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Abstract- In this study, cytosine (CT) modified glassy carbon (GC) electrode was used to
investigate the detectability of caffeine (CAF) found in foods such as tea, coffee and soft drinks.
Using the cyclic voltammetry (CV) technique, 1 mM CT was prepared in pH 7.2 phosphate
buffer solution (PBS) and modified at a scanning rate of 100 mV s in the potential range of
1.0 V to 2.1 V. CT/GC electrode was characterized by CV, scanning electron microscope
(SEM) and electrochemical impedance spectroscopy (EIS) techniques. 1 mM CAF solutions
were prepared in different supporting electrolytes such as H.SO., HCl, HNOs, and CH;COOH
within the potential range of +0.5 V to +1.7 V using square wave voltammetry (SWV)
technique. Effect of the supporting electrolyte concentrations were investigated. CAF solutions
in the concentration ranges of 0.75 to 0.05 mM and 0.025 to 0.0025 mM were prepared in 100
mM H:SOs supporting electrolyte and calibration graphs were drawn. Line equations were
created using the values read from the drawn graphs. Correlation coefficient (R?) values were
calculated as 0.9947 and 0.9961, respectively. Using the calibration curves, limit of detection
(LOD) and limit of quantification (LOQ) were found as 0.93 uM and 2.79 pM.
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1. INTRODUCTION

Caffeine (CAF), also known as 1,3,7-trimethylxanthine with the chemical formula
CsH10N4O2, is a plant-derived purine alkaloid. Its other name is 3,7-dihydro-1,3,7-trimethyl-
H-purine-2,6-dione, and it is also referred to as mateine or guaranine [1]. The chemical
structure of CAF is shown in Figure 1. CAF is produced by plants as a means of self-defense
and is generally found in seeds; it is known for its psychoactive stimulant and diuretic effects
[2]. CAF, which is crystalline, has a bitter taste and is known for its white color, and it is found
in various medications [3]. Additionally, tea, coffee, energy drinks, some drugs, some soft
drinks and cocoa are known as primary sources of CAF, and it naturally occurs in the fruits,
leaves, and seeds of more than 63 plant species worldwide, including Yaupon Holly, guarana,
and yerba mate. According to research conducted by the U.S. Food and Drug Administration,
the maximum amount of CAF in beverages is typically below 200 mg/L, and the lethal dose is
reported to be only 10 g of CAF (approximately 170 mg/kg body weight) per person [4].

CAF, in moderate doses (200-300 mg), elevates mood, improves psychomotor
performance, and enhances intellectual performance and electroencephalographic stimulation.
However, at higher doses, symptoms such as increased anxiety, headaches, tremors, irritability,
insomnia, and nausea may be observed [5]. When daily CAF intake is excessive, it is known
to lead to side effects such as anxiety, increased blood pressure, and cardiovascular diseases,
as well as health issues like heart failure, hypertension, and arrhythmias [6-8].

Considering the physiological effects of CAF on metabolism, it is important to determine
the amount of CAF in beverages and foods using a more sensitive, simple, rapid, and cost-
effective analytical method. Therefore, numerous analyses have been conducted aimed at
developing reliable methods for CAF determination. These methods include
spectrophotometry, high-performance liquid chromatography [9], UV-Vis spectrophotometry
[10], capillary electrophoresis [11], Fourier-transform infrared spectroscopy [12], near-infrared
spectroscopy [13], fluorescence polarization immunoassays [14], and voltammetry [15,16].
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Figure 1. Chemical structure of CAF

Electrochemical sensors have become significant in environmental, biological, and medical
analyses due to their simplicity, sensitivity, and cost-effectiveness. In this study; (1)
Modification of CT by GC electrode, (11) Characterization of CT/GC electrode surface with
CV, EIS and SEM, (lll) Effect of scan rate at CT/GC electrode, (IV) Optimization of the
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supporting electrolyte, (V) Effect of the supporting electrolyte concentrations and (VI)
Standard calibration curve for CAF were investigated.

2. EXPERIMENTAL SECTION
2.1. Equipment and chemicals

For electrochemical measurements, a Reference 600+ potentiostat/galvanostat/ZRE from
Gamry Instruments (USA) electrochemical analyzer was used. The cell system employed a
BAS model C3 cell stand. The working electrode was a GC electrode (0.071 cm?) (BAS Model
MF-2012, USA). The reference electrode was Ag/Ag™ electrode (BASi, MF-2056, USA) for
non-aqueous media and Ag/AgCl 3M KCI electrode (BASIi MF-2056, USA) for aqueous
media. A platinum electrode (BASi MW-1032, USA) was used as the counter electrode. The
calibration of the reference electrodes was carried out using the half-wave potentials (E..) of
ferrocene for non-aqueous and Fe(CN)s*~ for aqueous medias. The chemicals used were
purchased from Sigma-Aldrich and Riedel, ensuring they were of high purity by preparing their
solutions. For the preparation of aqueous solutions, as well as for cleaning glassware and
electrodes, 18.2 MQ cm ultra-pure water (MP MINIPURE Purification System, DEST UP,
USA) was used.

2.2. Preparation of the working electrode

GC electrode used as the working electrode in this study was subjected to a cleaning and
polishing procedure prior to use. Initially, GC electrode surface was gently rubbed with circular
motions on slightly moistened sandpaper (4000 grit) without applying excessive pressure. It
was then polished with alumina suspensions of 1.0, 0.3, and 0.05 pm sizes by rubbing in
circular motions on a polishing cloth (Buehler, USA). Subsequently, the electrode was
sonicated in an ultrasonic bath, first in water and then in a 1:1 mixture of isopropyl
alcohol/acetonitrile (CH3CN) for 10 minutes [17].

3. RESULTS AND DISCUSSION
3.1. Modification of CT by GC electrode

In electroanalytical studies, modifying electrode surfaces either as a single or multilayer is
a commonly used method to obtain new surfaces that are selective and specific to different
species. In this study, similar modification pathways were followed by using CT as a modifier
for GC electrode surface, and thus the determination of CAF using the single-layer CT
modified electrode surface was investigated.

The modification of GC electrode surface was executed using a 1 mM CT solution prepared
in PBS 7.2, with an Ag/AgCl 3M KClI electrode, applying a potential range of 1.0 V to 2.1 V
for 10 cycles. Although the modification was observed starting from the second cycle, the
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procedure was continued for 10 cycles to ensure complete coverage of the electrode surface
with no pinholes.

400 LA 1%t cycle

T T
1,0 1,2 1,4 1,6 1,8 2,0
E(V) vs Ag/AgClI

Figure 2. CT modification voltammogram on bare GC electrode surface at potential range
+1.0 V and +2.1 V using 100 mV s scanning rate for 10 cycles

It is understood from the modification voltammogram given in Figure 2 that the
modification processes using the amine oxidation method were successfully applied due to the
—NH: functional groups found in the CT structure. As seen in the modification voltammogram,
a 10-cycle process was sufficient to ensure the electrode surface was totally covered by CT
without any small gaps known as pinholes. Since no polymerization was observed in the
voltammogram, CT was evaluated as being modified onto GC electrode surface in a single
layer. The obtained voltammogram is presented in Figure 2.

3.2. Characterization of CT/GC electrode surface with CV, EIS and SEM

One of the most important stages in electroanalytical studies is the ability to perform surface
characterization processes in a way that supports modification processes. For this purpose,
various techniques such as electrochemical, spectroscopic, microscopic, etc., can be employed.
In this study, both electrochemical and microscopic techniques were used for surface
characterization. The electrochemical characterization processes utilized voltammetry in a non-
aqueous media with a ferrocene redox probe and in an aqueous media with a ferri-cyanide
redox probe. When examining the voltammograms obtained from both characterization
processes, it was observed GC electrode surface was fully covered by the CT, preventing
electron transfer. Additionally, the EIS technique, using a ferri/ferrocyanide redox probe in an
aqueous media, further supported the voltammetric surface characterization processes. Here, it
was also observed that the CT/GC electrode surface did not facilitate electron transfer when
compared to bare GC electrode surface, thus transforming into an electroactive surface that
supports voltammetric surface characterization studies.
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Figure 3. Overlaying cyclic voltammograms for A) CT/GC and bare GC electrode surface in
1 mM ferrocene redox probe solution vs. Ag/Ag” (10 mM) at potential range +0.1 V and +0.6
V using 100 mV s™! scanning rate; B) CT/GC and bare GC electrode surface in 1 mM Fe(CN)g>
redox probe solution vs. Ag/AgCl/3 M KCl reference electrode at potential range +0.6 V and
+0.1 V using 100 mV s! scanning rate

In the voltammetric surface characterization processes, a solution of 1 mM ferrocene was
prepared in a 100 mM NBusBF4 supporting electrolyte solution dissolved in CH3CN for the
non-aqueous media, which contains Fez* ions. In contrast, a solution of 1 mM Fe(CN)¢3 was
prepared in a 100 mM H,SO, supporting electrolyte solution for the aqueous media, which
contains Fe3* ions. This setup allows the observation of oxidation events in the non-aqueous
media through anodic scanning and reduction events in the aqueous media through cathodic
scanning. The results were compared with those from bare GC electrode surface, providing
insights into the status of the molecule on the electrode surface.
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Figure 4. Nyquist plots of CT/GC and bare GC electrode surface at frequency range 100.000—
0.05 Hz and 10 mV wave amplitude

In Figure 3A, the voltammogram obtained using the ferrocene redox probe in the non-
aqueous media showed oxidation and reduction peaks on the bare GC surface, while these
peaks were absent on the CT modified GC electrode surface. A similar situation was observed
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when using the ferricyanide redox probe in the aqueous media, as shown in Figure 3B. Here,
the bare GC electrode surface displays reduction peaks followed by oxidation peaks, whereas
the cytosine-modified GC electrode surface shows no peaks. This observation in both the non-
aqueous and aqueous mediums indicates the electrode surface was coated with CT and that the
surface was electro-inactive.

Another characterization process that supports the voltammetric surface characterization
studies is the one performed using the EIS technique. In this case, a redox probe solution
consisting of a | mM Fe(CN)s>"* redox probe mixture was prepared in a 100 mM KClI solution.
Since the EIS technique is applied by applying a low potential during the process, it does not
damage the surface. Figure 4 showed the Nyquist plots obtained for both bare GC electrode
and CT/GC electrode surface.

When examining the Nyquist plots in the graph, it was observed that there was almost no
resistance to electron transfer on bare GC electrode surface, while there was a resistance of
approximately 50 kohms on CT/GC electrode. According to the results of the voltammetric
surface characterization processes, this was an expected outcome, and the EIS technique also
confirmed that bare GC electrode surface was electroactive, whereas CT/GC electrode surface
was electro-inactive.

One of the commonly used methods for analyzing electrode surfaces is the use of
microscopic techniques. Additionally electrochemical surface characterization process,
characterization was performed using the SEM technique. As shown in Figure 5, the
morphological differences between bare GC electrode surface and the CT modified GC
electrode surface demonstrated, similar to the electrochemical techniques, that GC electrode
surface was completely covered by CT molecule and that a new surface was obtained.

Figure 5. SEM morphologies of A) Bare GC and B) CT/GC electrode surface

3.3. Effect of scan rate at CT/GC electrode

In most electroanalytical studies, it is desired for the modifier or the species to be
determined to reach the electrode surface through diffusion control. With this aim, a scan rate
study can be conducted. The evaluation of the voltammograms obtained from these studies,
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based on the Randles-Sevcik equation, shows that a plot of the peak current against the square
root of the scan rate is linear, and the slope of the plot of the logarithm of the peak current
against the logarithm of the scan rate is approximately 0.5. This indicates that the species
present in the solution reaches the electrode surface under diffusion control. This situation was
demonstrated in Figure 6 through both voltammograms and graphs.
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E(V) vs Ag/AgCI

C) 26

25

y=0,5193x + 1,4263

y =30,078x - 8,6843 2,2 R?=0,9989

R?=0,9986

(v)* log v
Figure 6. A) LS voltammograms obtained on bare GC electrode surface in PBS (pH 7,2)
including 1 mM CT in the potential range of +1.0 and +2.1 V at scan rates (a) 25, (b) 50, (c)
75, (d) 100, (e) 125, () 150, (g) 175 mV s !; B) Plot of peak current versus square root of scan
rate; C) Relation between log scan rate and log peak current
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Figure 7. SW voltammograms taken on CT/GC electrode surface using different supporting
electrolyte containing 1 mM CAF in the potential range between +0.5 and +1.8 V
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3.4. Selection of the optimum supporting electrolyte

After characterizing CT/GC electrode, 1 mM CAF solutions were prepared in different
supporting electrolytes. SW voltammograms were obtained for 1 mM CAF prepared separately
in H2SOs4, HCIL, HNOs, and CH:COOH within the potential range of +0.5 V to +1.8 V, and the
results were overlayed using SWV technique. Upon examining the SW voltammograms in
Figure 7, it was determined H2SOs provided the highest peak current.

3.5. Effect of the supporting electrolyte concentrations

The selection of pH is important for the determination of different species. In this study,
100, 10, 1, and 0.1 mM solutions of H2SOs, selected as supporting electrolyte, were prepared,
and SW voltammograms were carried out the potential range between 0.5 V and 1.7 V and
overlayed in Figure 8.

0,6 0,8 1,IO 1:2 1,4 1,6
E(V) vs Ag/AgCl
Figure 8. SW voltammograms taken on CT/GC electrode surface at different concentrations
of H2SO4 including 1 mM CAF in the potential range of +0.5 and +1.7 V

3.6. Standard calibration curve for CAF

After selecting 100 mM H2SO. as the supporting electrolyte, CAF solutions were prepared
in different concentrations. The SW voltammograms for CAF determined on CT/GC electrode
surface were demonstrated in Figure 9A for the concentration range of 0.75 to 0.05 mM and in
Figure 9C for the range of 0.025 to 0.0025 mM, respectively. Upon examining the calibration
plots drawn from the voltammograms, linear relationships were observed with R? of 0.9947
and 0.9961, respectively (Figures 9B, 9D), and the following equations were obtained:

lpa (LA) = 73.038 MM x [CAF] + 5.2767 R? = 0.9947
lpa (LA) = 191.36 MM x [CAF] + 0.9084 R = 0.9961

To calculate the limit of detection (LOD) and the limit of quantification (LOQ), based on
the calculations, LOD was found to be 0.93 uM and LOQ was determined to be 2.79 uM.
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Figure 9. A) SW voltammograms for different concentration of CAF in 100 mM H2SO4 at
CT/GC electrode (a) 0.75, b) 0.5, c) 0.25, d) 0.1, e) 0.075, f) 0.05 mM); B) Graph of peak
current vs CAF concentration; C) SW voltammograms for different concentration of CAF in
100 mM H2SO4 at CT/GC electrode (g) 0.025, h) 0.01, i) 0.0075, j) 0.005, k) 0.0025 mM); D)
Graph of peak current vs CAF concentration

3.7. Reaction mechanism

In the reaction mechanism given in Figure 10, firstly, the modification of CT with CV
technique using the amine oxidation method on the GC electrode surface is seen. Then, CAF
molecules were determined on the CT modified GC electrode surface. CAF molecules are
adsorbed on the CT/GCE surface.

adsorption

modification

cytosine (C-N-C bond)

CT/GCE-CAF

Figure 10. The reaction mechanism involving the modification of CT on the GC electrode
surface and the adsorption of CAF

3.8. Investigation of interference effect

The suitability of the analytical method for CAF samples was assessed by evaluating its
robustness through the introduction of a 10-fold concentration of various species, including



Anal. Bioanal. Electrochem., Vol. 16, No. 12, 2024, 1098-1108 1107

ascorbic acid, dopamine, uric acid, K*, Na*, Ca?*, Mg?*, POx", NOs", and CI', into the supporting
electrolyte (H2SO4) containing 100 uM CAF. Upon examination of the results, no significant
change in peak current was observed upon the addition of these interfering substances to the
analyte solution. The introduction of these interfering agents did not cause any detectable
alteration in the peak current.

4. CONCLUSION

In this research, the electrochemical detectability of CAF was examined using the CT/GC
electrode. After modification and characterization, CT/GC electrode was utilized for the
determination of CAF for the first time after determining the optimum conditions. 0.75 —
0.0025 mM linear range and based on the calculations, the LOD was found to be 0.93 pM and
the LOQ was determined to be 2.79 uM. Our ongoing studies using this sensor electrode aim
to determine the amount of CAF in different samples.
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