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Abstract

In this study an efficient and environment friendly electrochemical sensor has been designed for the analysis of acetaminophen
(APAP) drug. Electrochemical impedance spectroscopy, differential pulse voltammetry and cyclic voltammetric techniques
were used to demonstrate the fabricated erGO/GCE sensor performance. Voltammetric assessment of acetaminophen drug
was done using bare GC electrode, drop-casted GO/GC electrode and erGO/GCE electrochemical sensor. Proposed sensor
was precisely validated for APAP detection by differential pulse voltammetric technique. Subsequently LOD, LOQ, sensitivity
and linearity were determined and found to be 7.23 nM, 21.909 nM, 20.14 pA nM~! cm~2 and 0.0219-2.30 pM, respectively.
The diffusion coefficient of APAP was determined by chronoamperometry, and it was found to be 2.24 x 10 cm?.s~!. The
synthetic and analytical steps were assessed as per the Green Chemistry’s 12 Principles giving a 66 score (acceptable) and
93 score (excellent) for the said steps, respectively.
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Acetaminophen/Paracetamol

Attenuated Transmission Resonance
Calibration curve slope

Concentration, M (mol L™!) or uM

(10~ mol L)

Chronoamperometry

Cyclic Voltammetry

Modified Electrode

Constant Phase Element

Diffusion Coefficient (cm?s™")
Differential Pulse Voltammetry
Electrochemically (Active) Surface Area,
(cm?)

Electrochemically Modified Electrode
Equivalent Electronic Circuit
Electrochemically Reduced Graphene Oxide
Faraday’s Constant, 96,500 C mol~!
Full-Width Height Maximum, viz. Warren
Factor

Glassy Carbon Electrode

Graphenic Modified Electrodes
Graphene Oxide

Graphene Oxide (over) Glassy Carbon
Electrode

Measured Current (mA or pA)

Current Density, mA cm™2. Not to be confused

with ‘j=v — 1" in electrochemistry
Particle Shape Constant

L-DOPA, Levodopa,
3,4-dihydroxy-1-phenylalanine

Limit of Detection (nM)

Limit of Linearity (nM)

Limit of Quantification (nM)

Linear Sweep Voltammetry

Measurable Detection Limit (nM or pM)
Modified Electrode

Quantity (electrons, order etc.)
N-acetyl-p-benzoquinone imine
(Potentiostatic) Electrical Impedance
Spectroscopy

Quality Control

Universal Gas Constant, 8.314 J mol~! K~!
Roughness Factor

Residual Standard Deviation
Signal-to-Noise Ratio

Scan rate, mV s~

Introduction

Graphene derivatives are well-known for their efficient
electron-charge transfer, low current density (higher sur-
face area) and remarkable electrocatalytic characteristics.
These nanomaterials usually possess a general 2D honey-
comb-like configuration of 1:3 sp*-hybridized carbon atoms
arranged in a thin monolayer decorated with variable degree
of oxygen-bearing hydroxyl, carbonyl, carboxylic and epoxy
groups. Graphene derivatives like: graphene oxide (GO),
and chemically reduced graphene oxide (rGO) or electro-
chemically reduced graphene oxide (erGO), have been used
for various applications particularly in nanofiltration (Zhang
and Chung 2017) drug delivery (Liu et al 2013), in the for-
mulation of SARS-CoV-2 anaphylaxis vaccine (Cui et al
2020), and for energy storage (Pareek et al 2019). Further-
more, these nanomaterials have also gained much interest in
their use as molecular recognition units and immobilization
platforms in Modified Electrode (ME) designs for pharma-
ceutical, biotechnological and fast-moving consumer goods
(FMCQG) biosensing applications (Chen & Chatterjee 2013).

Acetaminophen (APAP, N-acetyl-p-aminophenol) is
a common analgesic and febrifuge (anti-pyretic) (Ahmad
J. 2011; James et al 2003). It can cause hepatotoxicity at
doses higher than recommended levels due to the formation
of NAPQI (N-acetyl-p-benzoquinone imine) by microso-
mal CYP,s, enzymes (Bessems and Vermeulen 2001). A
facile, rapid, eco-friendly, sensitive and accurate analysis
is required for APAP determination in pharmaceutical for-
mulations and bioavailability assays. Titrimetry (Kumar
and Letha 1997; Burgot G. et al. 1997), spectrophotometry
(Moreira et al 2005; Nagaraja et al 1998), HPLC (Calinescu
et al 2012; Ravishankar et al. 1998; Fujino et al 2005), col-
orimetry (Shihana et al 2010) and chemi-luminescence (Eas-
waramoorthy et al 2001) techniques have been developed
for APAP determination. However, these methods involve
extensive extraction prior detection and are impractical with
regard to time management involved in QC testing. By con-
trast, electroanalytical techniques are versatile, rapid and
highly sensitive, require relatively simple instrumentation
and are moderate to low cost (Chen and Chatterjee 2013).
The detection and quantification of APAP with acceptable
precision and accuracy can viably be achieved by exploring
their electroactive characteristics (Manjunathaa et al. 2011;
Luetal 2012; Liu G.T. et al. 2014; Kang et al 2010; Fan et al
2011; Patil et al 2019; Goyal et al. 2006; Chen X. et al. 2012;
Babaei et al 2013). Electrochemically modified electrodes
(ECMEs) exhibit controllable resistivity, high chemical
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functionalization and electro-catalysis (Yu and Kim 2017),
contributing to the advancement of electrochemical sensor
varieties.

The fabrication of graphenic modified electrodes (GMEs)
as bio- or rather electrochemical sensing platforms requires
the synthesis of pristine GO nanosheets. The conventional
syntheses for Graphene Oxide (GO) nanosheets as reported
by Hummers and Offeman (1958), uses highly potent oxi-
dants and corrosive acids. Later, some modifications in
these syntheses have been attempted which were based on
the ‘Tours method’ (Marcano et al 2010; Ahmad K. et al.
2018), but these syntheses still rely on expensive and often
hazardous co-oxidants. More specifically, each of these
methods results in significant defects which manifest as
holes and gaps in the chemical structure of the graphene
precursor. Furthermore, each of these methods employs the
use of a relatively energy- and time-intensive syntheses and
generates toxic pollutant NO, gases such as NO,, NO and
N,0,, whereas rGO synthesis can be chemical or electro-
chemical, the latter being much more efficient, green and
more economical, whereas the former one employs signifi-
cantly carcinogenic, highly corrosive and expensive reduct-
ants such as hydrazine hydrate (Stankovich et al 2007),
hydriodic acid (HIO;) and trifluoroacetic (CF;COOH) acid
(Eigler and Hirsch 2012), and sodium borohydride (Khan
Q.A et al. 2017) that can contaminate the final product.
Chemical reduction, in frequent cases, fails to completely
restore the defects developed in the structure and impedes
the electrochemical, thermal and mechanical capabilities
of the nanomaterial. It subsequently induces a detrimental
reduction in the electron-charge transfer of the chemically
modified electrodes (CMEs). Electrochemical reduction or
electro-deposition is a rapidly growing nanoparticle surface
immobilization technique, to fabricate electrochemically
modified electrodes (ECMEs) allowing for better electro-
catalytic properties necessary for electrochemical sensing
(Yu and Kim. 2017; Yan et al. 2020). In contrast to elec-
tro-deposition, chemical reduction over substrate surfaces
is significantly costly, hazardous, tedious, inefficient and
complicated method that gives deposited nanomaterials of
poor surface activity, defects and damaged morphologies
that are unable to exploit their full potential for drug analysis
and electrochemical sensing.

It is also significant for material chemists to consider the
12 Principles of Green Chemistry (DeVierno Kruder et al.
2017). The “green character” of synthetic and analytical
procedures must be assessed and controlled via employ-
ing metrics, such as the green chemistry metrics (GCM)
and Eco-scale (ES) for synthetic procedures, and Analytical
Eco-Scale (AES), Green Analytical Procedure Index (GAPI)
and Analytical Greenness Metric (AGREE) (Van Aken
et al. 2006; Galuszka et al. 2012; Sajid M. et al. 2022). An
‘ideal’ green analytical method must possess the following

qualities: (1) reagents are not hazardous; (2) <0.1 kWh per
sample energy consumption; and (3) no waste generated.

Given this, herein, we report a time-efficient, less waste-
effluent producing modification to the Tours’ Method for
GO synthesis. We also demonstrate an optimized approach
for obtaining rGO-deposited substrates from the prepared
GO aqueous dispersion, by electrochemical means using
linear sweep voltammetry. We also herein report the suc-
cessful DPV-based voltammetric assay of the said fabricated
electrochemical sensor, i.e. erGO/GCE for the detection
of acetaminophen (APAP) at pH 1.0, which has not been
studied previously. This work also presents the ES and AES
approach to assess the greenness of proposed synthetic and
analytical method. These two methods are simple, inexpen-
sive, user-friendly, robust, comprehensive and broadly appli-
cable metrics that cover a process and product specification
based on accepted general industrial practices and allow
considering vital sustainability alternatives.

Material and methods
Materials

Potassium permanganate (KMnQO,), potassium nitrate
(KNO3), 96-98% w/v sulfuric acid (H,SO, conc.), 30%
v/v hydrogen peroxide (H,0,) potassium hexacyanoferrate
(III) (K4[Fe(CN)g]), reagent-grade sodium chloride (NaCl)
were prepared. 0.1 M HCI solution was prepared from 37%
w/v hydrochloric acid, purchased from Merck (Darmstadt,
Germany). Graphite powder (GP; <98% carbon, <20 pm
size, fine), uric acid (UA), ascorbic acid (AA) and levodopa
(LDA) were purchased from Sigma-Aldrich (St. Louis,
USA). HPLC-grade deionized (DI) water was purchased
from Carlo-Erba (La Vaudreuil, France). All solutions were
prepared using DI water throughout the course of our work.
Drug sample solution was also prepared using 500 mg Pan-
adol tablet (acetaminophen, GSK) in 0.1 M HCl,,, (pH
1.0) for electrochemical analysis. This tablet was purchased
locally.

Instrumentation and methodology
Synthesis of graphene oxide (GO)

Graphene Oxide (GO) nanosheets were synthesized from a
modified Tours’ method reported by Chen J. and co-workers
(2013). Briefly, 0.5 g fine bulk graphite powder (1-3 pm
flakes, < 99.9% C) was added to 12 mL concentrated H,SO,
(96-98%) resulting in a black-coloured graphite-acid slurry.
After vigorous agitation for at least 3 h, 1.0 g KMnO,
(99%) was added at a slow rate of 100 mg.min_1 to limit
the suspension temperature from exceeding 15-20 °C. A

@ Springer



2278

Chemical Papers (2023) 77:2275-2294

quench system was used using a bath of ice-water slurry.
It is possible to remove the ice bath after >20 min of reac-
tion time as the temperature remains fairly constant within
the desired range. Successively, the reaction system is to be
gradually heated for the next oxidation and was, thus, trans-
ferred to a 40 °C paraffin oil bath and vigorously stirred (at
120-150 rpm) for at least 30 min. Subsequently, the reaction
mixture was diluted with 25 mL deionized water, followed
by further stirring for 15 min at 95 °C. Additional dilution
by 80 mL deionized water was followed by the slow addition
of 2.5 mL 30% H,O,, turning the colour from dark-brown
graphite oxide suspension to a golden—yellow colour, remi-
niscent of a GO aqueous dispersion. The overall graphite to
oxidizer ratio is 1:2 by weight. The graphite oxide suspen-
sion (or supernatant) was transferred to a paraffin oil bath at
40 °C and heated for 2-3 h with vigorous agitation. Then,
over the course of 15 min, 10 mL of the 30% H,0, was
added at a specific reasonable rate at 95 °C with vigorous
agitation to reduce the residual SO,2~, MnO,~ and MnO,
to colourless soluble MnSO,. The mixture was filtered and
washed with 40 mL deionized water to remove the traces of
MnSO, ions. The resulting solid was air-dried and diluted
with 300 mL deionized water to give a graphite oxide aque-
ous dispersion which was stirred normally for 3—4 h. The
graphite oxide aqueous dispersion was exfoliated to GO
by ultra-sonication for 15-30 min using a 40 kHz Faithful
FSF-010S Ultrasonic Cleaner (Hebei, China). The superna-
tant was then further centrifuged at 3000 rpm for 40 min,
using Scilogex SCI412S Centrifuge (Connecticut, USA), to
remove the unexfoliated graphite oxide. The GO aqueous
dispersion was filtered, and the residue was air-dried. Alter-
natively, the supernatant suspension was not preheated but
simply centrifuged at 1200 rpm for 15 min. The GO precipi-
tate was then washed with deionized water several times to
remove sulphate ions and trace Mn** metal ions. The filtrate
was dried in vacuum in a N, atmosphere at 60 °C for 5-6 h
to obtain a dry crystallite solid.

Fabrication of GO-based modified electrodes (MEs)

GO/GCE ME Fabrication: The GO/GCE electrochemical
sensor was prepared by drop-casting method using GO,
suspension prepared earlier. Prior to the drop-casting, the
GCE was carefully polished with 0.5 pm alumina powder
slurry and rinsed thoroughly with DI water several times.
erGO/GCE ME Fabrication: To prepare 1:1 GO/NaCl,,,
dispersion, GO,q, suspension was sonicated for 1015 min
and then mixed in equivalent amounts with 0.25 M NaCl,,,
solution to obtain a homogenous golden-yellowish disper-
sion. Alternatively, a 1 mg/mL GO/NaCl,,, dispersion can
also be prepared by mixing 250 mg of the GO crystallites
with 250 mL of NaCl,, solution. The erGO/GCE electro-
chemical sensor was prepared by an optimized linear sweep
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voltammetric (LSV) technique to improve deposition. Prior
to the electrochemical fabrication, the GCE was carefully
polished with 0.5 pm alumina powder slurry and rinsed thor-
oughly with DI water several times. LSV experiment was
performed from 0.0 to —1.4 V potential, at a slow scan rate
of 5 mV.s™!, in a nitrogen atmosphere using conventional
three-electrode electrochemical cell. The electrochemi-
cal cell assembly comprised of a bare polished GCE over
which the GO was reduced electrochemically, an Ag/AgCl
reference electrode and a platinum wire counter electrode.
LSV was performed using the Biologic SP-200 Potentiostat
(Seyssinet-Pariset, France) with EC-Lab v11.10 Software.
Each of these electrodes was distanced at least 5 mm from
one another. The electrochemical reduction method pro-
duces uniform thin films of erGO over various substrates,
possessing high electrocatalytic and electrochemical proper-
ties suited for use in electrochemical sensing applications.

Characterizations

UV-Vis absorbance spectra were measured using a Shi-
madzu 1800UVA Series spectrophotometer (Kyoto, Japan)
equipped with L2D2 DT Lamp (operating range: 190 nm
to 800 nm). Crystallographic properties were probed from
XRD data measured using the Malvern Panalytical X’Pert
Pro X-Ray Diffractometer (Almelo, The Netherlands)
equipped with Cu-anode tube as an X-ray source having
wavelength of Cu/K, radiation of 10.154 nm. Chemical
functionalization was probed by the FTIR technique using
the Shimadzu FTIR-ATR Prestige IP-21 (Kyoto, Japan)
equipped with attenuated total reflectance accessory. Mor-
phological & surface texture was probed by FE-SEM tech-
nique performed using Joel JSM6380A (Tokyo, Japan)
scanning electron microscope (operating limit: 30 keV and
10 mA). FE-SEM sample was coated with a thin layer of
gold using a JEOL JFC-1500 sputterer (Tokyo, Japan) for
10-15 min under 0.1 atm.

Surface functionalization of the modified electrodes was
probed by the ATR technique using the same instrument
as that for the FTIR technique, with the exception that the
attenuated total reflectance accessory consisted of a mono-
lithic diamond ATR crystal and a flat, large width mechani-
cal press for the particular experiment.

Electroanalytical techniques

All electroanalytical techniques were performed using the
Biologic SP-200 Potentiostat (Seyssinet-Pariset, France)
with EC-Lab v11.10 Software, with the exception of
Potentiostatic Electrochemical Impedance Spectroscopy
(P-EIS), which was performed using the CHI660E Elec-
trochemical Workstation (Austin, Texas, USA). The con-
ventional three-electrode electrochemical cell assembly
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consisted of an Ag/AgClI (KCl saturated) as the reference
and a platinum wire as the counter electrode. The work-
ing electrodes were the glassy carbon electrode (GCE;
I.D.: 1.6 mm), the drop-casted graphene oxide modified
GCE (i.e. GO/GCE), and the fabricated electrochemically
reduced graphene oxide modified GCE (i.e. erGO/GCE).
All measurements were taken against reference electrode.
Experiment involving negative potential ranges was sub-
jected to a 10—15-min N, purging of the analyte solutions
to remove dissolved O,.

Electrochemical performance evaluation of GO-based
MEs. The electrochemical behaviour and the charge-transfer
characteristics of the fabricated GO/GCE and erGO/GCE
were probed by recording CVs of the 5 mM K [Fe(CN)g,q)
solution prepared in 0.1 M KCI. P-EIS analysis was per-
formed using 5 mM Fe(CN),>~*~ redox probe in 0.1 M
KCl(aq) by the conventional three-electrode cell, mentioned
earlier. The experiment was performed from 10 mHz to
100 kHz at a constant potential of 0.1 V. EIS Spectral Analy-
sis was performed by the EIS Spectrum Analyzer software
(using amplitude-dependent algorithms).

GO-based MEs sensing capabilities against (i) mixture
of Levodopa (LDA), Uric acid (UA) and Ascorbic acid (AA)
and (ii) Acetaminophen (APAP) tablet samples. Based on
the work of Yu and Kim (2017), electrochemical perfor-
mance of the fabricated sensor was evaluated. A mixture
of 50 pM Levodopa (LDA), 10 pM Uric Acid (UA) and
1 mM Ascorbic Acid (AA) was prepared in 0.1 M PBS (pH
7.0), and voltammograms were recorded using DPV and CV
techniques. Differential pulse voltammograms of mixture
were recorded in the potential window of —0.2 to 0.5 V, at
25 mV/s scan rate. An optimized performance was observed
when pulse height (Pp), pulse width (Py,), step height (Sy)
and step time (S;) were set as 100 mV, 100 mS, 10 mV,
400 ms, respectively.

The fabricated erGO/GCE was also employed for probing
cyclic voltammetric response of a solution of 0.1 M (20 mg/
mL) APAP in 0.1 M HCI (pH 1.0) in the potential window
of —0.4to 1.2 V at 30 and 50 mV/s scan rates. Furthermore,
differential pulse voltammograms of APAP samples were
also recorded at various concentration (0.1, 0.2, 0.3, 0.4, 0.7,
0.9, 2.3, 4.7 and 23 pM) using fabricated erGO/GCE elec-
trochemical sensor. The DPV was performed at a potential
range of 0.0 to 0.5 V at 8 mV.s~! scan rate. An optimized
performance was observed using the following set of con-
ditions for the DPV, where pulse height (Py), pulse width
(Py). step height (Sy) and step time (S;) were set as 100 mV,
200 mS, 4 mV, 500 ms, respectively. CAmp was also used
to investigate the amperometric response for the APAP sam-
ples having concentrations 0.1 pM, 0.2 pM, 0.4 pM, 0.5 pM,
0.7 pM, 0.9 pM, respectively, at a fixed potential of 0.35 V
(APAP electro-oxidation potential).

Results and Discussion

Characterization of the synthesized graphene oxide
(GO) nanosheets

UV-Vis spectroscopy

UV-Vis spectroscopy is a useful technique for identification
and quantification of chemical compounds. Figure 1A shows
a maximum absorbance at 228 nm wavelength. This UV-Vis
absorbance value is attributed to the n—r* transitions of the
aromatic C—C bond in the GO lattice (Veerapandian et al
2012; Song et al 2014; Eigler and Dimiev 2016). In com-
parison of this, UV—visible spectra of graphite starting mate-
rial have also been recorded and the maximum absorbance
of the commercial graphite powder was found at 271 nm
wavelength, similar to the literature value (Senthil et al
2017). UV-Vis absorbance is proportional to the popula-
tion of a significant functional group within the characteris-
tic sp’>-conjugated domains in the graphene carbon lattice.
This absorbance in turn is related to a significant retention of
the characteristic carbon lattice of graphene after the multi-
stage oxidation steps. Additionally, a small shoulder peak at
around 298.7 nm is due to the n—r* transitions of the C=0
bond (Hidayah et al 2017). This absorbance is related to an
increase in the relative number of C =0 bearing groups with
respect to the sp>-conjugated domains.

X-ray diffraction

X-ray powder diffraction (XRD) is a rapid analytical tech-
nique primarily used for phase identification of a crystalline
material and can provide information on unit cell dimen-
sions. The analysed material is finely ground, homogenized,
and average bulk composition is determined (GO graphene;
Dorset 1998). Figure 1B shows a representative XRD spec-
trum of a finely ground, homogenized powder of the ‘as-
prepared’ GO nanosheets.

Data of the XRD spectra are tabulated in Table 1. The
XRD pattern shows the two narrow peaks arising from (002)
and (010) reflection from the crystalline planes, giving 26°
values of 10.03° and 41.12°, respectively. The narrow peak
reflections can be attributed to the relatively small size of
the GO nanosheets. Note that the (002) reflection peak refers
to the crystalline plane that is perpendicular to the plane of
GO showing the d-spacing. The (010) reflection peak refers
to the crystalline plane that is parallel to the plane of GO
showing the d-spacing. Moreover, the interlayer spacing ‘d’
between the GO layers was calculated to be 0.86 nm and
2.14 nm for the (002) and (010) reflections, respectively,
using Braggs’ law (Eq. 1) (Veerapandian et al 2012; Hidayah
et al 2017).

@ Springer
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Fig. 1 Characterization of the ‘as-prepared’” GO and the graphite powder using: A UV-Vis spectra, B XRD, C FTIR. D FE-SEM for ‘as-pre-

pared” GO crystallites (19,000, 1 pm, 30 kV)

Table 1 XRD result of the synthesized GO crystallites

Miller index 20° FWHM (26°) d (nm) T (nm)
(002) (H) 10.031 1.443 0.858 26.5
(010) (D) 41.167 0.590 2.144 4.5

where 20°’ is the diffraction angles; ‘FWHM’ is the full-width height
maximum (aka the Warren factor); ‘d’ is the d-spacing, ‘t’ is the mean
size of the 2D nanosheets of diameter/width ‘D’ and height ‘H’

¢y ke = 2dsin(0); (1)

where ‘n’ is the order of diffraction that is determined by
the diffractometer. The ‘d’ spacing is proportional to the
degree of oxidation. The calculated ‘d’ spacing from the
XRD data corresponding to (002) reflection for the GO, is
relatively higher than that reported in the literature to date
(Veerapandian et al 2012; Hidayah et al 2017). This implies
an extremely higher degree of oxidation, which in turn
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validates the efficiency of the improved synthesis of GO.
Furthermore, the relative mean size ‘t’ was also calculated
from the full-width height maximum ‘FWHM’ values of
1.44 and 0.59 for the (002) and (010) reflections. The reflec-
tion (002) gives the average height ‘H’ and (010) gives the
average diameter ‘D’ of the GO crystallite created accord-
ing to an embodiment method of the present invention. The
mean size was determined to be 26.5 nm X 5.5 nm, using the
Debye—Scherrer equation (Eq. 2) (Dorset 1998):

kACu/Ka

"= (FWHM)cos(0)’ @

where the shape factor ‘&’ is assumed to be 0.89 for spherical
crystals possessing a cubic symmetry (Dorset 1998).

A high FWHM value for the (002) reflection implies that
the GO crystallites were abundant in that particular crys-
tallographic arrangement. It can be noticed from Table 1
that FWHM values are proportional to the particle size. The
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reflection peaks are particularly narrow and sharp which
further validates the efficiency of our method and its suit-
ability to synthesize GO nanosheet flakes with sizes in the
nanoscale. The presence of defects is manifested by broader
peaks. Our XRD results show sharp reflections, suggest-
ing GO nanosheet flakes are formed with low defects in its
structure and thereby further support the effectiveness of the
modified method of GO synthesis.

When XRD spectra of commercial graphite powder were
recorded, an extremely sharp (002) reflection was noticed
at 26.7° as well as a small (004) reflection was observed
at 45.2°. These are attributed to the graphite structure with
d-spacing of 0.335 nm, consistent with the literature (Low
et al 2015; Popova 2017; Hidayah et al 2017).

FTIR spectroscopy

FTIR detection can be a very useful tool in identification of
functional groups and unknown compounds. The major func-
tional groups identified from Fig. 1C, in the ‘as-prepared’
GO nanosheet crystallites, include: a broad C—OH stretching
band centred at 3402 cm™" due to absorbed moisture by the
porous-like GO crystallite. The peak broadening observed
in Fig. 1C is attributed to the C—OH"~H bonding interac-
tion due to the adsorption of moisture on the porous-like GO
surface, as reported in various literature (Veerapandian et al
2012; Hidayah et al 2017). Further, the peak at 2925 cm~is
characteristic of aliphatic C—H (sp® carbons) and a shoulder
at 2854 cm™! generally reported in the literature to be associ-
ated with aldehydic C-H group. Moreover, groups identified
include: a symmetric C=0O stretching peaks at 1722 cm™!,
a sharp and strong absorption at 1632 cm™! of C=C bonds,
C-O vibration and C-O—C (epoxide) vibration at 1384 cm™!
and 1111 em™!. Thus, the observed spectral peak positions
are in very good agreement with reported literature on gra-
phene oxide (Veerapandian et al 2012; Chen J. et al. 2013;
Song et al 2014; Eigler & Dimiev 2016; Hidayah et al 2017,
GO graphene). In the course of this, a comparison study
between the FTIR spectra of the GO and the initial graphite
has also been done. The typical C=C stretching band of
graphite is observed around 1632 cm™, consistent with the
literature (Senthil et al 2017). Such findings imply the com-
plete oxidation of the graphite to GO.

Field emission scanning electron microscopy

Field emission scanning electron microscopy (FE-SEM)
is an electron microscopic technique, employed to charac-
terize the surface morphologies and roughness of a mate-
rial. Figure 1D shows a FE-SEM image of a synthesized
GO crystallite, revealing a typical 2D morphology of these
crystallites. It can be noticed from figure that it comprises
crumbled and folded textures, irregular edges, a few pores

and rough surface. The excess oxidation of graphite layers
often results in the development of variably sized pores. The
carbon lattice was ‘eaten away’ by the oxidizer, whereby
released CO and CO, gases may propagate the pore forma-
tion process. Therefore, the approach of two steps oxidation
has been adopted in this study.

Characterization of the fabricated sensors

Facile attenuated total reflection (ATR) characterization
of an electrodeposited substrate

ATR spectra of bare glassy carbon electrode (i.e. the GCE)
and electrochemically reduced graphene oxide deposited on
the GC electrode (i.e. the erGO/GCE) have been recorded
to study the surface functionalization. Figure 2(b) shows the
ATR spectra of bare GCE, where the peaks characteristic to
the C=C bonds at 1617 cm™' and alkenic = CH stretching
peaks at 2630 cm™! were found to appear. No additional
significant peaks were observed for the bare GCE. More
recent research has also suggested that the glassy carbon
is 100% sp?, possessing a flattened fullerene-like structure
(Harris 2004), whereas Fig. 2(a) shows the ATR spectra of
the thin-film deposited substrate i.e. erGO/GCE. A signifi-
cant number of symmetric stretching peaks associated with
the oxygen-bearing functional groups appeared at this spec-
tra indicating the presence of aldehydic group C=0O peaks
at 1845 cm™! and 1869 cm™!, carboxylic group C =0 peak
at 1715 cm™!, a ketonic group C =0 peak at 1653 cm™~! and
an epoxide group C—-O—C peak at 1090 cm™.

The bending peaks of -COO, C-O-C and/or -C-OH
groups at 1540 cm™' and 1090 cm™' are of considerable
interest as they characterize the bonding interaction of the
erGO nanosheet to the bare GCE. The observed values of
transmittance are in good agreement with the literature (Tsai
et al 2011; Mudunkotuwa et al 2014). The obvious difference
in terms of transmittance intensity between the bare polished
GCE and the erGO/GCE can be observed. The transmit-
tance intensity is proportional to the degree of oxidation
or simply, the population of oxygen bearing groups. This
in turn relates to a more deflected infrared radiation for the
latter due to presence of oxygen bearing groups on the GO
sp’-conjugated carbon lattice which transmit the incident
infrared radiation more than the bare glassy carbon elec-
trode. It is to be noted that no well-defined structural model
exists for GO or erGO due to the random distribution of oxy-
gen-bearing functional groups (Mudunkotuwa et al 2014).
Although the chemical composition and structure of GO is
still indistinct, it could be stated that hydroxyl, carboxyl and
epoxy are amongst the leading groups with regard to points
of interaction. Therefore, we propose two probable models
of erGO interaction with GCE. These points of interaction
are shown in Fig. 3.
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Fabrication of the erGO/GCE electrochemical sensor
by linear sweep voltammetry (LSV)

Figure 4A shows the linear sweep voltammogram (LSV)
of 1 mg.mL~! GO/0.25 M NaCl solution. To study fabrica-
tion of GO suspension on bare GCE, LSV was recorded at
0.0 V to —1.4 V potential range. A considerably distinct
broad peak at —0.87 V was appeared which confirms the
electrochemical reduction of GO on GCE. Furthermore,
no appropriate response was observed at repeated scans
implying most of the sites on the GCE surface are immo-
bilized by GO nanosheets. The erGO/GCE fabrication was
optimized at 5 mV/s scan rate comparatively to the work
of Yu and Kim (2017) across varying scan rates (10 to
100 mV.s™1), as shown in Fig. 4B. A higher erGO thin-
film electro-deposition/electro-reduction was observed
with increased reaction time at slow scan rate. The elec-
trodeposition/electro-reduction potential (—0.86 +0.01 V)
was found to be in good agreement with that reported in
the literature (Yu and Kim 2017; Yan Q., et al. 2020).

bLLLLLLLL

1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000

Wavenumber, v/em-!

Electrochemical performance evaluation
of GO-based MEs

The electrochemical characteristics of oxygenate gra-
phenic nanomaterials such as GO and erGO is drastically
effected by the textural, morphological properties which
are subject to type of methods used to synthesize the
said nanomaterials. The degree of oxidation also drasti-
cally impacts the sp> bonding disruption, electrocatalytic
behaviour and electrochemical performance of the said
nanomaterials.

Cyclic voltammetry (CV)

Cyclic voltammograms of 5 mM [Fe(CN)6]3‘ in 0.1 M
KCl,q, solution were recorded using bare GCE and GO-
based MEs (Fig. 5A). It can be noticed that erGO/GCE
illustrates considerably well-defined redox character of
this analyte as compared to GCE. Such as, exhibited peak
potential difference, AEp, for GCE (138 mV) is higher

777777777

Fig.3 Proposed models of the points of interaction of the erGO nanosheets with the GCE interface
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Fig.4 A Effect of repetitive LSV electrodeposition at constant scan
rate of 5 mV.s™! for erGO/GCE fabrication where (a) 1st scan with
electro-reduction at—0.87 V, (b) 2nd scan with electro-reduction
at—0.86 V, and (c) 3rd scan (no response), whereas B illustrates

than erGO/GCE (106 mV). Further to that, higher peak
currents of this redox analyte were observed for the erGO/
GCE, owing to the higher aspect ratio, surface activity and
optimum current density, featured the excellent electro-
catalytic behaviour of this sensor. A significant contrast is
observed for the drop-casted GO/GCE with considerably
lower peak currents and a larger peak potential difference
(163 mV). It may be due to the abundant oxygen-bearing
groups in that crystallites which induce stability effects
leading to relatively higher resistivity (Yan Q. et al. 2020).

Results are compliant with reported values (Yu and Kim
2017). We, however, suspect the consequent differences are

the effect of different LSV scan rates at (a) 5, (b) 10, (¢) 50 and (d)
100 mV/s for erGO/GCE fabrication. Inset: GO electro-reduction/
electro-deposition reaction

due to the variable manufacturing practices for the Graph-
ite Powder, used to prepare the GO and erGO nanosheets
in our work. CV results are tabulated in Table 2.

Potentiostatic electrochemical impedance spectroscopy
(P-EIS)

Electrocatalytic behaviour and comparative performances.
Figure 5B shows the EIS-Nyquist spectra of erGO/GCE,
GO/GCE and bare GCE. The semicircles observed corre-
spond to charge transfer resistance ‘R’ limiting phenom-
ena at the solution—electrode interface associated with the
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Fig.5 A Cyclic voltammogram measured from 0.0 V to 0.6 V at
10 mV/s scan rate, and B the Nyquist EIS spectra at an applied fre-
quency of 10 mHz to 100 kHz, at 0.1 V; of 5 mM [Fe(CN)6]3‘/4‘ in
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0.1 M KCl(aq), for (a) bare GCE, (b) drop-casted GO/GCE and (c)
fabricated erGO/GCE

Table 2 CV Peak Currents

. #Ratio*  Working electrode  Anodic Cathodic Peak separation*  Current iy /i, ,
and Potentials of 5 mM p.c’*ps
[Fe(CN)]>~"* in 0.1 M KCl,, Vo/V i wA VIV i WA ABY/V
solution at 10 mV/s, using (i)
bare GCE, and (ii) drop-casted ) GCE 0343 2347 0205 —0.767 0.138 0.327
GO/GCE and (iii) fabricated (i) GO/GCE 0343 1.009 0170 —0.767 0.163 0.174
erGO/GCE (iii) erGO/GCE 0311 2529 0205 —1288 0.106 0.509

*Calculations must not be confused with diagnostic tests which are valid for 20-50 mV/s scan rates only

system under analysis, whereas the straight line of slope
approximately equal to 1.0, angled at 45°, corresponds
to a diffusion-limited charge transfer phenomena at the
solution—electrode interface. As evident, results indicate
the charge-transfer resistance R, of the fabricated erGO/
GCE which is found to be approximately half that of the
bare GCE. A rapid electron transfer can be observed for
the former, owing to its fairly high electrocatalytic prop-
erty. It can be further evidenced from the results of the CV
experiments using the standard redox probe. Conversely, the
non-ideal ‘true’ capacitance, for erGO/GCE (98.71 pF), was
much higher compared to the bare GCE (46.54 pF). The
‘true’ capacitance value corresponds to non-ideal capaci-
tive behaviour that in turn has implication regarding surface
irregularities and thickness of the deposited films of active
materials, namely: GO and erGO. The high R (831.81
kQ) and low C (43.82 pF) for GO/GCE imply high charge-
transfer loss due to the higher degree of oxidation for GO
which stabilizes the GO nanosheet and hinders free electron
transfer. These findings were found to be similar as reported
in the literature (Roy et al 2011; Casero et al 2012; Yu and
Kim 2017). It is to be observed that the magnitude of the
charge-transfer resistance for the GO is ca. 6 times higher
than erGO. The charge transfer resistance is inversely related

@ Springer

to the capacitance, which in turn is related to the hindrance
of electron transfer due to higher degree of oxidation, stabi-
lization by conjugation of the sp® carbons in the graphenic
lattice as well as due to the presence of defects that may
contribute to poor electrochemical performance.

Equivalent electronic circuit (EEC) modelling. The
charge-transfer resistance ‘R of bare GCE, drop-casted
GO/GCE and fabricated erGO/GCE was determined by
fitting analysis of the EIS spectra as shown in Fig. 6 and
Table 3. The impedance diagrams gave a ‘good’ fit with
the proposed electrical equivalent circuits (EECs), as shown
in Fig. 6(a—c). The fitting circuit for erGO/GCE and bare
GCE is represented using a Randles-Warburg circuit with
one Constant Phase Element [(Circuit Notation: R¢+Q,/
(W +R_)]. This EEC comprises: the electrolyte resistance
‘Ry’, the charge transfer (or polarization) resistance ‘R and
a constant phase element (Q,) simulating non-ideal capaci-
tive behaviour due to surface irregularities and thickness
of the deposited film. The combination of R, and Q, mod-
els semi-infinite linear diffusion through an inhomogene-
ous glassy carbon surface or a partially oxidized graphene
(erGO) nanosheet layer.

The Warburg element ‘W’ typically models the semi-
infinite linear diffusion, i.e. the unrestricted diffusion to a
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Fig.6 The corresponding fitting curves of the EIS-Nyquist spectra of A bare GCE, B drop-casted GO/GCE and C fabricated erGO/GCE. Inset:
Corresponding EECs are also illustrated

Table 3 EIS results and low

. erGO/GCE GO/GCE GCE
estimated errors (%), evaluated
after comparison with fitting Result Error (%) Result Error (%) Result Error (%)
da @ (rad.s™h) 45.92 - 7140.0 - 26,847.0 -
R, (k) 0.32 3.86 0.37 35 0.68 2.14
R, (kQ) 135.06 3.03 831.81 2.98 311.65 2.99
o (Qs™'?) 105.29 2.01 1615.5 113 54.66 5.43
Q; (uS.s") 182.09 1.88 142.04 2.00 500.88 347
Q, (puS.s") - - 71.89 1.87 - -
W (Q.cm?) 21.98 - 27.04 - 0.39 -
C (pF) 98.71 - 43.82 - 46.54 -
n, 0.84 0.26 0.87 0.40 0.84 0.77
ny - - 0.83 - - -
where ‘@’ is the maximum angular frequency, ‘R’ is charge-transfer resistance, ‘R’ is solution resist-

ance, ‘o’ is Warburg coefficient, ‘Q,” corresponds to CPE1 and CPE2 non-ideal capacitances, ‘C’ is charge-
transfer capacitance, ‘n;” are exponents corresponding to CPE1 and CPE2 elements

large planar electrode. The fitting circuit for GO/GCE is rep-
resented using a Randles-Warburg circuit with two Constant
Phase Elements [(Circuit Notation: R¢+ Q,/(Q,/W)+R_)].
In addition to R, and Q;, the Q, and W, elements model
finite-length diffusion through an inhomogeneous oxidized
graphene (GO) nanosheet of finite length. In both the pro-
posed EEC models, distributed elements are to be used
instead of a capacitor, owing to the distribution of relaxa-
tion times as a consequence of surface irregularities. The
CPE provides a good description of a solid-liquid interfacial
behaviour, whereas the Warburg element is observed par-
ticularly for electrochemically modified electrodes (ECMEs)
having reduced or oxidized graphene-based nanomaterials
(Connor et al 2020).

The Warburg impedance can be calculated from the EIS
data using Eq. 3. For an ‘n’ exponent within the range of
0.7<n<0.9, the behaviour of the active material depos-
ited onto the electrode is said to be approximate of an ideal
capacitor, i.e. the active material possesses high charge-
transfer properties. The ‘n;” or ‘n’ exponent corresponds to
the diffusion process (low frequency region) lies within the
range of 0.7 <n<0.9; then, CPE behaviour is close to that

of an ideal capacitor having a ‘true’ capacitance given by
Eq. 4. Surface irregularity and charge-transfer loss due to
film thickness and inhomogeneity is much more significant
in chemically modified electrodes (CMEs) prepared by cast-
ing methods, as evident from the results.

W=zl =v2[ < ) 3
1Z) <\/6 3)

C= Qi(mmax)n_l; (4)

It was observed that erGO/GCE exhibited a lower charge-
transfer resistance (135.06 kQ) as compared to GO/GCE
which exhibits an extremely high charge-transfer resistance
(831.81 kQ). Furthermore, the fitted EIS data also provide
the ‘n’ exponent values corresponding to the diffusion pro-
cess (low-frequency region). It was found to be 0.87 for
erGO/GCE and 0.84 for GO/GCE. The electrochemical
process at the electrolyte—electrode interface for erGO/GCE
and bare GCE (diffusion-limited systems) is illustrated in
Fig. 7(a), whereas Fig. 7(b) corresponds the same for GO/
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GCE (diffusion-controlled charge-transfer system). For
GO/GCE, it can be noticed that the cathodic concentration
gradient hinders the mass-transfer. Further to that, surface
irregularities and degree of oxidation also contribute to a
high charge-transfer loss and poorer capacitance. R, and
CPE, model the diffusion through the partially oxidized or
unoxidized surfaces (here, erGO and GCE), while a combi-
nation of R, CPE, and W models the diffusion through an
oxidized surface of finite length.

Determination of the electrochemically active surface
area (ECSA) by EIS. The electrochemically active surface
area (ECSA) of the modified electrodes can also be deter-
mined from the EIS data, using Eq. 5. The specific capaci-
tance ‘C,” describes the capacitance of an ideal flat surface
of an immobilized material. For C,, reported values lie in
the range of 20-80 pF/cm2 (Connor et al 2020); however,
the average value of 40 pF/cm? as reported in the literature
has been used (Selvam et al 2020). Furthermore, the rough-
ness factor (Ry) can also be determined by Eq. 6 (Casero
et al 2012). With GCE (1.6 mm dia) surface area is 0.283
cm?. More so, the exchange current densities (Jyz) can also
be determined from the EIS data using Eq. 7 (Connor et al
2020) for an ‘n’-electron-transfer redox event at 25 °C. Esti-
mated values are tabulated in Table 4.

ECSA=C/C; )
Awg
R, = ; 6
f Accr (6)
Electrode-Solution
(a) interface i
xe +X =X H

I@

E@R

doubie (diffize) iayer

non-<ompact
yer

Fig.7 Improper diffusion-controlled charge-transfer phenomena
between the electrolyte—electrode interface for: A diffusion-limited
systems i.e. erGO/GCE and bare GCE, and B diffusion-controlled

@ Springer

RT 0.0257( A

Jyp = —— = _)
WET wFR, ~ R, \cm? @

GO is not conductive due to the abundance of oxygen-
bearing groups that stabilize the bonding character, resulting
in poor sensitivity in bio- or electrochemical sensor designs
(Malhotra and Ali 2018; Hatakeyama et al. 2017). However,
GO can be incorporated with composite materials, enhanc-
ing tensility, elasticity and impact strength. GO’s capabil-
ity for chemical modification allows diverse bio-medical
applications (Novoselov et al. 2012). Thus, erGO has been
found to possess a higher charge-transfer characteristic that
is not hindered by resistances that occur due to the pres-
ence of oxygen bearing groups on the graphenic carbon lat-
tice. erGO exhibits excellent electrochemical characteristics
that are far superior to GO and is well-suited for use as an
immobilization platform or molecular recognizant for non-
enzymatic biosensor (or rather technically, electrochemical
sensor) design and drug sensing. GO, by itself, is known for

Table4 ECSA, Jy; & R; values for erGO/GCE, GO/GCE and GCE
determined using EIS data

erGO/GCE GO/GCE GCE
ECSA (cm?) 2.468 1.095 2.374
R, 8.727 3.874 8.395
Jywi (HA/em?) 190.220 30.885 82.436

where ‘ECSA’ is the electrochemically active surface area, ‘Ry is
roughness factor, and ‘Jy’ is exchange current density

Electrode-Solution
interface
¢+ X =X

(b)

charge-transfer system i.e. GO/GCE. Superimposed are the EECs that
give best fit with the phenomena
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its poor electrocatalytic activity, unlike its reduced form,
erGO (Yu and Kim 2017).

Electroanalytical probing of GO-based MEs sensing
capabilities

Differential pulse voltammetric response against Levodopa
(LDA) sample

To study the voltammetric behaviour of erGO/GCE elec-
trode, a mixture of LDA, UA and AA was prepared and
analysed by differential pulse voltammetry (DPV). DPV
curves were recorded at 25 mV/s scan rate using GCE, GO/
GCE and erGO/GCE electrodes. erGO/GCE electrode was
fabricated at 5 mV/s scan rate, to ensure complete reduction
of those oxygen bearing functional groups which possess
slow redox behaviour. Figure 8 shows the DPV curves of the
GCE, GO/GCE and erGO/GCE electrodes of a mixture of
LDA (50 pM), UA (10 pM) and AA (1 mM) in 0.1 M PBS
(pH 7.0). GCE, GO/GCE and erGO/GCE electrodes show
peak corresponding to LDA around 0.2 V (Fig. 8). Measured
values are tabulated in Table 5. It can be noted that at about
same potential, fabricated erGO/GCE electrode exhibited
relatively a well-resolved peak with a considerable higher
peak current signal as compared to the GCE and drop-casted
GO/GCE electrodes, for the given concentration of LDA
in mixture. Furthermore, GCE electrode exhibited only a
short peak for LDA at 0.219 V, while not any significant
signal was observed for drop-casted GO/GCE electrode,
except a somewhat broad response at 0.26 V with a consid-
erably low peak current. This is attributable to the lack of
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Fig. 8 Differential pulse voltammogram of 10 pM UA, 50 pM LDA
& 1 mM AA mixture in 0.1 M PBS (pH 7.0), from —0.200 V to
0.500 V, at 25 mV/s, using a GCE, b GO/GCE and ¢ erGO/GCE

Table5 DPV peak values of LDA in a mixture of 50 pM LDA,
10 pM UA and 1 mM AA in 0.1 M APBS (pH 7.0), at 25 mV/s scan
rate, using bare GCE, GO/GCE and erGO/GCE electrode

Working electrode LDA
Current/pA Potential/V
(a) GCE 23.28 0.219
(b) GO/GCE 0.15 0.26
(c) erGO/GCE 33.87 0.20

electrocatalytic effects of the GO due to the high resistances
offered by the probable high oxidation degree of GO (Yu and
Kim 2017; Yan Q. et al. 2020). Thicker films also exhibit
high resistivity (see Sect. 3.4.2.) which lead to decrease the
sensing effects. As erGO/GCE electrode was fabricated by
electrochemical reduction which results in the formation
of thin and smooth film on electrode surface and increases
its surface area that is why erGO/GCE electrode exhibited
well-resolved peak of LDA and could be used efficiently
in the presence of UA and AA. Qualitative comparisons of
electrocatalytic performances of GO/GCE and erGO/GCE
are further explored in Sect. 3.5.2.

A small hump of AA can be seen at —0.19 V on curve
‘a’ of Fig. 8, and this hump was not appeared for curve ‘b’
and also not visible for curve ‘c’. However, a very broad
peak may be seen at curve ‘c’ at the potential of interest.
This may be due to the lower concentration of that analyte
in this mixture. It means GCE electrode was somehow able
to detect AA, whereas GO/GCE was completely failed to
detect this analyte. The weak response of erGO/GCE elec-
trode towards UA or AA might be due to the high selectivity
of our fabricated erGO/GCE electrochemical sensor towards
LDA. Stable bonding may exist in between LDA and dif-
ferent functional groups such as LDA-COO and/or LDA-
OH and/or H-bonding. Along with this electrostatic type of
interactions of the erGO/GCE may also exist in the aqueous
neutral buffer. Figure 9 shows the pictorial illustration of
proposed LDA-erGO/GCE interaction.

Against acetaminophen (APAP) tablet samples

Acetaminophen (APAP) Electrochemistry: In an acidic
pH <2.0, the oxidation of APAP (1) yields the hepatotoxic
metabolite N-acetyl-p-benzoquinone imine (NAPQI) (2),
which further converts to the electrochemically inactive
hydrate (APAP-OH) (3), which cannot be electrochemically
reduced back to APAP. The formation of APAP-OH is an
irreversible process. The reaction is given as under:
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Hence, the cathodic sweep of the CV in Fig. 10A-B illus-
trates no response. The presence of a significant amount of
acidic catalyst further prevents the reduction of the APAP-
OH to APAP. However, the electrochemical process changes
to quasi-reversible as the pH increases (Van Beschoten et al.
1983; Selvam et al 2020).

Electrochemical Behaviours with APAP sample: Cyclic
voltammograms of 20 mg/mL APAP in 0.1 M HCI (pH
1.0) were recorded using a triad of WEs, namely: (i) erGO/
GCE, (ii) GO/GCE and (iii) bare GCE, to compare electro-
chemical behaviours and performances of these electrodes.
The fabricated erGO/GCE was found to exhibit a well-
resolved peak at 0.85 V, with a significantly high anodic
response of 163.5 pA at 30 mV/s scan rate and 159.7 pA
at 50 mV/s scan rate. By contrast, bare GCE showed rela-
tively lower anodic responses at the two scan rates, while
the GO/GCE showed a diminished response, owing to its
greater degree of oxidation, stabilization, non-uniform

Fig.9 Proposed LDA-erGO/
GCE interaction

deposition and thus lower electrocatalytic surface area
(Fig. 10 and Table 6). It is also evident from Fig. 10B that
at faster scan rates comparatively low peak current was
observed, which shows slow kinetics of the conversion of
APAP into NAPQI. These results imply that APAP drug
can be analysed quantitatively.

erGO Electrocatalysis on APAP Oxidation: We illustrate
the interaction between erGO/GCE and APAP, as shown in
Fig. 10C. The higher electrocatalytic properties drastically
improve current responses for the fabricated erGO/GCE,
where the oxygen-bearing groups facilitate steady electron
transfer to assist oxidation and partial reduction at the low
pH.

Sensing Capability, Detection & Quantification of APAP
by Differential Pulse Voltammetry (DPV): Generic APAP
tablets are manufactured globally on an unprecedented scale;
thus, a simple, robust sensor is needed for QC and bioavail-
ability testing. The APAP sensing capabilities of erGO/GCE

o}
Hydrogen 8‘1\’ e ~_OH

Interactions

N

by

N

i.-

N

N

N

N
160? " ‘,‘/\ I6()?
140/ [ \ 140
1:05 [ N '303

100 [ 100]

I'pA
el
>

I'pA

80/
60!

404

20]
| 30mV.s!

E/Vvs Ag/AgCl

04 <02 0 02 04 06 08 1 1.2 -04  -02 0 02

P e

2 04 0.6 0.8 1 1.2
E/V vs AgrAagCl

Fig. 10 Cyclic voltammograms of 0.1 M (20 mg/mL) APAP in 0.1 M HCI (pH 1.0), measured from 0.0 to 1.2 V at A 30 mV/s and B 50 mV/s;
for (a) bare GCE, (b) GO/GCE and (c) fabricated erGO/GCE. C Proposed erGO/GCE-assisted electro-catalysed APAP oxidation
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Table 6 CV measurements of 0.1 M (20 mg/mL) APAP in 0.1 M HCl
(pH 1.0) for the (i) fabricated erGO/GCE, (ii) drop-casted GO/GCE
and (iii) bare GCE, recorded at —0.4 to 1.2 V potential window at
varying scan rates (only anodic response observed)

# Working electrode At, 30 mV/s At, 50 mV/s
VooV ipo/PA VooV ipo/PA
(i) erGO/GCE 0.85 163.5 0.89 159.7
(i) GCE 0.86 109.8 0.89 67.6
(iii) GO/GCE 0.85 69.1 0.88 18.8

were probed via DPV in the potential range of 0.0 to 0.5V,
at 8.0 mV.s™! scan rate. Figure 11A shows the DPV curves
of the erGO/GCE ME under various APAP concentrations
(0.1-23 uM) in 0.1 M HC (pH 1.0). A single well-defined oxi-
dation peak corresponding to APAP was appeared at 0.340 V.
The shoulder observed between 0.17 and 0.27 V range which
can be attributed to the initial adsorption of acetaminophen
prior to the electrochemical oxidation on the ME surface. Two

sets of calibration curves (i, , vs. Cxpap), shown in Fig. 11B,
were plotted corresponding the lower concentration range, i.e.
0.1-0.9 uM (where sensitivity is maximum), and the higher
concentration range, i.e. 2.3-23 uM (beyond working range).
The former curve is to be considered for the LOD, LOQ and
sensitivity estimation for the erGO/GCE response. Figure 11C
shows the DPV calibration plot, indicating the anodic current
responses of the erGO/GCE versus varying APAP concentra-
tions. A ‘good’ linear regression was obtained for this calibra-
tion plot (R*=0.9842). The limit of detection (LOD) and limit
of quantification for APAP concentrations were estimated to
be 7.23 nM and 21.91 nM. The LOD and LOQ have been
estimated using the 3o approach (3:1 S/N ratio) using Eq. 8
and Eq. 9, respectively, where “SD,,” is the standard deviation
of the y-residuals and ‘b’ is the slope of the calibration curve.
Using SD,, in LOD and LOQ quantification can lead to better
estimate of mean blank signals (Miller 2005; Uhrov¢ik, 2014).

Fig. 11 A Differential Pulse
Voltammogram recorded at 0.0—
0.5 V potential range, at 8 mV/s
scan rate using erGO/GCE with
APAP concentrations: (a) 0.1, 35
(b) 0.2, (c) 0.3, (d) 0.4, (e) 0.7,
() 0.9, (g) 2.3, (h) 4.7 and (i)
23 uM; in 0.1 M HCI (pH 1.0).

B Calibration curves (i, , vs. & 58] a
Capap) corresponding to: nar- =7
row range (i.e. 0.1-0.9 uM; teal < 3

squares) and C broad range (i.e.
2.3-23 pM; blue triangles)
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Obtained LOD for APAP was comparable and even
improved over previous studies, as presented in Table 7.
For QC testing of APAP pharmaceutical formulations, the
requisite measurable detection limit (MDL, equiv. to LOD)
is <5 pM. Thus, the erGO/GCE fabricated in this work can
serve as a useful tool for said analysis. APAP oxidation to
NAPQI is entirely an irreversible reaction at pH 1.0; thus, its
intermediate may not be accumulated at the ME surface. The
rapid erGO/GCE-APAP interactions at the electrode sur-
face significantly enhance the electron transfer rate, thereby
giving well-defined, linear and highly sensitive responses.
The linearity of the DPV response of the erGO/GCE was
determined to be 21.91 nM (LOQ) to 2.3 uM (LOL), i.e.:
21.91 nM-2.3 uM. The sensitivity per active surface area
for erGO/GCE (ECSA: 2.468 cm?) was found to be 20.142
pA.nM~!.cm™2. The current response was observed to be
linearly changed with the increase in APAP concentrations.
The detection range obtained in this study might be used
for the evaluation of orally administered APAP. The aver-
age plasma concentration of APAP (500 mg) through oral
administration after 28.5 h is 2.3 pM, respectively (Rawlins
et al 1977; Hoffman et al 2015).

Thus, the DPV linear range (21.91 nM to 2.3 uM) for
the erGO/GCE may be used for the evaluation of probable
hepatotoxic onsets after ingestion. The fabricated erGO/GCE

electrochemical sensor was used at least 5—8 runs per tech-
nique beyond which the signal-to-noise ratio becomes signifi-
cantly low as the thin-film erodes away in the aqueous media.

Studying APAP electrocatalytic oxidation by erGO/GCE
using Chronoamperometry (CAmp): The APAP electro-
catalytic oxidation by the erGO/GCE was further studied
by chronoamperometry. Chronoamperogram as shown in
Fig. 12A is recorded for the erGO/GCE ME under various
concentrations of APAP (0.1, 0.2, 0.4, 0.5, 0.7, 0.9 uM) in
0.1 M HCI (pH 1.0).

The effect of the applied electrode potential of 0.34 V
(APAP oxidation potential) indicated that the anodic current
response rapidly increases with increasing concentrations of
APAP. APAP diffusion coefficient (D) can be evaluated by
using the Cottrell equation, Eq. 10 (Bard 2001):

. /D
1= nFACApAP 7[_[; (10)

where ‘D’ is the diffusion coefficient (cm?.s™!), ‘C pap’ is
the APAP concentration (mol.cm™), ‘A’ is ECSA (2.468
cmz), ‘F’ is the Faraday’s constant (96,485 C.mol_l), and
‘n’ is the number of electrons transferred (2 electrons).
The experimental plots of i vs. #~'/? with the best fit for dif-
ferent C,p,p Were used, as shown in Fig. 12B. Resulting
slopes were plotted against C,pp, as shown in Fig. 12C.
It shows a relatively good linear relationship in the tested
APAP concentration range, with a correlation coefficient of
R*=0.8846. From the slope of this plot, the ‘D’ APAP was
calculated as 2.24 x 107 cm?.s~!. The ‘D’ value is similar in

Table 7 Comparison of detection limits for APAP by various techniques

Methods Specification Linearity (uUM) LOD (uM) Ref.

HPLC 33.11-397.35 0.199 Calinescu et al. (2012)
Colorimetry 400,000 Shihana et al. (2010)
Chemi luminescence 0.025-0.25 0.01 Easwaramoorthy et al. (2001)
CA Gr/PDDA/PSS-fMWCNT 25-400 0.5 Manjunathaa et al. (2011)
DPV Fe;0,-PDDA-Gr/GCE 0.037 Luetal. (2012)

DPV erGO/Ni,0;-NiO/GCE 0.04-100 0.02 Liu G.T. et al. (2014)
SwWv Gr modified GCE 0.038 Kang et al. (2010)

DPV Nafion/TiO,-Gr/GCE 1-20 0.21 Fan et al. (2011)

DPV NC-GPE 3.71 Patil et al. (2019)

DPV C/GCE 0.05-1500 50.0 Goyal et al. (2006)

DPV SWCNT-Gr/GCE 0.05-64.5 0.038 Chen X. et al. (2012)
DPV MWCNTs-NHNPs/GCE 0.06-26 0.017 Babaei et al. (2013)

DPV erGO/GCE 0.0022-2.3 0.00724 Present work

Cy, buckyball/fullerene; erGO electrochemically reduced graphene oxide; Gr grapheme; GPE graphite paste electrode; GCE glassy carbon elec-
trode; fMWCNT functionalized multi-walled carbon nanotubes; NC nanoclay; PDDA poly(diallyldimethylammonium chloride); PSS polystyrene

sulfonate; SWCNT single-walled carbon nanotubes

@ Springer



Chemical Papers (2023) 77:2275-2294 2291

A
f
151 4
=104
\
oL . ‘ . . . . .
0 1 2 3 4 5 6 7 $ 9 10
time/s
0.1 pM 0.2 uM
B o4 n 2, n 6 1 0.4 yM
. — N y = 6.6077x - 0.3066 s 1 y=26216x-2.8922
035 + y‘—“O./Gf-.\+0.ll9_ 15 1 R2=099 1 R =097
1 R=087 ] W1
03 1 ] ]
2 21¢% 331
= = 4 ~
0.25 1 1 ]
] 27
] 05 1
02 1 ] ° 13
] o ] ]
0.15 t t + 0+ttt 0 +—r——F——t+——t—
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 0 0.1 0.2 03 0.4
12512 12512 V2512
.5 X
s 0.5 pM 18 0.7 uM 20 0.9 uM
o (] a
16 T y=76.675x -8.6979 16 T y=280.788x - 10.073 , y=92241x - 12.021
14 ¥ R:=098 14 3 R2=0095 / 15 1 R2=0.89
12 3 /
y <103 <
= S / 10
6% /
4 3 / 51
7 3
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
t12/12 12512 12512
C :
100 El y=1271x - 12.066
] 2=
~ 80 + R2=10.8846
- ;
2 60
= 40 1
N 3
= =
= 207
o~ ]
03
—20_|||||||||=||||=||||=||||=||||=||||=||||=||||=||||
0 01 02 03 04 05 06 07 08 09 1
Conc./pM
Fig.12 A Chronoamperogram of varying APAP concentrations: at 0.34 V, at 10 s. B i vs. t™'2 curves for varying APAP concentra-
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terms of its exponent to that reported for APAP in aqueous
media (10° m?.s™") (Ribiero et al. 2012).

Eco-scale and analytical eco-scale assessment

The green character of our proposed sensor was evaluated by
the Eco-Scale (DeVierno Kreuder et al 2017) and Analytical
Eco-Scale (Sajid et al. 2022) approach. These intuitive post-
syntheses and post-analyses tools assign cumulative scores
after evaluating the given method against the parameter-
penalty tables, Table S1 and Table S2 (see Supplementary
Information), where the associated risks, hazards and nega-
tive impacts of the method parameters are under considera-
tion. These penalties are subtracted from the maximum score
(100) representing an ideal ‘green’ reaction to get a value
that ranks the synthetic methods in terms of its green quality
(for high-purity products). Details of penalty calculations
for the improved GO synthesis are given in Table S3 (see
Supplementary Information), whereas penalty calculations
for erGO/GCE ME fabrication, electrochemical performance
evaluation and for APAP voltammetric assays, are given in
Table S4 (see Supplementary Information). The estimated
values for both assessment approaches can be ranked on a
0-100 greenness scale against the following criteria: > 75,
excellent; > 50, acceptable; and < 50, inadequate. The syn-
thetic method as proposed in the present work was assessed
using the Eco-scale approach, giving a 66 score (acceptable),
while the overall electro-reductive fabrication and electroan-
alytical procedures performed, giving a 93 score (excellent).

Conclusion

This study presents a facile, rapid, eco-friendly, sensitive
and accurate electrochemical biosensor for acetaminophen
(APAP) determination in pharmaceutical formulations. In
this study, we design erGO nanosheets as electrochemical
biosensor using an optimized LSV electrochemical tech-
nique. Characterization results of GO nanosheets have been
obtained using UV-Vis, XRD, FE-SEM and FTIR tech-
niques, which were found compliant with the literature. Our
nanomaterial possesses distinct morphology and unique
crystallite having dimension 26.5 nm X 5.5 nm with 0.86-
nm layer separation. CV & EIS techniques have been used
to evaluate electrochemical performance of the bare GCE,
drop-casted GO/GCE and erGO/GCE. erGO/GCE perfor-
mance was found much better than other substrates. erGO/
GCE sensor was found to exhibit thin-film uniformity, higher
surface activities and enhanced electrocatalysis. We also
demonstrated the use of a novel FTIR-ATR characterization
technique for the surface modification of the LSV-fabricated
non-enzymatic erGO/GCE electrochemical sensor, allowing
for rapid, simple and reliable surface modification analysis

@ Springer

in comparison of FE-SEM or Raman techniques. Further to
that relatively high anodic current responses were recorded
by DPV measurements for the APAP tablet samples in
micro molar concentration ranges using erGO/GCE sensor.
A linearity of 21.91 nM-2.3 uM was observed. The LOD,
LOQ and sensitivity per active surface area for the erGO/
GCE with APAP were found to be 7.23 nM, 21.91 nM and
20.142 pA.nM~.cm™!, respectively. A diffusion coefficient
of 2.24 x 10 cm?.s~! was also determined using chrono-
amperometry. Based on these results it may be concluded
that the fabricated erGO/GCE electrochemical sensor could
be used for QC testing and APAP post-ingestion hepatotoxic
studies. The Eco-Scale & Analytical Eco-Scale assessment
tools provided a 66 score (acceptable) for the synthetic pro-
cedure and a 93 score (excellent) for the overall electro-
analytical assays (including electro-reductive fabrication for
erGO/GCE ME) performed in this study.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11696-022-02628-9.
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