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A B S T R A C T

A simple and easily replicable technique is here presented for assembling planar electrochemical cells based on
gold-leaf electrodes using ordinary tools and a do-it-yourself approach. These devices have been profitably used
to perform spectroelectrochemical measurements in the reflectance mode demonstrating for the first time how
the use of gold-leaf electrodes can offer a viable and low cost alternative to traditionally used electrochemical
platforms assembled by gold vapor deposition or screen printing.
After optimization of fabrication parameters, the electrochemical and spectroelectrochemical characterization

of these cells was performed by using potassium hexacyanoferrate(II) as redox probe.
Then, hydroxytyrosol has been selected as model to develop an innovative and so far never presented spec-

troelectrochemical method for the determination and quantification of ortho-diphenol antioxidants in extra
virgin olive oil. The results achieved allowed us to preliminary evaluate the electrochemical oxidation mecha-
nism of hydroxytyrosol at gold leaf electrodes and then to select the best wavelength for its spectroelec-
trochemical determination.
The approach developed enabled to evaluate hydroxytyrosol concentrations from both the electrochemical

and spectroscopic signals with repeatable and comparable results. Comparison between electrochemical and
optical determinations performed on real sample demonstrates that the two methods can be used indistinctively,
proving that spectroelectrochemistry represents an autovalidated technique able to provide reliable results
thanks to complementary information that are simultaneously obtained from electrochemistry and spectroscopy.

1. Introduction

In recent years, the growing attention toward environmental, social,
and economic sustainability has driven the development and diffusion of
Green Analytical Chemistry (GAC) and Democratic Analytical Chemistry
(DAC). These emerging fields focus on developing affordable, user-
friendly, and environmental friendly analytical tools that are acces-
sible to a wide audience of users, even those lacking specialized training.
GAC and DAC principles emphasize the use of readily available mate-
rials, minimization of solvent and energy consumption, ensuring at the
same time operator safety for the development of innovative analytical
methods and devices [1–3]. From this perspective, electrochemistry
aligns well with GAC and DAC principles due to its ability to perform
direct measurements with minimal sample preparation, often requiring
low energy and solvent consumption [4,5]. Moreover, electrochemical
instrumentation can be easily miniaturized and made portable for field

analysis, by using low cost components and simple fabrication tech-
niques [6].

Several studies have explored the use of alternative materials in
order to follow a sustainable approach also in the manufacturing phase
of electrochemical cells. In this context, paper and bioplastics, also from
recycled wastes, have been successfully employed as electrode supports
for planar configurations, which are best suited for the use of small
sample volumes to be analyzed [7–9]. Graphite and carbon-based ma-
terials are in general the most widely used conductive materials due to
their easy availability and low cost [10–12]. Although these aspects are
particularly relevant in the choice of electrode material, specific
analytical requirements necessitate the use of noble metals such as gold
and platinum. For example, gold, with its high electrical conductivity,
electrocatalytic properties, biocompatibility, and ability to reversibly
bond with thiols for surface functionalization, remains a desirable ma-
terial in electrochemistry, in particular for electrocatalysis and
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biosensing [13]. Traditional gold electrode production methods, such as
Chemical Vapor Deposition (CVD) and Physical Vapor Deposition
(PVD), involve the deposition of a thin gold layer on a surface, often
combining lithographic or photolithographic techniques. These methods
require expensive equipments and clean rooms, limiting their accessi-
bility and sustainability [14]. Gold Screen-Printed Electrodes (Gold
SPEs) offer an alternative approach, utilizing gold-based inks applied
through a mask. This method simplifies production and eliminates the
need for clean rooms [15,16]. Alternatively, inkjet printing can be used
to deposit gold-based inks directly onto various materials like paper,
Kapton, and plastics, as polyethylene terephthalate (PET) [17–19]. Both
SPEs and inkjet-printed gold electrodes can incorporate additional ma-
terials in their inks, which may influence their analytical performance.
However, the formulation of the ink and the type of substrate in which
the conductive material is deposited can lead to great variability in the
electrode response, just as contact with solvents can alter their proper-
ties [20]. Moreover, these electrodes are typically disposable to prevent
carry-over and surface fouling, becoming non-recyclable waste. Gold
leaf, a thin sheet of pure gold that is hammered into a very thin foil
commonly used for art and food decorative purposes, presents a very
promising alternative for electrode fabrication at very low cost. In fact, it
offers higher purity than inks and can be processed using simple and
inexpensive techniques. Gold Leaf Electrodes (GLEs) can be produced at
very low cost, without requiring special equipment, and provide a good
electrode surface, aligning well with GAC and DAC principles [21–23].

The efficiency of gold leaf has already been demonstrated in various
electrochemistry applications [24,25], including the determination of
L-tyrosine [26] or, in biosensing applications, for the detection of DNase
[13].

When relying only on electrochemistry, there is no need to stress that
the presence of interfering substances or matrix effects can hinder the
identification of specific molecules, leading to false positives/negatives.
Hyphenating electrochemistry with other techniques, such as spectros-
copy, allows the exploitation of different chemical properties of the
analyte, providing complementary and independent information [27].
This approach can be used to overcome the limitations of
single-technique analysis such as passivation problems of the electrode
surface, excessive sample turbidity or limited quantification range,
enhancing selectivity and sensitivity. Several studies performed mea-
surements and determinations using dual-mode devices, in which
spectroscopic and electrochemical measurements were used together,
but they were conducted not simultaneously, exploiting simultaneous
availability of data for the construction of two different calibration plots
relative to two independent signals to be used for mutual control
[28–30]. Instead, spectroelectrochemistry (SEC) is a hybrid analytical
technique that simultaneously provides electrochemical and spectro-
scopic information on molecules involved in redox reactions [31,32]. It
was continuously improved combining electrochemical techniques with
an ever-increasing number of spectroscopic methods (UV/Vis, IR,
Raman, NMR). As a result, it has emerged as a valuable tool for char-
acterizing molecules, studying reaction mechanisms and their kinetics,
but it is still underutilized for quantifying substances in complex
matrices and improving detection ranges during analysis [33].

Different cell configurations have been proposed for UV/Vis-SEC,
aimed at optimizing transmittance or reflectance measurements. For
transmittance measurements, the use as electrodes of either thin
conductive layers deposited directly on quartz, plastic, or glass-based
substrates, or mesh electrodes inserted into the optical measurement
cell was recommended [34–37]. For reflectance measurements the use
of polished and optically reflecting metals, typically platinum or gold,
was instead suggested [38,39].

Recently, SPE electrodes with SEC were successfully employed for
the SEC determination of various molecules, including folic acid and
dopamine [40–43]. In particular, in the case of dopamine, the oxidation
of its catechol group results in the loss of two electrons and two protons,
leading to the formation of o-quinone which displays a characteristic

absorption band at 390 nm, unlike catechol [44]. It is important to note
that an o-diphenolic structure of this type is found in many compounds
present in foods that exhibit high antioxidant power. For instance, olive
fruits contain catechol derivatives such as oleuropein (Oleu), the main
bioactive compound present in olives, and hydroxytyrosol which is the
main breakdown product of oleuropein in olive oil [45,46].

The determination of hydroxytyrosol in food is crucial because it is a
strong antioxidant used as a marker for the quality and health benefits of
olive oils, a common condiment fat in the Mediterranean diet. Several
studies have shown that its high antioxidant activity leads to significant
health benefits, including the reduction of the oxidative stress, the
modulation of the immune response and of the exposure to antibacterial
and antiviral properties [47–49].

In this study, an innovative, low cost, and easy-to-fabricate approach
for assembling electrodes arranged in a planar configuration using gold
leafs as the conductor material to perform spectroelectrochemical
measurements is presented for the first time. Gold Leaf Electrodes (GLEs)
were produced using readily available and recyclable materials and
were cut with a common cutting plotter, according to GAC and DAC
principles.

After a preliminary evaluation of their performance by hex-
acyanoferrate(II) as the prototype analyte, the capabilities of UV/Vis-
SEC conducted at GLEs were evaluated in the study of both the oxida-
tion mechanism of hydroxytyrosol and its quantitative determination in
olive oil samples.

2. Materials and methods

2.1. Chemicals

Potassium hexacyanoferrate(II), hydroxytyrosol [2-(3,4-dihydrox-
yphenyl)-ethanol] (HTy), tyrosol [2-(4-hydroxyphenyl)-ethanol] (Ty),
potassium nitrate, sulphuric acid, methanol, ethanol, ethyl acetate and
pentane were purchased from Sigma-Aldrich (Sigma-Aldrich, Milan, IT).
They were of analytical reagent grade and were employed without
further purification.

Aqueous 0.1 M potassium nitrate and 20 mM sulphuric acid solutions
were prepared in ultrapure water obtained from an Elgastat UHQ-PS
system (Elga, High Wycombe, UK) and used as supporting electrolytes
in voltammetric and spectroelectrochemical experiments.

Potassium hexacyanoferrate(II) stock standard solution (10 mM) was
prepared by adding weighed amounts to known volumes of the 0.1 M
KNO3 solution. Hydroxytyrosol and tyrosol stock standard solutions (10
mM) were prepared by adding weighed amounts to known volumes of
20 mM sulphuric acid. When needed, controlled amounts of these stock
solutions were diluted to the desired concentrations with the same so-
lution prior to each experiment. A HTy solution (20 mM) was prepared
in ethyl acetate to prepare fortified oil samples.

Spectroelectrochemical and voltammetric measurements were car-
ried out using an UV/Vis SPELEC 200–900 nm instrument (Metrohm-
DropSens, Varese, IT) controlled by a DropView SPELEC software.

Voltammetric measurements were carried out in a conventional cell
using a gold working electrode (CH Instruments, Texas, USA), a plat-
inum counter electrode and an Ag/AgCl, 3 M KCl reference electrode
(CH Instruments, Texas, USA).

Gold Leaf Electrodes (GLEs) were assembled using 24-carat gold
leaves (AP Verona, Verona, IT), silver-based ink pen (CircuitScribe,
USA), double-sided 200 μm thick adhesive tape (300 LSE, 3 M, St. Paul,
MN, USA), self-adhesive vinyl foils (Metamark 4 Series, Metamark Sign
Vinyl, Woking, GB) and polypropylene (PP) recovered from cosmetic
packaging.

2.2. Fabrication of GLEs

A series of four identical three electrode GLE cells, whose design was
similar to that adopted for commercial screen-printed electrodes and
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consisting of a working (area 12.6 mm2), a pseudo-reference and a
counter electrode was firstly drawn by a Silhouette studio software
version 4.3 (Silhouette CAMEO®, Micronet Italia, Milano, IT).

The layout design was cut into vinyl adhesive sheet with the cutting
device and the unwanted parts were peeled off with tweezers (Fig. 1a
and b). Then, the stencil with the three electrodes layouts was applied to
a double-sided adhesive tape previously peeled on one side (Fig. 1 c).
Gold leaf was placed on the exposed adhesive area and gently pressed
with a cotton stick to ensure good adhesion (Fig. 1d and e). Excess gold
leaf was removed with a spatula and then patterned platforms were cut
into pieces to obtain single GLEs (see Fig. 1 f). Finally, to complete the
fabrication of GLEs, a polypropylene (PP) support was applied to the
other side of the double-sided adhesive tape and a conductive ink was
applied with a silver-based ink pen in the area provided for contacts to
give a satisfactory rigidity to the platform and to ensure good electrical
connections (Fig. 1 g). Thin strips (9 mm in length, 9 mm in width) were
placed onto the top of the GLEs to delimitate the active working surface
and to protect electrical connections from the contact with liquid sam-
ples (see Fig. 1 h). Before the first use, GLEs were washed using an
ethanol-water solution (50/50 % v/v) to remove any residual dirt from
their handling.

2.3. Voltammetric and UV/Vis spectroelectrochemical measurements at
GLEs

Preliminary voltammetric measurements were conducted by
applying a small volume of sample (50 μL) directly onto the GLE which
was placed in the horizontal position on a planar surface (drop mode).
The electrochemical behavior of electrodes was studied using a 0.1 M
KNO3 solution containing 1 mM of K4[Fe(CN)6]. This analyte was cho-
sen as the redox prototype in view of its well-known reversible elec-
trochemical behavior. Cyclic voltammetric experiments were run in the
potential window from − 0.20 V to +0.70 V vs. an Ag/AgCl, 3 M KCl

reference electrode or from − 0.30 V to +0.60 V vs the gold pseudo-
reference electrodes.

UV/Vis-SEC experiments were carried out using the SEC cell for
reflectance experiments (DRP-REFLECELL, Metrohm-DropSens) and a
reflection probe (DRP-RPROBE, Metrohm-DropSens), by performing a
small modification consisting in the replacement of the o-ring present in
the original configuration with a circular rubber gasket made using the
cutting plotter. This modification was made to limit the crushing of GLEs
and avoid damaging the conductive tracks.

To perform UV/Vis-SEC experiments, the GLE was placed in the
lower body. Then, the upper body was attached to the lower part,
exploiting the four magnets present in both pieces. Finally, 50 μL of the
test solution was added, making sure that this drop covered completely
the three GLE electrodes and the optical probe was introduced in the
dedicated hole at the top for reflectance measurements.

To validate the functioning of GLEs, UV/Vis-SEC tests were firstly
performed using a 0.1 M KNO3 solution to which 10 mM of K4[Fe(CN)6]
were added. Experiments using HTy were then carried out using the 20
mM sulphuric acid solution as electrolyte and varying the HTy con-
centration from 10 to 10000 μM for the construction of the calibration
curve.

During SEC experiments in the presence of the sole HTy, the poten-
tial was scanned in the range from − 0.30 V to +0.60 V, starting from
− 0.10 V, for K4[Fe(CN)6] and from − 0.40 V to +0.50 V, starting from 0
V, by using different scan rates and starting all the experiments in the
anodic direction. This range was extended to +0.70 V when also Ty was
introduced. The evolution of absorption spectra was collected from 200
to 900 nm during cyclic voltammetric experiments. In all UV/Vis-SEC
experiments, the first spectrum of the sample (− 0.10 V and 0 V for
K4[Fe(CN)6] and HTy, respectively) was taken as reference, and the
absorbance change was recorded and expressed as ΔAbs with respect to
the reference spectrum during the potential scan. Time-resolved UV/Vis-
SEC measurements were performed using an integration time of 15 ms.

Fig. 1. Schemes of the assembly procedure of the GLEs (a–g) and picture of the assembled devices (h). W.E., R.E. and C.E. are the working, pseudo-reference and
counter electrodes, respectively.
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As to the construction of the calibration plot for HTy, the maximum
absorbance recorded during the potential scan for the concentrations
considered, that was acquired at the potential of +0.20 V in the reverse
direction, was used to calculate the ΔAbs with respect to the blank
solution.

2.4. Real sample preparation

Two high quality extra virgin olive oils (EVOOs), containing blends
of different varieties and with high percentage from cultivar Coratina,
and one sunflower oil were purchased in a local market. They were
analyzed with a slightly modified established extraction procedure [50,
51], according to the IOC protocol [52], involving no acid hydrolysis of
the extracted phenolic compounds. Hydroxytyrosol and other hydro-
philic phenols were extracted by Vortex mixing (1 min) 2 g of oil sample
with 2 mL of a methanol-water solution (80/20 % v/v). Then, the
mixture was centrifuged (5000 rpm for 25 min) and the surnatant was
transferred into a 10 mL flask. The polar phase was washed with 2 mL of
pentane to eliminate oil residues and, after the pentane removal, the
solution was concentrated to 300 μL by nitrogen flowing. It was finally
reconstituted with 300 μL of 20 mM H2SO4 aqueous solution before
analysis. Fortified EVOO and sunflower samples were prepared adding
HTy by using the ethyl acetate standard solution.

3. Results and discussion

3.1. Electrochemical characterization of GLEs

Preliminary voltammetric investigations were performed to test the
assembled GLEs. When cyclic voltammograms were recorded with the
sole supporting electrolyte (0.1 M KNO3), neither voltammetric inter-
fering peaks were detected nor any significant electrical noise was
observed, thus supporting the good quality of the gold used and the
validity of the construction method.

Further insight on this topic was gained when a 1 mM solution of
hexacyanoferrate(II) in 0.1 M KNO3 was analyzed. As shown in Fig. 2
(red line), cyclic voltammetric profiles recorded at scan rate of 50mVs− 1

using an external Ag/AgCl (3 M KCl) reference electrode displayed a
satisfactorily reversible anodic-cathodic system superimposed to a
rather flat baseline with a distance of the backward peak from the for-
ward one (Epa–Epc) of about 70 mV.

As shown in this Figure (black line), comparable results were ob-
tained using a gold disk electrode immersed in a conventional electro-
chemical cell containing the same reference solution of
hexacyanoferrate(II). Despite the different peak heights, due to the
different sizes of the electrode areas, voltammetric profiles showed

peaks with very similar anodic and cathodic potentials at +0.24 and +

0.17 V, respectively.
A potential shift towards the cathodic direction of 40 mV was found

when the hexacyanoferrate(II) solution was analyzed at GLEs using the
gold-pseudo reference electrode (Fig. 2, blue line).

Repeatable voltammograms were recorded, without observing any
passivation of the electrode surface or any appreciable lowering of peak
currents. Peak heights turned out to be repeatable for all concentrations
with RSD (n = 3) of 2.0 %, as were also peak potentials (±5 mV).

Inter-electrode reproducibility was evaluated by testing seven
different GLEs assembled by the method described above with the same
1 mM hexacyanoferrate(II) solution. These tests led to quite similar re-
sults in terms of peak current (±5.9%), thus indicating that reproducible
electrodes can be achieved by the procedure here proposed.

As it can be observed in Fig. 3 (left and inset), voltammograms
recorded at scan rates from 5 to 200 mVs− 1 led to a linear increase of the
peak current with the square root of the scan rate. This linear depen-
dence pointed out that the behavior of the tested GLEs complies with
that expected for diffusion-controlled processes.

3.2. UV/Vis spectroelectrochemical characterization of GLEs

After performing these preliminary voltammetric tests, GLEs were
placed inside the dedicated cell for spectroelectrochemical measure-
ments. SECmeasurements were performed in the normal mode, in which
a reflection probe, consisting of 6 illumination optical fibres arranged
around a central collection optical fibre, was placed slightly above the
working electrode. Preliminary tests were carried out using a potassium
hexacyanoferrate(II) solution at a concentration of 10 mM in 0.1 M of
potassium nitrate by performing cyclic scans from − 0.30 V to+0.60 V at
a scan rate of 50 mVs− 1. This quasi-reversible system was used to opti-
mize the operating conditions and to assess the influence of critical
measurement parameters on the quality of the results.

With regard to its spectroscopic features, the 3d-t2g orbital of ferro-
cyanide is filled with six electrons, whereas the 3d-t2g orbital of ferri-
cyanide has five electrons, which allows charge transfer from the ligand
to the 3d-t2g and from the t2g to the eg orbital, thus leading to two
different spectra for these conjugated species in the UV/Vis region
characterized by different absorption bands which are spectroscopically
distinguishable [53]. In fact, ferricyanide exhibits two distinguishable
absorption bands at 320 nm and 420 nm, while ferrocyanide does not
exhibit any band in this region. The evolution of the band at 420 nm is
usually used to monitor the conversion of ferrocyanide to ferricyanide
[54].

As the oxidation of the ferrocyanide ion ([Fe(CN)6]4-) to ferricyanide
progressed at the gold electrode surface during the anodic potential
scan, the spectral evolution in the 350–800 nm region could be
observed, as shown in Fig. 3 (right). At the beginning of the experiment
(− 0.10 V), when no oxidation process occurred, no absorption band was
detected. As the applied potential at the electrode surface increased
enough to allow the electrochemical oxidation process to start running,
the appearance of the spectrum characteristic of ferricyanide was
observed. The absorbance due to the formed ferricyanide ion increased
progressively during the anodic scan and also continued in the initial
part of the cathodic scan until the potential of +0.20 V was reached, at
which the reduction to ferrocyanide began to take place. The spectra
obtained suggested that the main difference is located in the region from
350 nm to 470 nm with an evident absorbing band centred at 420 nm.

Integration times between 10 and 100 ms were tested to establish the
best optical sensitivity. An integration time of 15 ms enabled to achieve
the best S/N ratio. In fact, lower times resulted in weaker spectra, while
higher times led to stronger outputs but also to a loss of wavelength
information due to the detector saturation.

The formation of the reaction product at the working electrode
surface entailed the need to remove the GLE from the cell and to perform
a series of washing operations after each scan. To evaluate the

Fig. 2. Cyclic voltammetric profiles recorded at a gold disk electrode vs a Ag/
AgCl reference electrode (black line) and at GLE vs a Ag/AgCl reference elec-
trode (red line) or vs a gold pseudo-reference electrode (blue line) for a 1 mM
hexacyanoferrate(II) solution in potassium nitrate 0.1 M. Scan rate 50 mVs− 1.
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repeatability involved in these disassembly operations, a series of
repeated tests were carried out using the same GLE and the same sample
(potassium hexacyanoferrate(II)) at a concentration of 10 mM in 0.1 M
potassium nitrate by measuring the corresponding peak currents and
absorbance values. The results obtained showed that these operations
led to satisfactory relative standard deviations (RSD≤2.0 % and≤2.8 %
for EC and optical signals, respectively). Once again, no electrode
passivation could be observed even when SEC tests were performed
repeatedly.

When these tests were repeated using different GLEs, only a slightly
higher standard deviations were found. RSD values ≤ 3.9 % and ≤5.5 %
for electrochemical responses and optical signals, respectively, were in
fact evaluated by detecting the response provided by five different GLEs
prepared with the same procedure.

3.3. UV/Vis absorption spectroelectrochemistry of hydroxytyrosol

HTy was chosen as the model of ortho-diphenols in view of the fact
that it is quantitatively and qualitatively the main phenolic antioxidant
in olive oil, together with its precursors.

Aliquots (50 μL) of a 5 mM solution of this standard species dissolved
in 20 mM H2SO4 were introduced in the spectroelectrochemical cell
after the GLE was correctly located in the housing and the optical probe
was positioned in a perpendicular position over the WE for SEC mea-
surements. The choice of H2SO4 as the electrolyte was made in order to
slow down as much as possible the kinetics of the chemical reaction
between reducing species potentially present in olive oil and quinones
generated during the electrochemical oxidation of ortho-diphenols [55,
56].

As expected, during cyclic voltammetric scans recorded at the scan
rate of 50 mVs− 1, an anodic-cathodic system was observed consisting in
an oxidation peak located at +0.35 V associated to a cathodic peak at
about − 0.20 V, as shown in Fig. 4 (left). In fact, it is well-known that in
anodic scans ortho-diphenol moieties undergo a two-electron-two-
proton oxidation process leading to their corresponding o-quinone
form which are brought back into the catechol form in the reverse
cathodic scan [57–59].

From the optical signals recorded simultaneously during SEC ex-
periments (see Fig. 4, right), the appearance of an absorption band in the
wavelength range from 280 to 480 nm, with a maximum absorption at
about 395 nm, could be observed. This absorption band, typical of the
generated quinone [60], grew as the faradic process at the gold electrode
surface continued to occur, until it reached its maximum intensity in the
backward scan when the potential approached +0.20 V, at which the
reduction of the generated quinone started.

Also in this case, in order to remove the species produced by the
electrochemical reaction from the solution and to eliminate any source
of interference in the subsequent analyses, the cell had to be dis-
assembled and washed thoroughly, together with the GLE itself.

Tests similar to those described above were performed using the
same electrode and the same reference solution after reassembling the
cell. It was thus possible to assess the good measurement repeatability,
which were characterized by RSD of 1.3 % and 4.6% for electrochemical
and optical signals, respectively.

Once again, no passivation phenomenon was observed at the gold
surface during these repeated measurements.

Also in this case, integration times between 10 and 100 ms were
tested to individuate the best optical sensitivity, thus verifying that the

Fig. 3. Cyclic voltammograms recorded at a GLE vs a gold pseudo-reference electrode with the different reported scan rate for 10 mM potassium hexacyanoferrate(II)
in 0.1 M KNO3. Inset: correlation between anodic peak currents and square root of scan rate (left). Spectra evolution during the oxidation of 10 mM potassium
hexacyanoferrate(II) in 0.1 M KNO3. Scan rate 50 mVs− 1, tintegration = 15 ms (right).

Fig. 4. Cyclic voltammograms recorded at a GLE vs a gold pseudo-reference electrode with a scan rate of 50 mVs− 1 for 5 mM HTy in 20 mM H2SO4 (left). Spectra
evolution during the oxidation of HTy. tintegration = 15 ms (right).
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most suitable integration time was 15 ms.
In order to assess the effect of possible interferences on the deter-

mination of HTy, further SEC investigations were carried out using a 5
mM solution of HTy to which 5 mM of Ty was added, i.e. a mono-
phenolic species that, together with its precursors, is abundantly present
in olive oil. As it can be seen from Fig. 5 and in agreement with previous
investigations, the presence of Ty generated an anodic peak at +0.60 V,
at more positive potentials than HTy, with no conjugated peak in the
reverse scan.

Although in the first scan the presence of this compound did not
affect neither the EC nor the optical signals, a decrease of the current
intensity was progressively observed after repetitive scans performed by
extending the potential at which the scan direction was reversed at
values at which also Ty could be oxidized. This finding was conceivably
ascribed to the progressive fouling of the gold surface, typically
observed for the electrochemical oxidation of monophenols.

For this reason, all following tests aimed at determining HTy were
carried out by narrowing the potential window up to +0.50 V, to avoid
the oxidation of Ty possibly present in real samples.

Subsequently, the effect of the scan rate was evaluated to identify the
best conditions to be used for the construction of the corresponding
calibration plot and the subsequent quantification of HTy in real
samples.

Also in this case, voltammograms recorded at scan rates from 5 to
200 mVs− 1 led to a linear increase of the anodic peak current with the
square root of the scan rate (see Fig. 6 left and inset). Once again, these
linear dependences pointed out that the behavior of the tested GLEs
comply with that expected for diffusion-controlled processes.

The intensity changes of the optical signal with the scan rate,
calculated as the difference (ΔAbs) between the absorbance recorded
during the scan, in the potential range where it reaches its maximum
intensity, and that recorded at potential of 0 V, where no electro-
chemical process occurs, is reported in Fig. 6 (right).

As it can be seen from this recorded voltabsorptogram, which mea-
sures the absorbance signal at the wavelength of 395 nm during the
voltammetric sweep, the scan rate used affected the optical response
during the scan. A slow scan rate led to good optical signals but low
currents, while high scan rates led to high current responses but low
change in the absorbance with respect to the reference. Despite this
change in intensity, the potential at which the maximum absorbance
was recorded, corresponded to +0.20 V, where the reverse scan direc-
tion causes the quinone unit generated in the anodic scan to begin to be
reduced.

On the basis of these SEC measurements, a scan rate of 10 mVs− 1 was
selected as the optimal for further analyses aimed at the construction of
calibration plots. This value was inferred from the height of EC signals
(Fig. 7, left), calculated at the anodic peak potential of +0.35 V and
using the absorbance values (Fig. 7, right) recorded when the scan
reached the potential of +0.20 V in the reverse can. As it can be
observed, in both cases (see Fig. 7 insets) they showed a good linearity

with the HTy concentrations in the range 50–10000 μM (equivalent to
7.71–1541.60 mg/L) and 200–10000 μM (equivalent to 30.83–1541.60
mg/L) for EC and optical detection, respectively.

The good detector sensitivities, together with the low noise level,
resulted in low detection limits, evaluated for a S/N of 3, which turned
out to be 18 μM and 73 μM (3.8 mg/L and 11.3 mg/mL) for EC and
optical signals, respectively.

These detection limits make this approach suitable for the analysis of
hydrophilic ortho-diphenols usually present in EVOOs (about 10–600
mg/kg) [12].

3.4. UV/Vis spectroelectrochemical determination of ortho-diphenols in
extra virgin olive oil

GLEs were used to evaluate the ortho-diphenols content in different
EVOO and sunflower oil samples exploiting the UV/Vis-SEC method
described above. They were extracted by the procedure described in
Section 2.4.

Voltammetric profiles recorded on EVOO real samples showed the
anodic-cathodic system found in the analysis of the synthetic samples,
with the sole difference that a very slight potential shift was observed.

This slight shift was conceivably due to the fact that the extraction
process did not ensure complete removal of the lipid components from
the analyzed samples, causing a slightly higher overpotential during
detection. However, this contamination did not affect the repeatability
of the measurements which were in any case carried out after dis-
assembling and washing the cell and electrode as described for the tests
conducted on synthetic samples.

Similarly, when the potential of +0.20 V in the reverse scan was
reached, the optical response showed the appearance of the absorption
band attributable to the corresponding quinone with the maximum
absorbance at 395 nm.

The relevant peak heights and absorbance recorded during voltam-
metric and optical measurements were converted into ortho-diphenol
concentrations by the calibration plots constructed for synthetic HTy
samples.

Quantification of ortho-diphenols in oil samples, expressed as HTy
equivalents, was attained with good sensitivity and repeatability. Con-
centrations of ortho-diphenols of 170.3 mg/kg (1105 μM) and 166.5
mg/kg (1080 μM) were detected in the two EVOOs samples analyzed by
resorting to the combination of voltammetric and spectrophotometric
measurements, with deviations which did not go beyond ±8.1 %.

The correctness of these findings was confirmed by measurements on
EVOO samples after the addition of known amounts of HTy, to achieve
additional concentrations of this phenolic compound equal of 400 or
800 μM. The increase of the height of the anodic peak and of the
absorbance recorded after these additions were then compared with the
calibration plots constructed for the pure analyte. The results obtained
from these tests enabled to evaluate that under these conditions the
recovery was equal to 87 ± 8 %. Very similar recovery values were

Fig. 5. First (black line) and second cyclic (red line) voltammograms recorded at a GLE vs a gold pseudo-reference electrode with a scan rate of 50 mVs− 1 for a
mixture of 5 mM HTy and 5 mM Ty in 20 mM H2SO4 (left). Spectra evolution during the oxidation of a mixture HTy and Ty. tintegration = 15 ms (right).
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obtained from the analysis of the sunflower oil sample fortified with a
HTy concentration of 800 μM.

As it was emphasized previously, HTy in olive oil is also present in
more complex structures such as oleuropein and other glycosides, and
hydrolysis in an acidic environment was required for its release from
these species. The method developed based on the oxidation of the
catechol moiety present in all HTy derivatives allowed their direct
quantification without the need for further steps after extraction to
break the glycone-aglycone bond. The ortho-diphenol contents thus
determined were in fairly good agreement (±14 %) with those found by
us analyzing the same samples with the sodium molybdate colorimetric
approach [61,62].

As to the analysis of the sunflower oil sample, no trace of hydrophilic
ortho-diphenols was instead detected. This finding points out that the
method here proposed can be profitably adopted for the rapid discrim-
ination of edible oils.

In order to make a comparison with the electrochemical methods
reported in the literature for the determination of ortho-diphenol com-
pounds in olive oil samples, peculiarities of each approach are reported
in Table 1. As it can be seen, in some cases, more complex sample
preparation procedures are employed that require higher consumption

of organic solvents. Furthermore, some methods use electrochemical
devices characterized by quite complex electrode surface modifications.

4. Conclusions

In this paper, an innovative approach for the construction of elec-
trode cells with a planar configuration using gold leaf as electrode ma-
terial is presented. These electrodes can be a valid alternative to disk
electrodes and screen-printed electrodes and can be easily assembled
even in situations where access to complex instrumentation is limited.
Furthermore, they are characterized by low cost and quick replicability.

Compared with the manufacturing methods proposed in the litera-
ture, the approach proposed here for the fabrication of gold leaf elec-
trodes does not require the use of either glues or solvents [26]. It can also
be handled by non-expert personnel as it does not require complex
instrumentation such as laser ablation systems or similar technologies
[24]. Furthermore, unlike other methods involving the fabrication of the
sole working electrode [23,25], while reference and counter electrodes
are assembled separately using different materials, this method enables
the simultaneous and highly repeatable fabrication of all the three
electrodes of electrochemical cells.

Fig. 6. Cyclic voltammograms recorded at a GLE vs a gold pseudo-reference electrode with a scan rate of 5, 10, 20, 50, 100, 200 mVs− 1 for 5 mM of HTy in 20 mM
H2SO4 (left) and correlation between current of anodic peaks and scan rate square root (inset). Voltabsorptogram recorded at 395 nm during the reverse scan at
different scan rates (right).

Fig. 7. Cyclic voltammograms (left) and voltabsorptogram recorded at 395 nm during the reverse scan (right) recorded at a GLE vs a gold pseudo-reference electrode
for different concentrations of HTy in 20 mM H2SO4, together with calibration plots of the current peak at +0.35 V (inset, left) absorbance at 395 nm and at +0.20 V
(inset, right) vs the HTy concentration.
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Exploiting the typical characteristics of gold, which, like other
metals, is characterized by high reflectivity, these GLEs based cells were
used for the first time to perform spectroelectrochemical measurements
in the reflectance mode. This technique makes it possible to combine the
advantages of both optical and electrochemical detection modes and,
even if it is used mainly to obtain useful information on mechanistic
aspects, it has great and still partially unexplored potentiality to carry
out quantitative determinations.

In fact, as demonstrated for the first time in this work, this analytical
approach was adopted for the determination of ortho-diphenol antiox-
idants presents in EVOOs by exploiting the electrochemical oxidation of
the catechol group to o-quinone, followed by its optical detection.

These combined chemical informations (electrochemical and spec-
troscopic) make it possible to obtain self-validated results in a short
analysis time and using low sample volumes. This proposed optical-
electrochemical combination can be profitably used to conduct rapid
tests for easily distinguishing extra virgin olive oils from other vegetable
oils, as well as to estimate their shelf life and their state of preservation.
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V. Costache, V. Radonic, J. Vidic, Low-cost gold leaf electrode as a platform for
Escherichia coli immunodetection, Talanta 259 (2023) 124557, https://doi.org/
10.1016/j.talanta.2023.124557.

[25] P. Prasertying, N. Jantawong, T. Sonsa-ard, T. Wongpakdee, N. Khoonrueng,
S. Bukingd, D. Nacapricha, Gold leaf electrochemical sensors: applications and
nanostructure modification, Analyst 146 (2021) 1579–1589, https://doi.org/
10.1039/D0AN02455D.

[26] J.R. Camargo, S. Cleto, A. Neumann, D.C. Azzi, R.D. Crapnell, C.E. Banks, B.
C. Janegitz, Edible gold leaf as a viable modification method for screen-printed
sensors, Electrochim. Acta 478 (2024) 143825, https://doi.org/10.1016/j.
electacta.2024.143825.

[27] C. Grazioli, E. Lanza, M. Abate, G. Bontempelli, N. Dossi, Lab-on kit: a 3D printed
portable device for optical and electrochemical dual-mode detection, Talanta 275
(2024) 126185, https://doi.org/10.1016/j.talanta.2024.126185.

[28] M.H.M. Facure, R.S. Andre, R.M. Cardoso, L.A. Mercante, D.S. Correa,
Electrochemical and optical dual-mode detection of phenolic compounds using
MnO2/GQD nanozyme, Electrochim. Acta 441 (2023) 141777, https://doi.org/
10.1016/j.electacta.2022.141777.

[29] K. Lal, S.A. Jaywant, K.M. Arif, Electrochemical and optical sensors for real-time
detection of nitrate in water, Sensors 23 (2023) 7099, https://doi.org/10.3390/
s23167099.

[30] F. Sekli Belaïdi, L. Farouil, L. Salvagnac, P. Temple-Boyera, I. Séguya, J.L. Heully,
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