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Abstract

Starting from simple graphite flakes, an electrochemical sensor for sunset yellow monitoring is developed by using a
very simple and effective strategy. The direct electrochemical reduction of a suspension of exfoliated graphene oxide
(GO) onto a glassy carbon electrode (GCE) surface leads to the electrodeposition of electrochemically reduced oxide
at the surface, obtaining GCE/ERGO-modified electrodes. They are characterized by cyclic voltammetry
measurements (CV) and field emission scanning electron spectroscopy (FE-SEM). The GCE/ERGO electrode has a
high electrochemically active surface allowing efficient adsorption of SY. Using differential pulse voltammetry (DPV)
technique with only 2 min accumulation, the GCE/ERGO sensor exhibits good performance to SY detection with a
good linear calibration for concentration range varying 50-1000 nM (R? = 0.996) and limit of detection (LOD)
estimated to 19.2 nM (equivalent to 8.9 pg.L™). The developed sensor possesses a very high sensitivity of 9 pA/UM
while fabricated with only one component. This electrochemical sensor also displays a good reliability with RSD
value of 2.13% (n = 7) and excellent reusability (signal response change < 3.5% after 6 measuring/cleaning cycles).
The GCE/ERGO demonstrates a successful practical application for determination of sunset yellow in commercial
soft drinks.
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sensitivity, reusability

1. Introduction

Synthetic dyes are usually added to foodstuff and soft
drinks not only for improving appearance and texture but also
for maintaining natural colors during process or storage.
Generally, they exhibit higher performances than natural dyes
owing to excellent water solubility, charming color
uniformity, high stability to light, oxygen and pH, low
microbiological contamination and relatively low production
costs. They are then largely used in food, but also in
cosmetics or drugs, as additives to enhance consumer
acceptance. Many of these dyes are based on -N=N- diazo
functional group combined with aromatic rings. However, an
excessive consumption may cause dangerous pathogenic
effects including contact urticaria and anaphylaxis,
immunosuppression, asthma, eczema, anxiety migraines
[1,2,3,4], bladder cancer in men and hepatic carcinoma in
mice [5]. As early as 1920s, they were already related to
hyperactivity, hypersensitivities learning problems [6].
Sunset yellow represents one of the most frequently artificial
dyes applied into food products. Undoubtedly, the use is
controlled by regulations, for instance, an accepted daily

intake (ADI) of 4 mg/kg body/day has been established by the
European Food Safety Authority (EFSA) [7]. Some European
countries (Finland, Sweden) have even banned its use. In this
context, a convenient and effective method is needed for
sunset yellow detection in order to control food quality and
thus providing safety assurances for consumers. Up-to-date,
some methods including UV-VIS [8] fluorescence [9],
spectrophotometric [10] and Raman spectroscopy [11], high
performance liquid chromatography [12,13,14,15], high
performance liquid chromatography—mass spectrometry [16]
have been applied to the determination of sunset yellow in
foods. However, these methods generally require costly
equipment, specially trained operators, tedious sample
preparation and /or may have a poor limit of detection.
Recently, electrochemical detection method has attracted
much attention as a promising approach for the determination
of the electrochemically active substances thanks to
numerous advantages including rapid response, simple-to-
use, excellent sensitivity, time efficiency, portable
monitoring and relatively low production cost [17,18]. Sunset
yellow is an electrochemically-active compound and could be
practically determined by this way [19]. Some modified
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glassy carbon electrodes were developed for detection of
sunset yellow such as poly-L-cysteine modified GCE [20],
polypyrrole/single wall carbon nanotube composite modified
GCE [21], bismuth film modified GCE [22], functionalized
montmorillonite modified GCE [23], ZnO nano-flower
modified GCE [24]. Briefly, use of the nanomaterials
remarkably enhance sensitivity of electrochemical
(bio)sensors owing to their beneficial properties such as high
surface-to-area ratio, exceptional physiochemical behaviors,
high adsorption and reactive capacity and thus it was
extensively applied to foods and environmental analysis
[25,26,27,28].

Graphene which is comprised of an atomically thin 2D
carbonaceous materials represents an archetypal supporting
materials owing to its large specific surface area, excellent
conductivity, high catalytic activity, exceptional mechanical
properties. Logically, it has attracted interests for sensing
application [29,30]. Two main routes could be introduced for
the synthesis of graphene materials-based sensors. Firstly,
graphene film-based sensors could be achieved by a simple
drop-casting of a dispersion of graphene in solution onto
conducting surfaces. Such a dispersed solution was
commonly prepared from graphene oxide (GO) using
chemical reduction [31,32,33,34]. However, this preparation
method has some intrinsic limitations such as lack of the film
thickness control and irreversible agglomerates formation
due to strong planar stacking of the 2D graphene nanosheets.
Thus, an alternative method for preparation of more
structured graphene films is preferable. Electrochemical
reduction from a graphene oxide (GO) dispersed in solution
represents a highly potential method to this purpose. This
approach could be achieved via two steps, namely: (i)
assembling highly dispersed GO onto electrode surface by
solution deposition and ii) carrying an electrochemical
reduction of deposited GO layers into electrochemically
reduced graphene oxide (ERGO) [32,35,36,37,38,39,40].
Recently, a much more straightforward process was proposed
using a direct electrochemical reduction of GO solutions into
ERGO which is (electro-)deposited onto the electrode
surfaces [41,42,43,44]. The successfully prepared ERGO
electrochemical sensors could be applied for determination of
various substances such as phenolic compounds [41,44],
biogenic amines [43], dopamine, ascorbic and uric acid
[45,46], glucose [47]. However, relatively few graphene-
based electrochemical sensors have been developed for
electrochemical determination of sunset yellow. Some
graphene materials based electrochemical sensors for this
purpose could be quoted such as graphene-Ni modified GCE
[48], graphene-PTA film modified GCE [49],
graphene/AuNPs modified GCE [50]. Most of these sensors
require multi-steps and sophisticated preparation, and very

often incorporate materials or metallic
nanomaterials.

Herein, we report the preparation of ERGO modified glassy
carbon surface as an electrochemical sensor for monitoring
sunset yellow (SY). The preparation strategy is based on a
simple and costly-effective process, starting directly from
low-cost graphite flakes. The GCE/ERGO electrodes are
obtained from the simple electrochemical deposition route,
hence demonstrating in full a very robust procedure.
Optimization of the preparation of GCE/ERGO electrode
along with optimization of the analytical experimental
parameters for SY titration are thoroughly performed. The
electrochemical behaviour of SY at the GCE/ERGO platform
is studied in depth. Finally, the GCE/ERGO is applied to real
sample analysis on commercial soft drinks. The obtaining
GCE/ERGO show great potential as accurate, low cost, rapid
and highly sensitive portable sensor, only based on single

component graphene.

composite

2. Material and methods

2.1. Chemicals and instrumentation

Chemicals of analytical grade were used without any
further purification. Graphite flakes (99%, 325 mesh particle
size), lithium perchlorate (LiCIOs 99%), potassium
hexacyanoferrate (I1) trihydate (K4sFe(CN)g.3H20 98%) and
hexacyanoferrate (111) (KsFe(CN)s 99 %) were obtained from
Sigma Aldrich. Potassium permanganate (KMnOy), sulfuric
acid (H2S0. 98%), phosphoric acid (HsPO4 85%), boric acid
(HsBOs, 99%) hydrochloric acid (HCI 37%), sodium
hydrophosphate hydrate (Na;HPQO4.7H,0 99%), sodium di-
hydrophosphate  (NaHPOs 99%), sodium acetate
(CH3COONa 99%), acetic acid (CHsCOOH 100%), and
solvents (acetone CH3COCHS3; and diethyl ether Et,0) were
purchased from Merck. The sunset yellow (90.5%) standard
compound was obtained from LGC standard, Dr.
Ehrenstorfer GmbH, German. Ultrapure water (18.2Q) was
obtained from Milli-Q Integral 3 purification system. Soft
drinks (Samurai, Sting, Number 1 and Mirinda) were
purchased from a local Hanoi supermarket.

Electrochemical experiments (cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) were carried out
using a CIMPS electrochemical workstation (Zahnner) with
a conventional three-electrode system. The working electrode
is either a glassy carbon electrode (GCE of 3 mm diameter),
or a GCE modified with ERGO for sensing experiments, or
an ITO plate (2 x 1 cm?) for SEM analyses. A Pt wire and a
saturated calomel reference electrode serve as counter and
reference electrodes, respectively.

Morphology of ERGO layer deposited onto ITO surface
was characterized using Field Emission scanning electron



microscopy (FE-SEM, Hitachi S4800). Sunset yellow
detection by chromatography method was performed on
MHPLC instrumentation (Ultimate 3000, Thermo Scientific)
equipped with an UV detector.

2.2. Graphene oxide (GO) preparation

Graphene oxide (GO) was synthesized from natural
graphite flakes following an adapted Hummer method
[51,52]. Briefly, graphite flakes (1.0 g) and boric acid (0.010
g) were first dispersed into 60 mL of concentrated
H>S0./H3PO4 mixture (9/1 = v/v) maintained in ice-cooling
bath with a magnetically stirring. KMnO4 (3.0 g, 3 wt.
equivalent) was slowly added in small portions in the mixture
maintained at less than 5°C, followed by stirring for 1.5 h.
Another amount of the KMnO4 (3.0 g, 3 wt equivalent) was
slowly added at less than 5°C. The mixture was then heated
up to 35°C while stirring for 3 hours. Deionized water (60
mL) was gradually added to the mixture reaction which was
heated up to 98°C and maintained at this temperature for 15
min. After cooling at room temperature, H.O, aqueous
solution (3 mL, 30%) was slowly added to quench the
reaction. A color change from dark brown to bright yellow
occurred. Adding deionized water (200 mL) afforded a
yellow suspension which was decanted through a
centrifugation process at 10000 rpm for 6 min. A yellow paste
was obtained and washed with aqueous 1 M HCI (100 mL)
through repeated centrifugations at 7000 rpm for 6 minutes (3
times). A brown solid was obtained, and dried at 60°C for 7
hours. Finally, it was re-dispersed in acetone (20 mL) and
precipitated with diethyl ether (50 mL). The obtained
precipitate was filtered using cellulose acetate membrane
(0.45 pm) under vacuum and thoroughly rinsed with diethyl
ether. After drying at 60°C for 7h, the GO was obtained as a
brown solid (1.84 g).

2.3. Electrochemical preparation of the ERGO modified
electrodes (GCE/ERGO)

Before modification, glassy carbon disk electrode was
thoroughly polished using DP-Nap polishing paper 1 pm
(Struers) and Al,O3 slurry 0.3 pm (Struers) to mirror-like
surface and then ultra-sonicated for 5 min in acetone and
water, respectively. The polished electrodes were further
activated in aqueous 0.5 M H2SO4 by cycling 5 successive
potential scans between 0 and 1.8 V at the scan rate v = 50
mV.s?. The GO solid powder was firstly dispersed in
deionized water (8.0 mL, 1 mg.mL-1) by ultra-sonication for
1 h. This suspension was subsequently centrifuged at 500 rpm
for 20 min and decanted for removing unreacted graphite
flakes (see Electronic Supplementary Material Fig. S1). The
LiClO4 salt was then added to the supernatant, leading to a
solution of GO containing 0.2 M LiClO4 which was sonicated

for 15 minutes before electrochemical deposition. The GCE
was then immersed in the GO solution under magnetic
stirring and Ar bubbling. Successive potential cycles between
0.6 to -1.5 V/SCE were applied for electrodeposition of
electrochemically reduced graphene oxide (ERGO).

2.4. Sample preparation and Detection

Sunset yellow (SY) standard solution (10 M) were
daily prepared from stock solution in deionized water. The
electrolyte solutions exhibiting different pH values were
prepared from 0.1 M acetate buffer for pH = 3, 4 and 5 and
0.1 M phosphate buffer for pH = 6, 7 and 8. Before use, the
soft drink samples were filtered on KX Nylon membrane
syringe (13 mm, 0.22 pm, Kinesis), being simply diluted in
the buffer or deionized water for electrochemical or
chromatography analyses, respectively. The DPV signals
were recorded from 0 to 0.9 V/SCE after 2 min of
accumulation at 0 V/SCE. Optimal DPV experimental
conditions were determined to be 10.5 mV step potential, 20
mV pulse amplitude, 120 ms pulse width and scan rate 35
mV.s1. Besides, soft drink samples were also determined by
HPLC method using RP-C18 column (endcapped 5 pm,
Purospher@ STAR, Hibar @RT 250-4.6 mm) for comparison
(see ESI).

3. Results and discussion

3.1. Preparation and characterization of the GCE/ERGO
sensing electrodes

The GCE/ERGO electrode was prepared through the
electrochemical reduction of GO by employing cyclic
voltammetry (CV), following previously described procedure
[41,42,43,44]. The corresponding voltammograms display
the characteristic signals for the electrodeposition of
electrochemically reduced graphene oxide (ERGO) at the
GCE surface (see Electronic Supplementary Material Fig. S2)
[41]. This very simple deposition method can be applied to
any conducting surface. The electrodeposition of the ERGO
film on surface by CV could be directly confirmed by FE-
SEM image as shown in Fig. 1. The surface morphology
presents the typical crumpled lamellar structure of graphene
nanosheets.
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Fig. 1. FE-SEM images of (A) bare pristine 1TO and (B)
ERGO film electrodeposited onto the ITO surface after 10
potential scanning cycles.

Practically, the number of the potential cycles is an
important parameter in view of current sensitivity as it
directly correlates with the thickness of graphene film. A true
advantage of the electrodeposition technique is the possibility
to easily control the thickness of graphene film thanks to the
number of potential cycles. In the following, the effect of CVs
cycles, namely 5, 10 and 15 scans, was investigated with
respect to the electrochemical properties of GCE/ERGO
modified electrodes as well as to their sensitivity towards
sunset yellow detection.

The electrochemically active area of the modified
GCE/ERGO electrodes were determined by recording CV of
equimolar concentration of KsFe(CN)s/KsFe(CN)s in
aqueous KCI compared to bare GCE. The voltamogramms
display a well-defined and reversible redox system at both
GCE/ERGO and GCE electrodes (see Electronic
Supplementary Material Fig. S3). Interestingly, the peak-to-
peak separation (AEp = Epc-Epa, where Epc and Epa are the
cathodic and anodic peak potentials, respectively) and the
peak current intensities (Ip) were monotonically affected by
the surface modification, depending on the number of scans
(see Electronic Supplementary Material Fig. S4). A
significant increase of the current intensities along with a

decrease of AEp is observed at GCE/ERGO compared to
GCE, and the amplitude of these effects correlates with the
number of scans performed during the electrodeposition
process. Such an observation falls in line with the
modification of GCE surface during reduction in GO
solution. The peak-to-peak separation at 50 mV.s is found
equal to 110 mV at GCE electrode, 94 mV, 80 and 72 mV for
GCE/ERGO electrodes prepared with 5, 10, and 15 scans
respectively (see Electronic Supplementary Material Table
S1), indicating a strong improvement of the electron transfer
kinetics at the GCE/ERGO modified surfaces, and especially
at the ones obtained with more than 10 scans.

The variation of the intensity of the anodic peak current
(Ipa) is linear as a function of the square root of the scan rate
(vV¥?) (Electronic Supplementary Material Fig. S4). From the
slope of the line, the electrochemically active surface area (A)
could be calculated from Randles-Sevcik equation (Eq. 1):

Ipa = 2.69 x 10°.n%? A.DY2.v*2,C(Eq. 1)

where Ipa is the peak current intensity (A); n is the number
of electrons exchanged, here n=1, C is the concentration
(mol.cm®) of the redox probe in bulk solution, D (7.6 x 10
cm?.s?) is the diffusion coefficient, v the scan rate v (V.s™);
and A the surface area A (cm?). Bare GCE electrode has an
electrochemically active surface area or ESCA value of 0.069
cm?, in good agreement with the geometric value of 0.071
cm?. As expected, GCE/ERGO surfaces display higher ECSA
values, equal to 0.083, 0.097 and 0.115 cm? corresponding to
electrodes prepared with 5; 10 and 15 CV scans, respectively
(see Electronic Supplementary Material Table S1). Thus,
GCE/ERGO modified surfaces allow increasing the ECSA
value up to 1.67 folds using 15 scans modification compared
to GCE.

Electrochemical response of sunset yellow (SY) at different
GCE/ERGO electrodes were examined using CV and DPV
techniques (Fig. 2). The CVs at the GCE/ERGO electrodes
show a well-defined and reversible signal at 0.70 VV/ECS with
a peak-to-peak separation AEp = 15-17 mV while a quasi-
reversible signal is usually obtained at bare GCE (Fig. 2A).
In addition, the current intensity at bare GCE is much lower
(Ipa = 0.4 pA) than those obtained at GCE/ERGO (Ipa = 5.6
HA), indicating an enhanced sensitivity for SY detection.
Note that the capacitive currents were gradually increased
following the number of CV scans, leading to an almost
similar value of the faradic peak current intensity for all the
ERGO-modified electrodes. Since DPV measurements are
not sensitive to capacitive currents, the DPV signal intensity
of SY increases following the number of CV scans in the
electrodeposition process of ERGO, 5 CVs < 10 CVs < 15
CVs (Fig. 2B) in agreement with the increase of ECSA as
shown above.

Based on these results, it could be concluded that using 15
CVs for electrodeposition process has led to GCE/ERGO



electrode with the highest practical sensitivity. ERGO/GCE
electrodes prepared with 15 CV scans were then used in the

following.
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Fig. 2. Electrochemical response of 10 uM SY at GCE/ERGO
in pH = 5 acetate buffer (A) CVs at v =50 mV.s? (B) DPV
(step potential Es =5 mV, pulse potential Ep = 40 mV, pulse
width tp = 200 ms, scan rate 10 mV s, integration time Idt =
90 ms; accumulation times of 3 minutes at 0 V). GCE/ERGO
prepared with 5 (red line), 10 (green line) and 15 (blue line)
CV scans. In (A), signal obtained at bare GCE (black line) for
comparison purposes.

3.2. Electrochemical properties of the SY onto
GCE/ERGO surface

3.2.1. Effect of the pH value

Effect of the pH value on the electrochemical answer of SY
was firstly investigated by varying the pH from 3 to 8 using
both acetate and phosphate buffer solutions. As shown in Fig.
3., the intensity of the peak currents (Ipa and Ipc) gradually
increases from pH 3 to 5 and decreases from 5 to 8 (Fig. 3A).
Therefore, a maximum Ipa (and Ipc) value is obtained with
pH 5 acetate buffer solution, which is selected for further
investigation. In addition, both anodic and cathodic peak
potentials are negatively shifted with increase of pH,
suggesting that the oxidation mechanism of SY involves
protons exchange along with electron transfers. A linear
relationship is found between the anodic peak potential Epa
and pH with a slope equal to -0.029 V per pH unit (Fig. 3B).
Similar behaviors have been reported in the literature data
[20,21,34,48,50,50,53,54,55,56,57]. Such a value is half of
the theoretical Nernstian value of 0.059 mV.pH?! and
indicates that the ratio of protons to electrons involved in the
oxidation pathway is equal to 0.5.
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Fig. 3. (A) CVs at v = 50 mV.s? of 10 uM SY at a
GCE/ERGO electrode in acetate or phosphate buffer

solutions with different pH values, pH = 3 (black), pH = 4
(red), pH=5 (green), pH=6 (blue), pH = 7 (cyan), pH = 8
(magenta). (B) Linear variation of the anodic peak potential
as a function of the pH value.

3.2.2. Effect of the scan rate

To further investigate the electrochemical oxidation
process of SY at GCE/ERGO, a series of CVs was recorded
in a pH 5 acetate buffer solution with different scan rates (v)
in the range 0.02-1.0 V.s! (Fig. 4Error! Reference source
not found.A). The intensities of the anodic and the cathodic
peak current are linearly proportional to the scan rates in the
studied range, showing that the oxidation of SY is an
adsorption-controlled process (Fig. 4B). Upon increasing the
scan rate, the anodic and cathodic peak potentials start to
broaden and shift to positive and negative directions with
respect to formal apparent potential E°’. This behavior is
connected to the kinetics of the electrochemical process.
Indeed, the application of a large overpotential is required to
keep a sufficient flux of electrons to be transferred to the
electrode since the timescale of the CVs experiments (RT/Fv)
decreases to a point to become comparable to the electron
transfer kinetics. By using the Laviron’s formalism, which is
based on the classical Butler-Volmer theory, 58 the peak
potential values were plotted against the logarithm of the scan
rate (Inv), leading to two linear regions for each cathodic and
anodic potentials, respectively (Fig. 4C). The intercept of
these lines (vi) allows a determination of the apparent electron
transfer rate kinetic rate constant (ker) following Eq. 2.

ket = (1- a)nFvi IRT (Eq. 2)

where n is the number of exchanged electrons, F is
Faraday’ constant, R the universal gas constant, T is
temperature (293K) and vi is the intercept of the linear regions
in the Ep-Inv plots.

The slopes for the linear region at higher scan rates are
equal to RT/(1-o)nF and —RT/anF for the anodic and cathodic
processes, respectively. From these slopes values, we could
estimate that o and n are equal to 0.5 and 2, respectively. It
comes a value of 6.3 s* for ker.

The oxidation mechanism of SY at GCE/ERGO involves
one proton and two electrons. This result falls in line with a
recent paper that thoroughly investigates the electrochemical
oxidation pathway of SY by combining theoretical
calculations and spectroelectrochemical analyses [59].

3.3. Optimisation of DPV parameters for SY detection

DPV technique is proposed for SY determination due to its
high sensitivity and ease of operation. The DPV parameters
including Es (step potential) ts (pulse width), Ep (pulse
amplitude), tp (sample period) and Idt (integration time) were
firstly investigated using 0.5 uM SY in a pH 5 acetate buffer



solution while an accumulation time of 2 min at a potential of
0 V/SCE was maintained. The results demonstrated that the
maximum DPV response could be obtained with optimized
experimental parameters including scan rate v = 35 mV.s;
Es = 10.5 mV; ts = 300 ms; Ep = 20 mV, tp = 120 ms; time
of integration Idt = 60 (ms) (see Electronic Supplementary
Material Fig. S5, S6 and S7).
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Fig. 4. (A) CVs of 10 uM SY in a pH 5 acetate buffer solution
at the GCE/ERGO surface at scan rates varying from 20 to
1000 mV s%; (B) Plot of the intensity of the anodic (®) and
cathodic (M) peak currents Ip against scan rate v (V.s); (C)
Plot of the anodic (M) and cathodic (®) peak potential Ep (V)
against Inv (v, V.s1).

Since the electrochemical process involves the adsorption
of SY onto GCE/ERGO surfaces, the effect of accumulation
time along with the effect of the potential value employed for
the accumulation step need to be investigated. The DPV
measurements show that SY response was significantly
increased following the accumulation times from 0 to 3 min
(Fig. 5A and see Electronic Supplementary Material Fig. S8).
The SY signal was increased by 140; 200 and 265 %
corresponding to one; two and three min of accumulation.
This result suggests that GCE/ERGO surfaces exhibited a
high adsorption capacity. Finally, we consider that 2 min of
accumulation time is an acceptable duration, leading to a
good response and thus was used for further measurements.
Considering the effect of potential values, SY response was
found to be almost independent to accumulation potential as
shown in Fig. 5B. Therefore, the potential at 0 VV was used as
an accumulation potential for SY determination.
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Fig. 5. (A) Relative intensity of DPV signal with an
accumulation potential at 0 V for different accumulation
times. Intensity of the signal with no accumulation time is
taken as a reference. (B) Relative intensity of DPV signal
using 2 minutes of accumulation for different potential
values. Intensity of the signal at 0 V is taken as a reference.
Error bars represent the standard deviation for triple
measurements.

3.4. Calibration curve and detection limit for SY
detection

DPV measurements using the GCE/ERGO electrodes were
performed at different SY concentrations from 50 to 1000 nM
in acetate buffer (pH =5) (Fig. 6A). It was observed that SY
response regularly increases as a function of SY
concentration, following a linear equation Ip(pA) =
0.0083*C(nM) - 0.40 (R? = 0.994) (Fig. 6B). The limit of
detection (LOD) was estimated to be 19.2 nM from linear
regression in a limited range from 50 to 350 nM following
Eqg. 3 [60].

LOD = 3Sy/b (Eq. 3)

where Sy is the standard deviation of the response and b is
the slope of the calibration curve for a limited range from 50
to 100 nM.
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Fig. 6. (A) DPV of SY at different concentrations from 50 —
1000 nM, namely 50, 100, 200, 350, 500, 700, 1000 nM. (B)
Plot of the current intensity in the DPV response towards SY
concentration. Optimized DPV conditions: scan rate v = 35
mV.s-1, Es = 10.5 mV, ts = 300 ms, tp = 120 ms, Idt = 60 ms
and Ep =20 mV, accumulation time of 2 minutes at 0 VV/SCE.

The comparison of GCE/ERGO with some other type of
materials modified GCE electrodes for SY determination are
typically summarized in Table 1. It could be observed that the
GCE/ERGO electrochemical sensor developed in this work
exhibits good performance for SY detection with an
acceptable detection limit when compared to other previously
described systems. For practical applications, low detection
limit might not be a critical point for real sample analysis
since the typical amount of SY in food sample, notably in
beverages is rather high. However, considering that human
health and food safety regulations tend to be more stringent,
the detection of SY in a more sensitive manner could become
of importance.



Table 1. Performance of different modified electrodes for SY
detection

Electrode Lm%ﬁu?nge I?ﬁfiﬂ% Reference
Au/rGO/GCE 2-110000 2 50
PLPA/GCE 400-14010 40 61
Poly(L- 8-700 4 20
Cysteine)/GCE
Au- 686- 15 54
Pd/rGO/GCE 331000
MWCNT/GCE 55-11000 22 62
CTAB- 80-10000 4.2 63
Gr/Pt/GCE
CTAB-MMT- 2.5-200 0.7 23
Ca/GCE
GN-Ni/GCE 7.37-442 2.16 48
Chitosan- 200- 66 64
graphene/GCE 100000
Gr/GCE 1000- 1800 57
100000
ERGO/SPE 10-20000 0.5 65
ERGO/GCE 50-1000 19.2 This
work

GCE: glassy carbon electrode; rGO: reduced graphene
oxide; PLPA: poly-L-phenylalanine; MWCNT: multi-walled
carbon nanotube; CTAB-Gr: hexadecyltrimethyl bromide
functionalized graphene; CTAB-MMT-Ca:
hexadecyltrimethyl bromide functionalized montmorillonite;
ERGO: electrochemically reduced graphene oxide; GN:
graphene; SPE:screen-printed carbon electrode

An important point is the fact that our GCE/ERGO sensor
which is prepared through a very simple strategy incorporates
only one component, in sharp contrast with many other
systems. In this connection, we found two other interesting
sensing examples for SY detection only based on GCE
modified with ERGO [57,65]. Interestingly, the performance
our GCE/ERGO compares well with these two examples but
exhibits a higher sensitivity equal to 9 pWA/UM compared to
0.79 PA/UM,[65] and 0.017 PA/UM,[57] respectively.
Actually, the sensitivity toward SY of the sensor developed
in this work is of the highest reported ones [21,48,66]. The
LOD shows very good result compared to those estimated in
references,[57,65] especially since LOD at ERGO/SPE might
be probably overestimated regarding reported detection DPV
curves.[65]

3.5.1. Repeatability, storage stability and reusability

The reliability of this sensor is evaluated by repetitive
experiments (n = 7) in pH = 5 acetate buffer solution
containing 0.5 puM SY (see Electronic Supplementary
Material Fig. S9). The RSD value is calculated to be 2.13 %,
demonstrating the high reliability of the assay. The
electrochemical sensor was then stored in pH 5 buffer at room
temperature conditions for stability measurements. The DPV

measurements showed no change of the signal after 24 h and
only a slight decrease of 15 % after 48 hours (see Electronic
Supplementary Material Fig. S10). The electrochemical
sensor could be efficiently regenerated through a simple
potential cycling (5 cycles) in 0.5 M aqueous H2SO4 solution.
The response of the electrochemical sensor exhibited no
significant change (below of 3.5 %) after 5 successive
measurement/cleaning cycles (see Electronic Supplementary
Material Fig. S11), showing its high reusability.

3.5.2. Interference

The anti-interference ability of the GCE/ERGO sensors
was also evaluated taking into account of the potential
presence of ingredients or food additives such as sweeteners
or preservatives. The DPV responses of a standard solution
of SY (0.5 uM in pH 5 acetate buffer) were studied after
addition 100-fold concentration of KCI, NaCl, CaCly,
glucose, sodium citrate and ascorbic acid (AA). There is no
obvious influence of these interfering species since the DPV
signal variations were below 5% of the initial SY response
without interferences (Fig. 7).
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Fig. 7. Response of the sensor towards SY detection (0.5 uM)
in pH 5 buffer with the addition of 100-folds concentration of
interferences. Error bar represents the SD of triple
measurements.

3.5.3. Real Sample analysis

For evaluating its potential application, the ERGO/GCE
sensor was applied to the detection of SY in real samples of
soft drinks collected from a local market, namely Sting,
Samurai, Number 1 and Mirinda. We carried out DPV
measurements under optimized experimental conditions. A
very small volume (less than 15 % of total volume of
solution) of sample (60 pL of Samurai, 16 pL of Mirinda, 8
pL of Number 1 and 40 pL of Sting) was added directly to
the pH 5 acetate buffer solution (5 mL) (Fig. 8).
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Fig. 8. DPV at GCE/ERGO electrochemical sensor for
analysis of Samurai sample: DPV conditions: Es = 10.5 mV;
ts = 300 ms; Ep = 20 mV; tp = 120 ms; Idt = 60 ms;
accumulation time of 2 minutes at 0 V/SCE. Before (black
line) and after addition of 60 pL of Sting (red line) followed
by addition of 150 nM of SY (green line), of 350 nM of SY
(blue line).

To evaluate the accuracy of the sensor, known amounts of
SY were spiked into samples, leading to an increase of the
intensity of the DPV response. These observations clearly
demonstrate that such sensor could enable identification of
the presence of SY in the drink. Each sample undergoes 7
detection rounds and results are gathered in Table 2. The RSD
is acceptable, indicating that the precision of the sensor is
good. The recoveries were then tested, and values in the range
93.35 to 107.7% indicate that the method possesses good
accuracy.

HPLC method was also used to determine the
concentration of SY in the soft drink samples and the results
are given in Table 2. From the comparison of HPLC method
and the ERGO/GCE electrochemical detection, it can be seen
that the two methods lead to very similar results, with a small
relative variation. Thus the fabricated ERGO/GCE sensor has
a very good potential for monitoring SY in real samples with
a low cost, simple preparation and good accuracy.

Table 2. Determination of SY in soft drinks samples by electrochemical detection at ERGO/GCE and by HPLC

Sample Added Expected Found RSD Recovery By HPLC Relative error
(nM) (nM) (nM) (%) (%) (nM) (%)
Samurai - - 292.65 5.63 - 307.56 -4.85
150 457.56 439.85 0.88 96.13
200 657.56 613.85 2.05 93.35
Mirinda - - 353.77 4.85 - 406.36 -12.94
150 556.36 538.34 6.47 96.76
200 756.36 814.64 4.54 107.70
Sting - - 264.99 4.37 - 292.06 -9.27
Number 1 - - 161.85 5.24 1715 -5.63
4. Conclusion practical applicability for SY analysis in real samples.

Accurate, rapid and highly sensitive titration of Sunset
Yellow could be performed at a GCE electrode modified with
graphene materials. This work proposes a simple and
effective route for preparing GCE/ERGO sensors directly
from graphite flakes, allowing the development of low-cost
electrochemical devices. Electrochemical reduction of
exfoliated graphite enables reduction of GO in to reduced GO
and deposition onto GCE surface. The result also indicates
that thickness and electron transfer properties of the ERGO
layer could be easily controlled by means of the CV scan
numbers. The modified GCE/ERGO preparing from 15 CVs
scans exhibited higher surface area and larger sensitivity
toward SY detection than those prepared with 5 or 10 scans.
The resulting sensor demonstrated a high performance for SY
determination with a low detection limit of 19.2 nM and a
high sensitivity of 9 pA/UM, high reliability and a successful
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