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In this study, reduced graphene oxide (RGO) was first synthesized and then it was reacted by alizarin red S (ARS), and therefore RGO
functionalized with ARS was prepared (ARS/RGO). Then, structural analysis of the manufactured material was done by SEM and FTIR
techniques. The FTIR results confirmed the interaction between ARS and RGO and the formation of ARS/RGO. A new electrochemical
sensor was fabricated on the surface of a glassy carbon electrode modified with ARS/RGO. The prepared electrode showed a quasi-reversible
electrochemical behavior and also had a significant effect on the electrocatalytic oxidation of caffeine (CAF). The modified electrode was
able to measure the CAF as an electrochemical sensor. The effect of different parameters was investigated on the oxidation of CAF at the
modified electrode; the sensor has the highest current at pH = 4.0. The effect of different interference species on the response of CAF, and
also the reproducibility and repeatability of the sensor was investigated and acceptable results were obtained. The electrochemical
determination of CAF on the electrode surface was investigated by differential pulse voltammetry and in the linear range of 1.0-100.0 pM,

the detection limit value was obtained as 0.022 pM. Finally, the designed sensor was used to measure the amount of CAF in some real

samples and satisfactory results were obtained.
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INTRODUCTION

Caffeine (CAF) is a xanthine alkaloid compound (1,3,7-
trimethylxanthine), and its molecular shape is similar to that
of adenosine. Adenosine is a neuromodulator that inhibits
the central nervous system. As a result of adenosine
binding to its receptors, it prevents the release of
some neurotransmitters, which ultimately produces an
anticonvulsant with a sedative effect [1]. Due to the similarity
of the molecular shape of CAF to adenosine, adenosine
receptors bind to CAF molecules and reduce the effect of
adenosine on its receptors, thereby preventing sleepiness
caused by adenosine [2]. In addition to stimulating the central
nervous system, it boosts mental function and concentration
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and relieves fatigue. Also exerts positive effects on the body
and contributes to the prevention of several diseases [3]. The
European Committee of Experts on Food Science has
recommended a daily CAF intake of less than 400 mg for
adults [4]. Excessive consumption of caffeine can provoke
health disorders, such as irregular heartbeat, upset stomach,
trembling hands, restlessness, diminished memory, asthma,
and sleeping difficulty [5].

Therefore, it is necessary to determine the CAF content
in beverages and other related sources. Different methods
have been developed for the determination of CAF such as
fluorescence [6,7], high-performance liquid chromatography
[8,9], ultra-performance liquid chromatography (UPLC) with
UV detection (HPLC) [10], capillary electrophoresis (CE)
[11], gas chromatography with flame ionization detection
(GC-FID) [12], thin layer chromatography [13]. Also, there
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are various studies in the field of spectrophotometric
monitoring of the kinetics of caffeine that reacts with oxidant
[13-15].
consuming, complicated, and costly. Instead, electrochemical

agents In general, these methods are time-
methods can be used for the determination of CAF and have
advantages such as fast, high sensitivity, good stability, and
repeatability, requiring few sample preparations and being
relatively inexpensive [16-18].

Some factors such as the electrode and its surface play an
important role in increasing the efficiency of the
electrochemical method [19-21]. Different materials can be
used to develop electrochemical sensors, these include ionic
liquids, macrocycle metal

compounds (cyclodextrin),

complexes (phthalocyanines and porphyrins), carbon
materials (graphene and nanotube), and metal nanoparticles
[22-24]. According to the studies conducted in the
construction of sensors, the use of carbon materials together
with organic compounds creates a synergistic effect between
the materials, which leads to the production of very sensitive
sensing platforms for the detection of the desired analyte. In
these cases, the organic materials with redox activity interact
with the analyte and the carbon materials accelerate the
electron transfer [25]. In most reported works in this field, the
carbon nanomaterial and the organic compound were mixed
simply at the surface or bulk of the electrode [26,27]. Rarely,
the carbon nanomaterial has been functionalized by the
organic compound and then has been used in the modified
electrodes [28]. Among carbon nanomaterials, graphene
oxide has received much attention due to its properties such
as mechanical strength, and thermal and electrical
conductivity, as well as having carboxyl, hydroxy, and epoxy
that the

functionalization of molecules [29]. Different methods can

groups provide a favorable substrate for
be used to change the physical and chemical properties of
carbon nanomaterials including functionalizing their side
chain with appropriate functional groups. This process is due
to the formation of covalent bonds or physical surface
absorption [30-32]. Among these methods, the most
preferred method is physical surface absorption, because this
method does not change the primary structure of the the
carbon nanomaterials [30].

Sodium  1,2-dihydroxytetraquinone-3-sulfonic  acid
(alizarin red S) (ARS), is known as a complexing agent

involved in the photometric determination of small amounts
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of analyts [33]. Also as an electroactive species and a surface
active compound, it can be reversibly reduced to
anthrahydroquinone. Therefore, this organic compound is an
appropriate choice for electrocatalytic electrochemical
sensors [34,35]. The electrochemical properties of ARS
can be improved by the simultaneous use of ARS and
carbon nanotubes in modified electrodes [36]. But the
functionalizing of graphene oxide by ARS or other types of
interaction of ARS with carbon nanomaterials was not
studied completely yet. According to some research, the
carbon nanotubes can be functionalized with ARS through
Non-covalent interactions [37].

In this paper, we report an electrochemical sensor for
CAF. This sensor work based on the synergistic effect of
graphene and ARS. The graphene was functionalized by ARS
with a simple physical surface absorption process. We
investigate the electrocatalytic oxidation of caffeine with a
mixture of ARS and RGO on the designed glassy carbon
electrode. To the best of our knowledge, determination of
CAF using ARS/RGO composite modified electrode has not

been reported.
MATERIALS AND METHODS

Reagents and Apparatus

Alizarin Red S, sodium hydroxide, phosphoric acid
(85%), sulfuric acid (98%), glutamic acid, tryptophan,
glycine, cysteine, alumina powder, graphite powder, nitric
acid, acetic acid, hydrogen peroxide (30%), potassium
permanganate (99%) and hydrogen chloride (37%) from
Merck (Darmstadt, Germany), potassium chloride (99.5%),
caffeine (99%) and glucose (99.5%) were obtained from
Sigma-Aldrich  (Steinheim, Germany). No additional
purification was done on the material.

Electrochemical measurements were carried out using
Ivium's potentiostat-galvanostat device (model IviumStat,h,
the Netherlands) and equipped with an electrochemical cell
containing three electrodes. The electrodes include the
the
Ag/AgCl/sat.KCl electrode as the reference electrode and

platinum wire electrode as counter electrode,
glassy carbon electrode (A = 0.0314 cm?, Azar Electrode,
Urmia, Iran) as the working electrode. The pH measurement
was made by a Metrohm pH meter, model 691. All solutions

were freshly prepared with double distilled water. The RGO
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used in this study was synthesized based on our previously
reported method [38].

Preparation of Modified Electrode

The alizarin red S/graphene oxide composite was made
by mixing solutions of them with different concentrations
and different solvents. In optimum conditions, a 1.0 mg ml"!
solution of graphene oxide and 0.1 mg ml"! solution of ARS
were combined, and then the resulting mixture was stirred for
2 h at room temperature. This mixture was used as a modifier
for the following step.

To prepare the modified glassy carbon electrode, first, the
surface of the electrode was polished with alumina slurry on
a cloth with a diagonal texture. Then, to remove alumina
particles from the electrode, its surface was washed twice
with distilled water. After washing the electrode surface, the
electrode was immersed in 1.0 M sulfuric acid solution for
1 min. Then it was washed again with distilled water and
allowed to dry. After that, 0.2 pl of modifier (i.e. ARS/RGO)
solution was applied dropwise on the electrode surface. Then
the electrode was dried for 30 min at room temperature. The
resulting electrode was called ARS/RGO-GCE.

Preparation of Real Sample

Samples of commercially available black tea, coffee, and
chocolate milk were purchased from a local supermarket and
analyzed shortly after opening. Solid samples (black tea and
coffee) taken from five packages of the same brand were
previously mixed in a mortar. An accurately weighed portion
of coffee powder was dispersed in 25 ml of water/ethanol
mixture (50:50 v/v) and then left in an ultrasonic bath for
30 min. For the black tea sample, an accurately weighed
portion was infused in boiled water for about 15 min. In the
case of the chocolate milk sample, the content of three bottles
was mixed thoroughly, and sonicated to remove CO». Finally,
a suitable volume of the resulting solutions of each sample
was transferred to a voltammetric cell and reached the desired
volume by phosphate buffer solution, pH 4.0, and then
analyzed.

RESULTS AND DISCUSSION

Characterization of the Modifier
The synthesized graphene oxide was examined by
scanning electron microscope and the resulting image is
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SEM HV: 15.0 kV | WD: 6.97 mm
SEM MAG: 75.0 kx | Det: InBeam SE | 500 nm
View field: 2.77 pm iDate(mIdly): 06/13/17

Fig. 1. SEM image of synthesized graphene oxide

nanosheets.

shown in Fig. 1. According to the image, the graphene oxide
sheets are like thin paper with smooth surfaces, along with
wrinkles.

The modifier (alizarin red S/graphene oxide composite or
ARS/RGO) has been characterized by FT-IR (Fig. 2). In this
figure, part (a), (b) and (c) respectively show the FTIR
spectrums of RGO, ARS and ARS/RGO. In the case of RGO
(Fig. 2a, there is a stretching C-O band at 1222 ¢cm’!, a broad
COOH band at 2500-3500 cm™!, a stretching OH band at
3300-3500 cm and a stretching C=0O band at 1690-
1720 cm!, which indicates the correct structure of graphene
oxide [39]. In the FT-IR spectrum of ARS in Fig. 2b, the
1184 cm™ band represents the C-C band, 1261 the cm™! band
represents the C-O band, the 1486 cm’' band, and the
1587 cm™! band represent C=C stretching, the 1632 cm™! band
represents the C=0 band and the 3391 cm™! band represents
the stretching OH [40]. In part (c), which shows the FT-IR
spectrum of ARS/RGO, the characterizations of the FT-IR
spectrum of both RGO and ARS can be seen. When alizarin
molecules are attached to the graphene surface, characteristic
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Fig. 2. FT-IR spectrum of (a) synthesized RGO (b) ARS (c) ARS/RGO.

peaks corresponding to the functional groups of alizarin can
be observed in the FTIR spectrum. Therefore, the ARS/RGO
was synthesized successfully and graphene oxide was
functionalized by ARS.

Electrochemical Behavior of ARS/RGO-GCE

To investigate the electrochemical behavior of the
modified electrode, ARS/RGO-GCE, first the electrode was
placed in a 0.1 M phosphate buffer solution with a pH of 4.0,
and then its electrochemical behavior was determined using
the cyclic voltammetry method. The anodic peak potential is
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0.68 V and the cathodic peak potential is 0.59 V (Fig. 3, curve
(c)). The peak separation (AE,) for this system is about
0.09 V, which indicates the quasi-reversible behavior of the
ARS/RGO on the glassy carbon electrode surface. The cyclic
voltammograms of RGO-GCE and ARS-GCE were also
recorded (Fig. 3 curves (a) and (b), respectively). As can be
seen, the ARS has no suitable cyclic voltammetry response
and just a broad anodic irreversible peak was obtained at the
conditions. Therefore, the combination of ARS and RGO in
ARS/RGO can enhance the electrochemical behavior of
ARS. The improved electron transfer from the RGO sheets to
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Fig. 3. Cyclic voltammograms of (a) RGO-GCE, (b) ARS-
GCE, and (c) ARS/RGO-GCE (RGO = 1.0 mg ml"! and ARS
=0.1 mg ml") in 0.1 M phosphate buffer solution with pH =
4.0; potential scan rate is 50.0 mV s\,

their linked ARS is responsible for the electrochemical
behavior of ARS/RGO-GCE.

Figure 4a shows the influence of potential scan rate on
the cyclic voltammetry responses of the ARS/RGO-GCE in
0.1 M phosphate buffer solution with pH = 4.0. The anodic
and also cathodic peak currents were linearly proportional to
the scan rate in the range from 15.0 to 1000.0 mV s’
(Fig. 4b), and it shows that the oxidation/reduction process of
ARS/RGO on the electrode surface is a surface-dependent
process, in other words, the existence of a linear relationship
indicates the stabilization of the modifier on the surface of
the glassy carbon electrode and the process is not under
diffusion control [41]. By the slope of those curves and the
Sharp equation and assuming that the electrochemical
process is two-electron and the surface area of the electrode
is 0.0314 cm?, the amount of surface coverage is calculated
asI'=2.3 x 10" mol cm? [41].

The separation of anodic and cathodic peak potentials to
the scan rate of 175 mV s is low; therefore the ARS/RGO
has high kinetic charge transfer below this scan rate (Fig. 4¢).
Figure 4d shows the plot of the anodic and cathodic peak
potentials of ARS/RGO-GCE versus the logarithm of the
potential scan rate at scan rates above 175 mV s™!. By the
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Fig. 4. (a) Cyclic voltammograms of ARS/RGO-GCE in
0.1 M phosphate buffer solution (pH = 4.0) for different scan
rates from inner to outer: 15, 25, 50, 75, 100, 125, 150, 200,
250, 300, 400, 500, 750 and 1000 mV s'; (b) variations of
cathodic and anodic peak current vs. potential scan rate; (c)
anodic and cathodic peak potential vs. the logarithm of
potential scan rate (d) anodic and cathodic peak potential
versus the logarithm of the scan rate for above 175 mV s\

slope of these plots and considering n, = 1, the value of
oxidation and reduction transfer coefficients of ARS/RGO-
GCE was calculated as 0.6 and 0.4, respectively. Also,
according to the theory of Laviron, the average value of the
apparent transfer rate constant was calculated as 2.64 s [42].

Electrocatalysis of Caffeine on the ARS/RGO-GCE

The oxidation of CAF was studied at the surface of
different modified electrodes in a 0.1 M phosphate buffer
solution (pH 4.0) containing 100.0 uM CAF. The obtained
cyclic voltammograms at the bare GCE (curve a), RGO-GCE
(curve b), ARS-GCE (curve c), and ARS/RGO-GCE
(curve d) are shown in Fig. 5. Any anodic or cathodic peak
was not observed at the bare GCE (curve a). At the RGO-
GCE there was a little increase in background current and the
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Fig. 5. Cyclic voltammograms of 100.0 uM CAF at the bare GCE (curve a), RGO-GCE (curve b), ARS-GCE (curve c)
and ARS/RGO-GCE (curve d) in a 0.1 M phosphate buffer solution (pH 4.0), scan rate is 50 mV s’'; parts (A) and (B) are

same but part (B) is magnificated.

CAF was not oxidized similar to bare GCE (curves a and b).
By modifying the electrode with ARS, the CAF can be
oxidized at ARS-GCE and the anodic peak current of ARS
was increased (curve c). But the best oxidation of CAF
occurred at the modified electrode with ARS/RGO which a
high anodic current, i.e. 16 pA, was obtained (curve d). The
presence of ARS on the RGO nanosheets, besides the
increasing the surface area of the electrode and more
availability of the ARS, causes better electron transfer from
RGO to ARS and. Therefore the CAF can be oxidized better
by the oxidized form of ARS through EC" mechanism. This
mechanism is shown in Fig. 6. As can be seen, the ARS first
oxidized at the electrode surface and then oxidized forms of
ARS oxidize the CAF and convert to the initial form.

Effect of pH on Electrocatalytic Oxidation of
Caffeine

The peak potential and peak current of CAF are related to
the pH of the electrolyte solution. The effect of pH on the
electrochemical response of CAF at the ARS/RGO-GCE
surface was investigated in a phosphate buffer solution with
different pHs in the range of 2.0 to 10.0. The obtained results
(Fig. 7a) show that with the increasing pH, the anodic peak
has moved towards more negative potentials. Figure 7b
indicated a linear relation between potential and pH with a
slope of approximately 0.059. According to the Nernst
equation, it indicates the equal exchange of electrons and
protons in this system. In part (c), the anodic peak currents
were plotted versus pH; the maximum current was obtained
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Fig. 6. Electrochemical oxidation mechanism of CAF on
ARS/RGO-GCE via EC” mechanism.

at the pH of 4.0. Therefore, pH = 4.0 was chosen as the
optimum pH in the following experiments.

Effect of Potential Scan Rate on Electrocatalytic
Oxidation of Caffeine

Figure 8 shows the influence of potential scan rate on
the CV responses of the ARS/RGO-GCE in the presence
of 100 pM caffeine. With increasing the square root of
the potential scan rate, the current of the anodic peak
also increases linearly (Fig. 8a). It can be understood
that the oxidation process of caffeine on the surface of the
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Fig. 7. (a) Cyclic voltammograms of the ARS/RGO-GCE in the presence of 100.0 uM caffeine with different pH in 0.1 M
phosphate buffer solution (a—i): 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0; scan rate is 50 mV s™. Insets: plots of (b) E*
versus pH and (c) anodic peak current versus pH.
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Fig. 8. Cyclic voltammograms of ARS/RGO-GCE in the presence of 100 M caffeine at different scan rates. Cycles 1-15
correspond to 15, 25, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500, 750 and 1000 mV s, respectively. insets: (a) the i,
versus v'? (b) the Tafel curve (potential curve against the logarithm of the current intensity) of the Tafel region at the
potential sweep rate 25 mV s,
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ARS/RGO-GCE is under diffusion control [25].

Figure 8b is the tafel curve that was drawn to obtain the
value of the oxidative transfer coefficient. In this diagram,
the Tafel region was used in the scanning speed of potential
0.25 s mV. Using the slope of the Tafel region and assuming
that the number of electrons participating in the rate-
determining step is 1.0, the value of the transfer coefficient
in the oxidation of CAF at ARS/RGO-GCE was obtained
0.27.

Calibration Plot of Caffeine at the ARS/RGO-GCE
Because of the advantages of the differential pulse
voltammetry (DPV) method in the quantitative analysis [43],
this method was used for obtaining the calibration plot of
CAF. In part (a) of Fig. 9, DPV voltammograms of
ARS/RGO-GCE in 0.1 M solution of phosphate buffer with
pH = 4.0 containing different concentrations of caffeine are
displayed. In part (b) of this figure, the plot of peak current is
drawn with respect to the concentrations of CAF. This graph
is linear in the range of 1.0-100.0 uM of CAF concentration.
By the slope of the calibration plot which is equal to 0.134

and the standard deviation of the blank solution (s, =

0.001 uM), the detection limit of this electrochemical sensor
for CAF was calculated as 0.022 uM.

Repeatability, Reproducibility, and Interference
Studies

The repeatability and reproducibility are two important
factors of a sensor for good analysis. For determining

the repeatability of the sensor, the differential pulse

voltammograms of ARS/RGO-GCE were recorded three
times in 0.1 M phosphate buffer solution with pH = 4.0
containing the same concentration of CAf (100.0 pM). The
value of RSD for these measurements was obtained as %1.2.
The interday and intraday measurements also were
investigated. The RSD at 20, 50, and 100 uM of CAF were
obtained as 2.3%, 2.1%, and 2.0% within a day (intraday
precision, n = 3) and were found as 3.1%, 2.8%, and 2.5%
within 5 days (interday precision, n = 3) confirmed the sensor
had good repeatability [44].

To check the reproducibility of the sensor, the
ARS/RGO-GCE was prepared independently three times,
and each time the differential pulse voltammograms were
recorded in 0.1 M phosphate buffer solution with pH = 4.0
and a certain amount of CAF (100.0 uM); the value of
%1.84.
Therefore, the repeatability and reproducibility of the
proposed sensor are really excellent.

relative standard deviation was calculated as

The effect of some interference species on the current
response of oxidation of CAF was investigated. For this
purpose, of CAF with a
concentration of 80.0 pM were recorded in the presence and

the DPV voltammograms

absence of different concentrations of interfering species.
The maximum concentration of species relative to CAF
concentration that cannot disturb the CAF oxidation current
more than 5% are obtained as glutamic acid (10 times),
tryptophan (20 times), glycine (25
(30 times), and glucose (100 times).

times), cysteine

Analysis of Real Samples
ARS/RGO-GCE can be used as an electrochemical sensor
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Fig. 9. (a) Differential pulse voltammograms of ARS/RGO-GCE in different concentrations of CAF (in order from bottom
to top): 1.0, 10.0, 20. 0, 40.0, 60.0, 80.0, and 100.0 pM; (b) the plot of I, versus CAF concentration.
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Table 1. Analysis of CAF in some Real Samples by ARS/RGO-GCE and DPV Method (n = 3)

No.  Sample CAF 1n(:l111vel)sample Add(eﬂngF Obt?ﬁ:gncﬁ;)(;l M) Recovery percentage  Student ’s t-test
1 Chocolate 3.7 26.3 30.7+£0.9 102.66 1.35
2 milk 3.7 46.3 50.3£1.5 100.64 0.35
3 Black tea 17.5 12.5 29.5+£1.0 99.2 0.87
4 17.5 32.5 49.9+2.1 99.69 0.08
5 Coffee 20.02 9.98 302+1.2 102 0.29
6 powder 20.02 29.98 50.5+1.9 101.6 0.46
to measure CAF concentration in different real samples. To ~ACKNOWLEDGMENTS

investigate this ability, samples of black tea, coffee, and
chocolate milk were used as real samples. A certain amount
of these samples were added to 0.1 M phosphate buffer
solution with pH = 4.0 and then a different amount of CAF
was added to the samples. The solutions were analyzed by
DPV at ARS/RGO-GCE. The results were calculated by
standard addition method (each concentration was repeated
three times) and the recovery percent was calculated. Table 1
shows the results. The results of the Student’s t-test in various
concentrations confirmed that no significant systematic error
existed in our analysis based on a comparison of the obtained
t value (last right column on Table 1) and critical ¢ value (4.30
for three replicate measurements) [45].

CONCLUSIONS

In this research, a new sensing platform was developed
based on ARS/RGO-GCE for the determination of CAF. The
proposed sensor showed good electrocatalytic activity
against CAF oxidation. The presence of RGO improved the
properties of the electrochemical sensor due to unique
properties such as high electron mobility, excellent electrical
conductivity, and high surface arca. ARS is also an
electrochemically active species and was used in various
types of electrochemical systems as an electron transfer
mediator. But, in this work, instead of a simple combination
of ARS and RGO, there was an interaction between them,
and a composite of ARS/RGO was prepared and used in the
construction of the electrode. The ARS/RGO obviously
promoted the sensitivity of the oxidation of CAF. Also, a low
detection limit (0.022 uM) was obtained by the modified
electrode.
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