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KEYWORDS Abstract Acetaminophen (AC) is one of the most commonly prescribed analgesic and antipyretic
Fe,0s/graphene; drug, which is considered to be safe as well as effective. Rational use of AC does not pose any toxicity
Acetaminophen; or adverse effects, however, an overdose or prolonged use could lead to nephrotoxicity and severe hep-
Electrochemical determina- atoxicity. Thus, monitoring of AC is essential for drug safety. In this work, a facile Fe,O3/reduced gra-
tion; phene oxide (Fe,O3;/RGO) nanocomposite was synthesized for improved electrochemical detection of
Voltammetry; AC. The material was synthesized through a simple one-step process. For characterization of synthe-
Electrochemical impedance sized Fe,O3/RGO composite, energy-dispersive X-ray spectroscopy (EDX), field emission-scanning
spectroscopy

electron microscopy (FE-SEM) and electrochemical impedance spectroscopy (EIS) were employed.
To verify the electrochemical performance of Fe;O3;/RGO nanocomposite, GCE was modified with
this nanocomposite and utilized for quantification of AC. The detection limit of AC was 21 nM in
a linear range from 1.0 x 10~ to 74 x 10~® M. Furthermore, the sensor also unveiled good stability,
promising sensitivity and selectivity. Hence, Fe,O3/RGO could be applied as a sensing material for
electrochemical detection of AC. Finally, the analytical utility of the method was also verified in
human urine and drug samples with some preliminary treatments.
© 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
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1. Introduction

Designing of sensors for the qualitative and quantitative detec-
tion of drugs is one of the most crucial techniques. They need
to be very precise accuracy with long durability. Sensitivity
and specificity are the foremost important parameters that help
to determine a target analyte. From the commencement of offi-
cial pharmaceutical analysis, laboratory analysis of the drug
plays an important role in quality control of drug and quality
assurance of pharmaceutical formulations and biological fluids
(such as serum and urine) in the medical field. Quality of the
drug further has an enormous impact on human health
(Karikalan et al., 2016). Acetaminophen (N-acetyl-p-
aminophenol; paracetamol) (AC) is a broadly prescribed and
over the counter drug used as painkiller and antipyretic
throughout the world with rather limited anti-inflammatory
properties. Usually, AC does not show any harmful side effects
at recommended dosage, however, abnormal levels of AC, pri-
marily, is associated with acute liver and kidney failure (Mazer
and Perrone, 2008; Rowden et al., 2006; Woolbright and
Jaeschke, 2017). Quantification of AC in pharmaceutical for-
mulations and biological fluids is essential considering for ther-
apeutic purposes. Therefore, the development of a promising
analytical device for sensing of AC is of importance that makes
a great input for drug quality control and clinical diagnosis. A
very vast literature is available, where the broad applications
of AC have been reported. By keeping this in mind, therefore,
it is an urgent requirement of some additional sophisticated
analytical techniques for the detection and identification and
accurate detection method for AC.

Reviewing the literature to date reveals that there are differ-
ent methods that have been reported for the determination of
AC. The reported methods are very sophisticated, refined and
sensitive i.e. titrimetric (Burgot et al., 1997), colorimetry
(Shihana et al., 2010), spectrophotometry and spectroscopy
(Sirajuddin et al., 2007), gas chromatography (Belal et al.,
2009), near-infrared transmittance spectroscopy (Eustaquio
et al., 1999), High Performance Liquid Chromatography
(HPLC) (Ravisankar et al., 1998) chemiluminescence
(Ruengsitagoon et al., 2006) and Thin-layer chromatography
(TLC) (Macek, 1972). Determination of AC using above men-
tioned techniques shows sensitivities but some factors like
high-cost in performance, long processing time, multiple-step
sample preparation procedures, requirement of highly sophis-
ticated laboratory and highly skilled technicians limits its
applications. To circumvent such limitations and to increase
its applications, there is a requirement of an alternative tech-
nique which is very simple at an affordable cost, high sensitiv-
ity with rapid detection and eco-friendly. Research is
continually on into investigating new ways to develop cost-
effective electrochemical techniques for the determination of
AC.

With notable achievements in nanotechnology, it has been
noted that modification of electrode’s surface with nanomate-
rials play an important role in electrochemical-signal amplifi-
cation which has significance in electrochemical sensing of
drugs in their dosage forms with promising sensitivity, high
selectivity with low background current. Researchers have
been carrying out extensive work using graphene and its
hybrid composites in various fields such as batteries (Atar
et al., 2015b, 2015a), fuel cells (Akyildirim et al., 2016) and

sensors (El¢in et al., 2016; Yokus et al., 2016; Yola et al.,
2015) due to their excellent properties such as large surface
area and high electrical conductivity, good biocompatibility.
Specifically, reduced graphene oxide (RGO) and its hybrids
have been widely used as promising electrode materials for
electrochemical sensors and biosensors.

In the past decade, a huge amount of research on metal
oxide-based nanomaterials for electrochemical applications
has been devoted (Dong et al., 2015; El-Nagar et al., 2014;
Karuppiah et al., 2014; Nantaphol et al., 2015; Salimi et al.,
2008; Zolgharnein et al., 2014). Among the biocompatible
and low-cost metal oxide nanomaterials, iron oxide (Fe,Os)
has attracted a great deal of consideration due to non-
toxicity, chemical stability, easy of production and storage.
Besides, it is one of the most abundant, promising materials,
and has been successfully utilized for sensing of analytes in sev-
eral fields (Liu et al., 2013; Wei et al., 2010). Though, Fe,O3
struggles from some drawbacks such as its comparatively
low conductivity and low electron transfer rate, both of them
can pointedly decrease its activity (Wang et al., 2014). To
avoid such disadvantages, recently, graphene has attained wide
consideration as an ideal conducting support material with a
very high specific surface area (2630 m?/g) and high electrical
conductivity for an alternative approach for preparing
Fe,0;. Particularly, the combination of reduced graphene
oxide (RGO) with Fe,O3 not only avoids RGO from aggregat-
ing but also progresses the surface area with huge electronic
conductivity, high biocompatibility, good stability and excel-
lent catalysis, which are essential physicochemical properties
for enhanced electrochemical sensing of analytes (Yang
et al., 2017).

Present work is an attempt in providing a feasible solution
for highly sensitive detection of AC. Herein a simple Fe,O;/
RGO nanocomposite was developed for the electrocatalytic
oxidation of AC. The composite material displays an excellent
electrocatalytic activity and electrical conductivity by the syn-
ergistic effect. The nanocomposite-based sensor showed
prominent sensing ability and selectivity for determination of
AC in pharmaceutical formulations.

2. Experimental

2.1. Apparatus and chemicals

CHI 660E electrochemical workstation (CH Instruments,
USA) was used for all electrochemical measurements. All the
electrochemical measurements were carried out with GCE or
a modified GCE (working electrode), an Ag/AgCl (3.0 M
NaCl) electrode (reference electrode) and a platinum wire
(axillary electrode). For morphological studies of prepared
materials, ZEISS® energy-dispersive X-ray spectroscopy
(EDX) coupled with field emission-scanning electron micro-
scopy (FE-SEM) Ultra Plus (Germany) was employed. Prepa-
ration of buffer solutions was carried out using pH 60 pH pen
(Extech Instruments).

Acetaminophen (Merck, South Africa), potassium chloride
(Merck, South Africa), ferric chloride hexahydrate (Merck,
South Africa), potassium ferricyanide (Merck, South Africa),
graphite powder (Merck, South Africa), potassium ferro-
cyanide (Sigma-Aldrich, China), magnesium sulfate (RLFCI,
India), sucrose (Merck, South Africa), hydrazine hydrate
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(Sigma-Aldrich, China), glucose (ACE, South Africa), L-
lactose (Sigma-Aldrich, Germany) and sodium chloride
(Sigma-Aldrich, USA) were used as usual without any further
pre-treatment. De-ionised water (DI water) was employed
throughout this experiment. Na,HPO4-2H,O (Sigma-Aldrich,
Germany) and NaH,PO42H,0 (Merck, South Africa) were
used to prepare buffer solutions.

2.2. Synthesis of Fe;O3/RGO composite

Graphene oxide (GO) was synthesized through modified Hum-
mers method (Hummers and Offeman, 1958). In a typical syn-
thesis procedure of Fe,O3/RGO, 20 mg of GO was dispersed
in 40 mL of DI water and sonicated for 10 min. To this,
0.2 g of ferric chloride (FeCl;-6H,0O) was added and stirred
for 30 min. Then, 15 mL of hydrazine hydrate was added to
the above solution and stirred again for 3 h. The resultant pro-
duct was centrifuged and washed with DI water several times
to get Fe;O3/RGO. In a similar way, RGO was synthesized
in absence of Fe,Os.

2.3. Preparation of Fe>O3/RGO/GCE

Prior to GCE modification, the surface of GCE was polished
using smoothing pads with 0.3 and 0.05 pm of y-alumina pow-
der. 10 mg of Fe,O3/RGO was dispersed into 5SmL of DI
water to make a suspension. Then, 6 pL of the Fe,O3;/RGO
suspension was dropped onto the surface of GCE and dried
under IR lamp for 5 min. This electrode was denoted as
Fe;03/RGO/GCE and used as a working electrode. RGO/
GCE was also prepared in a similar way.

3. Results and discussion

3.1. Characterization of nanocomposite

The morphological characterization of RGO and Fe,O3/RGO
was carried out using FE-SEM. As can be seen in Fig. 1(A),
RGO displays the wrinkles of graphene nanosheets. This struc-
ture is advantageous to offer a large surface area. Fig. 2(B) dis-
plays the morphology of Fe,O3;/RGO, which reveals that a
large number of spindles of Fe,O; were incorporated on the
surface of RGO. Such structures prevent the aggregating of
RGO and improve the conductivity of Fe,O3, which is advan-
tageous for enhancing the electrochemical detection of AC.
The energy-dispersive X-ray spectrum (Fig. 1(C)) reveals an
elemental composition of Fe;O3/RGO nanocomposite. There-
fore, it confirms the formation of Fe,O3;/RGO.

3.2. Electrochemical impedance study and electrode surface area

Electrochemical impedance spectroscopy (EIS) is used to study
the charge transfer resistance at the electrode/electrolyte inter-
faces (Palakollu et al., 2017b). By using this technique, the
charge transfer properties of various electrodes were studied
in 0.1 M KCI having 2.5 mM [Fe(CN)¢]>**~. The resulting
Nyquist plots for modified electrodes and bare GCE were
shown in Fig. 2. The obtained impedance data was fitted into
the corresponding electronic elements based on the Randle’s
equivalent circuit model for estimating the charge transfer

resistance (R.). From the Randles equivalent circuit model,
the charge transfer resistance (R.,) (the semicircle) was found
to be 106.3 Q at bare GCE and defines least interfacial charge
transfer. The R, at RGO/GCE was found to be 38.3Q,
demonstrating the creation of surface with low resistance onto
the RGO/GCE that would promote the electron flow rate.
However, the R, was found to be 10.28 Q at Fe,O;/RGO/
GCE, describes least charge transfer resistance and implying
that the combination of RGO and Fe,O3 could demonstrate
the synergistic effect which effectively enhances their electrical
conductivity. Therefore, the study results reveal that Fe,Os/
RGO/GCE facilitates the least charge transfer resistance and
high conductivity than RGO/GCE and bare GCE.

The surface area of modified electrodes were calculated
using CV response at a 0.1 M KCl containing 2.5 mM Kj[Fe
(CN)g]. For a reversible reaction, the Randles-Sevcik equation
(Bard and Faulkner, 2001) is

i, = (2.69 x 10°)AD'*n¥/»'2C

where i, is the peak current (Amp), A is the surface area of the
electrode (cm?), D is diffusion coefficient of K;[Fe(CN)g]
(taken to be 7.60 x 107° cm? s™!), n is the number of electrons
involved (n = 1 for K5[Fe(CN)g]), v is the scan rate (V s~
and C is the concentration of K;[Fe(CN)g] (mol cm™3). By
considering the slope of the plots of anodic peak currents vs
square root of scan rate (Fig. S1 (A, B)), the surface area of
RGO/GCE and Fe,03/RGO/GCE was found to be 0.08216,
0.09981 cm?, respectively. Therefore, the surface area of
Fe,03/RGO/GCE was higher than RGO/GCE and theoretical
geometrical area of GCE (0.07 cm?).

3.3. Electrocatalytic activity of AC

In order to verify the electrocatalytic response of Fe;O3/RGO/
GCE, cyclic voltammetric (CV) responses of 1 mM AC in
0.1 M PBS (pH 4.0) were recorded at various modified elec-
trodes. As shown in Fig. 3, AC shows a quasi-reversible redox
system with relatively poor redox peaks at GCE, indicating
slow electron transfer of the redox system of AC at GCE.
However, a well-defined redox system of AC with increased
peak currents and decreased over potentials was noticed at
RGO/GCE suggesting better electron transfer rate at RGO/
GCE due to the large surface area of graphene sheets. Interest-
ingly, an enhancement in the peak currents of redox system
with a decreased peak to peak separation potential (AE,) of
AC was observed at Fe,O3/RGO/GCE, which could be attrib-
uted to the electronic conductivity and electrocatalytic activity
of Fe,O3/RGO and their synergy. The intercalation of Fe,O;
with RGO decreases the stacking of RGO as well as improves
the electronic conductivity and electron transfer ability of the
Fe;03/RGO/GCE for AC detection. This recommends that
oxidation of AC is extremely favourable at Fe,O3/RGO/
GCE than the other electrodes. The schematic illustration of
electrochemical sensing of AC at Fe,O3;/RGO/GCE is pre-
sented in Scheme 1.

The apparent diffusion coefficient (D) of AC at modified
and bare GCEs were calculated using above said Randles-
Sevcik equation (Bard and Faulkner, 2001). The estimated
D,pp values of AC are given in Table 1. As can be seen in
Table 1, it has been concluded that the D,,, value at Fe,Os/
RGO/GCE was higher when compared to bare GCE and
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RGO/GCE. The higher D,,, of AC at Fe,0O3;/RGO/GCE
might be due to the good electrocatalytic activity for electro-
oxidation of AC at Fe,O3/RGO/GCE. This observation is evi-
dence of the electrocatalytic activity of Fe,O3;/RGO/GCE
(Palakollu and Karpoormath, 2018).

3.4. Effect of scan rate

The effect of scan rate on the peak currents of AC in 0.1 M
PBS (pH 4.0) at Fe,O3;/RGO/GCE was investigated from 5
to 250 mV s~'. Fig. 4(A) displays the cyclic voltammograms
of AC at different scan rates. From Fig. 4(B), the redox peak
currents of AC (i) were linearly proportional to the square
root of scan rate (v!/?) in the range from 5 to 250 mV s~ ! indi-
cating diffusion-controlled process. The corresponding linear
regression equation(s) can be written as follows.

ipa(A) = —2.21739 + 1.20566v'* (mV's ) /*R> = 0.99154

ipe (HA) = 0.20224 — 0.3949v'/2(mVs~')*R? = 0.99683

3.5. Effect of solution pH

The pH of supporting electrolyte plays an important role in the
peak current of an analyte. Moreover, it also provides an
insight to the number of protons and electrons involved in
electro redox reactions. The electrochemical response of AC
at pH 3.5-9.0 (0.1 M PBS) were carried out at Fe,O3/RGO/
GCE using cyclic voltammetry. Fig. 5(A) displays the cyclic
voltammograms of AC at various pH. Moreover, as an
increase in the pH of PBS, the anodic peak potentials of AC
shifted negatively. From Fig. 5(B), good linearity was attained
for pH vs. peak potential of AC. Therefore, the electro-
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Scheme 1  Schematic illustration of electrochemical sensing of AC at Fe,O3;/RGO/GCE.
Table 1 The calculated apparent diffusion coefficients at of ACin 0.1 M PBS (pH 4.0) using DPV technique. From

different modified electrodes for AC.

S. No. Electrode D,pp values (cm? s7h)
1 GCE 3.5648 x 10°¢
2 RGO/GCE 4.4326 x 107°
3 Fe,03/RGO/GCE 5.1548 x 10~°

oxidation of AC is pH-dependent behaviour at Fe,O;/RGO/
GCE.

E(V) = 0.74934 — 0.04947pH R? = 0.9922

The slope of the calibration curve, 0.049 V/pH is close to
Nernstian value 0.592 V/pH at room temperature and recom-
mends that an equal number of electrons and protons are par-
ticipating in the electrocatalytic-oxidation of AC at Fe,O;/
RGO/GCE. From the cyclic voltammetric results, the highest
peak current and the best peak shape were observed in pH
4.0. Thus, pH 4.0 of PBS was selected for the determination
of AC.

3.6. Electrochemical determination of AC

The scope of enhancement in the electrochemical response of
Fe,03/RGO/GCE was examined through the determination

Fig. 6, the peak current was found to increase linearly with
the successive addition of AC. Fig. 6 (inset) displays the cali-
bration curve and the corresponding linear regression equation
can be written as follows.

ip(uA) = 0.24183 + 1.38399[AC|uM  R? = 0.99368

The detection limit of AC using the proposed method was
found to be 21 nM at a signal-to-noise ratio of 3 in a linear
range from 1.0 x 1077 to 74 x 107® M. A comparison of the
limit of detection obtained using Fe,O3/RGO/GCE with
recently reported methods has been summarized in Table 2
and obviously specifies an enhancement over the stated values.

3.7. Interference study

The influence of several foreign species in the quantification of
AC was studied at Fe,O3/RGO/GCE under the experimental
conditions (Fig. S2). The displayed results reveal that the pres-
ence of K™, Ca’*, Na™, Mg2+, SOif and Cl™ have not con-
siderably influenced the peak current of AC. The tolerance
limit was taken as the maximum concentration of the foreign
substances, which caused an approximately +5% relative
error in the AC detection (Palakollu et al., 2017a). Moreover,
a 10-fold of uric acid did not affect the peak current of AC.
Therefore, the redox peaks of AC could obviously be sepa-
rated from each other.
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Fig. 4 (A). CVsof 1 mM AC in 0.1 M PBS (pH 4.0) at various scan rates (5250 mV s~ ') at Fe,O3/RGO/GCE. (B). Calibration plot of

the redox peak currents vs. square root of scan rate.
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32 ] one response. Thus, good long-term stability of the proposed
1 d sensor was achieved. Additionally, in order to verify the repro-
& a0 “ ducibility of the nanocomposite-based sensor, 3 Fe,O3;/RGO
P 1 f‘;w > composite modified electrodes were prepared under the same
S onfl & experimental conditions to test the cyclic voltammetric
=71, response of 50 uM AC in 0.1 M PBS (pH 4.0) (Fig. S4); the
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i (PCYuM L PO
5 25 good reproducibility.
2-4‘: r 3.9. Real sample analysis
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Fig. 6 DPVs of AC with various concentrations in 0.1 M PBS
(pH 4.0). Inset-Calibration plot of concentration of AC vs ip,.

3.8. Stability and reproducibility

Long-term stability of the proposed sensor was studied for 7,
14, 21 and 28 days in 50 uM AC in 0.1 M PBS (pH 4.0)
(Fig. S3). The responses, from electrodes measurements, were

To confirm the applicability of Fe,O3;/RGO nanocomposite
modified GCE, the determination of the content of AC in com-
mercially available tablet (Dolo — 650®) sample was carried
out at this proposed sensor. The tablet sample was diluted with
0.1 M PBS (pH 4.0) to get the concentration of tablet sample
within the linear range. The quantity of AC in the pharmaceu-
tical formulation was estimated using standard addition
method (Fig. S5). From Table 3, it can be concluded that
the results attained using the proposed sensor displayed a sat-
isfactory agreement with the labelled amount. Moreover, to
examine the feasibility of the proposed sensor, the determina-
tion of AC in the urine sample was carried out. Prior to the

Table 2 Comparison study of electrochemical response of Fe,O3;/RGO/GCE with other documented in literature.

S. No Electrode Technique  pH Linear range (M) LOD (uM) Ref.

1 poly(AHNSA)/GCE SWV 4.5 - 0.45 (Tefera et al., 2016)

2 AgNPs-CB-PEDOT:PSS/GCE ~ SWV 6.0 62x107t0 7.1 x10°®  0.012 (Wong et al., 2018)

3 Au/Pani/cMWCNT/Bas/GA Amp 70  50x10°t063x10°* 29 (Bayram and Akyilmaz, 2016)
4 GO/poly(Val)/CPE DPV 70  5x107%to 60 x 10°° 0.29 (Venu Gopal et al., 2018)

S MWCNTSs/poly(Gly)/GCE DPV 7.0 5%x1077to 1 x107° 0.5 (Narayana et al., 2014)

6 Fe,03/RGO/GCE DPV 4.0 1.0 x 1077 to 7.4 x 107° 0.021 Present work

poly(AHNSA)/GCE: Poly(4-amino-3-hydroxynaphthalene sulfonic acid)-modified glassy carbon electrode; AgNPs-CB-PEDOT:PSS/GCE:
silver nanoparticles-carbonblack-poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)/glassy carbon electrode; Au/Pani/cMWCNT/Bas/
GA: gold working electrode/Carboxylated multi-walled carbon nanotube/polyaniline/Bacillus subtilis/glutaraldehyde; GO/poly(Val)/CPE:
graphene oxide/poly(valine)/carbon paste electrode; MWCNTSs/poly(Gly)/GCE: multi-walled carbon nanotubes/poly(Glycine)/glassy carbon

electrode; SWV: Square wave voltammetry; Amp: Amperometry.
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Table 3 Determination of AC in pharmaceutical formulations (n = 3).
Sample Added (uM) Found (uM) Recovery (%) Bias (%)
Tablet 0.0 Not detected - -
5.0 4.95 + 0.05 99.00 1.00
10.0 9.62 + 0.12 96.20 3.80
20.0 19.43 + 0.45 97.10 2.90
30.0 29.51 £ 0.72 98.36 1.64
Table 4 Determination of AC in human urine sample (n = 3).
Sample Added (uM) Found (M) Recovery (%) Bias (%)
Urine 0.0 Not detected - =
5.0 5.01 + 0.14 100.2 0.2
10.0 10.14 £+ 0.77 101.4 1.4
20.0 19.78 + 0.26 98.9 1.1
30.0 30.15 £+ 0.06 100.5 0.5

analysis, the collected urine sample was diluted with 0.1 M
PBS (pH 4.0). Then, the urine sample was added with an
unknown concentration of AC and a series of a known stan-
dard sample of AC were spiked into the real sample using stan-
dard addition method (Fig. S6). From the calibration curve,
the results were summarized in Table 4. The recovery studies
reveal that the proposed sensor is reliable and affordable for
real sample and pharmaceutical formulations analysis.

4. Conclusions

A simple and one-step synthesis of Fe,O3;/RGO/GCE compos-
ite material was successfully synthesized for electrochemical
detection of AC. The morphology of the material was effec-
tively characterized using FE-SEM and EDX. The electron
transfer property at the surface of Fe,O3/RGO/GCE was
investigated  using  EIS.  Further, the developed
nanocomposite-based sensor showed promising sensitivity,
selectivity, a good linear range and low detection limit for
the determination of AC. The sensor displayed good recovery
results for the analysis of AC in real samples. By having high
stability and sensitivity, the developed sensor has the potential
for clinical applications.
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