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Abstract: Herein, we have reported on a simple, environmentally friendly, and ultra-sensitive
electrode material, SnO,@p-rGO, used in a clean sustainable manner for rapid electrochemical
determination of an anti-diabetic agent, repaglinide (RPG). Three-dimensional porous reduced
graphene oxide nanostructure (p-rGO) was prepared via a low-temperature solution combustion
method employing glycine. The aqueous extract of agricultural waste “cotton boll peel” served
as stabilizing and reducing agents for the synthesis of SnO; nanoparticles. The structural and
morphological characterization was carried out by XRD, Raman, SEM, EDX, FTIR, absorption, and
TGA. The oxidation process of RPG was realized under adsorption controlled with the involvement of
two protons and electrons. The sensor displayed a wider linearity between the concentration of RPG
and oxidation peak current in the ranges of 1.99 x 1078-1.45 x 1075 Mand 4.99 x 1078-1.83 x 107> M
for square-wave voltammetric and differential pulse voltammetric methods, respectively. The lower
limit of detection value of 0.85 x 10~? M was realized with the SWV method. The proposed sensor
was applied for the quantification of RPG in fortified urine samples and pharmaceutical formulations.
Furthermore, the sensor demonstrated reproducibility, long-term stability, and selectivity in the
presence of metformin and other interferents, which made the proposed sensor promising and
superior for monitoring RPG.
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1. Introduction

Type 2 diabetes mellitus is the most prevalent metabolic ailment worldwide, affecting
nearly 8% of young people and growing explosively over the last few years, with predic-
tions that by 2030, there would be around 400 million cases [1]. The disorder results from
increasing (3 cell malfunction in the presence of chronic insulin resistance that causes a
progressive deterioration in plasma glucose homeostasis. Repaglinide (RPG) (Scheme 1),
a novel rapid-acting meglitinide analog, is an oral hypoglycemic drug from the class of
carbamoylmethylbenzoic acids. It is safe and efficacious. Therefore, it is widely prescribed
to control postprandial glucose excursion in type 2 diabetic patients. It is particularly
beneficial when metformin cannot be administered owing to side effects and fails to control
blood glucose levels effectively or blood glucose levels cannot be managed by exercise or
diet alone. Although the insulinotropic action of RPG is partly comparable to sulfonylureas,
it displays distinct pharmacological properties in terms of structure, binding profile, mecha-
nisms of excretion, and duration of action [2]. REP decreases hyperglycemia by stimulating
the pancreas by depolarization of {3 cells [3] via ATP-sensitive potassium channel blockage
at the plasma membrane, resulting in Ca?* influx through voltage-dependent channels,

Chemosensors 2023, 11, 50. https:/ /doi.org/10.3390/chemosensors11010050

https:/ /www.mdpi.com/journal /chemosensors


https://doi.org/10.3390/chemosensors11010050
https://doi.org/10.3390/chemosensors11010050
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://doi.org/10.3390/chemosensors11010050
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com/article/10.3390/chemosensors11010050?type=check_update&version=1

Chemosensors 2023, 11, 50

20f22

which stimulates Ca?* dependent exocytosis of insulin-containing granules and subsequent
release of insulin [4]. It shows a fast onset of dose-dependent blood-glucose-lowering effect
after rapid and complete absorption from the gastrointestinal tract [5], and subsequently,
the drug is removed rapidly through biliary excretion without accumulation in the plasma
after multiple doses. Hence, RPG is well tolerated in type 2 diabetic patients who are elderly
patients and patients with renal or hepatic impairment. Given the biological importance of
RPG, the monitoring of it in biological fluids is crucial. Hence, efforts have been made to
develop low-cost sensors for clinical use.

Scheme 1. Structure of repaglinide.

For the determination of RPG in dosage forms, raw material, and plasma, a number of
analytical methods have been reported. These include HPLC [6-8], HPLC integrated with
electrochemical detection [9], ultra-violet [10], liquid chromatography-tandem mass spec-
trometric (LC-MS/MS) [11,12], reversed-phase thin-layer chromatographic (RPTLC) [13],
spectrophotometric [14], and reversed-phase-HPLC [15] methods.

However, most of the reported methods involve complicated and costly instruments,
lengthy pretreatment processes, and laborious sample preparations. In addition, they
require trained technicians. The regular analysis of RPG thus demands a straightforward,
sensitive, and inexpensive method. Therefore, electrochemical sensing methods are better
alternatives. They have received more and more attention because they are simple, sensi-
tive, economical, and rapid for the determination of traces of electroactive analytes [16-20].
However, the reported electrochemical methods [21,22] for the assay of RPG have low
sensitivity or require more time for the fabrication of electrochemical sensors. In view of
developing a simple, ultrasensitive, and eco-friendly sensor utilizing inexpensive environ-
mentally friendly reagents, we have fabricated SnO,@p-rGO on GCE for the assay of RPG
at trace level.

Graphene is a single sheet of an sp? hybridized two-dimensional form of carbon
allotrope. As a first created 2D material, it became a cornerstone in the field of materials
science research. This was motivated by its exquisite and unique physical and chemical
properties, leading to a wide spectrum of applications. It has been explored in the areas
of photonics, electronics, sensors, catalysis, energy generation and storage, electrosensing,
metrology, environment, and bioapplications [23,24]. It is a highly appealing electrode
material for a wide range of applications due to its superior properties, including high
thermal and electronic conductivity, larger surface area, promising mechanical strength,
and ease of chemical functionalization. Conversion of 2D graphene sheets into three-
dimensional (3D) graphene not only avoids undesirable aggregation phenomena but also
introduces desirable features of fast electronic and ionic transportation, strong mechanical
properties, and higher specific area [25]. Amongst the types of nanostructures, 3D reduced
porous graphene has received substantial attention from scientists recently because of its
advantages, such as larger accessible surface area, enhanced catalytic activity due to higher
pore volume, stronger mechanical strength, and higher conductivity [26].

The unique properties of p-rGO have highly promising applications in electrochemical
energy storage [27], supercapacitors [28], fuel cells [29], electrocatalysis [30], and elec-
trochemical sensors [31,32]. In 3D porous graphene, graphene layers are self-assembled
or have holes in structures. In comparison with GO, 3D porous graphene demonstrates
excellent conductivity because of the partial loss of oxygen-based surface groups and
defects present in the basal plane [33]. The 3D pore structure enables easy access and
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diffusion of molecules and ions throughout its structure [34]. Consequently, fast electron
and mass transport kinetics occur in comparison to the original graphene, which enhances
its electrochemical sensing performance. With these advantages, it has attracted growing
attention as a sensing material for small drug molecules. The low-temperature solution
combustion method is simple, is almost instantaneous, is inexpensive, does not require
costly /toxic reagents, and is an environmentally benign method to produce huge porous
surfaces in graphene-based material for electrochemical applications [35].

Additionally, reduced graphene oxide offers huge benefits in terms of capacity, activity,
and electrical stability owing to its unique structure, lattice defects, and negative charge [36].
The better conductivity of rGO than that of graphene oxide is because of the loss of oxygen-
based surface functional groups and the presence of defects in the basal plane [37], which
restores the aromatic network of sp?-carbon with notable dielectric loss. An environment-
friendly and inexpensive greener synthesis route for rGO is extremely important for safe
application. In order to minimize the hazardous effects of certain reducing agents, a few
environmentally benign reducing agents such as glucose [38], microorganisms [39], ascorbic
acid, and certain amino acids [40] have been used in the recent past for the synthesis of
rGO on a large scale. Amino acids and their derivatives offer specific merits due to their
biocompatible and non-toxic nature. Given this, it was planned to synthesize the p-rGO
material just by heating the homogeneous mixture of graphene oxide and glycine fuel
suspension at 250 °C for 30 s. The present work explores glycine simultaneously as a
greener reducing agent for the reduction of GO and as a fuel for combustion to produce
porous microstructure in rGO.

Furthermore, the electrochemical properties of rGO can be effectively enhanced fur-
ther by combining with other nanostructured functional materials such as metal oxide
nanoparticles [26]. Metal-oxide-nanoparticles-decorated nanocomposites were reported to
enhance electrochemical sensing performance [41]. Among different metal oxide nanopar-
ticles, tin oxide (SnO;) nanoparticles have garnered much scientific interest as important
n-type semiconductors with a vital band gap of 3.6 eV. They are broadly utilized in nu-
merous applications such as photo electronics, microelectronics, super capacitors, solar
cells, biosensors, gas sensing, lithium-ion batteries, and field emission studies [42]. There is
increased use of SnO; as an electrode modifier material, and SnO, in combination with rGO
has recently been employed successfully as a sensing material [43] due to its astonishing
features such as high conductivity, biocompatibility, excellent band gap, economical nature,
abundant availability, the existence of oxygen vacancy defects, and the most chemically
and thermally stable oxidation state [43]. Furthermore, SnO;-based nanomaterials play a
significant role in catalysis due to their intrinsic redox nature.

Green synthesis for the preparation of nanoparticles has attracted much interest on
account of its merits such as a straightforward and fast reaction process, safe nature, environ-
mentally benign status, ease in manufacturing, inexpensive nature, and low-temperature,
short time, and mild reaction conditions [44]. The green synthesis of metal oxide nanoma-
terials using plant extracts provided promising and sustainable alternative approaches to
conventional synthetic methods. The plant extracts contain phytochemicals (i.e., secondary
metabolites) such as terpenoids, alkaloids, antioxidants, flavonoids, and amino acids. These
exist in seeds, peels, fruits, and leaves that function as capping and reducing agents for
the reduction of metal ions [22]. Given green chemistry, the preparation of SnO, via a
simple sustainable procedure is worthwhile for sensor applications. In view of this, the
tetragonal structured SnO; nanoparticles were synthesized via a green synthesis route
using an aqueous extract of agricultural waste cotton boll peels. This extract with major
constituents such as ascorbic acid, pyrogallol, gallic acid, and ellagic acid can act as both a
reducing and capping mediator [45].

Consequently, rational integration of SnO, on p-rGO can be a promising approach to
significantly improve its sensing performance due to its individual merits and synergistic
interactions between two components [46]. p-rGO sheets not only support anchoring SnO,
nanocrystals without aggregation but also can effectively improve the electron transfer
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rate at the electrode by forming p—n junctions at the interfaces of n-type SnO; and p-type
p-rGO [47], thereby promoting the electrode reaction. These nano-Schottky barriers can be
controlled by the reduction or oxidation of electroactive analyte. Since the work function of
p-rGO is lesser than that of SnO,, electrons released during the oxidation of RPG are moved
to GCE via p-rGO due to their greater mobility. The concentration of electrons rises upon
successive addition of RPG, which causes the barrier to become forward biased and raise
the peak current at the SnO,@p-rGO composite modified GCE. Therefore, SnO, anchored
p-rGO might serve as an ultrasensitive sensing interface for the determination of RPG.

The current study describes the sustainable greener synthetic protocol for the efficient
synthesis of SnO, nanoparticles using cotton boll peel extract. For the production of
porous architecture and reduction of GO, glycine was utilized as an eco-friendly reagent.
Herein, we have proposed a sensitive electrochemical sensor based on an SnO; anchored
p-rGO modified electrode (Scheme 2). The enhanced sensing performance and lower
limit of detection (8.50 x 1071% mol L~!) in terms of electrochemical sensing of RPG
and its quantification at a subnanomolar level was realized at SnO,@p-rGO/GCE, as
the fabricated electrode material demonstrated excellent conductivity, larger surface area,
and higher porosity. Further, the structure and morphology of electrode material were
characterized by XRD, Raman, SEM-EDX, UV-Vis, TGA, FTIR, cyclic voltammetry, and
electrochemical impedance. The performance of the fabricated sensor was evaluated for
repeatability and reproducibility. The practical applications of the proposed methods
were established by analyzing RPG in biological fluids and pharmaceutical formulations.
The fabricated electrochemical sensor demonstrated greater selectivity, repeatability, and
long-term stability.
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Scheme 2. Schematic representation of fabrication process of modified electrode.

2. Materials and Methods
2.1. Chemicals and Reagents

RPG and tin chloride dihydrate (SnCl,.2H,0O) were obtained from Sigma Aldrich,
St. Louis, M1, USA. A 500 uM stock solution of RPG was prepared by dissolving a cal-
culated amount of RPG in methanol, diluted as needed with phosphate buffer solution
and refrigerated at 4 °C. Agro-waste cotton peels were collected from the cotton field of
Yarikoppa village, Dharwad district, Karnataka, India. The drug formulation (labeled 0.5
and 1 mg per tablet) used in the present study was obtained from the local market. The
supporting electrolyte used in this study was phosphate buffer solution of pH 3.0.
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2.2. Apparatus

A computer-controlled CHI6136E electrochemical workstation (CH Instruments Ltd. Co.,
Austin, TX, USA) operating on a three-electrode system was used to perform electrochemi-
cal experiments. Differential pulse voltammograms were recorded with a differential scan
rate range of 0-1.5 with a pulse width of 50 ms and a pulse amplitude of 50 mV. To record
square-wave voltammograms, a scan rate of 74.2 mVs~1, potential increment of 4.95 mV,
and pulse amplitude of 25.0 mV were maintained.

2.3. Material Characterization

EIS spectra were obtained on the electrochemical interface (model CHI6136E, CH
Instruments Ltd. Co., Austin, TX, USA) operating on a conventional three-electrode system.
A SmartLab Se, Rigaku X-ray diffractometer with Cu K radiation (1.5406 A°) and Bragg’s
diffraction angle (26) of 5-90° was employed to record the XRD patterns. FTIR spectra were
obtained from a Nicolet Fourier transform infrared (FTIR) spectrophotometer (Nicolet 5700,
Nicolet, Green Bay, WI, USA) in KBr medium in the mid-IR range of 4000400 cm L. The
NXR-FT-Raman spectrophotometer, (Nicolet 5700, Nicolet, Green Bay, WI, USA) was em-
ployed to record Raman spectra. Both elemental composition and surface morphologies of
5SnO,@p-rGO were examined on a JEOL (Model JSM-IT1500LA, Akishima, Japan) scanning
electron microscope (SEM) with an energy dispersive X-ray analysis (EDX) facility with
a magnification of 100 KX. A UV-Vis double-beam spectrophotometer (model AU-2701,
Bengaluru, India) was used to record absorption spectra of samples using a 1.0 cm quartz
cell. Thermogravimetric analysis (TGA) in the temperature range of 25-700 °C was carried
out on a SDT-Q600 (TA Instruments, New Castle, DE, USA).

2.4. Preparation of p-rGO

In a typical synthesis of porous reduced grapheme oxide, the modified Hummers
method [48] was followed to prepare graphene oxide by the oxidation of graphite powder,
and the low-temperature solution combustion method was then used to produce p-rGO [49].
Briefly, GO (6 mg/mL) was sonicated for 30 min in 15 mL double-distilled water to disperse
it. Then, 2 g of glycine was added to the aqueous suspension of GO for the combustion
process. This mixture was then heated on a hot plate (150 °C) until a thick colloidal
suspension was obtained. It was maintained at 250 °C for 30 s in the oven. The fuel
(glycine) was ignited, which resulted in the evolution of many gases from GO, leaving a
black voluminous porous solid. The resulting product was washed with distilled water
several times and then with ethanol. Finally, it was dried at 60 °C, and the final product was
labeled as p-rGO. The fabrication procedure for the modification of electrode is represented
pictorially in Scheme 2.

2.5. Preparation of Cotton Peel Extract

The aqueous agro-waste cotton peel extract was prepared according to the reported
method with a slight modification [45]. Freshly collected cotton boll peels were washed
3—4 times with distilled water and dried in air. Peels were cut into small pieces and ground
to powder using an electric mixer. The aqueous extract was prepared by dispersing 3 g of
cotton boll peel powder in 100 mL distilled water and then heating it to 80 °C for 30 min in
a water bath. Eventually, the aqueous extract was cooled to room temperature. Finally, it
was filtered using Whatman filter paper No. 1 and then refrigerated at 4 °C. The pH of the
extract was found to be 3.5.

2.6. Green Synthesis of Tin Oxide Nanoparticles Utilizing Cotton Boll Peel Extract

Tin chloride dihydrate (0.329 g) was dissolved in 20 mL distilled water, and then, 20 mL
aqueous extract of cotton boll peel was introduced drop-wise into tin chloride solution
with stirring at 80 °C. Following 30 min of heating, the light-yellow-colored solution turned
to brown. The resulting mixture was then cooled to room temperature and subsequently
centrifuged at 6000 rpm for 30 min. After washing with distilled water and ethanol several
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times, the residue was carefully collected. Eventually, the residue was dried at 60 °C and
subjected to calcination at 200 °C for 4 h to obtain SnO; nanoparticles.

2.7. Preparation of SnO,@p-rGO and Fabrication of SnO,@p-rGO/GCE

SnO,@p-rGO nanocomposite was prepared by sonication of the mixture containing a
colloidal suspension of SnO; (1 mg/ mL) and p-rGO (2 mg/mL) solution in 1:2 for 4 h at
room temperature. The resulting homogeneous suspension was designated as SnO,@p-
rGO. Prior to each electrochemical measurement, the glassy carbon electrode was pretreated
by abrading its surface with slurry of alumina powder (0.05 um) on a polishing pad. It was
then rinsed thoroughly with distilled water to yield a clean and smooth electrode surface.
Later, the electrode was subjected to ultrasonication in distilled water for 30 s and finally
dried in the air. A simple drop-casting method was adopted to prepare modified electrode.
To fabricate a modified GCE, 5 pL (1.0 mg/mL) of SnO,@p-rGO suspension was dropped
on the clean surface of GCE and dried under the IR lamp to obtain the desired modified
electrode, SnO,@p-rGO/GCE.

2.8. Assay of Tablets

RPG containing tablets equivalent to prepare a stock solution of 1 mM were weighed
and powdered. The amount of homogenized powder was dissolved in 50 mL methanol.
Then, it was sonicated for 20 min. By properly diluting with the supporting electrolyte, the
desired working solutions were prepared. It was then analyzed by DPV and SWV methods.
Utilizing the regression equation deduced from the calibration graph, the recovery of RPG
was calculated.

2.9. Quantification of RPG in Human Urine Samples

A 1 mL urine sample (drug-free) collected from healthy volunteers was combined
with 1 mL RPG solution (1 mM) to obtain the stock solution for the analyte. An appropriate
aliquot of urine that had been fortified with analyte was diluted with a PBS of pH 3. Then,
it was taken into the electrochemical cell, and voltammograms were recorded at SnO,@p-
rGO/GCE using the DPV and SWV methods. Furthermore, the calibration plot was used
to calculate the recovery of RPG.

3. Results and Discussion
3.1. Mechanism of Formation of p-rGO and 5nO, Nanoparticles

The 3D nanostructured porous graphene was prepared by a low-temperature solution
combustion method. When a colloidal suspension of GO was heated at 250 °C in the
presence of glycine as a fuel, the glycine was ignited and generated a huge amount of
gas in the graphene oxide suspension. When the combustion process was finished within
30 s, the suspension was converted to black powder with enlarged volume. At 250 °C, the
glycine was ignited, and it reacted with epoxy, hydroxyl, and carboxyl groups (oxidizers)
on the GO surface, which resulted in the reduction of GO. The reduction reaction mainly
took place due to the nucleophilic attack of a -COO™ group of glycine on hydroxyl/epoxy
group(s) present on the GO surface, forming an intermediate that yielded rGO and other
decarboxylation products [50]. As a result, large amounts of bubbles of CO,, Nj, and H,O
vapor were generated in between graphene oxide sheets of GO suspension, and pores
were formed by the bubbles between layers of graphene sheets. The pores formed in the
architecture have uneven sizes, since the bubbles formed during combustion have different
sizes. The product, labeled as p-rGO, has a foam-like structure with several pores and
enlarged volume compared to the GO suspension. The possible mechanism in the formation
of SnO; nanoparticles is presented in Scheme S1. The water-soluble phyto-constituents
with hydroxyl groups present in the agro-waste cotton boll peels aqueous extract reduced
Sn?* in the precursor to form Sn nanoparticles and stabilized them. Subsequently, the
calcination of the residue yielded SnO, nanoparticles [51,52].
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3.2. Structural and Morphological Characteristics

Scanning electron microscopic (SEM) images were recorded to understand the sur-
face morphology and microstructures of GO, SnO,, p-rGO, and SnO,@p-rGO composite.
The surface morphology of GO (Figure 1A) consisted of thin flexible stacked sheet-like
texture, indicating its layered microstructure. Figure 1C presents an SEM image of SnO,
nanoparticles, which shows the spherical morphology of SnO, nanoparticles with sizes
in the range of 4-12 nm. The average size of SnO, nanoparticles was 7.8 nm, which
matched with the average crystallite size obtained from XRD data. The interconnected
3D porous network-like morphological structure possessing pores with diameters ranging
from nanometer to micrometer was observed in p-rGO (Figure 1B), which could provide a
larger exposed surface area and electrically conductive pathway. This facilitated efficient
charge transfer and mass transfer. It is reported that the interconnected 3D carbon porous
network of graphene would be beneficial for the enhancement of electrochemical response
when used for electrochemical sensor application [32,53]. A rough porous surface with
highly dense and uniformly distributed SnO, nanoparticles on p-rGO microstructure was
evident for hybrid SnO,@p-rGO (Figure 1D). This increased the stability of individual
p-rGO sheets by reducing the restacking of p-rGO sheets and also increased the interfacial
surface area. The introduction of porosity with a 3D network in p-rGO and the attachment
of SnO, nanoparticles to a p-rGO sheet created a high density of active sites with increased
interfacial surface area. Consequently, it improved the contact between the analyte and
p-rGO modified electrode surface. Hence, the electrochemically active molecules would
obtain more active sites for the electron transfer reaction.

The elemental composition of SnO,@p-rGO nanocomposite was investigated by EDX.
The peaks corresponding to O, C, and Sn were observed in the EDX spectrum (Figure 1E),
which revealed the purity of prepared electrode material. The percentage of these elements
in the composite is given in the inset of Figure 1E.

XRD patterns of GO, p-rGO, SnO;, and SnO, /p-rGO are displayed in Figure 1F. The
XRD pattern of GO showed a typical intense peak at 26 =10.2° (Figure 1F, a), attributable
to the (001) plane with an interlayer d-spacing of 0.34 nm [54], indicating the successful
preparation of GO by oxidation of graphite [39]. The peak at 24.4° for p-rGO (Figure 1F, c)
due to the reflection from the (002) plane ensured that GO was transformed into graphene
2D sheets (porous reduced GO) after combustion and poor ordering of the reduced GO
nanosheets along their stacking direction [53]. The diffraction pattern of SnO, nanoparticles
(Figure 1F, b) represented nine reflections at 26 = 26.59, 33.84, 37.72, 51.96, 57.64, 61.85,
65.45, 71.60, and 78.91°, which corresponded to the planes (110), (101), (200), (211), (220),
(310), (301), (202), and (321), respectively (JCPDS card no. 41-1445) [55]. The characteristic
peaks of pure SnO; could be indexed as tetragonal rutile structures for SnO, (space group
of P42 /mnm (136)). The mean crystallite size of SnO, nanocrystals calculated from the
(110) peak using Scherrer’s formula was an ultrafine 7 nm. However, the diffraction pattern
of SnO, /p-rGO nanocomposite (Figure 1F, d) displayed all the peaks corresponding to
5nO; nanoparticles. However, no obvious peak ascribed to p-rGO was noticed in the XRD
pattern, which could be due to the overlapping of the crystallographic (002) plane of p-rGO
with the (110) plane of SnO; [56].

Raman spectroscopy was employed to understand the structural changes during the
conversion of GO to p-rGO and formation SnO,@p-rGO (Figure 2A). Raman spectra of
p-rGO (Figure 2A, a) exhibited two Raman peaks at nearly 1310 and 1598 cm ™!, which
were characterized by the disorder-induced D band and graphitic G band, respectively [57].
The D band originated from the edges, structural disorders, and defects of the graphitic
structure, while the G band arose from the first-order scattering of the E»; mode of graphitic
carbon (sp?) [56]. The Raman spectra of the SnO,@p-rGO (Figure 2A, b) composite con-
tained D and G bands at 1310 and 1612 cm ™!, respectively. The blue shift of 13 cm~! in
the G band of the composite was observed relative to the G band of the pure p-rGO. It
could be owing to the electronic interaction between the SnO; nanoparticles and porous
graphene sheets. Further, other Raman peaks situated at the low-frequency region at 495
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and 653 cm ™! revealed the existence of Eg and Ay, vibrational modes of SnO; nanopar-
ticles deposited on p-rGO nanosheets [58]. The estimated value of the ratio of D to G
band (Ip/Ig) of the SnO,@p-rGO (1.21) was higher than that of the bare p-rGO (1.09),
indicating the decreased sp2 carbon domain and a higher degree of defects (Csp3). It was
caused by increased vacancies, more edges and defects on the porous nanosheets surface
of p-rGO [25], the porosity of the p-rGO matrix, and SnO, nanoparticles on the surface of
graphene sheets [59].

Fitting ratio 0.1057

Intensity / au

v||||||v||vv|1]|||||

5 10 15 20 b
Energy [keV]

T T T T T T T
10 20 30 40 50 60 70 80

20

Figure 1. SEM images of (A) GO, (B) p-rGO, (C) SnO; (Inset: particles size distribution histogram),
and (D) SnO,@p-rGO. (E) EDX micrograph of SnO,@p-rGO; inset graph represents elemental compo-
sition of SNO,@p-rGO. (F) Powder XRD pattern of GO (a), SnO; (b), p-rGO (c), and SnO,@p-rGO (d).

FTIR spectra (Figure 2B) were recorded to characterize the functional groups present in
the sample. The FTIR spectrum of p-rGO (Figure 2B) consisted of bands at 3100-3500 cm ™!
(O-H stretching vibration), 2924 and 2852 cm ™! (stretching vibrations of C-H), 1722 cm !
(C=0 stretching of carboxylic acid groups), 1630 cm~! (aromatic C=C stretching), 1300 cm ™!
(C-OH stretching of epoxide groups), and 1057 cm~! (C-O stretching), which confirmed
the existence of oxygenated functional groups such as carboxyl, hydroxyl, carboxylic,
and epoxide groups on the p-rGO surface. Even though the process of combustion was
accompanied by the reduction of GO, there were still plenty of functional groups on the
surface of partially reduced graphene oxide (p-rGO) [60]. The FTIR spectrum of SnO,@p-
rGO (Figure 2B) clearly showed the representative bands of p-rGO with reduced intensity.
In addition, the characteristic absorption peak positioned at 467 cm~! was attributed to
the stretching vibrations of the terminal Sn—~OH, while the band at 570 cm~! corresponded
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to the E; mode of SnO; (the anti-symmetric stretching modes of Sn—O-5n) [61], thereby
demonstrating that the SnO; nanoparticles were anchored on p-rGO.
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Figure 2. (A) Raman spectra and (B) FTIR spectra of p-rGO (a) and SnO, /p-rGO (b).

Absorption spectral data confirmed the formation of SnO,@p-rGO. The p-rGO dis-
persion displayed a wavelength of maximum absorption at nearly 260 nm (as shown in
Figure Sla) that corresponded to 7 to 7* electronic transition of aromatic C-C conjugated
double bonds. In addition to this peak, another absorption peak at 330 nm was also ob-
served for the SnO,@p-rGO composite (Figure Slc), which was the characteristic peak
of SnO, (Figure S1b) [58]. These absorption bands confirmed the deposition of SnO; on
p-rGO nanosheets.

The presence of SnO; on p-rGO was evaluated by thermogravimetric analysis (TGA),
and the corresponding thermograms are presented in Figure S2. Two obvious weight loss
processes were observed from TGA profiles for both p-rGO (Figure S2a) and SnO,@p-rGO
(Figure S2b) samples. The initial decline and sharp drop observed in thermograms at nearly
230 °C were due to the loss of adsorbed water and pyrolysis of the various oxygen-based
functional groups on the p-rGO surface. The abrupt mass loss in the second stage at nearly
400 °C was mainly attributed to the decomposition of the carbon skeleton of a p-rGO [62].
The loss in mass was about 22 and 46 wt. % for p-tGO and SnO,@p-rGO, respectively,
when the temperature reached 600 °C [63]. Based on TGA results, approximately 24 wt. %
of 5SnO, was anchored on p-rGO surface in the SnO,@p-rGO composite.

3.3. Electrochemical Characterization of Modified GCEs

The electrochemical performance of the electrode in terms of acceleration of elec-
tron/charge transfer process and the electrocatalytic activity was examined by cyclic
voltammetry (CV) using 1 mM ferro/ferricyanide solution as a standard redox probe in
0.1 M potassium chloride electrolyte. Cyclic voltammograms were recorded at bare GCE
and modified electrodes (Figure 3A). The heterogeneous electron transfer (HET) rate, a
function of peak separation (AE,) of the cathodic and anodic peaks, is a crucial attribute
when investigating the electrocatalytic efficiency of the sensor material [64]. The lower
the AE;, value, the faster the HET rate and the better the conductivity of electrode mate-
rial in sensing applications. A reversible redox peak was observed for the redox probe
with the AEp value of 85 mV and [, value of ~14.20 pA at bare GCE (Figure 3A, a). The
SnO; nanoparticles-based electrode showed a greater peak current (I, = 30.45 pA and
ABp =79 mV) (Figure 3A, b) compared to that of the bare electrode, indicating its good
conductive nature. At p-rGO/GCE, the AE, was observed to be reduced to 75 mV, and
I, increased considerably to 41.87 pA (Figure 3A, c), which was due to the larger elec-
troactive surface area and excellent conductivity of p-rGO. However, the voltammogram
of the probe at SnO,@p-rGO/GCE shows the grafting of SnO, nanostructures on a p-
rGO/GCE platform that not only amplified the peak signal remarkably (I, = 51.75 nA) but
also decreased the peak potential difference (AE;) to 70 mV (Figure 3A, d). These results
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suggest enhanced electron transfer kinetics and electrocatalytic activity at the surface of
the SnO,@p-rGO/GCE sensor, which could be due to the enhanced electrochemical perfor-
mance caused by a larger electroactive surface area with high edge density and excellent
conductivity of the porous structure of p-rGO. The highest electrochemical response noted
was closely related to the synergic effect of SnO, and p-rGO. The corresponding CV results
are presented in Table 1.
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Figure 3. (A) Cyclic voltammograms and (B) impedance spectra of 1 mM [Fe(CN)(,]?’*/ 4= at bare
GCE (a), SnO; (b), p-rGO (c), and SnO, /p-rGO (d) in 0.1 M KCL. Inset in (B) shows equivalent circuit
for modified GCE.
Table 1. Electrochemical characteristics of different modified electrodes.
Voltammetric Results Impedance Spectroscopic Results
. Area AE, Ip Rt Rs CPE Wy
Modified GCE (sz) mV) (HA) (e} sz) «Q sz) (H'F Cm*Z) kQ sz)
SnO,@p-rGO/GCE 0.594 70 51.72 28.7 1.11 4.137 0.890 245 x 1074
p-rGO/GCE 0.115 75 41.87 162.3 1.06 3.120 0.871 1.56 x 10~*
SnO, /GCE 0.088 79 30.45 486.5 1.12 3.326 0.823 1.21 x 10~*
Bare GCE 0.058 85 14.20 738.6 1.18 4.372 0.798 1.26 x 10~*

The electroactive surface area is one of the key factors that affect the sensitivity of
the electrochemical sensor, owing to the increased interaction between the analyte and
interface of the sensor. To examine the electro-active surface area of the modified plat-
form, CV experiments were performed for the standard probe solution of K4[Fe(CN)4]
under variable scan rates (10-350 mV/s). Further, the active surface areas of SnO,@p-
rGO/GCE, p-tGO/GCE, SnO,, and bare GCE were obtained from voltammograms using
the Randles—Sevcik equation shown below [65]:

ip = (2.69 x 10°) n*?ADY2 C v

where ‘I, is the peak current, ‘n” is the number of electrons transferred in the redox process
(n = 1), ‘D’ is the diffusion coefficient (7.6 x 107% cm? s~ 1), ‘A’ is the surface area of the
electrode, ‘C’ is the concentration of the redox probe, and v is the scan rate. From the slope
value of the graph of Ip vs. 1/v, the real surface areas of bare GCE, SnO,, p-rGO/GCE, and
5SnO,@p-rGO/GCE were calculated to be 0.058, 0.088, 0.115, and 0.594 cm?, respectively.
The material SnO,@p-rGO/GCE exhibited more extensive active sites (larger effective
surface area), which were beneficial to adsorb more analyte molecules, promoting the
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sensing reaction that resulted in rapid charge transfer kinetics at the interface and hence an
enhanced current response at SnO,@p-rGO/GCE.

In order to assess the conductance and interfacial charge transfer property of the pro-
posed electrode, the EIS technique was used. Figure 3B shows the EIS scans as Nyquist plots
for [Fe(CN)g]*>~/4~ at GCE (Figure 3B, a), SnO, (Figure 3B, b), p-rGO/GCE (Figure 3B, c),
and SnO,@p-rGO/GCE (Figure 3B, d). Nyquist plots were constructed to measure charge
transfer kinetics at the electrode surface. The plots consisted of broader semicircle curves
in the medium frequencies and inclined lines at lower frequencies. The semicircle diameter
measures interfacial electron transfer resistance (Rct), which governs the electron transfer
kinetics of the electrode reaction [66]. From Figure 3B, it was observed that the diameter of
the semicircle for bare GCE (Rt = 738.6 () was wider than that for SnO, (Rt = 486.5 ),
demonstrating a low rate of the electron transfer ability of GCE and conductive nature of
SnO;. The p-rGO/GCE displayed much lower impedance (Rqt = 162.3 Q) to the electron
transfer process than SnO, /GCE, indicating that p-rGO with 3D porous microstructure
and high edge density was highly conductive and could effectively promote the charge
transfer at the interface. However, for the SnO,@p-rGO/GCE electrode, a nearly straight
line with a very smaller semicircle curve (R¢t = 28.7 (3) was noticed confirming the excellent
conductivity of SnO,@p-rGO. This was mainly due to the presence of highly conductive
and unique porous structural material (SnO,@p-rGO) on the electrode surface that has an
open porous microstructure and a 3D interpenetrating network that allowed the electrolyte
to access almost all the graphene sheets. Further, small pores in p-rGO offered lesser
inner-pore resistance, facilitating the transfer of electrons and the diffusion of ions during
an electrochemical reaction [67]. The ohmic resistance signified the excellent conductive
nature of SnO,@p-rGO/GCE compared to other electrodes. The EIS findings validate the
results of CV.

3.4. Electrochemical Behavior of RPG at Bare GCE and Modified GCEs

To examine the electrochemical behavior of RPG, cyclic voltammograms were recorded
for an RPG solution (10 uM) in PBS of pH 3 at bare GCE (Figure 4, a), SnO,/GCE
(Figure 4, b), p-rGO/GCE (Figure 4, c), and SnO,/p-rGO/GCE (Figure 4, d). RPG ex-
hibited an irreversible anodic peak at all three electrodes with varied peak currents (Iya)
and anodic peak potentials (Epa). At bare GCE, the peak appeared at 1.28 V (peak a;) with
the lowest current due to the slow electron transfer kinetics between the electrolyte and elec-
trode surface. At SnO,/GCE, RPG exhibited higher I;, compared to that at bare GCE (with
Ep =1.20 V) due to the conductive nature of SnO,. However, the E;, value was observed at
1.156 V with notable enhancement in the current signal at p-rGO/GCE compared to that at
GCE, owing to the presence of conductive p-rGO with a larger electroactive surface area.
Further, RPG exhibited significant enhancement in the peak current (~28-fold) at a lower
anodic peak potential (Ep = 1.09 V) at SnO,@p-rGO/GCE compared to that at bare GCE.
This indicated that the SnO,@p-rGO/GCE catalyzed and facilitated the interface electron
transfer when the electrochemical oxidation of RPG occurred. The superior sensing perfor-
mance and improved electrocatalytic activity observed at SnO,@p-rGO/GCE towards the
oxidation of RPG was due to the 3D porous structure, higher surface area, and excellent
conductivity of the SnO,@p-rGO/GCE electrode.

The 3D porous network in SnO,@p-rGO/GCE provided highly conductive multi-
plexed pathways for better diffusion of the electrolyte along with the analyte to access the
active electrode material. This increased the enrichment of analyte at electrode. The pres-
ence of SnO, nanoparticles on p-rGO led to even more active sites as well as more exposed
edges within the p-rGO network, which are favorable for transferring electrons [67]. The
lower Fermi level energy of SnO, compared to p-rGO facilitated the electron move from
5nO; to p-rGO. Therefore, the electron transfer rate was faster [57]. Good conductivity and
morphological uniqueness of SnO,@p-rGO synergistically contributed to excellent electro-
chemical performance of SnO,@p-rGO/GCE, and it is thus acknowledged as a promising
electrode for further experiments.
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Figure 4. Cyclic voltammograms of 10 uM RPG at bare GCE (a), SnO; (b), p-rGO (c), and SnO, /p-rGO
(d) in phosphate buffer of pH 3.

3.5. Effect of pH and Supporting Electrolyte

The pH of the medium influences the electrochemical performance of a sensor. The
peak potential (Ep), current (I), and shape of peak significantly depend on the pH of the
buffer solution. Thus, the effect of pH was assessed to understand the number of protons
that participated in the electrode process and to choose the best pH for achieving a higher
sensitivity for the determination of RPG. Therefore, buffer solutions of different pH (from
2.0 to 10) were used as the supporting electrolyte, and cyclic voltammograms were recorded
(Figure S3A). A linear negative shift in the oxidation potential was noticed with an increase
in pH of the medium (Figure S3A). In addition to the first oxidation peak, the new oxidation
peak appeared for pH beyond 4. This shift in the first oxidation peak potential confirmed
the participation of H" ions in the electrode process. Further, the graph of Ep vs. pH (Figure
53B) indicated breaks at pH 4 and 6 for linear segments, which was probably owing to a
change in the protonation—-deprotonation equilibrium of RPG. The breaks were close to
pXal (3.9) and pXa? (6.0) of RPG.

The plots of Ep vs. pH yielded slopes of 52.5 mV per pH (pH 2-4), 63.3 mV per pH
(pH 4-6), and 65.0 mV per pH (pH 6-10), in three different regions. These values are close
to the expected slope value of 59 mV /pH, indicating that an identical number of electrons
and protons have taken part in the electro-oxidation of RPG [43].

Epa [V] = —0.0525 [pH] + 1.287; R? = 0.9899 (pH 2.0-4.0)

Epa [V] = —0.0633 [pH] + 1.032; R? = 0.9825 (pH 4.0-6.0)
Epa [V] = —0.065 [pH] + 0.982; R? = 0.9825 (pH 6.0-10.6)

It was further observed in Figure S3A that the maximum peak current for RPG was
observed at pH 3.0. Thus, electrochemical responses were recorded in different buffer
solutions, viz. HySOy, acetate buffer, Britton—Robinson buffer, and PBS at pH 3.0. By taking
into consideration peak current, peak potential, and shape of peak, PBS was found to be
the most favorable buffer medium for the electro-oxidation of RPG, and it was used for
subsequent work.
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3.6. Optimization of the Sensing Response

Charge transfer kinetics in the electrode reaction and the mass transfer mechanism
through the porous modifier film were examined by varying the thickness of the modifier
film on the electrode surface. For this, different volumes of SnO,@p-rGO suspension
(1 mg/mL) were drop-casted on GCE, and cyclic voltammograms of RPG were recorded. A
significant increase in the anodic peak current was noticed with an increase in the amount
of the modifier from 1 to 5 puL (Figure S4A). Beyond 5 pL, a thick film of modifier on the
electrode would obstruct the diffusion of the analyte through the modifier, which led to a
decrease in the peak current of RPG. Therefore, 5 uL of SnO,@p-rGO suspension was used
as an optimal amount to fabricate the modified electrode towards the electro-oxidation of
RPG. The effect of the accumulation time on the peak current of 10 pM RPG was studied
in PBS of pH 3.0. As shown in Figure S4B, the peak current of RPG was raised with an
increase in the accumulation time from 30 to 280 s, and a maximum peak current was
reached at 120 s, suggesting that the adsorption equilibrium was reached. An accumulation
time of beyond 120 s led to desorption of RPG, and thus, the optimal time was set at 120 s.
Therefore, the suspension of 5 uL, accumulation time of 120 s, and PBS of pH 3.0 were
maintained throughout the investigation.

3.7. Scan Rate Studies

In order to inspect the electro-oxidation of RPG at the SnO,@p-rGO/GCE surface, the
impact of scan rate (v) on the voltammetric response was investigated by recording cyclic
voltammograms of 10 M RPG solution at SnO,@p-rGO/GCE in the 10 to 350 mV s~}
scan rate ranges. With increases in the scan rate, not only did the oxidation peak currents
increase, but their peak potentials were moved towards a positive potential window. The
plot of peak current vs. the scan rate (v) revealed the linear relationship. The corresponding
regression equation is presented below:

Ipa (1A) = 3.826 x 107* (v) — 6.811 x 107%; (R* = 0.989)

The linear regression equation for the plot of the log Iy, versus log v (Figure 5B)
equation is indicated below:

log ipa = 1.092 log v — 3.469; R? = 0.99

The electrode process followed the adsorption-controlled behavior, as evident from
the slope value of 1.092, which is close to the theoretical value of 1.0, known to characterize
an ideal adsorption-controlled electrode process [68]. According to Laviron’s theory, the
relationship between Ep and scan rate (v) is outlined below [69]:

Epa = E°’ — RT/anF [In (RTks)/(anF) + In v] (for an irreversible electrode process)

where E°’ is the formal standard potential; v, T, R, and F stand for their usual meaning;
and o, n, and kg are the electron transfer coefficient, the number of electrons involved, and
the HET rate constant, respectively. The values of 'n” and ‘ks” were calculated using the
value of the slope of the linear plot of Ep, versus In v. The intercept of the plot was used to
determine the value of E°’ for RPG at SnO,@p-rGO/GCE. The values of k" and ‘an” were
calculated to be 1.095 s ! and 1.11. The value of ‘o’ was typically assumed to be 0.5 for an
irreversible oxidation process [70], and the value of 'n” was calculated to be 2.22. Based
on these findings, we have proposed that RPG has undergone two electrons’ irreversible
oxidation at SnO,@p-rGO/GCE followed by the loss of two protons.
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Figure 5. (A) Cyclic voltammograms of 10 uM RPG (at pH 3) at the scan rate range of 10-350 mV s~
and (B) dependence of log I, on log v.

3.8. Electrode Reaction Mechanism

The probable mechanism for the oxidation of RPG at SnO,@p-rGO/GCE is proposed
based on the results of the experiments, and the same is presented in Scheme 3. It is
proposed that the RPG has undergone oxidation with the loss of two electrons and two
protons at SnO,@p-rGO/GCE. Taking into account the experimental data, the electrochem-
ical oxidation behavior of piperidine, and previous reports for other piperidine-containing
compounds [71,72], we suppose that the nitrogen atom in the piperidine moiety of RPG has
undergone oxidation. The oxidation has followed the two-step oxidation mechanism. RPG
was electrochemically oxidized by two electrons to yield piperidine N-oxide at SnO,@p-
rGO over the investigated pH range.

0 0
I - - jl)\/(ij\OH
-2e, 2H"
N O/\ - N 0/\
H
H,0 H
(0)

Scheme 3. Plausible mechanism of oxidation of RPG.

3.9. Construction of Calibration Curve

Because of RPG’s enhanced electrochemical response at SnO,@p-rGO/GCE, new elec-
trochemical methods for its quantification were developed. In the current work, sensitive
square-wave voltammetric and differential pulse voltammetric methods for the determina-
tion of RPG were established under optimal conditions. As seen in Figure 6A,B, the current
responses increased linearly with increased concentrations of RPG on SnO,@p-rGO/GCE
in the ranges of 4.99 x 1078-1.83 x 1075 mol L~! and 1.99 x 1078-1.45 x 1075 mol L~! for
DPV and SWV methods, respectively. Below are the corresponding regression expressions:

Ip (RA) = 0.9259 [RPG] +2.306 x 1077, R* = 0.994 (For DPV method)

Ip (1A) = 0.9523 [RPG] + 4.463 x 105, R* = 0.988 (For SWV method)
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Figure 6. (A) Differential pulse and (B) square-wave voltammograms for increasing concentration of
RPG in phosphate buffer of pH 3 and respective calibration plots (Inset).

The limit of detection (LOD), the limit of quantification (LOQ), and linear ranges are
critical figures of merit indicative of the performance of an electrochemical sensor and
ensure the practical implementation of the designed sensor. Therefore, the developed
electroanalytical methods for the assay of RPG were successfully validated by assessing the
values of analytical parameters such as LOD, LOQ, RSD, and selectivity. The LOD and LOQ
values for DPV and SWV methods were determined and are given in Table 2. LOD values
0f9.02 x 107 mol L1 and 8.50 x 10719 mol L~ for DPV and SWV methods, respectively,
were achieved. These values were noticed to be lower than those of the reported methods
(Table 3). These results highlight the high sensitivity of the proposed procedures. The SWV
method demonstrated greater sensitivity in terms of LOD and LOQ compared to the DPV
method. It allows rapid determination with higher sensitivity and selectivity, as it could
suppress background and non-faradaic currents.

Further, better sensitivity was noticed at SnO,@p-rGO/GCE. This could be attributed
to the existence of numerous pores in p-rGO (for catalytic activity) and increased surface
area, which facilitated rapid charge transfer at the electrode surface [73]. Furthermore, the
proposed methods’ inter-day and intra-day assays were examined by recording differential
pulse and square-wave voltammograms of five replicates of RPG on the same day and
three separate days. RSD values for inter-day and intra-day assay results were calculated
to be 2.45% and 1.74% for DPV method and 2.19% and 2.23% for SWV method, respectively
(Table 2). Low RSD values indicated that the proposed methods are precise.

Table 2. Characteristics of the calibration plot for the determination of RPG.

Parameters DPV SWV
Linearity range, mol L™ 499 x 1078-1.83 x 107° 1.99 x 1078-1.45 x 10~°
LOD, mol L1 9.02 x 107° 8.50 x 10710

LOQ, mol L1 3.00 x 10~8 2.83 x 107°

Inter-day assay, RSD * (%) 2.45 2.19

Intra-day assay, RSD * (%) 1.74 2.23

* Average of 5 determinations.
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Table 3. Comparison of analytical range and detection limits of the proposed methods with those of

reported methods.
Method Linearity Range LOD LOQ Ref.
HPLC?® 5-50 pg/mL 0.73 pug/mL 2.21 pg/mL [6]
HPLC 0.5-3 ug/mL 0.056 pg/mL 0.172 ug/mL [7]
HPLC 50-2000 ng/mL - 20 ng/mL [8]
HPLC-ECP - 0.017pug/mL 0.051 ug/mL [91
HPLC-UV ¢ 0.1-0.5 pg/mL - - [10]
LC-MS/MS - 1.0 ng/mL - [12]
RPTLC ¢ 0.6-3.6 nug/10 uL 0.08 pg/10 puL 0.27 pg/10 pL [13]
RP-HPLC f 110-550 ng/mL - 110 ng/mL [15]
Differential pulse voltammetry
Carbon paste electrode, CPE 0.36-1.44 ug/mL 0.0161 pg/mL 0.203 pg/mL [19]
Glassy carbon electrode, GCE 0.18-1.81 ug/mL 0.048 pug/mL 0.160 pg/mL
MIP-PoDB/PoPD/GCE & 0.002-0.452 pg/mL 0.8 ng/mL - [20]
DPV (SnO,@p-rGO/GCE)
Square-wave voltammetry 0.02-8.14 ug/mL 4.08 ng/mL 13.5ng/mL
SWYV (SnO,@p-rGO/GCE) 0.009-6.56 pg/mL 0.38 ng/mL 1.28 ng/mL Proposed work

2 High-performance liquid chromatography method; ® High-performance liquid chromatography-Electrochemical
method; ¢ High-performance liquid chromatography-Ultraviolet method; d Liquid chromatography-tandem
mass spectrometric method; ¢ Reversed phase thin-layer chromatographic method; f Reversed-phase-HPLC
method; & Electropolymerized o-dihydroxy benzene (o-DB) and o-phenylenediamine (o-PD) modified GCE.

3.10. Reproducibility and Stability of SnO,@p-rGO/GCE

To verify the repeatability and stability of SnO,@p-rGO/GCE, five modified electrodes
were constructed using identical technique, and their performances were examined by
monitoring the peak current of 10 pM RPG by CV in PBS of pH 3.0. Peak currents had
a relative standard deviation (RSD) of less than 2.06% (average of five observations on
each electrode). The RSD for five replicate SWV measurements with a single electrode for
10 uM RPG was found to be 2.3%. The findings show that the developed sensor has greater
reproducibility and repeatability in both fabrication and voltammetric measurements. The
stability of SnO,@p-rGO/GCE was evaluated over 3 weeks. During this period, the peak
current was recorded regularly. Up to 15 days of storage, no appreciabledrop in peak
current was detected. Further, 97.3 & 0.4% response of the initial peak current was retained
in the next 7 days. This revealed that the thin film of the SnO,@p-rGO/GCE modifier on
the GCE surface has long-term stability (for 3 weeks) for sensing RPG.

3.11. Determination of RPG in Urine Samples

The practical implication of the developed SWV and DPV methods was further estab-
lished by determining RPG in untreated human urine samples. The recovery of RPG was
examined using the standard addition protocol by adding known dosages of pure RPG
to drug-free urine samples of healthy volunteers obtained upon their written consent and
recording voltammograms. The calibration curve was utilized to calculate the amount of
RPG in urine samples. The findings of the urine sample analysis are summarized in Table 4.
The percentage recovery ranged from 98.0 to 99.6%, with RSD values ranging from 1.5 to
3.02%. These results demonstrate the electrode’s high repeatability in real sample analysis,
confirming the electrode’s potential for practical utility.
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Table 4. Results of analysis of RPG in spiked human urine samples.

Proposed Amount of RPG Amount Average

Method Added, uM n Found, uM Recovery (%) RSD, %
0.1 5 0.098 98.0 3.02
DPV 0.25 5 0.248 99.2 1.95
0.5 5 0.495 99.0 2.56
0.1 5 0.099 99.0 2.50
SWV 0.25 5 0.249 99.6 1.50
0.5 5 0.497 99.4 2.38

3.12. Determination of RPG in Pharmaceutical Formulations

The fabricated sensor, SnO,@p-rGO/GCE, was successfully used in practice for the
determination of RPG in tablets. The stock solution of the tablet sample was prepared
as given in the experimental section. By proper dilution, the working tablet solution
was prepared. Then, under optimal circumstances, differential pulse and square-wave
voltammograms were recorded. For recovery studies, the standard addition method was
used. Higher average recovery (97.60-99.60%) (Table 5) demonstrated the efficacy of the
suggested approaches. Low RSD readings (below 3.0%) indicated that the recommended
procedure was precise.

Table 5. Results of analysis of RPG in pharmaceutical formulations by DPV and SWV methods.

DPV SWV

Eurepa MF1?  Ripadep © Eurepa MF1  Ripadep
Labeled amount, mg 0.5 1 0.50 1.00
Amount found, mg 0.485 0.996 0.49 0.997
Recovery, % 97.00 99.6 98.00 99.70
RSD 2, % 2.34 1.98 2.51 2.86
t-Value at 95% confidence level  1.64 - 0.16 -
F-Value at 95% confidence level 2.37 - 4.39 -
Pure RPG added, mg 0.25 0.3 0.25 0.3
Amount found, mg 0.244 0.294 0.248 0.299
Recovery, % 97.60 98.00 99.20 99.60
RSD 2, % 2.46 3.06 2.60 2.76

2 Average of 5 replicates; b Torrent Pharmaceuticals Ltd., Ahmedabad, India; ¢ Globus Labs.

By applying Student’s t-test and the variance ratio F-test, the results of analysis of
proposed methods were statistically compared to those obtained by the reported methods
in the literature [6]. The results reveal that there was no notable difference in the accuracy
of the suggested and reported procedures, as evidenced by the Student’s t-test values
(Table 5), which were less than the tabulated value (2.132) at a 95% confidence level. Since
F-calculated values (Table 5) were less than the tabulated value (6.39) at a 95% confidence
level, we propose that there was no appreciable difference in precision between the reported
and proposed methodologies.

3.13. Selectivity and Interference Studies

To investigate the selectivity of the proposed method using a newly developed sensor,
SnO,@p-rGO/GCE, the effect of possible electroactive interfering species in the deter-
mination of RPG was evaluated. For this purpose, differential pulse and square-wave
voltammograms of 5 uM RPG solutions were recorded in the presence of some chosen
biologically active molecules. The SWV of 5 uM RPG in the presence of metformin and
glucose at bare GCE and SnO,@p-rGO/GCE is shown in Figure 7. No peak corresponding
glucose was noticed at bare GCE in PBS of pH 3, while a broad peak was observed for RPG
and metformin. Three well-resolved anodic peaks were found at SnO,@p-rGO/GCE. The
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first one was due to oxidation of glucose to glucolactone that hydrolyses to gluconic acid in
water to yield an anodic peak at 0.26 V. The second peak, noticed at 0.905 V, was attributed
to the conversion of the imino group of guanidine moiety into N-hydroxy imino group of
metformin, while the third peak corresponded to oxidation of RPG at 1.09 V.

BT R Bare GC
Sn0,@p-rGO/GCE

Repaglinide

-12 4

-104 Metformin

Current / pA

Glucose

Potential / V vs. Ag/AgCl

Figure 7. SWV of PBS solution (pH 3) containing 5 uM RPG with metformine and glucose monitored
at bare GCE and SnO,@p-rGO/GCE.

Further, the effect of chosen interferents, viz. ascorbic acid, lactose, glucose, acacia,
uric acid, and metformin, was examined in the determination of RPG under optimal
conditions. As shown in Table S1, several folds of the aforementioned interferents did
not significantly influence the peak current response of RPG. The results suggest that the
proposed electrochemical sensor could be utilized to determine RPG selectively.

4. Conclusions

In summary, a facile, inexpensive, and sustainable protocol was developed for the
fabrication of an electrochemical sensor, SnO,@p-rGO/GCE, that could be used for the
determination of RPG. Glycine and aqueous extract of empty cotton boll peels were uti-
lized to prepare p-rGO and SnO,. The morphological and structural characterization of
SnO,@p-rGO was performed by XRD, SEM-EDX, Raman, FTIR, TGA, UV-vis, CV, and EIS
measurements. The proposed electrochemical sensor exhibited selectivity and sensitivity
for the determination of RPG due to the synergism between the larger surface area of
5nO, nanoparticles and the superior electronic characteristics of p-rGO. The pH-dependent
irreversible oxidation peak was observed at all due to electro-oxidation of RPG with the
participation of two electrons and two protons. The effect of pH and scan rate studies
confirmed the adsorption-controlled electrode process. Between the DPV and SWV meth-
ods, the lower LOD of 8.50 x 10719 mol L~! was realized with the SWV method. This
method exhibited linearity in the range of 1.99 x 1078 to 1.45 x 107> mol L~! RPG. The
sensing platform, SnO,@p-rGO/GCE, was successfully demonstrated for the assay of RPG
in pharmaceutical formulations and RPG-fortified urine samples with precise results and
satisfactory recoveries. Therefore, the SnO,@p-rGO/GCE could be a good electrode for
sensitive determination of RPG in clinical diagnostics and pharmaceutical industries.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/chemosensors11010050/s1. Figure S1: UV-visible absorp-
tion spectra of p-rGO (a), SnO; (b), and SnO,@p-rGO (c); Figure S2: TGA curves for p-rGO (a) and
SnO, /p-rGO (b); Figure S3: (A) Cyclic voltammograms of 10 uM RPG at different pH and (B) plot of
Ep vs. pH; Figure S4: (A) Dependence of peak current on the amount of SnO, /p-rGO suspension
and (B) accumulation time; Scheme S1: Plausible mechanism for the formation of SnO, nanoparticles
by cotton boll peel extract; Table S1: Tolerance of interferents in the determination of 2.26 g mL~!
RPG using proposed sensor by SWV method.
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