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Abstract: The present study describes the electrochemical properties of three screen-printed elec-
trodes (SPEs), the first electrode being carbon-based (C), the second graphene-based (GPH), and
the third based on GPH modified with gold nanoparticles (GNP). These electrodes were used for
the study of the electrochemical behavior of chlorogenic acid in different aqueous solutions, at
pH = 7. In chlorogenic acid solution, a redox process was noticed in the case of all three electrodes;
GPH and GNP significantly improved the sensor response regarding sensitivity and reversibility, a
fact demonstrated by characterizing the sensor by cyclic voltammetry in potassium ferrocyanide,
which corresponds to the exchange of two electrons and two protons. Moreover, the calibration
curves for each sensor were developed, subsequently calculating the detection limits (LOD) and the
quantification limits (LOQ). Low LOD and LOQ were obtained, the best—of the order of 10−7 M
(LOD = 0.62 × 10−7 M; LOQ = 1.97 × 10−7 M)—being obtained in the case of GPH-GNP-SPE, which
demonstrates that the method may be applied for determining chlorogenic acid in real samples. Thus,
the sensors were successfully used for the quantitative determination of chlorogenic acid in three
nutraceutical products. The validation of the results was done using the FTIR method. The results
obtained by cyclic voltammetry were in accordance with those obtained by the spectrometric method,
without significant differences from a statistical point of view.

Keywords: chlorogenic acid; cyclic voltammetry; graphene; gold nanoparticles; sensor

1. Introduction

Phenolic compounds represent an important class of compounds because of their
antioxidation activity, having anti-inflammatory, anti-carcinogenic, and anti-microbial
properties [1]. They are classified in two main categories: benzoic acids and cinnamic acids.
These compounds exist, mainly, under the form of hydroxybenzoic or hydroxycinnamic
acids and may be present in free form as well as in conjugated form.

Hydroxycinnamic acids—such as chlorogenic acid, p-coumaric acid, caffeic acid,
ferulic acid, and synaptic acid—act as antioxidant compounds that also have various roles
in biological systems. The most relevant mechanism for antioxidant action is presupposed
to be linked to their capacity to neutralize free radicals, depending on the ability to donate
hydrogen or release electrons, and on the stability of the resulting phenoxyl radicals [2].
In addition to these, other action mechanisms were described, from among those worth
mentioning are chelating transitional materials—for example, iron and copper (well-known
catalysts of oxidative stress), inhibiting the enzymes that generate ROS/RNS (reactive
oxygen species/reactive nitrogen species) and modulating gene expression [3].

Chlorogenic acid (CGA), (1S, 3R, 4R, 5R)-3-[(E)-3-(3,4-dihydroxyphenyl) prop-2-enoil]
oxi-1,4,5-trihydroxycyclohexane-1-carboxylic acid, is the ester of caffeic acid and of quinic
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acid, a phenolic natural compound whose structure is presented in Figure 1. Being a
bioactive compound with many therapeutic effects (antihypertension, anti-inflammatory,
adjuvant in preventing obesity, antitumoral, adjuvant in preventing neurodegenerative dis-
eases) [4], CGA may be found in more than 170 types of Chinese pharmaceutical products
in the form of capsules, tablets, or injectable products based on plants. Thus, a precise and
rapid determination of CGA in pharmaceutical products is of great importance [5].
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Therefore, many methods for determining CGA, as well as for its derivatives out of
coffee beans and other plants, were elaborated. The most frequently used methods are
spectroscopy in infrared [6], high performance liquid chromatography (HPLC) [7], capil-
lary electrophoresis [7–9], liquid chromatography–mass spectrometry with electrospray
ionization [10], chemiluminescence [11], and micellar electrokinetic chromatography [12].
Although these methods proved to be efficient for quantifying CGA and its derived prod-
ucts, a number of deficiencies were identified: they are time consuming, laborious, and
require expensive instruments [13].

In recent years, electrochemical methods for determining phenolic compounds were
developed and investigated on a large scale, having a series of advantages, such as simplic-
ity, high sensitivity, reproductivity, rapid response, and reduced costs [13,14]. In addition
to their application in fundamental studies of oxidation and reduction processes for dis-
covering reaction mechanisms, these techniques are also used in studying kinetic and
thermodynamic processes of transferring ions and electrons [15]. One of these methods,
cyclic voltammetry (CV), is used on a large scale for the study of redox processes [16],
particularly for obtaining information regarding the nature of intermediary products and
the stability of reaction products [17].

Until now, for the electrochemical determination of CGA, electrodes modified with
modifiers—such as ionic liquid that contains iridium nanoparticles and polyphenol oxidase [18],
horseradish peroxidase [19], bean sprout homogenate and chitosan microsphere composite [20],
tetranuclear copper complex (II) [Cu2(µ-OH)(bpbpmp-NO2)]2[ClO4]2 [21], molecularly printed
siloxane [22], and a DNA compound/silicon-titanium [19]—were reported.

Developing and characterizing new methods of electroanalysis may be improved
by using SPEs [23]. Hart, Banks, and Wang have studied the use of SPEs for large-scale
production and have reached the conclusion that these devices have a series of advantages,
such as ease-of-use [24], portability, and reduced costs for analysis [25].

The SPEs can be selected according to the material from which the working electrode
is made, for example carbon, gold, platinum, or other metals, depending on the ongoing
study. Due to the high reproducibility between electrodes, these sensors are suitable for
a wide range of applications: clinical sensing platforms development and environmental
and food industry analysis. Moreover, sensor arrays allow the determination of multiple
substances in parallel [26].

Compared with the traditional methods used to determine certain compounds, the
great versatility of SPEs is due to the wide range of strategies in which the working
electrode surface can be modified [27]. In addition to the possibility of using a wide variety
of compounds to change the composition in order to control the electrochemical behavior,
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different strategies for modifying the surface of SPEs have allowed the employment of
these electrodes in a variety of sensors and biosensors [28]. Another key factor of SPE
modification was the appearance of a great variety of nanomaterials. Due to the many
advantages related to their physical and chemical properties, these nanomaterials have
demonstrated new ways of interacting with biological elements and have been widely
used in the development of biosensors [29].

In addition, using nanomaterials as a sensitive elements and especially carbon-based
nanomaterials [30] and metallic nanoparticles may improve the performance characteristics
of SPEs [31].

In the past decades, nanostructured materials have aroused dramatic interests and
have become an intensive research area due to their high specific surface area, finite small
size, high porosity, and unique physical and chemical properties [32].

GPH was studied on a large scale because of its properties and its advantages, such as
a large active surface that improves the absorption capacity of the organic molecules and
very good electric conductivity [33].

Nanoparticle-based technologies have contributed to the development of a new gen-
eration of detection tools. Taking into account their distinct optical, chemical, electrical,
and catalytic properties, GNPs have been extensively studied for biological and chemical
detection and also for analytical applications [34].

GNPs allow the direct transfer of electrons between the redox compounds and the
materials of the electrode, detecting the signal being done without the need of transferring
mediating electrodes [35]. Furthermore, this direct transfer is facilitated by characteristics
of GNPs, such as the high ratio between surface and volume, energy increased by the
surface, and the capacity to function as electro-conductive paths between protein groups
and the surface of the electrode [36].

Due to the ease of functionalization of the GNPs surface, researchers have been able
to create various functionalities for a range of applications [37]. Gold nanoparticles are of
major importance in the biomedical field, applicable to the development of vaccines, the
administration of medicines, and the development of immunoassays [38].

Developing new sensors based on GPH and GNP is a promising way to achieve the
simple and rapid detection of various analysts, including CGA. The developed sensors re-
markably enhanced the electrocatalytic response towards redox behavior of CGA [39]. On
comparing the sensitivity of modified sensors with bare C-SPE, it was observed that a film
of nanogold exhibited increased electrocatalytic response and quantification of CGA [40].
Consequently, the purpose of this study was to develop, optimize, and validate the elec-
troanalytical method based on cyclic voltammetry for evaluating and quantifying CGA in
various nutraceutical products using voltammetric GPH- and GNP-based sensors [41].

2. Results and Discussions
2.1. Preliminary Studies

The behavior of the three electrodes—C-SPE, GPH-SPE, and GPH-GNP-SPE—in a
10−1 M PBS solution, at pH = 7, optimum potential range between −0.4 V and +1.3 V, was
studied during the first stage. Following the measurements, no peaks were registered in
the potential field analyzed, which demonstrates the high purity of the materials used
for the electrodes and the lack of active surface contamination. It was noticed that, in the
case of the GPH-GNP-SPE electrode, the base currents were reduced, which represents an
advantage of modifying the sensor surface with GPH and GNPs.

2.2. Electrochemical Properties of the Electrodes in Electroactive Solution

During the next stage, the electrochemical behavior of SPEs in a solution containing
10−3 M K4[Fe(CN)6] dissolved in 10−1 M PBS, pH = 7, was analyzed using cyclic voltamme-
try as the detection method [42]. The potential field in which the signal proved to be stable
was between –0.4 and +0.7 V. In view of stabilizing the sensors, 5 cycles were registered in
the solution to be analyzed.
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Figure 2 shows a pair of well-defined peaks, an anodic and a cathodic one, for C-SPE
and GPH-SPE. Additionally, in the case of GPH-GNP-SPE, two peaks of low intensity are
noticed (an anodic and a cathodic one). The first pair of peaks is due to the reversible
oxidation of the ferrocyanide ion to ferricyanide. For the sensor modified with gold
nanoparticles, the occurrence of the second pair of peaks may be explained by the presence
of the modifying nanomaterial on the sensor surface. All three electrodes registered well-
defined and reproducible peaks, allowing use in further analyses.
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The main parameters obtained from CVs are shown in Table 1.

Table 1. The main features of electrodes obtained by cyclic voltammetry.

Sensor Ipa 1 (µA) Ipc 2 (µA) Ipc/Ipa Epa 3 (V) Epc 4 (V) E1/2
5 (V) ∆E 6 (V)

C-SPE 23.88 –26.04 1.09 0.447 0.001 0.224 0.446
GPH-SPE 36.59 –40.51 1.10 0.286 0.159 0.222 0.127

GPH-GNP-SPE 81.42 –87.27 1.07 0.298 0.109 0.203 0.189
1 Current of the anodic peak; 2 current of the cathodic peak; 3 potential of the anodic peak; 4 potential of the cathodic peak; 5 half-wave
potential; 6 ∆E = Epa − Epc.

It was noticed that for C-SPE and for GPH-SPE, E 1
2 had approximately the same value.

This was close to the E1/2 value obtained for GPH-GNP-SPE. The ratio Ipc/Ipa was close to
the ideal value of 1 in all three cases. The GPH-GNP-SPE electrode showed the highest rate
of reversibility, the separation between the anodic and cathodic peaks being smaller than
in the case of the other electrodes, and the Ipc/Ipa ratio was >1 (1.07). This demonstrates
that the reaction process in the case of the electrode modified with gold nanoparticles was
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quasi-reversible. All three electrodes showed a similar electrochemical behavior, according
to the parameters obtained, allowing successful use in further determinations.

The highest current values were obtained for GPH-GNP-SPE, with values close to
those obtained for GPH-SPE and somehow different from those obtained for C-SPE. Taking
these results into account, the greatest sensitivity in detecting the ferrocyanide ion was
obtained in the case of GPH-GNP-SPE (where the values for Ipa and Ipc are the highest).

To study the kinetics of the processes, the CVs of the sensors at various scan rates,
between 0.1 and 1.0 V·s−1, were recorded, this being useful in estimating the active surface
of SPEs. For determination, a double 10−3 M potassium ferrocyanide solution—10−1 M
PBS solution of pH = 7—was used. The results obtained in the case of GPH-GNP-SPE are
presented in Figure 3.
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Figure 3a shows that the increase of the peak currents is directly proportional with the
increase of the scanning rate, with a slight shifting of the anodic peak potential to the right
and to the left of the cathodic peak potential.

To check the determining factor of the oxidation-reduction process, models of linear
regression were developed, correlating Ipa with the scanning rate or with the square root of
the scanning rate. In the present case, as shown in Figure 3b, a linear dependency between
Ipa and the square root of the scanning rate, I(A) = 0.0001 × v1/2 (V·s−1)1/2 + 1 × 10−5

(R2 = 0.9996), is noticed. This linear dependency suggests that the oxidation-reduction of
the potassium ferrocyanide is controlled by the diffusion of the electroactive species, this
being the determining stage in the electrochemical process.

Table 2 presents the values obtained for the linear regression equation, the determina-
tion coefficient (R2), active surface areas, geometrical areas, and the roughness factor in the
case of all SPEs studied.

Table 2. Ipa vs. v1/2 linear regression equations, determination coefficients, active surface areas, geometrical areas, and the
roughness factors of all the SPEs studied.

Electrode Ipa vs. v1/2 R2 Active Aria (cm2) Geometrical Area
(cm2) Roughness Factor

C-SPE Ipa (A) = 6.95 × 10−5 v1/2 (V·s−1)1/2 + 2.00 × 10−6 0.9999 0.0973

0.1256

0.7746

GPH-SPE Ipa (A)= 2.24 × 10−4 v1/2 (V·s−1)1/2 – 4.27 × 10−5 0.9935 0.3145 2.4976

GPH-GNP-SPE Ipa (A) = 2.64 × 10−4 v1/2 (V·s−1)1/2 – 3.31 × 10−6 0.9996 0.3699 2.9450

The Randles–Sevcik equation [43] was used to calculate the active areas of the elec-
trodes, employing the linear dependency between Ipa and v1/2.

Ipa = 268,600 × n3/2 × A × D1/2 × C × v1/2 (1)
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where Ipa = the anodic peak current measured in amperes, n = no. of electrons transferred
following the redox process, A = electrode area, in cm2, D = diffusion coefficient, in
cm2/s, C = concentration, in mol/cm3, and v = scanning rate, in V/s. For the potassium
ferrocyanide, the diffusion coefficient was D = 7.26 × 10−6 cm2·s−1 [43].

The active area of the electrodes can be calculated from the slope of the Ipa equation,
depending on v1/2. The area of the geometric surface of the electrodes was 0.1256 cm2.

The results obtained for the values of the studied electrode active surface areas are
also given in Table 2. It can be noticed that the highest value was obtained for GPH-
GNP-SPE, followed by GPH-SPE, while the lowest value was obtained for the C-SPE area.
These results are in keeping with the intensities of the peaks. The ratio between the area
electrochemically determined (active area) and the geometric area represents the roughness
factor. Table 2 indicates that the highest value of the rugosity factor was obtained in the
case of GPH-GNP-SPE, due to GPH and the gold nanoparticles, which increase the active
surface of the sensor, as well as due to their synergic effects [22].

According to the results obtained, it may be concluded that GPH-GNP-SPE was the
most sensitive, followed by GPH-SPE and C-SPE. Nevertheless, all three electrodes may be
used successfully to determine phenolic compounds such as CGA.

2.3. Electrochemical Responses of Sensors in CGA Solution

The electrochemical behavior of sensors in CGA solution was studied by means of
cyclic voltammetry.

The CVs of the 10−3 M CGA solution were recorded. The 10−1 M (pH = 7) PBS solution
was used as supporting electrolyte. The value of the solution pH has considerable influence
in the electrochemical study of phenolic compounds [44]. In keeping with the literature, a
value 7 of the pH is optimum in the case of phenolic compounds [22]. Consequently, this
pH value was used in further determinations.

To obtain a stable answer from the sensor, five cycles were necessary in the optimized
potential field (from −0.4 V to +0.7 V). The CVs presented in Figure 4 were obtained after
signal stabilization.
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What may be noticed in all three CVs is the occurrence of an anodic peak correspond-
ing to the oxidation process and of a cathodic peak corresponding to the reduction process.
Since the CGA contains two OH groups in orto position, by oxidating this compound, the
respective quinone is formed, releasing two electrons and two protons [22].

The electrochemical electrooxidation of the CGA presupposes, initially, the pre-
dissociation of a proton, with the formation of a monoanionic species. The latter is in
turn oxidated to generate a radical. This radical formed is subjected to a new rapid elec-
tronic transfer, with the formation of a carbocation which, through dehydration, forms the
respective quinone. During the reversed scanning, the quinone formed is reduced to CGA.
The oxidation mechanism is presented in Figure 5.
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In the case of the sensors studied, a single redox process was noticed; it presupposes
the exchange of two electrons and two protons in one stage, with the formation of the
quinone derivative.

Table 3 illustrates the most important parameters obtained from the CVs or calculated
depending on the experimental parameters.

Table 3. The values of the parameters obtained from the CVs of all the electrodes immersed in
10−3 M CGA solution (the electrolyte support was 10−1 M PBS of pH = 7).

Electrode Epa (V) Ipa (µA) Epc (V) Ipc (µA) Ipc/Ipa ∆E (V)

C-SPE 0.279 21.08 0.042 –13.17 0.62 0.237
GPH-SPE 0.197 53.50 0.114 –36.69 0.68 0.083

GPH-GNP-SPE 0.189 43.23 0.113 –28.01 0.65 0.076

All three electrodes studied showed two clear, well-defined peaks and a quasi-
reversible behavior, as indicated by the ∆E (V) value and the Ipc/Ipa ratio. The GPH-SPE
electrode had the most intense anodic and cathodic peaks, highlighting the best sensitivity
in detecting CGA. The peaks noticed in the case of GPH-GNP-SPE are more intense by
comparison with those recorded for C-SPE, which demonstrates that the electrochemical
processes are facilitated by modifying sensors with nanomaterials.

Figure 6 presents the CVs of the three sensors studied, immersed in CGA 10−3 M
solution, at scan rates ranging from 0.1 to 1.0 V·s−1.
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To confirm that the oxidation of CGA is a process controlled by diffusion (according
to the Randles–Sevcik equation), the kinetics of the peaks, depending on the square root
of the scanning rate, was graphically represented. As may be noticed, there is a linear
dependency with v1/2, which demonstrates that the process is controlled by diffusion in
the case of each sensor used.

The Randles–Sevcik equation allows the calculation of the diffusion coefficient of the
CGA for each screen-printed electrode used. The values obtained are presented in Table 4.

Table 4. The linear fitting equations (Ipa vs. v1/2), R2, and D of CGA.

Electrode Ipa vs. v1/2 R2 D (cm2·s−1)

C-SPE Ipa (A) = 4.9004 × 10−5 v1/2 (V·s−1)1/2 + 4.2335 × 10−6 0.9894 7.08 × 10−9

GPH-SPE Ipa (A) = 3.0071 × 10−4 v1/2 (V·s−1)1/2 − 4.8041 × 10−5 0.9916 3.15 × 10−8

GPH-GNP-SPE Ipa (A) = 2.5959 × 10−4 v1/2 (V·s−1)1/2 − 4.5262 × 10−5 0.9961 3.17 × 10−8

The D values obtained for the CGA with SPEs are comparable with those obtained
with other carbon-based sensors reported in the literature [32,33]. Metallic nanomaterials,
particularly gold nanoparticles, have the capacity to facilitate the transfer of electrons due
to their excellent conductivity [34,36], having a large surface-to-volume ratio and a very
good biological compatibility [36].

2.4. Calibration Curve and Determination of Detection Limit

The CVs in CGA solutions of various concentrations were recorded using C-SPE,
GPH-SPE, and GPH-GNP-SPE. The calibration curves were achieved in the concentration
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field of 0.1–1.20 µM. The 10−1 M PBS (pH = 7) solution was used as supporting electrolyte,
and the CGA stock solution had a concentration of 10−3 M. The scanning rate was 0.1 V·s−1

in each case, and the potential field was situated between −0.4 V and +0.7 V.
The variation of the sensor response depending on the concentration of the CGA

solution is presented in Figure 7a. As may be seen, the intensity of the anodic and cathodic
peaks increases with the increasing concentration.
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Figure 7b illustrates the linear dependency between the anodic peak current and the
CGA concentration in the field of 0.1–1.20 µM when using GPH-GNP-SPE. For higher
concentrations, the electrochemical signal increases more slowly due to the saturation of
the active centers on the surface of the working electrode.

The limits of detection (LOD) and the limits of quantification (LOQ) were calculated
using the following equations [45]:

LOD = 3σ/m; LOQ = 10σ/m (2)

where σ is the standard deviation (SD) of the electrochemical signal for the blank sample
for the potential corresponding to CGA, and m is the slope of the calibration curve.

Table 5 shows the results obtained for LOD and LOQ, calculated for the three sensors
used in this study.

Table 5. LOD and LOQ values for CGA detection for each of the three sensors.

Sensor LOD (M) LOQ (M)

C-SPE 6.50 × 10−7 2.16 × 10−6

GPH-SPE 0.73 × 10−7 2.45 × 10−6

GPH-GNP-SPE 0.62 × 10−7 1.94 × 10−7

The low values of the detection limit and of the quantification limit are due to the
increased sensitivity of the sensors used in this study, which demonstrates the feasibility
of the voltammetric method for the CGA analysis with real samples, such as various
pharmaceutical products.

The lowest detection limit was obtained for GPH-GNP-SPE. Consequently, the sensitivity
of the sensors decreased in the following order: GPH-GNP-SPE > GPH-SPE > C-SPE.

The values obtained for LOD were compared with those reported in literature, as
shown in Table 6.
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Table 6. Sensitive materials, detection techniques, and detection limits (LODs) of the main voltammetric sensors used for
the detection of CGA.

Sensitive Material Detection Technique LOD (µmol·L−1) Reference

GO/SPCEs 1 UV-Vis spectroscopy 0.16 [46]
GR-MWNTs/GCE 2 Capillary electrophoresis with chemiluminescence 0.5 [47]

MWCNTs/SPE 3 DPV 0.12 [48]
MIS/Au electrode 4 DPV 0.15 [22]

PASA/GCE 5 CV 0.04 [44]
Ir-BMI.PF6

6 SWV 0.09 [18]
IL/DMC/PE 7 SWV 0.01 [49]

DPV, differential pulse voltammetry; SWV, square-wave voltammetry; CV, cyclic voltammetry; 1 graphene oxide modified electrochemically
pre-anodized screen-printed carbon electrodes; 2 graphene dispersed multi-walled carbon nanotubes composite modified glassy carbon
electrode; 3 multi-walled carbon nanotubes modified screen-printed electrode; 4 molecularly imprinted siloxane (MIS) film, prepared by
sol–gel process, onto Au bare electrode; 5 poly (aminosulfonic acid) modified glassy carbon electrode; 6 1-n-butyl-3-methylimidazolium
hexafluorophosphate containing dispersed iridium nanoparticles; 7 highly defective mesoporous carbon—ionic liquid paste electrode.

The GPH-GNP-SPE sensor generally had a lower LOD than the majority of sensors
reported in the literature. The LOD and LOQ values of the GPH-GNP-SPE sensor were
acceptable for detecting CGA in real samples. Therefore, this sensor was used to determine
the CGA in nutraceutical products.

It is worth mentioning that graphene dispersed multi-walled carbon nanotubes com-
posite modifiers for glassy carbon electrodes, molecularly imprinted siloxanes on gold
electrodes or imidazolium derivatives modified screen-printed electrodes are more or less
similar with the metallic nanoparticles or graphene-based modifiers for screen-printed
carbon electrodes from analytical point of view. Advantages related to the GPH-GNP-SPE
are also attributed to its reproducible synthesis, on large areas, characteristic conversely
unattained when an electrode is modified with polymers, dispersions of nanoparticles,
etc., through drop casting, adsorption, and under different working conditions (room
temperature, humidity, etc.) [50].

2.5. Quantitative Determination of CGA in Nutraceutical Products

The following analysis consisted in determining CGA from real samples, with three
commercial products being selected—namely, Green Coffee Extract (Rotta Natura), Green
Coffee (Pro Natura), and Green Coffee Fit (Pro Natura). These products were analyzed
using two methods: CV (the method described in this study) and FTIR analysis (standard
method) [51]. Therefore, the goal of this analysis was to compare the results obtained
through the methods mentioned and to validate the electroanalytical method.

In the case of CV, the measurements were recorded in the potential field of −0.4 V and
+0.7 V. The kinetics of the redox processes were achieved through registering the CVs with
scan rates of 0.1 V·s−1, using 3 different quantities from each product: 0.0150 g, 0.0350 g,
and 0.0550 g (Figure 8).

In order to avoid the interference of other compounds in food supplements, the current
corresponding to specific detection potential for chlorogenic acid, i.e., 0.189 V, was taken
into account (Table 3). To calculate the values reported in Table 7, the dilutions and the
amount of food supplement used in the analysis were also taken into account.

The occurrence of an anodic peak and of a cathodic peak corresponding to the presence
of CGA in real samples may be noticed in all three CVs. The responses obtained by GPH-
GNP-SPE indicate that the modified sensor had good selectivity and sensitivity, appropriate
for detecting CGA in nutraceutical products.
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Table 7. CGA content determined in three food supplements by using voltammetric and spectropho-
tometric method.

Food Supplement Voltammetric Method
c% CGA

FTIR Method
c% CGA

Green Coffee Extract (Rotta Natura) 4.43 ± 0.11 4.83 ± 0.12
Green Coffee (Pro Natura) 4.38 ± 0.11 4.62 ± 0.12

Green Coffee Fit (Pro Natura) 5.86 ± 0.12 6.43 ± 0.11

To validate the voltammetric method, FTIR spectrometric analyses were carried out for
the same samples. The samples were prepared through homogenization with potassium
bromide, without other stages of pre-treatment being necessary. All the experiments were
carried out thrice. The wave number corresponding to the C=O group was 1680 cm−1 ([52]
p. 1,794,427), the respective band being identified in all the samples analyzed. Consequently,
absorbance for the standard sample and for the samples from food supplements was
measured at this wave number. Based on the results obtained, the CGA concentrations in
nutraceutical products were calculated, as shown in Table 7.

Figure 9 illustrates the FTIR spectra of the samples from the three products studied—
namely, Green Coffee Extract (Rotta Natura), Green Coffee (Pro Natura), and Green Coffee
Fit (Pro Natura).
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2.6. Stability, Repeatability and Interference Studies

The stability for GPH-GNP-SPE was evaluated by carrying out 50 measurements
using a 10−3 M CGA solution and cyclic voltammetry. The results obtained highlighted
very small differences between the anodic currents, thus confirming the stability of the
sensor used in the electroanalysis.

The tests for the repeatability study were carried out in a 50 µM CGA–10−1 M PBS
solution. The value of the relative deviation standard (RDS) for the anodic peak identified
for the seven consecutive determinations in the same solution did not surpass the value
of 2.5%.

In optimum experimental conditions, the effect of various possible interferents under
the form of organic compounds such as L-ascorbic acid, ferulic acid, and vanillic acid
on CGA quantification was evaluated. The method used was cyclic voltammetry. The
tolerance limit was defined as the maximum concentration of the interference compounds,
which prompted a relative error of ±5% in the CGA quantitative determination. The results
obtained indicate that the peaks due to the CGA presence did not change significantly on
adding interferents. This is shown in Table 8.

Table 8. The interference of some chemically related species on the quantitative determination of CGA.

Interfering Compound Concentration of the Interfering Chemically Related Species (M) Recovery % RSD %

L-ascorbic acid 10−5 M 102.09 1.46
Ferulic acid 10−5 M 104.19 2.90
Vanillic acid 10−5 M 103.80 2.64

The tolerance limit was calculated, with the following results: 5 × 10−5 M for the
L-ascorbic acid, and 2 × 10−5 M for the ferulic and vanillic acids.

It may be concluded that the GPH-GNP-SPE sensor has an adequate selectivity for
detecting CGA in multicomponent solutions.
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3. Materials and Methods
3.1. Chemical Substances and Solutions

The reagents employed were achieved from Sigma-Aldrich (St. Louis, MO, USA),
being used without any supplementary purification: potassium chloride, potassium ferro-
cyanide, sodium diphosphate, and phosphoric acid. During the preliminary experiments,
the following potassium ferrocyanide solutions were used: 10−3 M K4[Fe(CN)6] and
10−1 M phosphate buffer solution.

To prepare the 10−1 M phosphate buffer solution (PBS) with pH = 7, disodium phos-
phate and phosphoric acid dissolved in ultrapure water obtained from the Milli-Q system
(Millipore, Bedford, MA, SUA) was used. To verify the pH of the solution, a pH-meter was
used (WTW Instruments, Weilheim, Germany).

The CGA (analytical purity) used in the electroanalytical studies was purchased from
Sigma-Aldrich. To obtain the stock solution of 10−3 M CGA, the adequate quantities of
CGA were dissolved in PBS solution (pH = 7).

The phenolic compounds used in the interference studies—namely, ferulic acid and
vanillic acid—were purchased from Sigma-Aldrich, and L-ascorbic acid was purchased
from Riedel-de-Haen (Seelze, Germany).

3.2. Electrochemical Cell

All electrochemical experiments were carried out using an electrochemical cell with
a capacity of 50 mL (Princeton Applied Research, Oak Ridge, TN, USA), containing a
system with three electrodes: the reference electrode—Ag/AgCl, a platinum wire as a
counter electrode, and the working electrode. The working electrodes were carbon screen-
printed electrodes (C-SPEs) (Dropsense, Llanera, Austurias, Spain) modified either with
graphene or with graphene and gold nanoparticles. All measurements were carried out at
room temperature.

3.3. Equipment

To characterize and optimize the signals of the electrodes and, at the same time, to
analyze nutraceutical products, an EG&G potentiostat/galvanostat (Princeton Applied
Research, Oak Ridge, TN, USA) controlled by EC-Lab Express application software that
operated in Windows was used. In order to analyze and interpret the results obtained, the
following programs were also used: Origin and Microsoft Excel.

To dissolve the compounds and homogenize the solutions, an Elmasonic S10H ul-
trasound bath (Elma Schmidbauer GmbH, Singen, Germany) was used. Weighing the
substances was done at an AS 60/220.R2 analytical scale (SC Partner Corporation SRL,
Bucharest, Romania).

Cyclic voltammetry was the detection technique used, and the optimal potential range
was optimized for the analyzed solutions. The scan rate was 0.1 V·s−1, except for the
studies on the influence of scan rate on the sensor response.

In order to obtain the FTIR spectra, we used the Bruker ALPHA FT-IR spectrometer
(BrukerOptik GmbH, Ettlingen, Germany), connected to the OPUS software (BrukerOptik
GmbH, Ettlingen, Germany), in the range of 4000–500 cm– 1 (32 scans, 4 cm−1 resolution)
in the attenuated total reflectance mode (ATR). The ATR ZnSe crystal was wiped clean
with ultrapure water and isopropanol between measurements. The background was the
spectrum obtained in the air (ATR ZnSe crystal).

3.4. Real Sample Analysis

Three products were analyzed: Green Coffee Extract (Rotta Natura), Green Coffee
(Pro Natura), and Green Coffee Fit (Pro Natura).

Green Coffee Extract (Rotta Natura) contains extracts of green coffee (Coffea arabica),
which ensures the intensification of the metabolism. Thus, the product is indicated for
reducing corporal mass, reducing cellulite, and supporting people suffering from diabetes.
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Green Coffee Product (Pro Natura) contains extracts from green coffee beans. The
content of this product has antioxidation properties, facilitating the neutralization of free
radicals from the body and contributing to a normal energetic metabolism.

The ingredients of the Green Coffee Fit product (Pro Natura) are extract of green coffee
beans with 50% chlorogenic acids, gelatin (capsule), green tea leave powder, hydroalcoholic
extract 1:1 of Guarana beans based on 15% maltodextrin and 5% caramel pigment, and
fruit powder from bitter orange. Due to this composition, the product is a powerful
antioxidant, which may help neutralize free radicals from the body and help in fighting
against physical and mental stress. At the same time, it contributes to accelerating the
metabolism, facilitating the burning of subcutaneous body fat deposits.

To carry out electrochemical studies, the content of a capsule from each product was
weighed and dissolved in 50 mL of PBS solution (pH = 7). The ultrasound bath was used
to homogenize the content, and the insoluble fraction was separated by means of filtration.

4. Conclusions

Developing reliable, rapid, sensitive, and simple methods for determining and quanti-
fying CGA is of great interest. Consequently, the present paper describes the use of various
voltammetric sensors based on simple screen-printed carbon electrodes, modified with
graphene on the one hand and with graphene and gold nanoparticles on the other, for the
analysis and determination of CGA. Using cyclic voltammetry as method detection, very
good results were obtained, with applicability in laboratory practice.

Of the three electrodes, GPH-GNP-SPE proved to have a very good sensitivity and a
very low limit of detection for CGA. The analytical method may be successfully applied in
determining CGA from real samples.

The results obtained with GPH-GNP-SPE are very close to those obtained through
standard methods of analysis, indicating a trust level of 99%. Techniques traditionally
used for the quantification of antioxidant properties of CGA in biological samples and in
natural samples have a disadvantage in that they are usually time consuming and require
quite expensive equipment and pre-treatment steps prior to estimation of an analyte [53].
Compared with these methods, the one proposed by us has a series of advantages, including
reduced time in sample analysis, very good accuracy, small quantity of samples necessary,
good precision, portability, and reduced costs, which make this method suitable for quality
control of pharmaceuticals as well as nutraceutical products.
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