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Abstract: Silica-based electrodes which permanently include a graphite/Au nanoparticles composite
were tested for non-enzymatic detection of glucose and fructose. The composite material showed an
effective electrocatalytic activity, to achieve the oxidation of the two analytes at quite low potential
values and with good linearity. Reduced surface passivation was observed even in presence of organic
species normally constituting real samples. Electrochemical responses were systematically recorded
in cyclic voltammetry and differential pulse voltammetry by analysing 99 solutions containing
glucose and fructose at different concentration values. The analysed samples consisted both in
glucose and fructose aqueous solutions at pH 12 and in solutions of synthetic musts of red grapes,
to test the feasibility of the approach in a real frame. Multivariate exploratory analyses of the
electrochemical signals were performed using the Principal Component Analysis (PCA). This gave
evidence of the effectiveness of the chemometric approach to study the electrochemical sensor
responses. Thanks to PCA, it was possible to highlight the different contributions of glucose and
fructose to the voltammetric signal, allowing their selective determination.

Keywords: sonogel-carbon; Au nanoparticles; composite; silica-based electrodes; amperometric
sensors; glucose; fructose; principal component analysis; blind analysis

1. Introduction

Sugars are essential organic compounds for both plants and humans, as they play
several fundamental roles in their life and development. In particular, glucose and fructose
are of main interest because they are essential nutrients in the human diet. They are
naturally present in a wide range of food, or they may be added as additives.

The quantification of glucose and fructose is very important to evaluate the quality
of many foodstuffs including honey, fruit and fruit juices. As an example, the simulta-
neous quantification of these two sugars is essential to determine the degree of ripeness
of grapes; in oenology, this is a relevant factor as the characteristics of grapes directly
affect the quality of wine. Due to the strong similarity between the chemical structures
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of the two carbohydrates, their quantification is generally performed after separation by
chromatographic [1-5] or electrophoretic methods [6-8]. Despite allowing accurate quan-
tification of both glucose and fructose in complex matrices, these analyses can only be
carried out in a chemical laboratory. However, there are several situations requiring fast
and reliable detection of sugar directly in-situ, e.g., during food production and storage or
fruit maturation in the field. Amperometric sensors can be better suited to this purpose.

Although enzymatic biosensors can be exploited for the selective determination of
glucose and fructose even in complex matrices [9,10], the use of devices based on biological
recognition elements is not always possible. For example, such equipment cannot be
used in case of high temperatures or high ionic strength or when aggressive chemicals,
heavy metals or other compounds acting as enzymatic inhibitors are present. In addition,
enzymatic biosensors can only be used as disposable devices, due to enzyme degradation in
subsequent measurements. For this reason, there is a growing interest in the development
of non-enzymatic electrochemical sensors, which allow the detection of carbohydrates with
high sensitivity and long-term stability [11-13].

These devices generally take advantage of the electrocatalytic properties of transition
metals, allowing efficient oxidation of sugars [14,15]. Recent works mainly deal with the
development of sensors based on Cu and Ni derivatives [16-23]. However, these devices
feature relatively high oxidation potential values (typically >0.4 V vs. Ag/AgCl), which
can affect their selectivity when working in complex matrices, due to the possible oxidation
of many interfering redox-active species. For this reason, more expensive Au-based sensors
are often preferred.

Electrocatalytic oxidation of glucose at Au surfaces is one of the most discussed
electrochemical processes in the scientific literature. The actual mechanism is, in fact,
still quite debated. According to the most accepted theories [24,25] the electrocatalysis is
achieved by the adsorption of glucose on the surface of the electrode and mediated by
a hydrated oxide layer formed on the Au surface during the electrochemical oxidation
process of the electrode surface. Even in more recent years, studies trying to explain the
complex voltammetric responses normally obtained at polycrystalline structures of Au
surfaces are still attracting the efforts of the electrochemical community [26,27]. In any case,
it has been observed that the process is favoured in alkaline solutions as these conditions
favour the formation of reactive sites on the electrode surface and of more easily oxidized
reaction intermediate, namely enediol; moreover, OH™ species are required to neutralize
the protons generated during sugars dehydrogenation steps. A very interesting aspect is
that electrocatalytic activity towards glucose oxidation is preserved at Au nanostructured
surfaces, with the advantage that the surface passivation is, in this case, limited [28].

The close similarity with the glucose molecule implies that the oxidation mechanism of
the fructose molecule on the AuNPs can be explained by the same theories and mechanisms
proposed in the case of glucose [24,29].

In previous work, we reported the performance of silica-based electrodes including a
graphite-Au nanoparticles composite (C-AuNPs) [30]; they were synthesized by means
of an innovative sonogel process [31]. The resulting SNG/C-AuNPs devices showed
peculiar electrocatalytic activity toward glucose oxidation, reduced surface passivation and
simple and reproducible surface renewal. All these characteristics make them suitable to
be applied as electrochemical sensors for glucose determination. Since in several foodstuffs
glucose is present together with fructose, in this research we tested this device for the
simultaneous detection of both these sugars.

Firstly, aqueous solutions were considered, both to test the signal response of glu-
cose and fructose oxidation separately from each other, and to evaluate the ability of the
SNG/C-AuNPs device to distinguish the contribution deriving from the two sugars when
analysing their mixtures. To this aim, since the electrochemical signals of the two sugars
largely overlap, a multivariate approach based on Principal Component Analysis (PCA)
was applied.
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Then, based on the positive results obtained in the first step, a synthetic solution
mimicking the composition of musts of red grapes was used instead of water to prepare a
new set of samples obtained by adding variable amounts of glucose and fructose defined
using a nine-level factorial design. This second set of samples was analysed to test the
effectiveness of the device in a complex matrix containing other electroactive species such as
polyphenol derivatives, which are acknowledged to induce passivation of the electroactive
surfaces [32,33]. The dataset of electrochemical signals was once more explored by PCA,
which allowed us to confirm the ability of the SNG/C-AuNPs electrode to detect the
separate contribution of glucose and fructose concentration values.

2. Materials and Methods

All reagents by Sigma-Aldrich were of analytical grade and used without further
purification. All solutions were prepared in Ultrapure water, obtained through a Milli-Q
system (18 M) x cm resistivity, Millipore, Burlington, MA, USA).

SNG/C-AuNPs electrodes were obtained as reported in [30], starting from methyltri
methoxysilane, natural graphite powder (99.999 % pure, dimension < 74 um) by Alfa-Aesar
(Johnson Matthey GmbH, London, UK) and AuNPs encapsulated with citrate (16.3 nm
mean diameter). They were made as schematized in Figure 1, by pouring 0.50 g of the
C-AuNPs composite [30] in 0.6 mL of SNG solution; glass capillary tubes with 1.15 mm
internal diameter were used as the body of the electrode.

C-AUNPS
l \ SOL
ultrasound filling of drying electric
cavitation capillary contact

Figure 1. Scheme reporting the realization of SNG/C-AuNPs electrodes by following the approach
described in [30,31].

Electrochemical measurements were carried out with an Autolab PGSTAT-30 (Eco
Chemie, Utrecht, The Netherlands), under the control of GPES software. The electro-
chemical cell was completed by a Pt wire counter-electrode and an Ag/AgCl, 3 M KCl
reference electrode.

All electrochemical tests were carried out in 17 mM KOH solutions at pH 12, also
containing 0.1 M LiClOy as the supporting electrolyte. Before each measurement, five
consecutive voltammetric scans were performed in the pure electrolyte solution, to stabilise
the background signal. No mechanical cleaning of the electrode surface was necessary
between measurements in different solutions.

2.1. Electrochemical Tests in Aqueous Solutions of Glucose and Fructose

Each solution containing glucose and fructose was tested by recording both cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) in the potential interval
—0.5—+0.6 V. As for CV tests, five consecutive scans were recorded at 0.05 Vs~ 1. In the end,
the response of the last scan was taken into consideration since it represented the steady-
state voltammogram. As for the DPV experiments, we adopted the following parameters:
50 mV modulation amplitude, 6 mV step potential, 0.1 s modulation time and 0.4 s interval
time. As the DPV signals were collected just after having recorded the CV trace in the same
solution, the first scan already consisted of the steady-state response.
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Tests on a single analyte (either glucose or fructose) were carried out by consecutive
addition of the analyte in the test solution and by recording both CV and DPV traces.

For preliminary tests in solutions containing a mixture of both the analytes, nine
solutions were prepared considering a 32 factorial design, i.e., testing all the possible
combinations of the two analytes at the three concentration levels equal to 0.1, 1.0 or 1.9 mM,
thus resulting in nine different solutions. In any case, the analysis in the presence of the
analytes was performed after having recorded the signal in the blank electrolyte solution.
Solutions with different composition were tested randomly to reveal the occurrence of
possible memory effects.

A similar approach was also adopted to perform a further, more systematic set of
measurements on mixtures of the two analytes, which were built based on a 92 factorial
design, i.e., considering all the possible combinations of nine equally spaced concentration
levels of the two analytes, in the interval between 0 and 10 mM, which led to the 81
experimental conditions reported in Table 1. The repeatability of the sensor response
was tested by including two further replicates of nine mixtures, highlighted in Table 1; in
these cases, voltammetric responses almost overlapped. The resulting 99 mixtures (=81
experimental conditions + 18 replicates) were tested in random order.

Table 1. Composition of the 81 aqueous solutions (pH 12) of glucose and fructose, tested by CV and DPV; grey boxes

indicate the samples prepared and tested three times, whereas white boxes lie for solutions tested only once.

Glucose mM) —»

<«——  Fructose (mM)

0.00-0.00 1.25-0.00 2.50-0.00 3.75-0.00 5.00-0.00 6.75-0.00 7.50-0.00 8.75-0.00 | 10.0-0.00
0.00-1.25 1.25-1.25 2.50-1.25 3.75-1.25 5.00-1.25 6.75-1.25 7.50-1.25 8.75-1.25 | 10.0-1.25
0.00-2.50 1.25-2.50 2.50-2.50 3.75-2.50 5.00-2.50 6.75-2.50 7.50-2.50 8.75-2.50 | 10.0-2.50
0.00-3.75 1.25-3.75 2.50-3.75 3.75-3.75 5.00-3.75 6.75-3.75 7.50-3.75 8.75-3.75 | 10.0-3.75
0.00-5.00 1.25-5.00 2.50-5.00 3.75-5.00 5.00-5.00 6.75-5.00 7.50-5.00 8.75-5.00 | 10.0-5.00
0.00-6.75 1.25-6.75 2.50-6.75 3.75-6.75 5.00-6.75 6.75-6.75 7.50-6.75 8.75-6.75 | 10.0-6.75
0.00-7.50 1.25-7.50 2.50-7.50 3.75-7.50 5.00-7.50 6.75-7.50 7.50-7.50 8.75-7.50 | 10.0-7.50
0.00-8.75 1.25-8.75 2.50-8.75 3.75-8.75 5.00-8.75 6.75-8.75 7.50-8.75 8.75-8.75 | 10.0-8.75
0.00-10.0 1.25-10.0 2.50-10.0 3.75-10.0 5.00-10.0 6.75-10.0 7.50-10.0 8.75-10.0 | 10.0-10.0

2.2. Electrochemical Tests in Synthetic Must

Samples of synthetic red must were prepared to start from a solution simulating the
composition of the real samples: 5 g/L tartaric acid, 1 g/L malic acid, 0.15 g/L citric
acid, 500 mg/L tannins, 75 mg/L anthocyanin and adding different amounts of glucose
and fructose. Based on the approach described previously for the systematic analysis of
aqueous solutions, nine equally spaced concentration levels for each analyte, in the interval
between 0 and 200 g/L were considered. They resulted in a set of mixtures characterized
by the compositions reported in Table 2. This concentration range was defined based on the
concentration range of sugars normally present in this matrix. In this case, the repeatability
of the sensor response was tested by including two further replicates of nine mixtures,
highlighted in Table 2.

The resulting 99 mixtures were diluted 100 times with 17 mM KOH (pH 12) solution,
also containing 0.1 M LiClOy as the supporting electrolyte. The concentrations of sugars of
the final solutions were similar to those considered in the previous experimental design.
The diluted samples were then tested by DPV and CV experiments, according to an order
defined by a random number generator. In both cases, measurements in solutions in
the presence of the analytes were alternated with measurements in the blank electrolyte
solution. For this set of measurements, no mechanical cleaning step of the electrode surface
was necessary.
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Table 2. Composition of the 81 solutions of synthetic red musts tested by CV ad DPV; grey boxes indicate the samples

prepared and tested three times, whereas white boxes stand for solutions tested only once.

Glucose (g/Ll) —»
= 0-0 25-0 50-0 75-0 100-0 125-0 150-0 175-0 200-0
ﬁa 0-25 25-25 50-25 75-25 100-25 125-25 15025 175-25 200-25
g 0-50 25-50 50-50 75-50 100-50 125-50 150-50 175-50 200-50
£ 0-75 25-75 50-75 75-75 100-75 125-75 150-75 175-75 200-75
E 0-100 25-100 50-100 75-100 100-100 125-100 150-100 175-100 200-100
0-125 25-125 50-125 75-125 100-125 125-125 150-125 175-125 200-125
0-150 25-150 50-150 75-150 100-150 125-150 150-150 175-150 200-150
0-175 25-175 50-175 75-175 100-175 125-175 150-175 175-175 200-175
0-200 25-200 50-200 75-200 100-200 125-200 150-200 175-200 200-200

2.3. Multivariate Analysis of CV and DPV Signals

The four datasets of signals considered for the chemometric treatment consisted of the
CV and DPV responses recorded in the glucose and fructose mixtures (either aqueous solu-
tions or synthetic musts) after subtraction of the relevant background signal, i.e., the signal
collected in the electrolyte solution used for the preparation or dilution of the samples
(17 mM KOH and 0.1 M LiClOy). The final responses were subjected to exploratory data
analysis by means of Principal Component Analysis (PCA) (PLS-Toolbox, ver. 8.5, Eigen-
vector Research Inc., Wenatchee, WA, USA) running in MATLAB environment (ver. 9.3,
The Mathworks Inc., Natick, MA, USA).

3. Results and Discussion
3.1. Electrochemical Responses of Fructose Oxidation

As discussed in [30], AuNPs in SNG/C-AuNPs are effective in activating electrocat-
alytic processes that allow the oxidation, thus the detection, of glucose. Although the
oxidation of this analyte is also possible at neutral pH values with this electrode system, the
sensitivity is higher in alkaline media. For this reason, the following tests were performed
in solutions at pH 12, which represents the highest value for the electrode material to
be stable. On the other hand, the concentration of sugars in real musts is so high that a
dilution step before the analytical measurement is mandatory; this allows us to decide the
most proper conditions at which performing the analytical measurements, consisting in a
solution at pH 12 in our specific case.

SNG/C-AuNPs were tested in the same solvent media for the detection of fructose,
which is the second main carbohydrate in must. AuNPs present in bulk electrode induced
oxidation of fructose: CV responses showed (Figure 2a) the presence of an oxidation
response both in the measurements from —0.5 to +0.6 V and vice versa, as expected for the
oxidation of carbohydrates at gold surfaces [23-27]. Since the voltammetric responses also
contain the contribution given by the oxidation of Au surface, they were subtracted from
the response recorded in the absence of analyte. As better highlighted from the resulting
forward scan (Figure 2b), the intensity of the oxidation peak at ca. +0.20 V linearly increases
as the concentration of fructose within the explored range increases, i.e., between 0.1 and
1.9 mM.

It is well known that CV is not the most proper electrochemical technique for analytical
purposes, since it is affected by fairly high background and capacitive current values. A
higher signal to noise ratio is generally achieved by recording DPV responses. This is the
preferred voltammetric technique in electrochemical sensing. On the other hand, due to the
quite peculiar electrochemical mechanism at the basis of glucose and fructose oxidation,
which is quite far from being considered a pure diffusive one, the analysis is generally
performed by the CV technique. To test the possibility of using this voltammetric technique
for such an application, we recorded DPV responses in solutions at different concentration
of fructose, once more evidencing a trend of the voltammetric signals with subsequent
additions of fructose (Figure 3a). Better evidence of the contribution provided by fructose



Sensors 2021, 21, 4190

6 of 13

oxidation was once more obtained after background subtraction (Figure 3b): the intensity
of a couple of peaks centred at ca. —0.10 and +0.20 V increases as the concentration of
fructose in solution increases.

13
2.0 1.0
0.0 0.8
2.0 05
- <
i S 0.3
~ 40 >~ 00
6.0 —0.0mM —0.1mM -0.3
"o —aismm
-8.0 —1.0m —133mM < °
16 mM 1.9 mM 0.8 00 @ [Fructose] / mM
100 10 0.00 0.50 1.00 1.50 2.00
-050 -030 -010 010 030 0.50 -0.40 -0.20 0.00 0.20 0.40 0.60
E/V vsAg/AgCl E/V vsAg/AgCl

Figure 2. (a) CV responses registered at SNG/C-AuNPs electrode in solutions of 17 mM KOH and
0.1 M LiCIOy4 (pH 12) at different fructose concentrations; 0.05 Vs~! potential scan rate and (b) the
relevant forward traces subtracted of the background. Calibration plot obtained at +0.20 V are
reported in the inset of (b).

—00mM —0.1mM — 0.4 mM
20 | —07mM —10mM —13mM  d

18 1‘.6 mM 1.9 mM 04
t 02
0.0
4 < i/WA o E=.010V -
i ~ ® E=+020V g
— —0.2 0.4 pante L g
02 1 g ."“. ..... o
0.8 -0.4 00 . ® [fructose] / mM
0.0 0.5 1.0 1.5 2.0
0.6 -0.6
-0.50 -0.25 0.00 0.25 0.50 -0.50 -0.25 0.00 0.25 0.50
E/V vsAg/AgCl E/V vsAg/AgCl

Figure 3. (a) DPV responses registered at SNG/C-AuNPs electrode in solutions of 17 mM KOH and
0.1 M LiClOy4 (pH 12) at different fructose concentrations and (b) the relevant traces subtracted of the
background. Calibration plot obtained at —0.10 V and +0.20 V is reported in the inset of (b).

A similar trend was also observed for glucose oxidation, in this case resulting in a
broad oxidation peak increasing from 0.0 to +0.2 V, similarly to what was observed in the
CV responses reported previously [30].

3.2. Electrochemical Responses of Glucose and Fructose Mixtures

Since complex oenological matrices contain a mixture of glucose and fructose, we
tested the possibility to quantify the two analytes when they are present in the same
matrix. Both CV (Figure 4a) and DPV (Figure 4b) traces obtained in a solution of either
glucose or fructose showed characteristic peaks, whereas the responses recorded in a
solution containing an equimolar ratio of the two analytes corresponds to the sum of the
contributions of the two oxidation processes. As observed, the differences in the shape of
the voltammetric responses of the two analytes are more evident when adopting DPV.
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Figure 4. (a) Forward CV and (b) DPV responses obtained, after blank subtraction, at SNG/C-AuNPs
electrode in 17 mM KOH and 0.1 M LiClOy (pH 12) solutions containing either glucose or fructose
(1.9 mM) or their mixture (1.9 mM glucose and 1.9 mM fructose).

These results suggest the possibility to perform the selective determination of the two
analytes by exploiting the different electrochemical behaviour of the two species. However,
due to the strong overlap of the voltammetric responses ascribable to glucose and fructose
oxidation, selectivity can be only reached by means of a chemometric treatment of the
signals [34-38]. To test the effectiveness of this approach, we analysed the responses
obtained from solutions containing both analytes in different molar ratios. As a first step,
nine solutions containing different amounts of glucose and fructose (0.1, 1.0 and 1.9 mM)
were prepared following a 32 factorial design and they were analysed both by CV and by
DPV. These solutions were tested in a randomized manner and the mechanical cleaning of
the electrode surface was avoided to highlight the possible occurrence of memory effects.
The nine responses were compared to investigate the effect of the increasing concentrations
of either glucose or fructose in solutions containing a constant amount of the other analyte.
The shape of the voltammograms was similar to the one of the pure analytes: as for the
CV responses, the increase of fructose concentration with a constant amount of glucose
induced the growth of the main peak at +0.20 V and a shoulder at ca. 0.0 V, whereas the
increase of glucose concentration with a constant amount of fructose led to an increase of
a main broad peak at +0.18 V. A similar behaviour was observed for DPV experiments,
which led to responses qualitatively similar to those obtained from solutions of the single
analytes, with the increase of the peak centred at ca. —0.15 and +0.15 V for fructose and
glucose, respectively (Figure 4b).

These responses were also analysed from a quantitative point of view to evidence that
the linearity of the sensor response for both glucose and fructose oxidation is maintained
in solutions also containing either fructose or glucose, respectively. In addition, the value
of the slope of the relevant calibration plots is not significantly different (« = 0.05) from
each other, indicating that the presence of glucose does not affect the signal of fructose
oxidation. An analogous evaluation was also carried out to prove the influence of the
presence of fructose on the responses due to glucose oxidation. This led us to conclude that
the simultaneous detection of the two analytes is feasible.

3.3. Multivariate Exploratory Data Analysis of Aqueous Solutions Containing Glucose and
Fructose Mixtures

To perform a detailed characterization of the electrochemical signals measured on
aqueous solutions of glucose and fructose mixtures, a more extensive set of measurements
was performed on the mixtures created using the 92 factorial design reported in Table 1.
The reproducibility of the sensor response was tested by repeating the analysis three times
in nine solutions at different composition (grey boxes in Table 1). This highlighted that
almost overlapped voltammetric responses were achieved, especially when performing
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DPV analyses. In this case, the precision of the sensor was quantified by calculating the
relative standard deviation (RSD) of the current values registered at the potential which
had been previously identified as being typical of glucose and fructose oxidation. The
average RSD values of the replicate measurements in these solutions resulted equal to
13.1% and 6.8% for the current values registered at +0.15 and —0.15 V, respectively.

A PCA model was then calculated for each one of the two datasets of CV and DPV
signals to verify the ability of this multivariate approach to distinguish solutions containing
different amounts of both sugars. The two PCA models were calculated using mean
centring as preprocessing of the signals obtained after background subtraction that was
performed to better identify the peaks of the two analytes. The results obtained by the two
PCA models were very similar: in both cases, 3 principal components (PCs) were selected,
whose explained variance was equal to 98.04% and to 94.81% for the models calculated
on CV signals and DPV signals, respectively. Since the collection of DPV signals is a more
rapid process, it led to more reproducible responses and highlighted more differences
between the two analytes. For the sake of brevity, only the results of the PCA models
calculated on the DPV dataset are reported and discussed.

Figure 5a shows the PC1 versus PC3 score plot, where the aqueous solutions contain-
ing different amounts of glucose are represented with different shades of colour, ranging
from blue to yellow with increasing sugar concentration, according to the values reported
in the colour bar on the right part of the Figure. The increase of the glucose content resulted
in the decreasing of both PC1 and PC3 values, following the direction highlighted by the
dashed arrow. Considering the angles between the arrow and the two PCs, it is evident
that the increase of glucose is mainly correlated with PC1: high glucose concentrations are
found at negative PC1 values and vice versa. Figure 5b shows the score plot of PC1 versus
PC2; in this case, the samples were coloured according to the fructose content. As indicated
by the arrow, the fructose concentration increases as the values of both PCs decrease, with
a major contribution by PC2. These results highlight that the DPV responses recorded in
aqueous solutions reflect the concentration values of each individual analyte, regardless of
the concentration of the other analyte, as it was previously hypothesised considering the
preliminary analyses reported in Section 3.2 on a lower number of samples.
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Figure 5. (a) PC1 vs. PC3 score plot with aqueous solution samples coloured according to the glucose
content and (b) PC1 vs. PC2 score plot with aqueous solution samples coloured according to the
fructose content. The colour bar refers to the sugar concentration which increases from 0 mM (blue)
to 10 mM (yellow).

To better describe the portions of the voltammetric signal that mostly contribute to
the data structure observable in Figure 5, we reported the loading plots of the first three
PCs (Figure 6a) compared to the voltammetric signals which have been coloured according
to glucose (Figure 6b) and to fructose (Figure 6¢) content.
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Figure 6. (a) Loading plots for PC1, PC2 and PC3 obtained by PCA on aqueous solution signals;
(b) DPV signals coloured according to glucose content and (c) DPV signals coloured according to
fructose content (the corresponding mM concentrations are reported in the colour bars).

Remarking that PC1 values decrease as the glucose concentration increases (Figure 5a),
the comparison of the PC1 loading vector (dark green in Figure 6a) with the DPV signals,
which have been coloured according to glucose concentration (from dark blue to yellow
in Figure 6b), shows that the negative PC1 loading values in the range between —0.5 and
+0.2 V correspond to the generally higher positive current values measured in this region
for the mixtures with the higher concentration values. Similarly, the positive PC1 loading
values in the signal region between +0.2 and +0.6 V correspond to the increase of the
negative current values as the glucose concentrations increase. The origin of the positive
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contribution of glucose concentration to the current values in the potential range between
—0.5 and +0.2 V is easily ascribable to the first step of glucose oxidation [39]. Conversely,
it is difficult to give a ratio of the process occurring in the signal region between +0.2
and +0.6 V, where a current decrease is observed when passing from the blank electrolyte
solution to solutions with increasing concentration values of glucose; this leads to solutions
that contain a concentration of sugar higher than 2 mM, i.e., higher than those tested
in Section 3.2, to the negative peaks centred at +0.4 V with a shoulder at about +0.3 V.
However we need to remember that oxidation of glucose at Au surfaces occurs with a
peculiar electrochemical process, where positive current values are normally recorded also
in the scan toward negative potentials when reasonably high concentrations of sugars are
analysed [25,30]. This can explain the negative values obtained in this potential region
when adopting DPV as the investigation technique and after subtraction of the background
signal from the response due to glucose/fructose oxidation.

Considering the PC2 and PC3 loading vectors (Figure 6a), the negative PC2 peak
and the positive PC3 peak in the potential interval between —0.5 and +0.2 V correspond
to the unique region where the contribution of fructose concentration is higher than the
contribution of glucose concentration. In fact, the comparison of Figure 6b with Figure 6¢
in the potential region centred at about —0.15 V shows that the highest current values are
obtained for the mixtures with a higher concentration of fructose. This result is consistent
with the shape of the voltammetric responses reported in Figure 4b.

On the other hand, an opposite trend is observed in the potential region between 0 and
+0.15 V, where the current values are higher for the solutions with a high glucose content
and lower for the solutions with a high fructose content. This portion of the voltammetric
signal contains the main oxidation peak ascribable to glucose oxidation, as was evident
from Figure 4b.

3.4. Analysis of Glucose and Fructose Responses in Synthetic Musts

As a consequence of the promising results obtained with the PCA models calculated
in aqueous solutions, the analysis was repeated in a more complex matrix mimicking the
composition of real must samples, as described in Section 2.2.

Basically, the shape of both CV and DPV responses obtained in the diluted must
solutions (Figure 7) recalls those obtained in the pure electrolyte solutions of the sugars,
evidencing that the interference due to other organic species present in the matrix are
negligible when working at pH = 12. Figure 7 also shows that the responses recorded for
the solutions possessing the same composition but which were analysed over different days
have almost overlapped, even though no mechanical cleaning of the surface was performed.
This demonstrates that fouling effects due to polyphenol oxidation are negligible, thanks
to the electrochemical cleaning of the surface activated by the recording of the blank signal
in a solution at pH 12, as reported in the Experimental section.

To demonstrate that glucose and fructose contributions to the electrochemical signals
can be detected separately from each other also in samples possessing a more complex
composition, the DPV and CV responses were evaluated using PCA in this case too. For
reasons similar to those previously underlined, the discussion will only deal with the
analysis of DPV responses. The PCA model calculated on the measured mean-centred
DPV signals led to the selection of 3 PCs, accounting for 96.24% of total data variance. The
score plots showing the data structure according to the concentration values of the two
sugars are shown in Figure 8. It can be easily seen that Figures 5 and 8 are very similar to
each other, demonstrating that the electrode responses are minimally influenced by the
interactions between the two sugars and the other chemical species that are present in
the solutions used to mimic the synthetic must. The same behaviour described for the
aqueous solutions is also observed in the loading plots of the first 3 PCs compared with the
voltammetric signals of the synthetic musts. Once more this indicates that the contribution
to the signal of the organic species that were added to mimic the composition of a must is
almost negligible. Consequently, these results are encouraging given the application of the



Sensors 2021, 21, 4190

11 0of 13

DPV technique to the quantification of glucose and fructose in food matrices in which they

are simultaneously present.
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Figure 7. (a) Forward CV and (b) DPV responses registered, after blank subtraction, at SNG/C-
AuNPs electrode in different solutions of synthetic red must contain either glucose or fructose (5 g/L)
diluted 100 times with 17 mM KOH and 0.1 M LiClO4 (pH 12).
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Figure 8. (a) PC1 vs. PC3 score plot of synthetic must samples coloured according to glucose
concentration in the sample and (b) PC1 vs. PC2 score plot of synthetic must samples coloured
according to fructose concentration in the sample. The colour bar refers to the sugar concentration
which increases from 0 g/L (blue) to 200 g/L (yellow).

4. Conclusions

The results here discussed demonstrated that the SNG/C-AulNPs electrode can be used
as an effective sensor for the non-enzymatic detection of glucose and fructose in solutions
at pH 12. The composite material containing AuNPs introduces effective electrocatalytic
activities toward the oxidation of the two analytes; moreover the fouling effect, due to
organic species normally present in real samples, does not affect the repeatability of
the voltammetric responses. All these properties lead to a sensor showing oxidation
responses for both glucose and fructose at quite low potential values and characterised by
a repeatability which makes it suitable to be used in consecutive measurements of samples
at different composition without a mechanical renewal of the surface.

Exploratory multivariate analysis of the signals, collected in samples containing both
glucose and fructose in different molar ratios, demonstrated that the voltammetric response
is the sum of the contributions of two analytes: no significant interference effects were
observed in the response due to the oxidation of one of the two analytes when analysing
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solutions which contained the other analyte as well. The lack of electrochemical interaction
between the two analytes, both in aqueous solution and in synthetic samples mimicking
red musts, allows the correct identification of samples containing an increasing amount
of either glucose or fructose, irrespective of the concentration of the second analyte. This
fact proves the possible use of the same sensor for the simultaneous quantification of the
two analytes in real samples. To this aim, tests on real musts samples are in progress in our
laboratory; the very preliminary results confirm the effectiveness of the methodology that
has been described hereinabove.
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