE. The presence of oxidative
current signals (curve a) about 340 and 705 mV specifies the
appearance of paracetamol and creatinine in serum sam-
ples.62,63 The current response increases with spiked PCM and
CQ, and the obtained spiked recoveries show the presence of
PCM and CQ in the unspiked serum sample (curves a). As
revealed in Table 4, spiked recoveries are in the 145.5−217.8%
range with RSD below 3.9%, validating the prospective
applicability of poly(Co(Phen)2)/Cu(Bip)2GCE for the
simultaneous SWV sensing of PCM and CQ in serum samples.
3.13.3. Human Urine Sample. In a urine sample, the

poly(Co(Phen)2)/Cu(Bip)2GCE’s effectiveness for simulta-
neous SWV of PCM and CQ was also assessed. The SWVs of
the unspiked and spiked (25 and 50 μM PCM and CQ) urine
sample at poly(Co(Phen)2)/Cu(Bip)2GCE are shown in
Figure 17. Uric acid and creatinine are present in the human
urine sample, as indicated by the oxidative peaks i and iii
(curve a) that were visible at 200 and 705 mV.47,62 As shown

Figure 14. SWVs of 25.0 and 50.0 μM PCM and CQ in pH 6 PBS in
two drug formulations (ASKON and EPHARM) at poly(Co(Phen)2/
Cu(Bip)2)/GCE under the optimized experimental situations.
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in the oxidative peak current (ii and iv) exhibited around the
oxidative peak potential of PCM and CQ (curve a), the
obtained data from the spiked recovery analysis of PCM and
CQ confirm the presence of PCM and CQ in the unspiked
urine sample. Table 5 demonstrates the analytical application

of poly(Co(Phen)2)/Cu(Bip)2GCE for SWV detection of
PCM and CQ in human urine samples, with spiking recoveries
ranging between 113.8 and 192% and an RSD < 4.2%.

Table 2. Simultaneous SWV Determination of PCM and CQ in Pharmaceutical Samples

sample
brand

label PCM (mg/
tablet)

label CQ (mg/
tablet)

expected PCM
(μM)

expected CQ
(μM)

detected PCM
(μM)

detected CQ
(μM)

PCM
% recovery

CQ
% recovery

EPHARM 500 250 25 25 24.8 ± 4.12 24.72 ± 3.41 99.2 98.88
50 50 51.3 ± 3.62 49.03 ± 4.63 102.6 98.06

ASKON 500 250 25 25 23.96 ± 3.22 23.75 ± 2.93 94.92 94.2
50 50 49.87 ± 3.90 47.80 ± 3.87 99.74 95.6

Figure 15. Blank corrected SWVs of EPHARM (A) and ASKON (B) drug formulations unspiked and spiked with 25 and 50 μM PCM and CQ
(curve a to c) at poly(Co(Phen)2)/Cu(Bip)2)/GCE at a scan rate 100 mV/s, step potential of 12, amplitude of 45, and frequency of 40 Hz.

Table 3. Recovery Results of Spiked PCM and CQ Solutions in Drug Formulations

tablet brand added initial PCM (μM) initial CQ(μM) detected PCM (μM) detected CQ (μM) % recovery PCM % recovery CQ

EPHARM 0 51.3 49.0 ± 2.13
25 51.3 49.0 ± 2.13 77.17 ± 3.11 75.5 ± 3.85 103.5 105.9
50 51.3 49.0 ± 2.13 102.1 ± 2.91 102.1 ± 3.17 101.6 106.1

ASKON 0 49.87 47.8 ± 4.14
25 49.87 47.8 ± 4.14 74.60 ± 3.38 73.3 ± 2.96 98.9 102.1
50 49.87 47.8 ± 4.14 100.3 ± 3.14 99.5 ± 1.95 100.8 103.4

Figure 16. SWVs of unspiked and spiked (25 and 50 μM of PCM and
CQ) serum samples (curve a to c) at poly(Co(Phen)2)/Cu-
(Bip)2GCE at a scan rate 100 mV/s, step potential of 12 mV,
amplitude of 45, and frequency of 40 Hz.

Table 4. Spiked Recoveries PCM and CQ in Human Serum

sample added

current response (μA) found (μM) RSD % recovery %

PCM CQ PCM CQ PCM CQ PCM CQ

serum 0 7.3 12.0 11.92 3.03
25 28.6 34.3 66.38 51.30 4.17 1.6 217.8 193.1
50 39.1 45.6 93.37 75.76 3.05 3.9 162.9 145.5

Figure 17. SWVs of unspiked and spiked (25 and 50 μM of PCM and
CQ) urine samples (a to c) at poly(Co(Phen)2)/Cu(Bip)2GCE at a
scan rate of 100 mV/s, step potential of 12 mV, amplitude of 45, and
frequency of 40 Hz.
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4. CONCLUSIONS
To determine PCM and CQ simultaneously using voltamme-
try, poly(Co(Phen)2/Cu(Bip)2)/GCE was successfully intro-
duced in this work. This was based on the successive
electropolymerization of [Co(Phen)2(H2O)2]l2·2H2O and
[Cu(Bip)2Cl]I at GCE. The manufacture of electroactive
bilayer (poly(Co(Phen)2/Cu(Bip)2)) polymeric films at GCE
is proven by the FTIR, CV, and EIS characterization results.
Compared to GCE, poly(Co(Phen)2/GCE, and poly(Cu-
(Bip)2)/GCE, the simultaneous SWV result of poly(Co-
(Phen)2/Cu(Bip)2)/GCE to PCM and CQ oxidation was
greater. For simultaneous SWV examination of PCM and CQ
in a wide linear range (0.5−200 μM) with low LOD value
(4.38 × 10−2 and 7.48 × 10−2 μM, respectively), poly(Co-
(Phen)2/Cu(Bip)2)/GCE shows high sensitivity.
Poly(Co(Phen)2/Cu(Bip)2)/GCE’s selectivity for PCM and

CQ sensing was investigated with atorvastatin, guanine,
salbutamol, and sulfamethoxazole. With impressive recovery
rates, the established sensor was successfully used for the
simultaneous SWV measurement of PCM and CQ in
pharmaceutical, serum, and urine samples. This suggests that
the Poly(Co(Phen)2/Cu(Bip)2)/GCE for the simultaneous
electrochemical sensing of PCM and CQ in real samples is
promising.
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