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Abstract This work reports on the preparation of electrochemically reduced graphene oxide

(ERGO)-poly(eriochrome black T) (pEBT) assembled gold nanoparticles for the simultaneous deter-

mination of ascorbic acid (AA), dopamine (DA) and uric acid (UA) in PBS pH 6.0. Characterisa-

tions of the composite were carried out by scanning electron microscopy (SEM), Fourier

transform infrared (FTIR), electrochemical impedance spectroscopy (EIS) and cyclic voltammetry.

As a result of the synergistic effect, the modified glassy carbon electrode (GCE) possessed an efficient

electrochemical catalytic activity with a high selectivity and sensitivity in oxidising AA-DA and DA-

UA as compared to the bare GCE. The peak separations of AA and DA, DA and UA were 183 mV

and 150 mV, respectively. The linear response ranges for AA, DA and UA were 10–900 lM, 0.5–

20 lM and 2–70 lM with detection limits of 0.53 lM, 0.009 lM and 0.046 lM (S/N = 3), respec-

tively. The sensitivity of ERGO-pEBT/AuNPs was measured as 0.003 mA/lM, 0.164 mA/lM and

0.034 mA/lM for AA, DA, and UA, respectively. The modified electrochemical sensor was used

in the determination of AA, DA, and UA in vitamin C tablets and urine sample with good recovery.
� 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Ascorbic acid (AA) is an antioxidant that found to be effective

in the metabolism and functioning of the human central ner-

vous system. It is viewed as an inhibitor or a potential cure

for the common cold, mental illness and cancers (Lian et al.,

2014). Dopamine (DA) is a catecholamine neurotransmitter

(Gilbert et al., 2009), which has a crucial role in the hormonal

action of the cardiovascular, renal and central nervous system

(Cheemalapati et al., 2013). Its deficiency may result in diseases

such as Schizophrenia and Parkinson’s (Tukimin et al., 2018).

Uric acid (UA) is an end product of purine metabolism in

human beings. Irregular levels of degradation of purine

nucleotide metabolic product of UA may lead to various ill-

nesses such as hyperuricemia, gout, and pneumonia (Ibrahim

and Temerk, 2016). In general, the level of UA in serum is

240–520 mM and in urinary excretion ranging from 1.4 to

4.4 mM (Revin and John, 2012). However, the level of base

DA in serum is extremely low (0.01–1.0 lM), compared to

the concentration of UA and AA which is 100–1000 times

more (Ghanbari and Hajheidari, 2015a). The recognition of

these electrochemically active species in biological fluids is

prominent in the diagnosis and monitoring of various ailments

and providing information on interactions involving these spe-

cies in physiological processes. It is generally accepted that the

electrochemical reactions of these species with non-modified

electrodes cannot be reversed, implying that the oxidation

potentials are very close to each other, leading to a voltammet-

ric overlap response (Balamurugan and Chen, 2007; Ghanbari

and Hajheidari, 2015b). The main challenge in its electrochem-

ical determination is the coexistence of AA and UA in body

fluids at high levels that easily oxidise a fairly close potential

of DA and always interfere with the determination of each spe-

cies in ordinary electrodes. Therefore, enhancing the sensitive

and selective levels of the working electrode for selective or

simultaneous determination has become a long-standing chal-

lenge for researchers (Tukimin et al., 2017, 2018).

In recent years, electrochemical sensors have gained much
attention due to their advantages of operational simplicity,
rapid response, cost-effectiveness, high selectivity, and detec-

tion sensitivity. The recognition of carbon-based materials,
in particular, carbon nanotubes (CNT) and graphene in the
last twenty years were the most popular topic in the study of

materials. Graphene, a two-dimensional carbon-based mate-
rial has attracted great interest in the nanoelectronics and elec-
trochemical industry. It is currently being studied for use in

electrical catalysis and bio-sensing because of its superior elec-
trical conductivity, high surface area, and chemically stable
behaviour. The preparation of graphene can be from graphite
by various techniques; such as mechanical peeling, epitaxial

growth and also by chemical reduction of graphene oxide
(GO). Of the above methods, the most inexpensive is a chem-
ical reduction due to the high reliability and scalability of the

method. In addition, other methods have disadvantages such
as slow rate and the toxicity of the solvent used. Another
approach is the electrochemical reduction of GO, which offers

simplicity, relatively low cost, speed, efficiency and the attrac-
tiveness of being a green technology. In recent times, the elec-
trochemical reduction of graphene oxide (ERGO) surfaces has

been investigated for electrochemical biosensor applications
(Khan et al., 2013; Li et al., 2013). Graphene has been used
in such sensing platforms as a photoelectrochemical sensor
functionalized AuNPs and cerium-doped CdS respectively
(Cai et al., 2018; Han et al., 2018), biosensors (Li et al.,

2014; Lin et al., 2015; Zhao et al., 2011), and immunosensors
(Ren et al., 2017; Xing et al., 2018; Yang et al., 2017). Incorpo-
rating noble metal nanoparticles to graphene was performed to

detect DA, UA, and AA (Pruneanu et al., 2015; Sun et al.,
2011; Wang et al., 2013).

Gold nanoparticles (AuNPs) possess amazing properties

viz. biocompatible, low-toxicity and easy separation. It has
gained much attention as catalysts in the fields of biomedical,
biotechnological and sensing (Chen et al., 2014; Lin et al.,
2010). Eriochrome black T (EBT) is an azonaphthol dye that

is well known as the metallochromic indicator used in complex-
ometric titrations (Dave et al., 2011), as well as in electrochem-
ical procedures (Chandra et al., 2008; Geng et al., 2008). For

the synthesis of nanoparticles, the usage of an organic dye as
a stabilising agent gives improved properties rather than other
stabilising agents due to it is special ionic, polar, non-bonding

functional groups (-azo, -sulphite, -hydroxyl and -nitro) and
is a highly conjugated pbonded system (Prabakaran et al.,
2016). A poly(eriochrome black T) (pEBT) modified glassy car-

bon electrode has been utilised for the simultaneous determina-
tion of DA, AA, and UA (Yao et al., 2007a), adenine and
guanine (Wei et al., 2013), and selective determination of epi-
nephrine in presence of AA, DA and UA (Yao et al., 2007b).

In this work, we present a facile electrochemical two-steps
method to modify glassy carbon electrode (GCE) with
ERGO-pEBT and AuNPs nanocomposite in an alkaline med-

ium. The occupancy of graphene leads to an increase in the
active surface area. While the interaction of the EBT and
AuNPs as well as at ERGO resulted in a fast electron transfer

rate and current signal enhancement. Benefiting from the syn-
ergistic effects of ERGO, pEBT, and AuNPs, the electrochem-
ical sensor was built up to simultaneously determine AA, DA,

and UA. The simultaneous determination of AA, DA, and UA
by ERGO-pEBT/AuNPs modified GCE revealed low detec-
tion limit, good selectivity, and sensitivity.

2. Experimental

2.1. Chemicals

Chloroauric acid (HAuCl4�3H2O), DA andUAwere purchased
from Sigma Aldrich. EBT, AA, and GO were received from

Fisher Scientific, Merck, and Graphenea, respectively. Potas-
sium ferricyanide K3[Fe(CN)6], potassium ferrocyanide K4[Fe
(CN)6] and potassium chloride (KCl) were obtained from

BDH Analar. The preparation of phosphate buffer solutions
(PBS) was performed by mixing an appropriate volume of
0.2 M KH2PO4 (Merck) and 0.2 M K2HPO4 (Merck), and

adjustment was made to the pHwith 1 MH3PO4 (Eriendemann
Schmidt) or 0.1 M KOH (Hmbg Chemicals). All chemicals
were of analytical grade and used without further purification.
All solutions were prepared with deionised water acquired from

the purification system Milli-Q water (18 MO cm).

2.2. Instrumentation

Cyclic voltammetry, differential pulse voltammetry, and elec-
trochemical impedance spectroscopy (EIS) measurements were
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conducted using a potentiostat/galvanostat (Autolab
PSTAT204). Field emission scanning electron microscopy
(FESEM) JOELSEM, 6400 was used to characterise the mor-

phology of the composite. Fourier transform infrared spec-
troscopy (FTIR) measurements were carried out in the range
of 4000–280 cm�1 at room temperature with Perkin-Elmer

FT-IR spectrophotometer coupled with UTAR accessory.

2.3. Preparation of ERGO-pEBT/AuNPs film modified
electrode

Prior to modification, the bare GCE was subjected to polishing
to amirror finish, utilising 0.05 mmalumina slurry. The electrode

was then sonicated in 1:1 concentratedHNO3 anddistilledwater
for 10 min each to eliminate any substance adhering to the sur-
face. Finally, it was cycled in 0.1 MH2SO4 and 0.1 MNaOH for
15 cycles to obtain pre-treated GCE followed by rinsing with

deionised water. 0.82 mg/ml GO and 0.5 mM EBT were dis-
persed into 0.1 M PBS pH 9.2 solution under ultrasonic agita-
tion for 15 min. The cleaned GCE was then cycled in GO-EBT

ranging between 1.5 and �0.4 V to obtain ERGO-pEBT. The
ERGO-pEBT film thickness was optimised by controlling the
scan numbers. After drying, the modified GCE was dipped into

0.15 mM HAuCl4 dispersed in 0.1 M PBS (pH 9.0) and cyclic
voltammetry was performed for three cycles to obtain ERGO-
pEBT/AuNPs/GCE. The other modified electrodes i.e.
ERGO/GCE, AuNPs/GCE, pEBT/GCE, pEBT/AuNPs/

GCE, and ERGO-pEBT/GCE were also prepared for compari-
son. The modified electrodes were rinsed thoroughly with water
and then dried at 25 �C before use. A typical three-electrode

arrangement was operated. The modified GCE was used as
working electrode, while Pt wire and Ag/AgCl were utilised as
counter and reference electrodes, respectively.

3. Results and discussion

3.1. Preparation of ERGO-pEBT/AuNPs film modified

electrode

Fig. 1 presents the cyclic voltammograms (CVs) obtained dur-
ing the electrodeposition of GO-EBT at 100 mV/s for 15
Fig. 1 Electrochemical deposition of ERGO-pEBT on GCE in

0.1 M PBS (pH 9.2) at 100 mVs�1. The inset is the first cycle of

deposition of AuNPs on ERGO-pEBT.
successive cycles. Fig. 1 shows peaks of oxidation-reduction
which have a cathodic peak (I) corresponding to the irre-
versible (Shao et al., 2010) reduction of oxygenated functional

group existing in the GO (Madhu et al., 2015). The anodic
peak (IV) and cathodic peak (V) are due to the redox pair of
some electrochemically active oxygen-containing groups on

graphene planes that have high stability to be reduced by the
cyclic voltammetry (Chen et al., 2011; Zhang et al., 2016).
The two anodic peaks (II) and (III) and cathodic peak (VI)

represents the oxidation-reduction of EBT (Tavares and
Sales, 2018). As seen from Fig. 1, there is a reduction in current
with the increase in cycle number, which resulted in a less con-
ductive polymer (Tavares and Sales, 2018).

Inset Fig. 1 shows the first cycle of ERGO-pEBT/GCE

immersed in a solution containing HAuCl4 in 0.1 M PBS

(pH 9.2) by scanning the potential from 1.4 to �1.5 V at a scan

rate of 100 mVs�1. Two reduction peaks are observed at �0.45

and �0.63 V during the cathodic potential scan. These two

peaks are referred to AuCl4
� adsorption and reduction of

AuCl4
� to Au particles, respectively. In addition, there is an

anodic peak at +1.14 V which could be assigned to the oxida-

tion of Au nanoparticles (Devasenathipathy et al., 2014). This

result indicates that the formation of electroactive Au

nanoparticles on the ERGO-pEBT/GCE was successful.

The possible electropolymerisation of GO-EBT and their

interaction with AuNP and the analytes are proposed (Geng

et al., 2008; Prabakaran et al., 2016; Wei et al., 2013). The

ERGO accepts one electron from activated GCE and interacts

with pEBT by the p� p bond. During the polymerisation of

EBT, two structures were found which produced diimmine

benzoquinone, this compound undergoes several single elec-

tron transfer steps combined with two protons where the naph-

thol group has the major role in the oxidation process. The

final produced compound is less active toward the substitution

at naphthyl ring due to the presence of withdrawing groups

ANO2 and ASO3
�. Thus, considering the blocking of such

interaction may cause the polymerisation to be stopped. When

the AuNPs are reduced on top of ERGO-pEBT, a p-complex

is formed, and the resulting molecule turns to a more sensitive

nucleophilic replacement.

3.2. Optimisation of electrodeposition of ERGO-pEBT/AuNPs

on GCE

GO-PEBT film was electropolymerised on GCE using cyclic

voltammetry in the potential range of �0.4 to 1.5 V in 0.1 M

PBS pH 9.2 supporting electrolyte. An essential factor for

improving electrochemical sensor performance is the electrode

thickness. Fig. 2(a) shows the effect of ERGO-pEBT scans on

top GCE. As the number of cycles increased from 5 to 15, an

increase in the anodic peak current is noticed. This may be

caused by the increase of the ERGO layers that leads to a lar-

ger specific surface area and more active sites. Whereas, at 20th

cycle, the anodic peak current declined drastically and it has

resulted in the close-packed structure of excess graphene

nanosheets at the GCE which reduces the specific surface area

and blocks the mass movement (Zhang et al., 2016). Since the

highest anodic peak current is obtained at the 15th cycle, there-

fore this condition is used for the following studies.
Fig. 2(b) shows the effect of different concentration of

HAuCl4 on the electrochemical performances of ERGO-



Fig. 2 (a) Effect of different ERGO-pEBT cycles in 5.0 mM K3[Fe(CN)6] + 0.1 M KCl solution at 100 mV/s, inset shows the relation

between ERGO-pEBT cycles and anodic peak current (b) different concentration of HAuCl4 in 5.0 mM K3[Fe(CN)6 ] + 0.1 M KCl

solution at 100 mV/s, inset shows the relation between the HAuCl4 concentration and anodic peak current.
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pEBT/AuNPs electrode. It can be seen from the CV curves

that the maximum peak current is obtained at a concentration
of 0.15 mM HAuCl4. The existence of HAuCl4 serves two
roles; first, it acts as the chemical oxidant of pEBT and keeps

the ratio of benzenoid/quinoid forms at a higher level which
accompanies the lower concentration of HAuCl4. Secondly,
it represents the source of AuNPs in the composite which
resulted in enhanced electrochemical performance (Han

et al., 2012). Given the synergistic effect of ERGO, pEBT
and Au nanoparticles, an adequate amount of HAuCl4 will
affect the electrochemical behaviour of the modified GCE.
3.3. Characterisations

Morphology studies of the modified electrode were performed

by FESEM. Fig. 3(a) shows the gauze structure of reduced

graphene oxide, which is wrinkled and crumpled. Fig. 3(b)

demonstrates pEBT with branch-like shape, thus confirming

the polymerisation of pEBT on GCE. When the ERGO-

pEBT layer is introduced, the surface becomes uniformly

rough as indicated in Fig. 3(c). As shown in Fig. 3(d), the

AuNPs are distributed homogeneously on the surface of

ERGO-pEBT film.

The FTIR spectra of GO-EBT and ERGO-pEBT/AuNPs
composites are displayed in Fig. 4. The peak at 1246 cm�1 in
Fig. 4(a) reveals (AN‚NA) azo group in EBT (Wei et al.,
2013). The peaks at 1061 and 3159 cm�1 are related to CAO

stretching and OAH groups, respectively that originated from
GO and EBT. While the peaks at 1642 and 842 cm�1 represent
the phenyl group and sulfonic group in EBT (Liu et al., 2012).

After the electrodeposition of the film, the spectrum of ERGO-
pEBT/AuNPs displays some differences due to the interaction
between pEBT, ERGO and AuNPs. As shown in Fig. 4(b), the

peaks of phenyl ring stretching and sulfonic HSO3
� are

observed at 1453 and 790 cm�1, respectively. The disappear-
ance of the azo group indicates that the polymerisation of

EBT occurred on the AN‚NA group (Prabakaran et al.,
2016) and the absence of AOH peak confirmed the reduction

of GO (Yu et al., 2013).

3.4. Electrochemical behavior of ERGO-pEBT/AuNPs/GCE

The CVs of different modified electrodes and bare GCE

recorded in the presence of 5.0 mM K3[Fe (CN)6] in 0.1 M
KCl at a scan rate of 100 mVs�1 are presented in Fig. 5(a).
At the bare GCE, a pair of poor redox peak is visible with a

peak separation (DEp) of 129 mV, which suggests the sluggish
electron transfer at the interface. However, the enhancement is
noticed for modified electrodes i.e. ERGO/GCE, pEBT/GCE,

ERGO-pEBT/GCE, pEBT/AuNPs/GCE, and AuNPs/GCE.
Interestingly, ERGO-pEBT/AuNPs/GCE shows the highest
oxidation peak current of 57 mA with DEp of 112 mV. These

observations indicate that ERGO-pEBT/AuNPs/GCE not
only enhances the peak current but also improves the peak sep-
aration due to the larger electroactive surface area of the com-
posite upon modification of the GCE. The degree of

reversibility of the oxidation-reduction systems is also
improved, as implied by a higher oxidation and reduction
waves. The highest peak current is observed at ERGO-

pEBT/AuNPs/GCE could be ascribed to the effective electrical
conductivity of the electrode with the presence of ERGO. Ran-
dles–Sevcik equation was used to calculate the active surface

area of the ERGO-pEBT/AuNPs/GCE (Abdelwahab and
Shim, 2015):

Ip ¼ 2:69� 105 AD1=2 n3=2 m1=2C ð1Þ
where n is the number of transferred electrons, A is the active

surface area, D is the diffusion coefficient of K3[Fe(CN)6]
(6.7 � 10�6 cm2/s), C is the concentration of analyte (mol/L),
and m is the scan rate (V/s). The active surface area of the

ERGO-pEBT/AuNPs/GCE is 0.052 cm2, which is larger com-
pared to bare GCE which is 0.038 cm2. This indicates an
improved surface area of the modified electrode due to the
presence of ERGO-pEBT and AuNPs.



Fig. 3 FESEM images of (a) ERGO, (b) pEBT, (c) ERGO-pEBT and (d) ERGO-pEBT/AuNPs.

Fig. 4 FTIR of (a) GO-EBT and (b) ERGO-pEBT/AuNPs.
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Electrochemical impedance spectroscopy (EIS) measure-
ments can give information on the interface properties of the
modified electrode surface (Zeng et al., 2006). Nyquist plots

of different modified electrodes were studied for conductivity
and electron transfer properties as shown in Fig. 5(b). The
Nyquist plots comprise a semi-circular part and a linear por-

tion. The higher frequency semi-circular part resembles a lim-
ited electron transfer process and its diameter is equal to the
charge transfer resistance (Rct), controlling the electron trans-

fer kinetics of the redox sensor to the electrode interface. The
linear portion at the lower frequencies indicates the diffusion
process (Wang et al., 2011). When the GCE is modified with

different composites, it shows different values of resistance.
The Rct for ERGO and AuNPs are 94.1 O and 157.2 O, respec-
tively, while increasing in Rct are found for pEBT

(Rct = 639.8 O), ERGO-pEBT (Rct = 747.2 O), and pEBT/
AuNPs (Rct = 920.9 O). The increase in Rct values could be
explained by the less conductive film of pEBT (Tavares and
Sales, 2018). On the other hand, the decrease with ERGO

and AuNPs in their individual and binary composite exhibits
more facilitating electron transfer. Favouring by the synergis-
tic effect, the ERGO-pEBT/AuNPs gives the lowest Rct which

is 57.13 O compared to other modified electrodes and bare
GCE (Rct = 1036 O). These results are in agreement with
CV and suggest that the ERGO-pEBT/AuNPs modified

GCE can lower the resistance and thus improve the electron
transfer process.
3.5. Electrocatalytic oxidation of AA, DA, and UA

The electrochemical oxidation responses of the coexistence of
AA, DA and UA in 0.1 M PBS (pH 6.0) were studied at var-
ious electrodes using CV. At the bare GCE (Fig. 6(a)), only

one oxidation peak is observed, which may be related to the
electrode fouling caused by the deposition of AA, DA, and



Fig. 5 (a) CVs and (b) Nyquist plots of different modified electrodes in 5.0 mM [Fe(CN)6]
�3/�4 + 0.1 M KCl at 100 mVs�1.

Fig. 6 (a) CVs of 10 mM AA, 50 mMDA and 200 mMUA in 0.1 M PBS (pH 6.0) at different modified electrodes (b) DPV of 1 mM AA,

70 mM DA 100 mM UA at modified electrode and bare GCE.
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UA and their oxidation products on the electrode surface
(Ping et al., 2012). However, the ERGO-pEBT/GCE,
AuNPs/GCE, pEBT/GCE, and pEBT/AuNPs/GCE show
only two oxidation peaks, assigned to overlapping of AA

and DA at same oxidation potential, while UA observed at
another potential. Three oxidation peaks are noticed at ERGO
modified GCE when exposed to AA, DA, and UA with a

broad peak at AA. In contrast, ERGO-pEBT/AuNPs/GCE
displays more prominent oxidation peaks at 0.15, 233 and
370 mV implying the oxidation of AA, DA, and UA, respec-

tively. It is also observed that the peak currents of UA, DA,
and AA are improved considerably with the shift to more neg-
ative potentials compared to other modified electrodes. This
improvement is attributed to the different interaction between

the three analytes and the composite of the ERGO-PEBT/
AuNPs. For AA, a formation of hydrogen bonds between lac-
tone of AA and the carboxylic and sulphate groups at ERGO
and pEBT, respectively would enhance the peak current. The
DA shows the electrostatic interaction between positively
charged of DA and negatively ANO2, SO

�
3 and ACOOH at

ERGO-pEBT, as well as the p� p interaction between DA
and ERGO–pEBT layer abundant with hexagonal carbon
structure. Although, UA undergoes statistical repulsion, on

the other hand, the increase in peak current could be resulted
from the stronger hydrogen bond formation at amide group in
UA and oxygen rich functional group at ERGO-pEBT/AuNPs

composite (Chang et al., 2010; Yang et al., 2014).
These results resembled by the differential pulse voltammo-

grams (DPVs) obtained from AA, DA and UA mixture solu-
tion at various modified electrodes as shown in Fig. 6(b).

The voltammetric peak is broken down into three peaks i.e.
55, 238 and 388 mV at ERGO-pEBT/AuNPs/GCE, and the
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peak potentials of AA, UA, and DA can be distinguished sep-
arately. The DEP values for AA-DA and DA-UA are 150 mV
and 183 mV, respectively. Therefore, the ERGO-pEBT/

AuNPs can be used to determine UA, DA, and AA simultane-
ously with obvious and pre-eminent sensitive and selective
properties. Such an improvement in electron transfer kinetics

is resulted from a synergistic effect associated with each com-
ponent in ERGO-pEBT/AuNPs/GCE. The high density of
edge plane-like defective sites on ERGO sheets can provide

more favourable sites for transferring the electron to AA,
DA, and UA and would promote the electron transfer (Ping
et al., 2012). The AuNPs in the presence of oxygenated pre-
monolayer that is found in GO-EBT can easily aid the

nanoparticle growth. This can provide more conductive tun-
nels as well as active sites which enhances the oxidation AA,
DA, and UA at the electrode surface (Du et al., 2013;

Plowman et al., 2010). Thus, the synergistic manner of the
combined of ERGO-pEBT and AuNPs nominated the com-
posite for the electrocatalytic application.

3.6. Effect of solution pH

The influence of the pH of the solution on the potential

response and peak current for AA, DA and UA at ERGO-
pEBT/AuNPs/GCE in 0.1 M PBS was investigated in the pH
range of 4–8 using differential pulse voltammetry. From
Fig. 7(a), it is noted that there is an increment in anodic peak

current for AA, DA and UA with the increase of solution pH
until it reaches pH 6.0 and then decreases at higher pH. The
decrease in peak current is attributable to the electrostatic

repulsion among UA, AA, and nanocomposite since AA
(pKa = 4.1) and UA (pKa = 5.7) would be deprotonated in
the solution at pH above 6. However, the peaks of oxidation

current of DA (pKa = 8.8) and UA are seen to almost steady
through an increase in the pH of 7 and 8. It is recognised that
AA and UA exist as anionic forms at low pH while DA exists

in cationic form at pH> 6. The anionic form of AA and UA
are attracted to the positively charged ERGO-pEBT/AuNPs,
while DA has a good affinity with the heteroatoms (N and
Fig. 7 (a) Effect of pH on the peak currents and the (b) peak potentia

at the ERGO-pEBT/AuNPs/GCE.
S) in the pEBT film (Kalimuthu and John, 2010). Therefore,
given the application conditions, pH 6 is fixed as the pH of
the supporting electrolyte in the simultaneous detection of

AA, DA, and UA. In addition, from Fig. 7(b), all the anodic
peak potentials of the oxidation of UA, AA, and DA are
shifted in the negative direction with the increment in pH,

demonstrating that protons are involved in the electrode reac-
tion processes. The equation of linear regression for anodic
peak potentials could be described by the following equations:

AA : EpaðVÞ ¼ 0:169� 0:032 pHðR2 ¼ 0:946Þ ð2Þ

DA : EpaðVÞ ¼ 0:509� 0:050 pHðR2 ¼ 0:965Þ ð3Þ

UA : EpaðVÞ ¼ 0:654� 0:054 pHðR2 ¼ 0:916Þ ð4Þ
The slopes of �50 mV and �54 mV per pH unit for DA

and UA indicate that two protons and two electrons are
involved in the oxidation process, which is close to the Nernst

equation value of �59 mV (Ghoreishi et al., 2012). However,
the slope of �32 mV for AA is less than this value, indicating
that the electrochemical oxidation of AA on the modified elec-

trode occurs with the involvement of less than one proton
(Sheng et al., 2012).

3.7. Simultaneous detection of AA, DA, and UA

It is well known the attractive properties of differential pulse
voltammetry which allow it to be used in the electrochemical
detection extensively. Hereby, differential pulse voltammetry

was utilised for both individual and simultaneous investigation
of AA, DA, and UA detection. As shown in Fig. 8(a–c) the
individual detection of AA was performed in the concentration

range of 5–750 mM, while DA is in the linear range of 0.5–
140 mM, and UA was determined in the range of 1–600 mM.
The insets demonstrate the calibration curves of AA, DA,

and UA with an obtained detection limit of 0.390, 0.009 and
0.046 mM for AA, DA and UA, respectively.

To further demonstrate the viability of the ERGO-pEBT/
AuNPs modified GCE, the simultaneous determination of
ls derived from DPV for 100 mMAA, 100 mMUA and 100 mMDA



Fig. 8 DPVs of GCE/ERGO-pEBT/AuNPs in 0.1 M PBS (pH 6.0) (a) 5–750 mMAA, (b) 0.5–140 mMDA, and (c) 1–600 mMUA. Inset:

Calibration curves of Ip vs. concentration.
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AA, DA, and UA, the electrooxidation of each species in the

mixture was examined by altering the concentration of a spe-
cies, while the two concentrations remained constant. Fig. 9
(a) shows the DPV of ERGO-pEBT/AuNPs modified GCE

at various concentrations of AA at a constant concentration
of DA and UA. The peak current of AA increased linearly
when the concentration of AA is changed from 5 to

1000 lM with the following equation Ip, AA (mA) = 0.139
+ 0.005 AA (lM) (R2 = 0.997). Fig. 9(b) shows the DPV of
ERGO-pEBT/AuNPs modified GCE at different DA concen-
trations with a constant concentration of 90 lM AA and

90 lM UA. The linear relationship between peak current and
concentration of DA is achieved in the range of 0.6–150 lM,
with two linear functions Ip, DA (mA) = 0.595 + 0.178 DA

(mM) (R2 = 0.993) and Ip, DA (mA) = 7.11 + 0.040 DA
(mM) (R2 = 0.993). The two slopes observed could be due to
the accumulation of DA oxidation product on the surface of

the electrode, which slows down the electron transfer (Gupta
and Ganesan, 2015). Fig. 9(c) shows the UA curves at different
concentrations in the presence of 50 lM AA, 10 lM DA. The
linear response range is 2–300 lM with linear function, Ip, UA

(mA) = 0.117 + 0.023 UA (lM) (R2 = 0.963). To verify the
effect of each analyte in the presence of the other two species,
the concentrations of AA, DA, and UA were increased simul-

taneously. As depicted in Fig. 9(d), separated oxidation peaks
and a linear relationship between peak current and the concen-
tration are observed. The linear ranges are found to be Ip, AA

(mA) = 1.127 + 0.003 AA (lM) (R2 = 0.997), Ip, DA (mA)
= 1.247 + 0.164 DA (lM) (R2 = 0.990), and Ip, UA (mA)
= 1.90 + 0.034 UA (lM) (R2 = 0.984). The detection limits
are 0.530, 0.009, and 0.046 mM (S/N = 3) for AA, DA, and

UA, respectively. These results indicate that ERGO-PEBT/
AuNPs modified electrode is applicable for the simultaneous
detection of AA, DA, and UA in the routine lab analysis.

The results obtained for ERGO-pEBT/AuNPs/GCE are
comparable with the reported literature (Table 1). It is found
that DA, UA, and AA do not interfere with the oxidation of

the signals, indicating ERGO-pEBT/AuNPs/GCE can be uti-
lised for the simultaneous and quantitative determination of
AA, DA and UA.



Fig. 9 DPVs of GCE/ERGO-pEBT/AuNPs in 0.1 M PBS (pH 6.0) containing: (a) 5 mM UA, 2 mM DA and different concentrations of

AA (5, 20, 30, 50, 100, 120, 250, 350, 700, 1000 mM), (b) 90 mM AA, 90 mM UA and different concentrations of DA (0.6, 2, 5, 10, 20, 50,

70, 100, 120 and 150 mM), (c) 50 mM AA, 10 mM DA and different concentration of UA (2, 5, 10, 20, 50, 70, 100, 150, 300 mM), and (d)

different concentrations (a-d) AA (10, 50, 200, 500, 900 mM) DA (0.5, 2, 7, 15, 20 mM) and UA (2, 10, 20, 50, 70 mM). Inset: plots of Ip vs.

concentration. DPV conditions: pulse amplitude: 50 mV, pulse width: 50 ms, scan rate: 20 mV/s.

Table 1 Comparison of the ERGO-pEBT/AuNPs/GCE nanocomposite with the reported literature.

Electrode Linear range(mM) Detection limit(mM) Ref.

AA DA UA AA DA UA

PGCE – 0.2–9 � 104 – – 0.06 – Gu et al. (2004)

pEBT/GCE 0.15–1000 0.1–200 10–130 10 0.02 1.0 Yao et al. (2007a)

PdNPs/GR/CS 100–400 0.5–200 0.5–200 20 0.10 Wang et al. (2013)

Graphene/Pt-GCE 0.15–34.4 0.03–8.13 0.05–11.85 0.15 0.03 0.05 Sun et al. (2011)

Au/Gr-AuAg – 0.3–300 – – 0.21 – Pruneanu et al. (2015)

GE/Au/GE – 0.59–43.9 12.6–413 – 0.59 12.6 Du et al. (2013)

ERGO/GCE 500–2000 0.5–60 0.5–60 250 0.5 0.5 Yang et al. (2014)

Nafion/AuNPs/AzA/MWCNTs 300–10000 0.5–50 0.5–50 16 0.014 0.023 Filik et al. (2016)

Chitosan-graphene/GCE 50–1200 1.0–24 2.0–45 50 2.0 1.0 Han et al. (2010)

ERGO-pEBT/AuNPs 10–900 0.5–20 2–70 0.53 0.009 0.046 This work

Electrochemical reduced graphene oxide-poly(eriochrome black T)/gold nanoparticles 1309
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3.8. Effect of foreign ions

In order to evaluate the selectivity of the simultaneous deter-
mination of DA, AA, and UA with ERGO-pEBT/AuNPs/
GCE, the effect of possible coexisting elements that could

interfere with the determination of analytes were studied. Tol-
erance is described as the highest possible concentration of for-
eign substances, with a relative error of less than 5%.
Interference studies were carried out by exposing the modified

ERGO-pEBT/AuNPs to a solution containing 100 lM AA,
10 lM DA and 10 lM UA, in the presence of the interfering
species at pH 6.0. The results indicate that the interfering spe-

cies i.e. Ca2+, Fe3+, L-cystine 100 times, Na+ and K+ 2000
times, glucose, glycine, and Cu2+ 1000 times would not affect
the detection as presented in Table 2.

3.9. Sample analysis

To assess the validity and reliability of the proposed sensor in

practice, the analytical determinations of UA, DA, and AA in
the human urine sample and vitamin C were carried out
employing the standard addition method. The human urine
samples were diluted 50 times using 0.1 M PBS (pH 6.0) and

DPV was recorded. In order to establish the accuracy of the
results, specific amounts of AA, DA, and UA were added to
the diluted sample followed by detecting the analytes. Ten

tablets of vitamin C (250 mg/tablet) were weighted and
crushed. 100 ml of this solution was diluted to 5 ml with PBS
(pH 6.0), then transferred into an electrochemical cell for
Table 2 Interference of certain foreign substances on 100 lM
AA, 10 lM DA and 10 lM UA.

Foreign

substance

Tolerance level

(mM)

% Tolerance

AA DA UA

Na+ 2000 +0.98 +3.83 +2.19

K+ 2000 +1.22 �0.67 +3.21

Glucose 1000 +0.23 �0.70 +2.58

Glycine 1000 +0.25 +1.77 �3.45

Cu2+ 1000 +4.25 +4.90 �2.20

Ca2+ 100 +0.64 +0.67 +3.06

Fe3+ 100 +4.65 +1.01 �0.39

L-cystine 100 +3.72 +5.20 +3.20

Table 3 Results of simultaneous determination of AA, DA,

and UA in vitamin C and urine samples (n = 5).

Sample Detected

(mM)

Added

(mM)

Found

(mM)

Recovery

(%)

Vit. C AA 11.36 200.0 210.70 100.2

DA – 10.00 9.44 94.4

UA – 10.00 10.53 105.3

Vit. C AA 11.36 800.0 808.50 99.6

DA – 20.00 20.96 104.8

UA – 20.00 20.64 103.2

Urine AA – 1000 1022 102.2

DA – 5.00 5.56 111.2

UA 1.2 10.00 11.23 100.2
detection. The standard addition method was applied, whereby
a known amount of AA, DA, and UA in PBS (pH 6.0) was
added to the test solution. The results of the analysis are sum-

marized in Table 3. The recoveries between 100.17% and
111.2% for vitamin C and urine are obtained, suggesting the
successful implementation of ERGO-pEBT/AuNPs to deter-

mine UA, AA, and DA in real samples.

3.10. Stability and reproducibility

The ERGO-pEBT/AuNPs electrode was stored in 0.1 M PBS
(pH 6.0) at room temperature and its stability was tested for
one month. The intensities of peak currents are maintained

at 86.05%, 96.80%, and 72.09% of its original signal for the
determination of AA, DA, and UA, respectively. Five different
electrodes of ERGO-pEBT/AuNPs were prepared under the
same conditions to examine the reproducibility of the modified

electrode. The relative standard deviations (RSDs) of these
electrodes are 2.8%, 3.5% and 4.8% for DA, UA, and AA,
respectively. These results indicate that the ERGO-pEBT/

AuNPs/GCE is stable and has high reproducibility that is suit-
able for practical applications.

4. Conclusion

In this work, simultaneous detection of coexisting, AA, UA
and DA in 0.1 M PBS (pH 6.0) using ERGO-pEBT/AuNPs/

GCE was successfully achieved. The ERGO-pEBT/AuNPs/
GCE manifested excellent electrocatalytic activity towards
AA, DA and UA oxidation. The results showed significantly
higher current as a result of larger electroactive surface and

rapid heterogeneous electron transfer. The ERGO-pEBT/
AuNPs/GCE was able to separate the voltammetric signals
of AA, DA and UA with peak potential separation of 183

and 150 mV between AA–DA and DA–UA, respectively.
The ERGO-pEBT/AuNPs/GCE also revealed high stability
and satisfactory results in the recovery of urine and vitamin

C samples.
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