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KEYWORDS Abstract A highly sensitive, selective, stable, and cost-effective SnO,-based electrochemical sensor

is reported for the detection of chloroquine phosphate (CQP). Hydrothermal synthesis is used to
synthesize SnO, nanoparticles, which are mixed with graphite and form a highly electrochemically
active composite. The SnO, nanoparticles and SnO,/graphite composite are fully characterized
physico- and electrochemically. Using the optimal SnO,/graphite composite, an excellent analytical
performance is demonstrated with an electrode sensitivity of 35.7 pA/uM.cm?, a linear range of 0.1—
23.3 uM, and limits of detection and quantification of 0.01 uM and 0.04 uM, respectively. High
CQP selectivity with minimal interference at 100 x concentration of interferents is shown. The sen-
sor is also highly repeatable and reproducible with RSD of 2.46 % and 1.86 %, respectively, and
can retain > 85 % of its activity upon storage. The validity of the new sensor for real sample anal-
ysis is shown by applying it to CQP tablets using the standard addition method, obtaining an excel-
lent percentage recovery of ~ 102 %. The low cost, facile processing, and superior performance of
the SnO,/graphite electrode make it an up-and-coming candidate for the commercial electrochem-
ical detection of CQP and other small molecules.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and treatment of malaria and amebiasis. It also has anti-
inflammatory properties and has found use in treating rheumatoid
arthritis, macrophage necrosis factor, and lupus erythematosus
(Ganguly and Hwa, 2022; Srivastava et al., 2019; Rainsford et al.,

1. Introduction

Chloroquine phosphate (CQP) is a multi-use active pharmaceutical
ingredient with different indications. CQP is a 4-aminoquinoline mole-

cule with an alkylamino side chain (Oliveira et al., 2020; Radi, 2005)
that has been long used as an anti-parasitic agent in the prophylaxis
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2015; Stevens et al., 2021). In addition, it is a high-potential antiviral
agent and radio/chemo-sensitizer in cancer therapy (Srivastava et al.,
2019; Stevens et al., 2021; Mashhadizadeh and Akbarian, 2009). It
has also been recently investigated as a potential treatment for coron-
avirus disease 2019 (COVID-19) caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) (Oliveira et al., 2020;
Stevens et al., 2021). On the other hand, CQP has shown several side
effects and toxicities, including minor ones such as nausea, vomiting,
diarrhea, and gastrointestinal upset, and more severe consequences,
such as heart problems, arrhythmia, cytotoxicity, and retinal toxicity
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that could seriously impact vision (Ganguly and Hwa, 2022; Srivastava
et al., 2019; Stevens et al., 2021). The risk of these side effects is further
increased by the narrow therapeutic index of CQP (Oliveira et al.,
2020), where drug level monitoring is of utmost importance. Another
profound negative impact of CQP is environmental toxicity; its persis-
tence and bioaccumulation in soil, ground, and surface waters have a
detrimental effect on aquatic life and lead to loss of therapeutic effi-
ciency and development of antimicrobial resistance (Ganguly and
Hwa, 2022; Zurita et al., 2005). The wide use of CQP, its serious side
effects, and environmental toxicity necessitate monitoring its level in
blood during therapy and potentially contaminated sites where con-
tamination by pharmaceutical industrial waste or drug disposal is sus-
pected. Thus, developing efficient, practical, and inexpensive sensors
are in high demand for such a purpose.

The electrochemical detection of CQP has many advantages over
conventional analytical systems. Although several analytical method-
ologies have been developed for detecting CQP, such as high-
performance liquid chromatography (Martins et al., 2021), spec-
trophotometry (Castro ¢ Souza et al., 2020), and chemiluminescence
(Liang et al., 2004), the high cost, lengthy analysis time, and high oper-
ation skill required are hindering their application, especially in remote
areas for environmental monitoring. Electrochemical systems are more
facile, compact, easier to operate, time/cost-effective, and highly sensi-
tive and selective (Baig et al., 2022; Baig et al., 2022; Baig et al., 2021;
Elgamouz et al., 2021; Ibrahim et al., 2020; Ibrahim et al., 2020). Car-
bon paste electrode (CPE) is a practical and cost-effective electrode
that has found wide application in different electrochemical systems.
It has a wide potential window, minimal background current, limited
ohmic resistance, easy operation and regeneration protocols, and low
cost. Moreover, its performance can be easily enhanced by incorporat-
ing different kinds of electron transfer mediators and electrocatalysts,
such as nanomaterials (Mashhadizadeh and Akbarian, 2009;
Shahamirifard and Ghaedi, 2019; Thomas et al., 2013). CPE-based sys-
tems for CQP detection need to be further investigated and improved
as they are versatile and cost-effective systems with a high potential for
commercial application. Nanoparticles are a high-value choice for
CPE modification due to their small size and high surface area and vol-
ume ratio, which result in enhanced charge transfer and high electro-
chemical activity, reflecting positively on the system’s sensitivity and
selectivity (Amani-Beni and Nezamzadeh-Ejhieh, 2018; Zhu et al.,
2020; Sharma et al., 2020). Metal oxide nanoparticles have high cat-
alytic activity, excellent stability, and biocompatibility (Madhu et al.,
2018; Kagar et al., 2017). In addition, they are easy and more environ-
mentally friendly to synthesize and scale up, as compared to other
ceramics, such as chalcogenides. SnO,_in particular, has a relatively
high electrical conductivity, perfect electrochemical activity, and low
cost, which make it an up-and-coming candidate for electrochemical
sensors (Madhu et al., 2018; Kacar et al., 2017; Lavanya and Sekar,
2017). The excellent electrochemical properties of SnO, and the syner-
gistic effect of nanosize resulted in the adoption of SnO, nanoparticles
as a CPE modifier, showing excellent performance. SnO, nanoparticle-
based CPE electrodes have been used for the detection of various bio-
molecules and active pharmaceutical ingredients, including nicoti-
namide adenine dinucleotide (Moshirian-Farahi et al, 2022),
cholesterol (Tig et al., 2016), and diltiazem (Attaran et al., 2016).

Despite the advantages of electrochemical sensors for CQP detec-
tion, few systems have been reported so far. Srivastava et al. used
WS,/graphene composite as an electrocatalyst on a glassy carbon elec-
trode (GCE) for CQP voltammetric detection (Srivastava et al., 2019).
Similarly, Ganguly and Hwa used ZnSe on screen-printed electrodes
(Ganguly and Hwa, 2022). Oliveira et al. also reported a voltammetric
CQP analytical system using a boron-doped diamond -electrode
(Oliveira et al., 2020). Only two reports have investigated the electro-
chemical analysis of CQP using CPE (Radi, 2005; Mashhadizadeh
and Akbarian, 2009), including a study using a voltammetric stripping
technique based on the interaction of CQP and DNA that is not eco-

nomical for wide-scale use (Radi, 2005). More CPE-based electro-
chemical systems need to be investigated for the electrochemical
analysis of CQP. SnO, nanoparticles would be an ideal CPE modifier
for a high-sensitivity CPE-based CQP electrochemical analysis system.

Herein, we report a novel electrochemical system for the analysis of
CQP (Scheme 1). Our approach is based on a composite of SnO,
nanoparticles and graphite in a CPE. The facile and low-cost synthesis
of the oxide nanoparticles and their high surface area and electrochem-
ical activity makes our system highly practical, efficient, and cost-
effective. The electrochemical system was fully optimized, achieving
a very high sensitivity of 35.7 pA/uM.cm? and a very competitive limit
of detection (LOD) and limit of quantification (LOQ) of 0.01 pM and
0.04 M, respectively. These results are among the best reported in the
literature. We obtained an excellent linear range as low as 0.1 uM and
as high as 23.3 uM, together with excellent electrode repeatability and
reproducibility. Our system was highly selective, with most interferents
showing minimal effect even at 100 x CQP concentration. The elec-
trode was quite stable, with ~ 85 % of the signal retained upon storage
over seven days. We tested our system for the analysis of CQP in a
commercial pharmaceutical product, achieving an excellent percentage
recovery of ~ 102 %. The excellent performance of our analytical sys-
tem, together with its facile preparation, processing, and regeneration,
makes it very promising for commercial application.

2. Experimental

2.1. Chemicals and reagents

Chloroquine diphosphate, graphite, mineral oil, potassium fer-
ricyanide, sodium chloride, and sucrose were purchased from
Sigma-Aldrich. Ascorbic acid and urea were purchased from
VWR. Tin dichloride dihydrate, potassium ferrocyanide trihy-
drate, glucose, KCl, and CaCl, were purchased from SDFCL,
Wardle chemicals, Applichem, Eurolab, and Avonchem,
respectively. Reconil drug was purchased from a local phar-
macy in Sharjah, UAE. Ultrapure water was produced using
Milli-Q Elix Essential® 5 water purification system.

2.2. Synthesis of SnO; nanoparticles

SnO, nanoparticle synthesis was carried out according to a
previous report with modifications (Sephra et al., 2018).
4.2 mmol of SnCl,-2H,O was dissolved in 60 mL absolute
ethanol, followed by the addition of 2.0 mL of concentrated
HCI and stirring for 10 min. The solution was poured into a
Teflon-lined 100 mL autoclave and heat treated at 180 °C
for 12 h. The autoclave was cooled down naturally, and the
product was washed using water and ethanol by centrifugation
and finally dried at 60 °C.

2.3. Electrode preparation

CPE was prepared by mixing SnO, nanoparticles, graphite,
and mineral oil at different weight ratios. The weight ratio of
SnO, nanoparticles ranged from 0 to 50 %, while the ratio
of the mineral oil was kept constant at 20 %. The paste was
packed into the cavity of an electrode comprising a hollow
cylindrical tube with an internal Cu rod with a cavity diameter
of 2 mm. The electrode components were mixed well using a
mortar and pestle for at least 15 min to ensure homogeneity.
The electrode surface was polished against weighing paper.
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Scheme 1  SnO,/graphite-based system for electrochemical detection of CQP.
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(a) Digital photograph, (b) DLS profile, (c) FESEM image, and (d) particle size distribution of SnO, nanoparticles.
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2.4. Instrumentation

Scanning electron microscopy (SEM) and field emission scan-
ning electron microscopy (FESEM) were carried out using
Tescan Vega3 and Thermo Scientific Apreo C systems, respec-
tively, both fitted with an Oxford energy dispersive X-ray spec-
troscopy (EDX) analyzer. Powder X-ray diffractometry
(XRD) was conducted using Bruker D8 Advance with a Cu
source (A = 0.15406 nm) at a voltage of 40 kV, current of
40 mA, using a step of 0.02° and time per step of 0.15 s. X-
ray photoelectron spectroscopy (XPS) was carried out using
Nexsa G2 Surface Analysis System (Thermo Scientific) using
monochromatic Al Ka X-ray (1486.6 eV) at an ultra-high vac-
uum of ~ 10" mbar. Dynamic light scattering (DLS) was done
using Microtrac Nanotrac Wave II. Fourier-transform infra-
red (FTIR) and Raman spectroscopies were done using Bruker
Tensor II and Renishaw inVia system, respectively. Brunauer—
Emmet-Teller (BET) surface area was determined using nitro-
gen adsorption—desorption isotherms obtained using surface
area and porosity analyzer (Quantachrome Instruments). Pore
size was determined using Barrett-Joyner—Halenda (BJH)
method using the desorption branch. Total pore volume
(<50 nm) was calculated based on nitrogen adsorbed at P/
Py = 0.97649. Thermogravimetric analysis (TGA) was con-

30000

ducted using Shimadzu TGA-50 at 10 °C/min in an air atmo-
sphere. Electrochemical experiments were carried out using a
Zahner Zennium Pro workstation. A 3-electrode electrochem-
ical setup was used in all experiments, with a CPE working
electrode comprising graphite, SnO, (0-50 wt%), and mineral
oil (20 wt%), Pt wire as the counter electrode, and Ag/AgCl
(1.0 M KCl) reference electrode. Buffer pH was measured
using OHAUS Starter 2100 pH meter.

3. Results and discussion

SnO, nanoparticles were synthesized using a facile one-step
hydrothermal method in an acidic ethanolic solution that
induced the formation of SnO, crystals, which grew in size
via oriented attachment (Sephra et al., 2018). The product
was highly dispersible in water (Fig. la), indicating the small
size of the particles and their hydrophilic nature. DLS further
confirmed the nanosize, demonstrating two size ranges
at ~ 190 nm and 450 nm (Fig. 1b), which indicated a hydrody-
namic size of ~ 190 nm and some particle attachment forming
assemblies <500 nm in size. The primary size of the SnO,
nanoparticles was determined using FESEM to be < 100 nm
(Fig. 1c) with an average size of ~ 50 nm (Fig. 1d). EDX con-
firmed the SnO, composition with an Sn:O atomic ratio
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of ~ 1:2 (Fig. 2a-c). The crystal structure of the SnO, nanopar-
ticles was assessed using XRD (Fig. 2d). The main 20 peaks in
the XRD pattern appeared at 26.6°, 33.9°, 37.9°, and 51.8° cor-
responding to (110), (101), (200), and (211) planes of tetrag-
onal SnO, (space group P42/mnm), as matched to ICDD PDF
#04-005-6880. The crystallite size was calculated using the
Scherrer equation (Eq. (1)) (Goyal et al., 2022) to be
19.4 nm, and the dislocation density (3) and lattice strain (g)
(Ganguly and Hwa, 2022) were calculated to be 2.4x107
nm 2 and 1.8x107, according to Eqs. (2) and (3), respectively.

D = 0.89%/Bcosd (1)

(2)
¢ = BcosB/4 (3)

Where D is the crystallite size in nm, A is Cu Ka wavelength
of 0.15406 nm, B is the full width at half maximum, and 0 is
Bragg’s angle. The small crystallite size accompanied by signif-
icant grain boundaries leads to crystallite imperfections and
defects, as shown by the dislocation density and lattice strain,
which induced good electronic properties, and are favorable

5=1/D?

for high electrochemical activity (Hwa et al., 2021). To gain
further insights into the chemical composition of the SnO,
nanoparticles, they were analyzed using XPS. The XPS survey
spectrum displayed only Sn and O peaks (Fig. 3a), demonstrat-
ing sample purity. Core level Sn 3d spectrum showed a spin—
orbit doublet at 495.24 eV and 486.83 eV, corresponding to
Sn 3ds,, and Sn 3dsp,, respectively, with a peak-to-peak sepa-
ration of ~ 8.4 ¢V and a peak area ratio of ~ 1.5 (Fig. 3b).
O 1 s core level spectrum showed a single peak at 530.8 eV
(Fig. 3c), which could be attributed to O-Sn-O bonding
(Ahmed et al., 2019; Ahn et al., 2004). This analysis confirmed
the 4 + valence state of Sn and the SnO, chemical
composition.

Raman spectroscopy is an essential tool to study the char-
acteristic vibrational frequencies of materials and their struc-
tural disorder and surface defects that are difficult to analyze
otherwise. The Raman spectrum of SnO, nanoparticles
showed the three classical SnO, vibrational modes of E,,
Ay, and By, at ~ 472 em™!, ~627 em™!, and ~ 771 cm_%,
respectively (Fig. 4a). The peak broadening around A, peak.
The appearance of a high-intensity S1 band in addition to
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Fig. 3 XPS (a) survey, (b) Sn 3d core level, and (c) O 1 s core level spectra of SnO, nanoparticles.
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lower-intensity S2 and S3 bands at ~ 581 em™!, 508 cm ™!, and
685 cm ! indicated the small SnO, particle size and the pres-
ence of surface defects. The peaks further confirmed the small
particle size at ~ 252 cm ™! and ~ 292 ecm™!, which could be
attributed to Eu (TO) and Eu (L.O.), which are typically active
only in small-size SnO, (Jayapandi et al., 2019; Diéguez et al.,
2001; Rumyantseva et al., 2005). The surface defects showed
by Raman spectroscopy are especially favorable for high elec-
trochemical activity (Sun et al., 2004). FTIR pattern showed a
peak at ~ 3457 cm™' and a prominent, broad peak centered
at ~ 1811 cm™!, which are mainly due to O.H. groups,
adsorbed H,O, and hydroxylated SnO, surface. Two peaks
appeared at ~ 665 cm™" and ~ 546 cm ™! and could be ascribed
to the antisymmetric and symmetric vibrations of Sn-O-Sn
bonds, associated with E, (TO) and A,, (TO) modes at
618 cm~!' and 477 cm™', respectively (Fig. 4b). The positive
shift seen in these two peaks indicated nano SnO, size (Elci
et al., 2018; Wan et al., 2018; Zhan et al., 2013). Surface prop-
erties and porosity play an essential role in electrode behavior
due to their effect on the exposure of electroactive sites to the
electrolyte. SnO, nanoparticles showed a Type IV nitrogen
adsorption—desorption isotherm with an H3 hysteresis loop,
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indicating the mesoporous nature of the nanoparticles and
the cylindrical shape of the pores, respectively (Fig. 4c) (Xu
et al., 2020; Henderson, 1995; Shanmugam et al., 2016; Xu
et al., 2016). The surface area was determined using the BET
method to be ~ 19 m?/g, which agreed with previously
reported values of SnO, nanoparticles. Pore volume was esti-
mated to be ~ 7.5 cm®/g, and the average pore size was ~ 8.
5 nm, as determined using BJH analysis (Fig. 4d). The high
surface area and porosity of the SnO, nanoparticles could
enhance interaction with the electrolyte leading to a positive
effect on the electrode’s electrochemical properties.

SnO, nanoparticles are very promising for electrochemical
sensor electrodes, with their interesting attributes of small size,
surface defects, favorable surface properties, and electrocat-
alytic activity. To this end, SnO, nanoparticles were incorpo-
rated into CPE comprising graphite and mineral oil binder.
Increasing ratios of SnO, nanoparticles were applied to the
CPEs to assess the effect of SnO, content on the electrochem-
ical activity and sensing properties. 4 CPE compositions were
tested with the SnO, nanoparticles content ranging from 0 %
to 40 %, specifically, 0 %, 20 %, 30 %, and 40 %, correspond-
ing to SnO;:graphite ratios of 0:1, 0.3:1, 0.6:1 and 1:1, respec-
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tively. SnO, nanoparticles were seeded on the graphite sheets’
surface, allowing for good electrolyte exposure and high stabil-
ity. Graphite supported the SnO, nanoparticles and provided a
conductive matrix essential for electrical connectivity and good
electrochemical performance. SEM was conducted on all CPE
compositions to analyze their morphology and assess the dis-
tribution of SnO, nanoparticles within the electrodes. Interest-
ingly, no obvious morphology change was detected after SnO,
incorporation within the electrodes, probably due to the min-
imal size of the SnO, nanoparticles that resulted in their facile
incorporation within the graphite sheets. Moreover, EDX
analysis showed a very homogeneous Sn/C distribution that
reflected perfect homogeneity and suitability for electrochemi-
cal sensor electrodes (Fig. 5). The SnO, contents in the four
compositions were calculated to be 0 wt%, 23 wt%, 35 wt%,
and 46 wt%, which were very close to the prepared ratios,
reflecting the excellent SnO, distribution over the entire
electrode.

The electrochemical activity of the SnO,-modified CPEs
was evaluated using 5.0 mM of Fe(CN)3/# in 0.1 M KCl. Bare
CPE showed a redox couple at 0.34/0.13 V, which agreed with
previous reports (Ganguly and Hwa, 2022; Ibrahim et al.,
2020). SnO, enhanced the electrochemical activity of the
CPE significantly, especially at > 10 wt%. The I, of bare
CPE was 53.0 pA, which was very similar after 10 % SnO,
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SEM MAG: 20.0 kx Dot: SE 2pm
View field: 104 ym  Date(m/dly): 062222 Advanced Materials Research Lab
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SOum

View fleid: 10.4 ym _ Date(m/dy): 06/22/22

incorporation. However, I,,, increased to 72.4 pA, 89.2 pA,
and 168 pA at SnO, wt% of 20 %, 30 %, and 40 %, corre-
sponding to an oxidation peak current increase of 36.6 %,
68.3 %, and 217.0 %, respectively (Fig. 6a). The large impact
of SnO, nanoparticles on the electrochemical redox peaks of
Fe(CN);7* indicated their high electrocatalytic activity that
could accelerate charge transfer and facilitate the electrochem-
ical reaction and reflected their significant effect on enhancing
the electrodes’ electroactive surface area. The incorporation of
SnO, within the CPE also impacted the peak-to-peak potential
separation (AE) that was comparable for 0 % SnO, and 10 %
SnO, at 222.5 mV and 234.5 mV, respectively. However, it
decreased significantly to 210.6 mV and 186.6 mV at 20 %
and 30 % SnO,, respectively, which indicated higher reaction
reversibility and faster charge transfer rate.

At a high SnO, content of 40 %, AE increased back to
225.0 mV, which could be due to an increase in the electrode’s
resistance as a result of the high content of SnO, nanoparticles
that have low inherent electronic conductivity and rely on the
graphite for electric connectivity (Fig. 6b). This increase in the
peak-to-peak separation accompanied by the change in the CV
profile indicated significant electrode polarization, which
would be much more pronounced at higher SnO, content. This
observation was exacerbated upon increasing the SnO, content
to 50 %, with AE increasing to 346 mV. Electrochemical impe-
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Fig. 5 SEM and their corresponding EDX mapping images of CPEs at different SnO, wt%.
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dance spectroscopy (EIS) was conducted to assess the conduc- (Fig. 6e and Table S2). A solution resistance of ~ 126 Q was
tivity of the electrodes and the rate of charge transfer taking observed for the bare electrode, and it was similar upon
place at their surfaces (Fig. 6¢c-d). Nyquist plots were fitted SnO; incorporation till 30 wt% with an average of ~ 129 Q,
using a Randles circuit (Fig. 6f) for the quantitative determina- indicating similar electrode conductivity. However, at 40 wt

tion of solution (Rs) and charge transfer (Rct) resistances % SnO,, Ry increased by ~ 36 %, showing an increase in elec-
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Fig. 7 (a-d) CV profiles of 040 % SnO,-CPEs in Fe(CN);7*/0.1 M KCl at different scan rates and their corresponding (e) Ipa vs /2
plots and (f) effective surface areas.

trode resistance (Chen et al., 2009), and it increased further at tively high Rcr of ~ 2840 Q that decreased as SnO, wt%
50 wt%, reaching ~ 303 Q, which agreed with the high polar- increased, reaching 44 Q at 40 wt% SnO,, reflecting the signif-
ization observed in its CV profile. Bare CPE exhibited a rela- icant impact of SnO, on accelerating the rate of charge transfer
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and thus the electrochemical activity of the CPE (Ganguly and
Hwa, 2022; Ibrahim et al., 2020; Pauliukaite et al., 2010). At
50 wt% SnO,, Rt increased to ~ 103 Q, which corroborated
the high electrode resistance. Therefore, the electrode with
50 wt% SnO, was excluded from the further electrochemical
investigation. The Fe*" /Fe’** redox reaction was conducted
at increasing scan rates to study the electrochemical response
and determine the electrochemical surface area of the elec-
trodes (Fig. 7a-d). The anodic peak current (I,,) increased lin-
early with the square root of the scan rate for all electrodes
with a high coefficient of determination (R?), ranging from
0.994 to 0.998 (Fig. 7e), indicating a diffusion-controlled elec-
trochemical reaction (Ibrahim et al., 2020). The effective sur-
face area of the electrodes was calculated using the Randles-
Sevcik equation (Eq. (4)) (Ganguly and Hwa, 2022; Ibrahim
et al., 2020).

Ipg = 2.69 x 10° x 12 x D2 x ' x C'x 4 4)

Where I, is the anodic peak current in A, n is the number
of electrons transferred (n = 1) during the electrochemical
process, D is the diffusion coefficient (7.6 x 10°® cm?/s), and
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0%
6] —20% -
—30% P1
5] —40%
<
T 4
=
[}
E
3 34
(8]
24
14
0 . ' Y “
0.6 038 10 12 14
Voltage vs. Ag/AgCI (V)
C J—2
——50
P2
124 ——100 i
——150
104 —— 200

Current (uA)
©

6 4

4 -

24

0 T T T T .

06 07 08 09 10 11 12 13 14
Potential (V)

Fig. 8

C is the concentration in mol/cm® of the redox active species.
A is the electroactive surface area in cm?. The electroactive sur-
face area of the bare CPE was calculated to be ~ 0.05 cm?, and
it increased slightly with increasing SnO, content to 30 %,
where it reached ~ 0.06 cm”. A significant increase in surface
area was observed upon increasing SnO, content to 40 wt%,
where it increased ~ 3 X, as compared to bare CPE,
reaching ~ 0.13 cm? (Fig. 7f). The increase in the electroactive
surface area could be explained by the small size of the SnO,
nanoparticles and their uniform distribution over the surface
of the graphite sheets, together with their intrinsic electrocat-
alytic activity, which resulted in significant enhancement of
the electrochemical surface area and thus the electrochemical
activity of the electrode.

CQP is known to show one or two irreversible anodic peaks
due to the oxidation of the nitrogen atoms in the N-
heterocyclic ring of the aminoquinoline moiety and the alky-
lamino side chain (Radi, 2005). The impact of SnO, electrode
modification on CQP detection was evaluated using differen-
tial pulse voltammetry (DPV). CPE displayed two anodic
peaks at 0.79 V and 0.89 V with peak currents of 0.92 pA

Current (A)
w
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1.2 4
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(a) DPV profiles and (b) corresponding P2 current analysis, (c) LSV profiles at different scan rates and their corresponding log I,,

vs log v plot of 35 uM CQP in pH 7.0 phosphate buffer using 40 % SnO,-CPE.
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and 1.3 pA, respectively. Upon SnO, incorporation with the
CPE, the peak current increased significantly, doubling at
30 % SnO, and quadrupling at 40 % SnO, (Fig. 8a-b). This
reflected the enhanced electrocatalytic activity and charge
transfer kinetics of CPE upon SnO, modification and agreed
with the previously observed increase in electroactive surface
area and electrochemical activity.

Interestingly, the anodic peak potential showed a slight
positive shift upon SnO, incorporation, where the anodic peak
doublet potential reached 0.80/0.93 V at 40 % SnO,. This
could be explained by the relatively higher resistance of the
modified CPE electrodes compared to the bare ones, which
could have resulted in the observed slight overpotential. Due
to the significantly high CQP oxidation current achieved by
40 % SnO,-CPE, our study used this electrode composition
thereafter.

The best-performing 40 % SnO,-CPE was further charac-
terized and compared with unmodified CPE. FTIR of CPE
with 0 % SnO, showed peaks at ~ 2917 cem™!, ~2851 cm ™!,
and ~ 1458 cm™ !, the first 2 could be assigned to asymmetric
and symmetric CH, stretching, respectively (Zhang et al.,
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2015), while the third could be attributed to CH, bending
vibration (Li et al., 2022). Upon addition of 40 % SnO,, a
band appeared at ~ 546 cm™! corresponding to Sn-O-Sn
vibration (Wan et al., 2018) (Fig. Sla). TGA of CPE with
0 % SnO, showed ~ 20 % weight loss at 150-350 °C, which
could be attributed to the decomposition of mineral oil (Kok
et al., 2021), and another major weight loss region beginning
at ~ 650 °C and was still ongoing till 800 °C, which could
be attributed to graphite oxidation (Farivar et al., 2021). How-
ever, graphite oxidation was incomplete, as indicated by the
31.3 % residue, which corresponded to 39.1 % of the graphite
content. The 40 % SnO,-CPE showed a similar TGA profile
with a residue of 56.5 %, which corresponded to 40.9 %
SnO, content after excluding the weight of the unoxidized gra-
phite residue (Fig. SIb). XPS survey spectrum of 40 % SnO,-
CPE showed Cls, Sn 3d, Sn 4d, and O 1 s peaks, confirming
the chemical composition of the electrode (Fig. Slc). The Sn
3d core level spectrum was almost identical to that of SnO,
powder with only a minor positive shift in the binding energy
of ~ 0.3 eV (Fig. S1d), which could be due to minor interaction
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(a) Effect of pH on DPV profile and corresponding (b) peak current and (c) potential analysis, and (d) effect of different

voltammetric techniques on oxidation peak of 35 uM CQP using 40 % SnO,-CPE.
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between the SnO, nanoparticles with the mineral oil and
graphite.

The electrochemical oxidation of CQP was studied via lin-
ear sweep voltammetry (LSV) at increasing scan rates (Fig. 8c-
d). The relationship between I, and the scan rate (v) sheds
light on the electrochemical reaction mechanism, where a lin-
ear relationship with the scan rate and square root of the scan
rate indicates a diffusion-controlled and adsorption-controlled
mechanism, respectively (Ibrahim et al., 2020; Wu et al., 2019).
Log I,, vs log v plot showed a linear relationship with slopes of
0.76 and 0.98 for both components of the peak doublet, which
are close to 1.0, indicating an adsorption-controlled process
(Fig. 8d). The positive shift of the oxidation potentials for both
peaks with the scan rate indicated an irreversible reaction
(Madej et al., 2019), in agreement with the previous reports
on CQP (Ganguly and Hwa, 2022; Srivastava et al., 2019;
Mashhadizadeh and Akbarian, 2009). The effect of pH on
the electrochemical oxidation of CQP was also studied in phos-
phate buffer at a pH range of 6.3-7.6 (Fig. 9a). It was observed
that the oxidation of CQP was pH dependent where the I,
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Fig. 10

increased linearly with the increase in pH until pH 6.9, the rate
of increase decreased at higher pH values reaching a maximum
at pH 7.3 and then decreased thereafter (Fig. 9b). Both peaks
showed similar behavior indicating similar reaction mecha-
nisms for both processes. The effect of pH change on the
CQP oxidation potential was also studied. It was found that
the CQP oxidation peaks’ potentials decreased linearly with
the increase in pH with slopes of —70 mV and —100 mV for
the first and second peaks, respectively (Fig. 9¢), which indi-
cated an electrochemical process with an almost equal number
of electrons and protons for the former and higher number of
protons involved in the latter (Ibrahim et al., 2020; Ibrahim
et al., 2020). Different electrochemical techniques were studied
to determine the optimal protocol for the electrochemical anal-
ysis of CQP, with all standard parameters, kept constant in the
comparison. DPV and square wave Voltammetry (SWV) were
carried out at a pulse amplitude of 60 mV, potential increment
of 20 mV, pulse period of 200 ms, and sampling width of 5 ms.
LSV was conducted at a scan rate of 100 mV that matched that
of DPV and SWV. The pulse voltammetry techniques had
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(a) SWYV profiles and (b) corresponding calibration curve of CQP in pH 7.3 phosphate buffer using 40% SnO,-CPE. (c)

Standard addition SWV profiles and corresponding (d) peak current vs concentration plot for detecting CQP in commercial

pharmaceutical tablets.
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higher sensitivity than LSV, which could be attributed to their
inherent ability to amplify the Faradaic components and thus
increase signal sensitivity. SWV was found to be ~ 50 %
higher than DPV, which is a significant increase indicating
the high sensitivity of SWV for detecting the oxidation signal
of CQP (Fig. 9d). The SWV method was fully optimized, as
shown in the supplementary information.

A calibration curve was established based on the optimized
conditions with two linear regions spanning a wide concentra-
tion range of 0.1-23.3 uM (Fig. 10a-b). The two linear ranges
of 0.1-9.7 uM and 9.7-23.3 uM have linear regression equa-
tions of I,, =4.51 x +1.12and I,, = 1.28 x +31.9 with R? of
0.998 and 0.995, respectively. The electrode’s sensitivity was
calculated based on the slope of the lower linear range of the
calibration curve and the electrochemical surface area of the
electrode to be 35.74 pA/uM.cm”. The LOD and LOQ were
calculated according to Egs. 5 and 6 (Oliveira et al., 2020;
Ibrahim et al., 2020), to be 0.01 uM and 0.04 pM, respectively.

LOD =3xa/s (5)

LOQ =10xa/s (6)

Where ¢ is the standard deviation of the blank and s is the
slope of the lower linear range of the calibration curve. Our
SnO,-CPE achieved excellent and highly competitive perfor-
mance. The linear range is as low as 0.1 pM, which is lower
than almost all of the previously reported systems (Radi,
2005; Ganguly and Hwa, 2022; Srivastava et al., 2019;
Mashhadizadeh and Akbarian, 2009), and our highest limit
of 23.3 uM was higher than many of the reported ranges as
well (Oliveira et al., 2020; Radi, 2005; Mashhadizadeh and
Akbarian, 2009). The obtained LOD of 0.01 uM is lower than
most reports (Radi, 2005; Srivastava et al., 2019;
Mashhadizadeh and Akbarian, 2009), and our electrode sensi-
tivity is comparable to the best-reported value (Ganguly and
Hwa, 2022). In short, we achieved remarkable performance
using our SnO,-CPE that superseded most previously reported
systems, as summarized in Table S3. The exceptional perfor-
mance of our electrochemical system could be attributed to
the high electrocatalytic activity of SnO, nanoparticles. The
small size and good distribution of the SnO, nanoparticles
within the graphite matrix resulted in high electrochemical sur-
face area, uniform distribution of electroactive sites, and high
electrode conductivity and electrochemical activity. Although
two electrodes achieved slightly better performance than our
SnO,-CPE, namely, boron-doped diamond electrode
(Oliveira et al., 2020) and ZnSe/rGO-ODA/SPCE (Ganguly
and Hwa, 2022), our system is more facile, easier to prepare
and process, and is less costly than such systems. Thus, our
electrode can provide comparable performance at much less
money, time, and labor cost, which makes it more practical
and economical.

The electrochemical system’s selectivity, repeatability,
reproducibility, and stability are paramount for practical
application. To apply our electrochemical system for CQP
detection in different areas, such as biological, pharmaceuti-
cal QC, and environmental monitoring, the electrode has to
be very selective to CQP with minimal response variation
in excess amounts of common interferents. To test the selec-
tivity of our electrode, we carried out CQP oxidation in the
presence of various potential interferents, including biomole-
cules, pharmaceutical excipients, and salts, namely glucose,

urea, ascorbic acid, KCI, and NaCl at 100 x the concentra-
tion of CQP and sucrose at 10 x CQP concentration
(Fig. S4). The interferents have a minor effect on the CQP
oxidation peak current, with all of them displaying < 7 %
relative error (Fig. 11). We have also demonstrated the
repeatability and reproducibility of our sensor over five mea-
surements using the same electrode and different electrodes,
achieving a relative standard deviation (RSD) of 2.46 %
(Fig. S5a) and 1.86 % (Fig. S5b), respectively, which demon-
strated the reliability of our measurements and the robust-
ness of our electrode preparation and processing technique.
We also tested the stability of our electrode, demonstrating
outstanding performance after one-week storage with > 85 %
oxidation current retention (Fig. S6).

Real sample analysis was conducted to demonstrate the
validity of our analytical method for complex matrices and
commercial applications. Commercial pharmaceutical CQP
tablets were selected for the real sample application. The aver-
age tablet weight was determined by weighing five tablets, and
then ten tablets were crushed to powder, and the average tablet
weight was extracted in ultrapure water and filtered. Analysis
was carried out in pH 7.3 phosphate buffer using standard
addition to reduce the impact of tablet excipients on the anal-
ysis accuracy (Fig. 10c-d). A linear standard addition plot was
obtained from which the actual concentration was calculated,
achieving a percentage recovery of ~ 102 %. To further
demonstrate the validity of the developed electroanalytical sys-
tem for practical applications, it was applied for the detection
of trace levels of CQP in a tertiary wastewater sample collected
from an urban landscape irrigation area. The wastewater sam-
ple was spiked with 0.35, 2.1, and 3.5 uM of CQP and analyzed
using the SnO,-based CPE sensor, and the CQP was detected
quantitatively with recovery percentages of 82.1, 94.7, and
89.2 %, respectively (Fig. S7).
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Fig. 11  Relative peak current change of CQP in the presence of
various interferents at 10-100 x molar ratio.



14

A. AbdelHamid et al.

4. Conclusion

In summary, we have developed a novel SnO,-CPE electrochemical sen-
sor for the analysis of CQP with excellent accuracy, sensitivity, and sta-
bility. Our SnO,-CPE is inexpensive and easy to process and regenerate.
The SnO, nanoparticles imparted high electrochemical activity resulting
in remarkable sensitivity, mainly due to the small size and electrocat-
alytic properties of SnO, nanoparticles and their high surface area and
good distribution within the CPE. We developed and optimized an
SWYV analytical technique using 40 % SnO,-CPE for CQP detection.
Our system has a high sensitivity of 35.7 pA/uM.cm?, a linear range of
0.1 tM-23.3 uM and very low LOD and LOQ of 0.01 and 0.04 uM,
respectively, which are comparable to the best reported in the literature.
We have displayed a high selectivity, repeatability, reproducibility, and
stability of our system. Moreover, we also demonstrated practical appli-
cation by analyzing commercial CQP pharmaceutical tablets, achieving
an excellent percentage recovery of ~ 102 %.
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