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Abstract: We report here a novel electrochemical sensor developed using fluorine-doped graphene
oxide (F-GO) for the detection of caffeic acid (CA). The synthesized graphene oxide (GO) and F-GO
nanomaterials were systematically characterized with a scanning electron microscope (SEM), and the
presence of semi-ionic bonds was confirmed in the F-GO using X-ray photoelectron spectroscopy.
The electrochemical behaviours of bare glassy carbon electrode (GCE), F-GO/GCE, and GO/GCE
toward the oxidation of CA were studied using cyclic voltammetry (CV), and the results obtained from
the CV investigation revealed that F-GO/GCE exhibited the highest electrochemically active surface
area and electrocatalytic activity in contrast to the other electrodes. Differential pulse voltammetry
(DPV) was employed for the analytical quantitation of CA, and the F-GO/GCE produced a stable
oxidation signal over the selected CA concentration range (0.5 to 100.0 uM) with a low limit of
detection of 0.018 uM. Furthermore, the acquired results from the selectivity studies revealed a
strong anti-interference capability of the F-GO/GCE in the presence of other hydroxycinnamic
acids and ascorbic acid. Moreover, the F-GO/GCE offered a good sensitivity, long-term stability,
and an excellent reproducibility. The practical application of the electrochemical F-GO sensor was
verified using various brands of commercially available wine. The developed electrochemical sensor
successfully displayed its ability to directly detect CA in wine samples without pretreatment, making
it a promising candidate for food and beverage quality control.

Keywords: fluorinated graphene oxide; caffeic acid; beverage quality control; differential pulse
voltammetry; electrochemical sensor

1. Introduction

Caffeic acid (3,4-dihydroxycinnamic acid) is an important compound in the classification of
phenolic acids, which exists in certain vegetables (e.g., cabbage, cauliflower, and kale) and fruits (e.g.,
strawberries, grapes, and apples). It serves as an antioxidant, anti-inflammatory, antibacterial, and
immune-modulating agent [1-4]. The molecular structure of CA is comprised of two hydroxyl groups
adjacent to an aromatic ring, which provocatively contributes to its distinctive antioxidative nature [5,6].
Copious amounts of CA derivatives are present in wine and are accountable for maintaining colour,
thus protecting the alcoholic beverage from oxidative deterioration [7,8]. Fascinatingly, scientific
studies have reported that CA functions as an antitumour agent and may have the ability to lower the
impacts of diabetes and cancer [9-12]. Numerous methods, such as liquid and gas chromatography,
capillary electrophoresis, and spectrophotometry, have the capacity to determine phenolic acids and
CA derivatives in foods and beverages [13,14]. Although these analytical instruments are advanced,
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their operation requires skilled personnel and involves multistep sample treatments and testing
procedures. Consequently, a cost-effective and efficacious method for the detection of CA is imperative
to analyze and assure the quality of the wine. One of the major challenges with CA detection is the
interference from other polyphenolic compounds (p-coumaric acid, hydroquinone, trans-ferulic acid,
and gallic acid) present in wine. Therefore, the development of sensitive and selective electrochemical
sensors for the quantitative detection of CA is essential.

Several previously reported works have focused on the quantitative determination of CA utilizing
different types of nanostructured materials in various electrolyte media [15-18]. Fernandes et al.
developed a multicomponent electrochemical biosensor for the detection and quantification of CA
in white wine. This biosensor was developed through the immobilization of green beans in a chitin
matrix, which was subsequently incorporated into a carbon paste electrode. The CA content of
white wine was determined using square wave voltammetry, and the biosensor demonstrated a good
selectivity [19]. Although redox mediator-based biosensors may have a good selectivity, they have
disadvantages including reproducibility and long-term stability [20]. Santos and coworkers fabricated
an electrochemical sensor by modifying a glassy carbon electrode (GCE) with a poly(glutamic acid) (PG)
film for the electrochemical detection and quantification of CA in red wine [21]. Recently, Thangavelu
and coworkers reported on the electrochemical determination of CA using gold and palladium decorated
with graphene (Au/Pd/Gr) for the sensitive detection of CA [22]. Yue and coworkers developed an
electrochemical sensor using Pd-Au/PEDOT/graphene nanoparticles and investigated its performance
for the determination of CA [23]. As noble metals are expensive, carbon-based electrochemical sensors
offer an inexpensive route toward the quantification of CA. Graphene and its derivatives are widely
used in biological applications, electrochemical sensing, and energy storage due to their remarkable
physicochemical properties [24-36]. Array-based sensing approaches (nose/tongue strategies) using
graphene oxide have been reported for the detection of biomatrices and organic molecules [37-39].
Chemically/electrochemically reduced graphene oxide (GO) and nitrogen-doped carbon electrochemical
sensors were explored for CA detection [40-42].

The doping of graphene and GO with heteroatoms (e.g., F, Cl, N, B, and S) at the molecular and
atomic levels favourably enhances their electrochemical behaviour and electrocatalytic properties
while altering their electronic and physicochemical properties [43-45]. Based on the nature of the
dopants and their bonding conformations, the characteristics of graphene may improve and be
advantageous for desired applications. As a result, the heteroatom-doped graphene derivatives
have been explored for their capability as an efficient electrocatalyst for oxygen reduction, energy
storage, and supercapacitor applications [46—48]. F-GO and its derivatives have invigorated intense
research activity due to their exceptional properties (e.g., resistance to high temperature, improved
electrocatalytic activity, and outstanding chemical inertness) [49-52]. In contrast to carbon, fluorine
possesses a higher electronegativity, which may bring about attributes such as ionic, semi-ionic, and
covalent bonding [53,54]. Further, the electronic structure of F-GO is dissimilar to that of graphene
oxide. The doping of graphene with F alters its electronic structure due to the incorporation of sp3
carbon into graphene’s sp2 honeycomb structure [55]. This alteration in its electronic structure might
be explained by the electron withdrawing and electron donating nature of fluorine atoms due to their
strong electronegativity and the presence of lone-pair electrons [56]. Consequently, fluorine-based
graphene derivatives are useful across a range of applications, such as supercapacitors, batteries,
metal-free electrocatalyst, and biomedical devices [57-62].

The aims of the present study were two-fold: (i) to compare the electrochemical properties of GO
and F-GO as an advanced electrochemical sensing material and (ii) to develop a high-performance
electrochemical sensor for the sensitive detection of CA. To the best of our knowledge, this is the
first report on a highly sensitive and selective F-GO-based electrochemical sensor for the direct
measurement of CA in different brands of wine.
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2. Materials and Methods

2.1. Reagents

Caffeic acid, potassium ferrocyanide, potassium chloride, chloroauric acid, and other reagents
were purchased from Sigma Aldrich. All reagents used for the experiments were of analytical grade.
All solutions used for the experiments were prepared using deionized water (18.2 MQ) cm, Nanopure®
diamond™ UV water purification system), and all glassware was thoroughly washed and dried
prior to each analysis. Four different brands of red wine were purchased from a liquor retail store.
All experiments were conducted using a Britton—Robinson (B-R) electrolyte medium [63]. The BR
buffer solution was prepared from a mixture of Phosphoric acid, Glacial acetic acid, and Boric acid at a
concentration of 0.1 M, and the pH values of the electrolyte solutions were adjusted with a sodium
hydroxide solution (0.5 M).

2.2. Electrode Preparation and Modification

The F-GO was synthesized via an improved Hummers” method with some modifications [64].
Initially, a mixture was prepared by blending 1.0 g graphite, 90.0 mL sulfuric acid (H»SOy), 10.0 mL
orthophosphoric acid (H3POy), and 20 mL hydrogen fluoride (HF). Secondly, the prepared mixture
was stirred vigorously for 2 h, and the temperature was maintained at 50 °C. Approximately 4.5 g of
KMnOy was slowly added to this blend and stirred constantly for another 15 h. Thirdly, the reaction
mixture was supplemented with 100 mL of ice, and after a short while, 5.0 mL of 30% H;O, was also
added. Subsequently, the obtained final product (F-GO) was separated and thoroughly rinsed with
30% hydrochloric acid (HCI), pure water, ethanol, and diethyl ether. Lastly, the resulting F-GO solid
was transferred to an oven at 50 °C for drying.

The prepared F-GO was mixed with water (4 mg/mL) and ultrasonicated for 1 h to ensure
thorough mixing. A GCE was polished with a 1.0 and 0.3 um alumina slurry, then rinsed with ethanol
and water, and ultrasonicated for 10 min. The 5.0 uL of the F-GO ink was drop cast onto the surface
of GCE (dia. ® =3 mm; 0.071 cm?) and air dried for 4 h to obtain the F-GO/GCE. The as-prepared
F-GO/GCE was then subjected to a partial electrochemical reduction in a 0.1 M phosphate buffer
solution at pH 7.4. Similarly, another GCE was prepared by drop-casting 5.0 uL of the GO solution
onto its surface. For comparison, a bare GCE and the GO/GCE were tested alongside with F-GO/GCE
for CA oxidation [56].

2.3. Characterization Techniques

The F-GO was characterized using a Hitachi SU-70 Schottky Field Emission SEM with an
energy dispersive X-ray spectrometer and XPS (Thermo Scientific). XPS was carried out using a
Thermo Scientific K-a XPS spectrometer, and the spectra was fitted by the XPS PEAK software.
A monochromatic Al Ko X-ray source was employed with a spot size of 400 um. Voltammetry
techniques such as CV and DPV were implemented using a CHI potentiostat (CHI-660D, CHI, USA).
The redox behaviour of the molecule and the kinetics of the electrodes were examined using CV,
whereas the analytical determination of the electroactive analyte was conducted by means of DPV.
All electrochemical experiments were conducted in an electrochemical cell consisting of a conventional
three-electrode system. The F-GO/GCE functioned as the working electrode, a coiled platinum wire
acted as the counter electrode, and a standard silver-silver chloride (3 M KCl saturated Ag/AgCl)
electrode served as the reference electrode. All analytical quantitations were performed in a 0.1 M B-R
buffer (pH 2.65) at room temperature (22 & 2 °C). Preceding the analysis, all of the solutions were
purged with argon gas for a duration of 15 min. The potentials specified in this paper were against an
Ag/AgC(Cl reference electrode.
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3. Results and Discussion

3.1. Morphology and Electrochemical Characterization

The surface morphologies of the F-GO and GO were investigated using SEM as displayed in
Figure S1 (low magnification) and Figure 1 (high magnification). Figure 1A presents a typical SEM
image observed for the GO, and Figure 1B illustrates the SEM image for the F-GO, which revealed
a crumpled layered structure. In addition, XPS was utilized to distinguish the composition and
functional group species that were present in the F-GO and GO. Gaussian and Lorentzian functions
were used to deconvolute the peaks in the high resolution XPS spectra, and the sp? carbon was fitted
at 284.5 eV [65].

Figure 1. SEM images of the synthesized (A) graphene oxide (GO) and (B) fluorinated graphene oxide
(F-GO).

As perceived from the expanded inset of the XPS survey scans (Figure 2A), the presence of
fluorine was verified by the occurrence of the F peak at approx. 686.75 eV. The percentages of C,
O, and F analyzed from the data of F-GO were 65.20%, 33.64%, and 1.16%, respectively. In contrast,
the calculation from the GO composition data revealed the percentages of C and O to be 65.17% and
34.83%, respectively. The high-resolution Cls spectra of GO and F-GO were deconvoluted into five
distinct peaks (Figure 2B,C). The five distinct peaks from the Cls spectrum of GO were as follows:
C=C (284.7 V), C-C (285.4 V), C-0O (286.8 V), C=0 (287.9 eV), and O-C=C (289.2 V).

Prominent differences were observed in terms of the peak intensities when the C1s spectrum F-GO
was equated with that of GO. The peak heights of C=0 and O-C=0 displayed decreased F-GO intensity,
whereas a higher intensity of C-O peak was observed, which was attributed to the attack of F on the
C=0 group and to the formation of C-O and C-F bonds. Further validation was supplemented by the
use of the high-resolution F1s spectrum of F-GO (Figure 2D). It may be observed from the spectrum
that the main peak appeared at 686.38 eV, which was ascribed to the semi-ionic nature of the C-F bond,
and the shoulder peak appearing at 689.15 eV, parallel to the C-F bond, which was covalent in nature.

The electrochemical characteristics of the bare GCE, GO/GCE, and F-GO/GCE were examined in
a KCl-Ferricyanide medium (5 mM [Fe(CN)e]*~/4~ in 0.1 M KCI). Figure 3 exhibits the well-defined
cyclic voltammetric curves obtained for the oxidation and reduction of 5 mM [Fe(CN)s]>~/4~ at the
bare GCE, GO/GCE, and F-GO/GCE. In contrast to the bare GCE and GO/GCE, the F-GO/GCE
demonstrated a higher anodic-cathodic peak current and a smaller peak-to-peak potential separation.
The potential separations for the bare GCE, GO/GCE, and F-GO/GCE were calculated to be 294, 158,
and 113 mV, respectively. The smaller peak-to-peak separation demonstrated a better electrochemical
reversibility and an improved electron transfer efficiency [61].
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Figure 2. (A) The XPS spectra (survey scan) of GO and FGO; (B) high-resolution XPS spectrum of Cls

of GO and the fitting curves; (C) high-resolution XPS spectrum of C1s of F-GO and the fitting curves;
and (D) high-resolution XPS spectrum of F1s of F-GO.
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Figure 3. The cyclic voltammetry (CV) curves of the bare glassy carbon electrode (GCE) (black dashed

line), GO/GCE (blue line), and F-GO/GCE (red line) recorded in 0.1 M KCI containing 5.0 mM
[Fe(CN)s]3~ /4= at the scan rate of 50 mV s~ 1.
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Furthermore, the value obtained from the ratio of the anodic to cathodic peak current
(Ipa/Ipc = 0.96) confirmed that the oxidation-reduction of the [Fe(CN)s]>~/4~ redox probe at the
F-GO/GCE was reversible. Subsequently, Figure S1 shows a series of CV curves obtained at different
scan rates (10-100 mV s~!) in the KCl-ferricyanide medium to study the redox behaviour of the
modified electrode and to calculate the electrochemically active surface area (EASA) of the F-GO/GCE
using the Randles-Sevcik equation [66]:

ip = 2.69 x 10° n®/2 ADY/2 C v'/? "

where ip represents the peak current, D stands for the diffusion coefficient (cm? s~1), C denotes the
concentration of the [Fe(CN)6]3’/ 4~ molecules in mol L™, A is the EASA (cm?), n signifies the electron
transfer number, and v is the scan rate (V s~1). Figure S2 displays the slopes obtained for the Ipa versus
vl/2 plots; the EASA was calculated to be 0.045, 0.075, and 0.745 cm? for the bare GCE, GO/GCE,
and F-GO/GCE, respectively. These observed results verified that the fabricated F-GO/GCE had a
higher EASA compared to GO and bare GCE.

3.2. Electrooxidation Behaviour of CA

Cyclic voltammetry was primarily employed to investigate the electrooxidation behavior of CA
at the F-GO modified GCE. Figure 4A illustrates the response curves for the bare GCE, GO/GCE,
and F-GO recorded in a 0.1 M B-R buffer solution at a scan rate of 50 mV s~! in the absence of CA.
There were no anodic/cathodic peaks that appeared for the prepared GCEs without CA in the B-R
buffer solution. It was evident from the CV that the F-GO/GCE had a larger background current when
compared to the bare GCE and GO/GCE, which further confirmed that F-GO had a much larger EASA.

From Figure 4B, it can be seen that the CV displayed well-defined peaks for the oxidation and
reduction of 50 uM CA. As shown in Figure 4C, the modified GCEs exhibited a sharp quasi-reversible
peak for the oxidation and reduction of 50 uM CA at different peak potentials. The emergence of the
redox peaks was due to the formation of o-quinone following CA oxidation. The chemical reaction for
the oxidation of CA followed a 2-electron transfer process [41]:

CoHgO4 (CA) = CoHgOy + 2 H + 2~ @)

The F-GO/GCE amplified the rate of the electron transfer and enhanced the overall response
toward the electrochemical oxidation of CA. The current response recorded with the F-GO/GCE
showed a higher anodic and cathodic peak intensity for the oxidation/reduction of CA as opposed to
the bare GCE and GO/GCE. The current response of the F-GO/GCE was 1.5 and 50 times higher than
that of the GO/GCE and the bare GCE, respectively. The presence of the C—F semi-ionic bond and a
higher conductivity facilitated the higher electrocatalytic oxidation of CA. Moreover, the AEp values
calculated from the CA oxidation/reduction peak potentials with F-GO/GCE (90 mV) were lower than
that of the bare GCE (117 mV), further confirming that F-GO/GCE possessed a good electrocatalytic
activity toward the oxidation of CA.

3.3. Effects of Scan Rate, Electrolyte pH, and Concentration

Based on the effect of the scan rate, the electrocatalytic oxidation of CA was investigated
further by employing CV. Figure 5A illustrates the effect of the scan rate on the electrochemical
oxidation of 50.0 uM CA at the F-GO/GCE recorded in a 0.1 M B-R buffer from 10 to 200 mV s 1.
The values of the anodic/cathodic peak current were incremental with the increased scan rates;
however, the observations from the CV exhibited a shift in the oxidation/reduction peak potentials,
indicating that the electrochemical oxidation/reduction process was quasi-reversible. At higher scan
rates, the electrochemical reaction became less reversible due to the slow electron-transfer rate [40,67].
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Figure 4. The CV curves of bare GCE (dashed black line), GO/GCE (blue line), and F-GO/GCE (red
line) recorded in the absence of caffeic acid (CA) (A); the F-GO/GCE response in the presence of
50.0 uM CA (B); a comparison of the modified GCEs in the presence of 50.0 uM CA (C) ina 0.1 M B-R
buffer solution (pH 2.65) at a scan rate of 50 mV s 1.

The displaced peak potential could also be attributed to the change of the thickness of the diffusion
layer, which varied with the scan rate [68]. The corresponding plot of the oxidation/reduction peak
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current Ipa/pc vs. the scan rate (v, mV s~ !) is presented in Figure 5B. The observation from the plot
indicated that the CA oxidation exhibited a good linearity over the incrementing scan rate. The estimated
R? values and the linear regression equation from the calibration plot were R? = 0.9960, Ipa = 1.292 x
107 A/mV s~! +15.119 pA and R? = 0.9921, Ipc = —1.114 x 107 A/mV s~! — 17.114 pA (Figure 4B).

The estimated R? values and the linear regression equation from the calibration plot were
R? =0.9960, Ipa=1.292 x 107® A/mV s~ ! +15.119 pA and R? =0.9921, Ipc = —1.114 x 107 A/mV s~}
— 17.114 pA (Figure 4B). The results from the linear relationship between Ipa/pc and the scan rate
indicated that the oxidation and reduction of CA at the F-GO/GCE was a surface-controlled process.

The effect of the electrolyte pH played a vital role in enhancing the electrocatalytic performance
of the sensor and in determining the electrochemical oxidation behaviour of the CA molecule.
The electrochemical behaviour of CA was investigated by running a CV in the B-R buffer solution
under a diverse pH range (acidic to neutral), which contained 30.0 uM of the analyte at a scan rate of
50 mV s~ 1. Figure 5C displays the CV curves of the F-GO/GCE toward the electrochemical oxidation of
CA at different pH levels, ranging from 2.6 to 7.3. The peak potential was linearly shifted towards a more
negative potential with the increase of the pH as seen in the insert of Figure 5D, which was consistent
with the report in the literature [67,69]. On the other hand, the peak current was decreased with the
increase of the pH as shown in Figure 5D. As a result, the B-R buffer solution with pH 2.65 was selected
for carrying out further electrochemical experiments and for the analytical determination of CA.
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Figure 5. The CV response of F-GO/GCE recorded in the presence of 50 uM CA at different scan rates
varying between 10 to 200 mV s~ ! (A) and the subsequent plot of anodic/cathodic peak current vs. the
scan rate (mV s~1) (B); the CV curves for the oxidation of 30.0 uM CA at different pHs (2.6-7.3) (C);
and the resulting plot of anodic peak current vs pH (D) and the corresponding plot of the anodic peak
potential vs. pH (insert of D). Electrolyte: 0.1 M B-R buffer solution pH 2.65; scan rate: 50 mV s~ 1.
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The oxidation behavior of CA was further investigated in a 0.1 M B-R buffer solution (pH = 2.65)
at a scan rate of 50 mV s~ ! under different concentrations. It is evident from Figure 6A that there was
no apparent peak for the absence of the CA molecule, whereas a clear response was observed for the
addition of 10.0 uM CA. The peak current for the oxidation and reduction of CA increased linearly,
with each subsequent addition in a selected concentration range from 0.0 to 70.0 uM. The anodic and
cathodic peak current values obtained from the CVs were plotted against the various concentrations of
CA (Figure 6B). It may be perceived from the calibration plot that there was a good linearity within the
selected calibration range, with the linear regression equations of Ipa (uA) = 1.354 pA/uM — 13.61 pA
and Ipc = —1.362 pA/puM — 3.06 pA with R2 values of 0.9942 for Ipa and 0.9951 for Ipc.

3.4. Analytical Determination of CA

The analytical capacity of the F-GO/GCE was investigated by employing DPV. In contrast to CV,
DPV is more sensitive and has the ability to lower the background current [70]. Figure 7A illustrates the
characteristic DPV responses for different concentrations of CA using the F-GO/GCE electrochemical
sensor. The working parameters for the DPV technique were amplitude = 0.08 V, pulse width = 0.08 s,
sampling width = 0.0167 s, and pulse period = 0.2 s. The F-GO/GCE did not exhibit any response in
the absence of CA, which suggested that the sensor was inactive in the absence of the CA molecule
within the selected potential window. However, the DPV responses obtained from the electrochemical
oxidation of CA demonstrated a linear increase with respect to its increasing concentration, ranging
from 0.5-100.0 uM.

100
100 1 A B
] 50 1
S0 « R? = 0.9942
E 0 >0
. 70 uM R? = 0.9951
-50 T -50 -
-100 1 10 pM
. ' ' ' -100 +0or—s—-s—r——
00 02 04 06 08 1.0 10 20 30 40 S0 60 70
E/V vs. Ag/AgCl Concentration, pyM

Figure 6. The CV responses of F-GO/GCE for the oxidation/reduction of CA at different concentrations,
ranging from 10.0 to 70.0 uM (A) and the corresponding plots of the anodic/cathodic peak current vs.
the concentration of CA (B) in a 0.1 M B-R buffer solution pH 2.65, at a scan rate of 50 mV s~L

The linear regression equation between the concentration (c, uM) and the current (Ipa, nA) for
the electrochemical oxidation of CA in the concentration ranges from 0.5-10.0 uM and 15.0-100.0 uM
(Figure 7B) were Ipa = 3.935 ¢ (uM) + 1.919 and Ipa = 0.261 ¢ (uM) + 38.658. The associated R?
coefficient values from the calibration plot were calculated to be 0.9960 and 0.9971, respectively.
The sensitivities from the calibration plots were calculated to be 5.27 and 0.35 pApM~! em™2. The limit
of detection (LOD) was further calculated to be 0.018 uM using the formula 3 /s, where o denotes
the standard deviation of three blank measurements and s represents the slope calculated from the
calibration plot. The two calibration plots acquired in this study were similar to studies that involved
the measurement of molecules, such as acetaminophen and valacyclovir, ascorbic acid, dopamine, uric
acid, and NADH [25,59,71,72]. This observation might be explained based on the mechanism of the
inner-sphere electrode reaction [25,73]. Important attributes such as the novelty analytical advantages
and capabilities (e.g., linear range and LOD) of the developed F-GO/GCE electrochemical sensor were
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confirmed by comparing the performance of the CA sensors formerly reported in the literature as
shown in Table 1.

150
A 100 pM B
135 60 1 R’=0.9971
120 < 40
5 =
90 .

N R=0.9952
- 0 1

I/ pA

75 v . v . . 1
02 03 04 05 0.6 0.7 0.8 0 20 40 60 80 100

E/V vs. Ag/AgCl

Concentration, pM

Figure 7. The differential pulse voltammetry (DPV) responses of F-GO/GCE for the detection of CA
in the concentration ranging from 0.5 to 100.0 uM (A) and the corresponding calibration plot for the
anodic peak current vs. concentration (B) in a 0.1 M B-R buffer solution (pH 2.65).

Table 1. A comparison of the electrochemical performance of the F-GO/GCE sensor with other reported
sensors for the detection of CA.

o Voltammetric Linear Range Limit of
Modified Electrode Technique (uM) Detection (1tM) Ref
Molecularly imprinted siloxanes DPV 0.5-60.0 0.15 [74]
Electrochemically reduced SWAdSV 0.1-10.0 0.09 [40]
graphene oxide: Nafion

Laccase-MWCNT-chitosan/Au Amperometric 0.7-10.0 0.15 [75]
Nafion/Tyre/Sonogel-Carbon Amperometric 0.08-2.0 0.06 [76]
Glassy polymeric carbon DPV 0.1-96.5 0.29 [77]
Glassy carbon electrode DPV 10.0-120.0 0.10 [78]
Poly(Glutamic Acid)/GCE Ccv 4.0-30.0 3.91 [21]

Fluorine doped graphene . .

oxide/GCE DPV 0.5-100.0 0.018 This work

DPV, Differential pulse voltammetry, SWAdSV, Square wave anodic stripping voltammetry, CV, Cyclic voltammetry,
MWCNT, Multi-walled carbon nanotubes, GCE, Glassy carbon electrode.

3.5. Stability, Reproducibility, and Interference Measurements

The stability of the sensor was scrutinized by employing DPV for 30 consecutive scans (Figure 8A).
The sensor retained 94.7% of its initial peak current response for a 50.0 uM CA oxidation in a 0.1 M B-R
buffer medium (pH 2.65). In addition, the long-term stability of the fabricated sensor was tested over
ten days, where the sensor preserved 95% of its primary response with a relative standard deviation
(RSD) value of 2.41%. This demonstrated the good stability of the sensor and could be applied to the
evaluation of actual samples (Figure 8B). Further, the reproducibility of the F-GO/GCE was inspected
via the preparation of four different electrodes. The reproducibility tests were carried out in 0.1 M PBS
containing 50.0 uM CA under identical experimental conditions. The RSD value for the anodic peak
current measured at the four different electrodes was calculated to be 2.1%, thereby indicating the
excellent reproducibility of the F-GO/GCE sensor.

The selectivity of the developed electrochemical sensor was an essential factor for the detection
of CA to enable the testing of actual samples. Henceforth, the prepared F-GO/GCE sensor was
tested for its anti-interference capabilities in the presence of potentially interfering species using DPV.
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Figure 8D illustrates the DPV response recorded for the oxidation of 100.0 uM in the presence of a
10-fold (1.0 mM) concentration of interfering ions, such as p-coumaric acid, hydroquinone, trans-ferulic
acid, gallic acid, glucose, and ascorbic acid. The results obtained from the interference study revealed
that the F-GO/GCE sensor retained 92% of its activity for 100.0 uM CA oxidation in the presence of
interference molecules. Therefore, the developed F-GO/GCE electrochemical sensor could be applied
to the real-time analysis of CA.
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Figure 8. The DPV curves of the F-GO/GCE recorded in 50.0 uM CA over 30 consecutive measurements (A);
the DPV response of F-GO/GCE measured in 50.0 uM CA for 10 days (B); the DPV response recorded
in the presence of 50.0 uM CA with four different F-GO/GCEs (C); and the interference response of the
F-GO/GCE for the detection of 100.0 uM CA in the presence of 1.0 mM p-coumaric acid, hydroquinone,
trans-ferulic acid, gallic acid, glucose, and ascorbic acid (D). Electrolyte: a 0.1 M B-R buffer solution
(pH 2.65).

3.6. Real Sample Analysis

The electrochemical performance of the designed F-GO/GCE sensor was further validated for
its real-time determination of CA in wine. Four different samples of red wine were used for the
determination of CA. The wine was tested by injecting raw samples directly into the 0.1 M B-R buffer
solution, and the concentrations of CA were determined from their respective DPV peaks. The DPV
peaks obtained for the determination of CA in wine samples (50.0 pL to 300.0 pL) are included
in the supplementary information (Figure S4A-D). The peak current values from DPV toward CA
oxidation for the injected volume of the wine sample was compared against the calibration plot,
thereby estimating the unknown concentration of CA. The concentration of CA found in four different
wine samples was quantified in the range from 73.4-94.5 uM, with an average RSD value of 2.3%.
A further high-performance liquid chromatography (HPLC, Agilent) analysis showed that the CA
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concentration in Wine Sample II was 77.5 uM, which is consistent with the value measured by the
F-GO electrochemical sensor.

The exact procedure was followed for analyzing the concentrations of CA in other wine samples,
and the results of the quantification of CA in the assorted brands of wine are presented in Table 2.
The wine samples were diluted with the B-R electrolyte medium. Based on the constructed calibration
plot using DPV, the amount of CA in the commercial red wine was calculated, which were comparable
with the results reported in the literature [42,79,80]. Furthermore, the fabricated electrochemical sensor
was able to detect CA directly in wine (wine as the electrolyte) without the use of a buffer solution
(Figure S5). These results suggest that the developed F-GO/GCE sensor could be effectively used for
the determination of CA in wine and has real-time applicability.

Table 2. The performance of the F-GO/GCE sensor for the determination of CA in different brands
of wine.

Red Wine Sample Found (uM) % RSD (n =3)

Wine sample I 74.4 2.3
Wine sample II 84.3 2.0
Wine sample IIT 85.1 22
Wine sample IV 94.5 21

4. Conclusions

A highly selective F-GO based sensor was developed for the sensitive detection of CA in assorted
brands of wine. The results obtained from the CV investigations indicated that the F-GOs enhanced
the electrocatalytic behaviour in contrast to bare GCE and GO modified GCE. The F-GO/GCE
exhibited a higher EASA and improved the electrochemical performance as opposed to the GO/GCE.
The analytical quantitation performed using DPV revealed the strong capability of the electrochemical
sensor for the determination of CA within a wide linear concentration range in a 0.1 M B-R buffer
(pH 2.65). The F-GO/GCE sensor demonstrated a superior selectivity for the oxidation of CA in
the presence of additional phenolic compounds. The developed electrochemical sensor exhibited
a good long-term stability and sensitivity, a low detection limit, and a satisfactory reproducibility.
Further, it was effectively employed for the detection and quantification of CA in various brands of red
wine. The sensor also displayed a superior sensing capacity to detect CA directly in wine without the
requirement of an external electrolyte medium. These collective factors confirmed that the developed
F-GO/GCE sensor could be incorporated for beverage quality control.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1424-8220/19/7/1604/
s1 Figure S1: SEM images (low magnification) of the synthesized (A) graphene oxide (GO) and (B) fluorinated
graphene oxide (F-GO); Figure S2: (A) The CV curves of the F-GO/GCE recorded in the presence of 5 mM
[Fe(CN)6]3*/ 4= in 0.1 M KCl at various scan rates, ranging from 10-100 mV s~! and (B) the corresponding
plots vs the anodic/cathodic peak current vs the square root of the scan rates; Figure S3: The DPV response of
F-GO/GCE recorded in the presence of 50.0 uM CA (blue line) and in the absence of CA (black dashed line) (A)
and a comparison of the DPV response of bare GCE (blue dashed line), GO/GCE (green line), and F-GO/GCE
(red line) recorded in the presence of 50.0 uM CA in a 0.1 M B-R bulffer solution (pH 2.65); Figure S4: The DPV
response obtained with F-GO/GCE for the detection of CA in assorted brands of red wine in a 0.1 M B-R buffer
solution (pH 2.65); Figure S5: The DPV response of the F-GO/GCE sensor toward the detection of CA directly in
the wine sample without an electrolyte medium.
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