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Olive oil has unique organoleptic attributes and its consumption is associated with nutritional and health benefits, which are
mainly related to its rich composition in phenolic and volatile compounds. The use of olive oil in heat-induced cooking leads
to deep reduction of phenolic and volatile concentrations and to changes of the sensory profiles. This work confirmed that oven
andmicrowave heating significantly reduced total phenolic contents (𝑃 value < 0.0001, one-way ANOVA), more pronounced in the
latter, together with a significant reduction of the intensity of fruity, sweet, bitter, pungent, and green attributes (𝑃 value < 0.0001,
Kruskal-Wallis test), particularly for fruity and green sensations. Besides, bitter, fruity, green, andpungent intensities showed a linear
dependency with the total phenolic contents (0.8075 ≤ 𝑅-Pearson ≤ 0.9694). Finally, the potentiometric electronic tongue together
with linear discriminant analysis-simulated annealing algorithm allowed satisfactory discrimination (sensitivities of 94 ± 4%, for
repeated𝐾-fold cross-validation) of olive oils subjected to intense microwave heating (5–10min, 160–205∘C) from those processed
under usual cooking conditions (oven heating during 15–60min or microwave heating during 1.5–3min, 72–165∘C). This could be
due to the different responses of the electronic tongue towards olive oils with diverse phenolic and sensory profiles.

1. Introduction

Olive oil is a key ingredient of the Mediterranean diet. Virgin
olive oil is obtained from fresh olives of Olea europaea L.
species, exclusively by mechanical or other physical means.
Olive oil has unique aroma and delicate flavor, whose con-
sumption is associated with health and nutritional benefits
[1, 2]. Although usually consumed in its crude form [2], the
use of virgin olive oil in food cooking techniques is increasing
worldwide [3]. However, during deep-frying, pan-frying,

boiling, roasting, grilling, microwave cooking, or baking
procedures, olive oil is heated at different temperatures
and during different time periods, leading to hydrolysis,
oxidation, and some polymerization, which in turn leads
to nutritional losses and sensory deterioration [3, 4]. These
heating effects on olive oil chemical, nutritional, and biolog-
ical properties have been studied under laboratorial or real
cooking conditions [4–9]. As recently reviewed by Santos
et al. [3], the degradation of olive oil during heat-induced
procedures is a complex process from chemical and health
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point of views, the implementation of reliable analytical
protocols and testing methods being still required. Yet, when
compared to other vegetable oils, olive oils possess good
thermal resistance [3].

According to the legislation [10], the extension of the
thermal degradation of vegetable oils is usually assessed
based on the contents of total polar compounds or tria-
cylglycerols oligomer fractions, whose formation is low in
olive oils in comparison to other vegetable oils [3]. Although
most of the official methods for assessing the quality of
oils and fats are relatively simple, some of them are time-
consuming, quite expensive, often requiring the use of toxic
chemicals and solvents [11, 12].Thus, sensor-based techniques
coupled with chemometric tools, namely, electronic noses
and tongues (E-noses and E-tongues, resp.), have emerged
as alternative/complementary fast, cost-effective, portable,
reliable, and robust approaches for olive oil chemical and
sensory analysis [12, 13]. The use of these electrochemical
tools has been successfully demonstrated for (i) assessing
olive oils’ geographical, cultivar, chemical, and sensory (pos-
itive and negative attributes) quality; (ii) detecting olive oil
adulterations with other vegetable oils or with low-quality
olive oils; (iii) quantifying total polyphenolic, flavonoids, and
phenolic acids contents in olive oils; and (iv)monitoring olive
oil quality physicochemical changes during storage [14–34].

The main aim of this work was to evaluate, for the first
time, the possibility of using a homemade potentiometric
E-tongue together with multivariate statistical techniques to
discriminate extra virgin olive oils (EVOOs) after subjecting
them to different heating cooking procedures (oven and
microwave irradiation) during different time periods (from
0min up to 10min or 60min for microwave and oven, resp.)
and to different heating temperatures (between 140–165∘C
for oven and 72–205∘C for microwave). At the same time,
the heat-induced alterations on the olive oils total phenolic
content and on the olive oils gustatory-retronasal positive
sensory sensations were also evaluated.

2. Materials and Methods

2.1. Olive Oil Samples. Commercial olive oil samples were
obtained from different producers in the “Trás-os-Montes”
region (northeast of Portugal). In total, 12 different olive
oils, with different total phenol contents (varying from
400 to 1000mg of caffeic acid equivalents per kg of oil,
quantified as described below) were evaluated, aiming to be
a representative selection of the different Portuguese olive
oils commercially available. Samples were withdrawn from
each of the 12 olive oils, allowing to subject all of them
to the different studied heating procedures (no heating or
conventional electric oven andmicrowave heating processes)
for selected heating times.Assayswere performed in triplicate
for each combination of heating procedure × heating time.

2.2. Heating Procedures. Subsamples from each of the 12
olive oils were taken and each one was subjected to each
of the seven heat treatments plus control, allowing to eval-
uate the effect of the two different heat-induced cooking
processes (conventional electric oven and microwave) and

the different time periods, which were studied aiming to
simulate the usual home culinary olive oil uses. Assays
were carried out using olive oil samples (without any food
presence), with the possible degradation effects of different
heating conditions being evaluated (i.e., cooking process
and time): (i) no heating (Control t0, 20∘C); (ii) heating in
an oven Memmert (model UNB500, Schwabach, Germany)
during 15min (Oven t15min, 140∘C), 30min (Oven t30min,
150∘C), and 60min (Oven t60min, 165∘C); and (iii) heating
in a microwave Amstrad (model WP810, London, UK)
during 1.5min (MW t1.5min, 72∘C), 3min (MW t3min,
115∘C), 5min (MW t5min, 160∘C), and 10min (MW t10min,
205∘C).The final olive oil temperatures, after eachmicrowave
heating procedure, were measured immediately after each
cooking process using a solid stem thermometer Selecta
(model 1090250, Barcelona, Spain). During the assays the
microwave oven was used at its maximum potency (1200W)
and the electric conventional oven at 2000W. For each
olive oil, cooking process, and cooking time-period, three
subsamples of 50mL were individually heated in Petri dishes
(20mm high and 110mm of diameter), with a total of 288
assays (12 olive oils × 8 heat treatments × 3). After being
heated and cooled, all samples were stored in Falcon tubes
and refrigerated.

2.3. Olive Oil Total Phenolic Content. The total phenolic
contents were determined according to Capannesi et al.
[37] with some modifications. A mass of 2.5 g of olive oil
was diluted with n-hexane and then extracted with 2.5mL
of methanol/water (80 : 20 v/v). The mixture was then cen-
trifuged (5min at 5000 rpm). After, to 1mL of the super-
natant, 1mL of Folin-Ciocalteau reagent, 1mL of Na

2
CO
3

solution (7.5%), and 7mL of deionized water were added.
After homogenization, the mixture was stored overnight
and spectrophotometrically analyzed (𝜆 = 765 nm).
For quantification purposes, a calibration curve between
the measured absorbance and the concentration of caffeic
acid in methanol was established (dynamic concentration
range: 0.04–0.18mg/mL; 𝑅2-Pearson ≥ 0.996). Results were
expressed as mg of caffeic acid equivalents per kg of oil.

2.4. Sensory Analysis. Unheated olive oils (Control t0min)
and olive oils heated in the oven (15, 30 and 60min) or in
the microwave (1.5, 3, 5 and 10min) were evaluated by a
sensory panel following the methods and standards adopted
by the International Olive Council (IOC) for sensory analysis
of olive oils, namely, COI/T.20/Doc. No 15/Rev. 6 [35] and
COI/T.30/Doc. No 17 [36]. Each sample was subjected to
the judgment of eight trained panelists that evaluated and
assessed the perceived intensities of five gustatory-retronasal
sensations using the IOC ordinal scales [35, 36], namely,
fruity (0 to 10), sweet (0–4), bitter (0–3), pungent (0–3), and
green (0–2).

2.5. E-Tongue Assays

2.5.1. Extra Virgin Olive Oil Extraction Procedure. As pre-
viously described by Dias et al. [20], for each assay, 10 g of
olive oil was vigorously mixed, for 5–10min, with 100mL of
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Figure 1: E-tongue setup, including homemade sensor array, data logger, and PC.

the hydroethanolic solution (H
2
O : EtOH, 80 : 20 v/v), using

deionized water (type II) and ethanol p.a. (from Panreac,
Barcelona). The mixture was left at ambient temperature
during 60min, after which 40.0mL (2x) of the supernatant
solution was carefully removed and immediately analyzed
with the E-tongue multisensor device. Each olive oil was
extracted in duplicate.

2.5.2. E-Tongue Setup andAnalysis. Thehomemade E-tongue
comprised 2 print-screen potentiometric arrays, each one
with 20 cross-sensitivity lipid polymeric sensors, immo-
bilized using a drop-by-drop technique. The 40 sensors
included in the device corresponded to different mixtures of
4 additives (octadecylamine, oleyl alcohol,methyltrioctylam-
monium chloride, and oleic acid; ∼3%) and 5 plasticizers
(bis(1-butylpentyl) adipate, dibutyl sebacate, 2-nitrophenyl-
octylether, tris(2-ethylhexyl)phosphate, and dioctyl phenyl-
phosphonate; ∼65%), plus high molecular weight polyvinyl
chloride (PVC; ∼32%) [20]. The lipid polymeric membranes
were used since they show qualitative and quantitative
potentiometric signal responses towards solutions mimick-
ing positive attributes (e.g., bitter, fruity, green, and pungent
sensations) and negative attributes (rancid, winey-vinegary,
fusty, and musty defects) usually perceived in olive oils
[24–26, 34] and basic taste sensations (bitter, sweet, acid,
salty, and umami) [38, 39]. Indeed, the lipid polymeric
sensor membranes contain hydrophobic and hydrophilic
groups that interact with taste substances via electrostatic
or hydrophobic interactions [40]. Each sensor is identified
by a letter S (for sensor) followed by a code for the sensor
array (1: or 2:) and the number of the membrane (1 to
20, corresponding to different combinations of additive and
plasticizer compounds). In Figure 1, the E-tongue setup
used is shown, which included two print-screen arrays with
10 nonspecific cross-sensitivity lipid membranes in each

face of the array (only one array shown), a data logger
equipment (Agilent Data Acquisition Switch Unit model
34970A) used to record the potentiometric signal differences
between each E-tongue sensor and the Ag/AgCl reference
electrode (Metrohm Ag/AgCl double junction with SGG
sleeve), and a PC with the software (Agilent BenchLink Data
Logger software) for recording and processing and the signal
profiles during the analysis of the olive oil hydroethanolic
extracts. Each extract was analyzed in duplicate. The electro-
chemical analysis took 5min, enabling carrying out several
electrochemical scans, the last one being retained, which
corresponded to a pseudoequilibrium state. When the coef-
ficients of variation of the potentiometric signals recorded
by each E-tongue sensor were greater than 20% (value set
according to the IOC regulations for sensory analysis), a third
assay was performed. As proposed by Rodrigues et al. [22],
to minimize the risk of overoptimistic performance of the
multivariate models, for data split (establishment of training
and internal-validation sets) and modeling purposes, only
one electrochemical “average” signal profile per sample was
used, avoiding that results from duplicate assays of the same
olive oil sample could be included into both training and
validation sets.

2.6. Statistical Analysis. One-way analysis of variance (one-
way ANOVA) was used to evaluate the possible effect of
the cooking process (cooking technique together with the
time of cooking, i.e., 1 effect with 7 levels: Control t0min;
Oven t15min, Oven t30min, Oven t60min, MW t1.5min,
MW t3min, MW t5min, and MW t10min) on the olive
oils’ total phenolic contents. If a statistical significant effect
was detected, the post hoc Tukey’s HSD test was further
applied to identify the differences among the levels evaluated.
For the positive sensory attributes evaluated (fruity, sweet,
bitter, pungent, and green sensations), which were evaluated
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using an ordinal scale according to the IOC guidelines
[35, 36], the existence of a significant statistical effect due
to the cooking process was evaluated using the Kruskal-
Wallis (KW) nonparametric (distribution free) test, with
Dunn’s post hoc nonparametric test being further used if
a significant effect was observed. Dunn’s test does multiple
pairwise comparisons between group levels with corrections
for multiple testing, using the Holm–Bonferroni method as
adjustment method to control the family-wise error. Linear
Pearson correlation coefficients (𝑅-Pearson) were calculated
to evaluate the existence of bivariate correlations between
median intensities of the sensory sensations and the mean
total phenolic contents of unheated and heated (oven or
microwave) olive oils. Also, principal component analysis
(PCA) was used as an unsupervised pattern recognition
techniquewith the objective of verifying if the potentiometric
signals generated by the E-tongue would naturally split the
olive oils according to the “type × time” of heating. The
number of principal components (PCs) required depended
on data variability but is usually less than or equal to the
number of original variables. This technique was applied to
the potentiometric signals data matrix, which was previously
centered and scaled, to evaluate data variability. Finally, linear
discriminant analysis (LDA) with the metaheuristic simu-
lated annealing (SA) variable selection algorithmwas applied
to verify the capability of using the homemade potentiomet-
ric E-tongue to discriminate olive oils subjected to different
heat-induced coking processes [41–43].The electrochemical-
chemometric strategy followed was similar to previous works
of the research team [21, 22, 24–27, 39, 44]. E-tongue-LDA-
SA models were established based on the most informative
subset of sensors (varying from 2 to 32 sensors, used as
independent predictors, whose maximum number must be
lower than the number of independent samples studied).
This statistical procedure overcomes the risk of including
redundant sensors’ information, which may increase the
noise effects. The LDA predictive performance was evaluated
using the leave-one-out cross-validation (LOO-CV) and the
repeated𝐾-fold cross-validation (repeated𝐾-fold-CV) tech-
niques. The latter statistical cross-variant approach is a more
realistic tool since it ensures that the initial database is split
into𝐾-folds, ensuring that each subset contains (1/𝐾)× 100%
of the total number of independent samples, which are left out
in turn to validate the E-tongue-LDA-SA model established
using the other 𝐾 − 1 folds [42]. In this work, the 𝐾-folds
were set to be equal to 4, enabling the random formation
of internal-validation subsets with 25% of the initial data,
allowing bias reduction.The procedure was repeated 10 times
for putting themodel under stress. To normalize theweight of
each variable in the final linear classification model, variable
scaling and centering procedures were evaluated. The clas-
sification performance of each LDA model was graphically
evaluated using 2D plot of the main discriminant functions,
with posterior probabilities being computed using the Bayes’
theorem (which enables controlling overfitting issues) to
deeper assess the classification capability of the established
LDAmodels, allowing plotting the class membership bound-
ary lines in the 2D plots [45].𝑅-Pearson coefficients were also
calculated to infer about the existence of bivariate correlations

between the mean total phenolic contents of unheated and
heated (oven ormicrowave) olive oils and the group centroids
of the linear discriminant functions, for the original grouped
data, which would further allow relating the classification
performance of the taste device and the olive oils parameters.
All statistical analysis was performed using the Subselect
[43, 46, 47] and MASS [48] packages of the open source
statistical program R (version 2.15.1), at a 5% significance
level.

3. Results and Discussion

Olive oils are naturally resistant to thermal oxidation due
to their rich composition in monounsaturated fatty acids
and phenolic compounds. However, when subjected to high
temperatures (from 160 to 190∘C) during prolonged times
(e.g., frying, roasting, or processed in microwaves), they
suffer a progressive degradation due to oxidation, hydrolysis,
and polymerization reactions [3]. Indeed, during usual cook-
ing procedures, triacylglycerols are hydrolyzed, the free fatty
acids contents change, peroxide values increase, total polar
compounds amounts increase, cyclic fatty acid monomers
and low molecular weight volatile aldehydes are formed,
the contents of some olive oil phenolic fractions (e.g.,
hydroxytirosol) are reduced or completely degraded, and
phytosterols are oxidized [3]. Also, a higher oxidation degree
is usually observed during microwave heating compared
to conventional oven heating [49]. On the contrary, frying
procedures lead to higher losses of phenolic compounds than
microwave irradiation [4, 50]. Thus, in this work, it was
intended to verify if an E-tongue could be used to differentiate
olive oils subjected to different cooking processes and heating
time periods.

3.1. Effect of Cooking Process on the Olive Oils Total Phenolic
Contents and Gustatory Positive Sensory Sensations. The
results obtained (Figure 2) allowed verifying that the total
phenolic contents are significantly influenced by the cooking
process (oven or microwave: 𝑃 value < 0.0001, one-way
ANOVA), suffering, in both cases, a significant decrease
when the heating time-period increases (𝑃 value ≤ 0.0218,
Tukey’s HSD post hoc test). The results also pointed out
that the phenolic compounds degradation was slightly more
drastic for microwave heating than with the conventional at
the usual cooking time and temperatures ranges (microwave:
from 1.5 to 10min corresponding to 72 to 205∘C; oven: from
15 to 60min leading to 140 to 165∘C). Nevertheless, it should
be strengthening that the higher phenolic reduction was
only observed for microwave heating during 10min, which
may be attributed to the higher temperature reached (205∘C)
in comparison with the other heating procedures studied
(maximumoven temperature ≤ 165∘C).This observationmay
indicate that, for the time-temperature ranges evaluated, the
temperature reached had probably a more significant effect
on the total phenolic reduction than the type of cooking (oven
versus microwave).

3.2. Effect of Cooking Process on the Olive Oils Gustatory
Positive Sensory Sensations. Food sensory quality attributes
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Figure 2: Total phenolic contents (mean value± standard deviation)
of olive oils according to the cooking process applied: control
(no heat-induced, 20∘C); microwave heating (from 1.5 to 10min,
corresponding to 72 to 205∘C); and electrical conventional oven (15
to 60min, leading to 140 to 165∘C). Different small letters mean
statistical significant differences, at a 5% significance level.

may be enhanced during cooking processes due to the
formation of aroma compounds, color, and texture changes
[3]. However, the possible effect of the cooking process on
the olive oil gustatory-retronasal positive attributes (e.g.,
fruity, bitter, green, pungent, and sweet sensations) that
highly influence consumer’s preference was never evaluated.
Several of these positive sensory sensations are related to the
total phenolics and/or to the individual phenolic fractions,
which amounts are influenced by heat-induced cooking
processes. Therefore, all olive oils studied were evaluated
by trained sensory panelists before and after each cooking
process, following the IOC guidelines [35, 36]. The median
intensities of the perceived positive attributes are shown in
Figure 3.

As can be inferred from the visualization of Figure 3,
the median intensities of all the perceived positive taste
sensations were significantly reduced after each heat-induced
cooking process (𝑃 values < 0.0001 for Kruskal-Wallis
test), decreasing for increased heating time periods. It was
observed that fruity and green sensations disappeared after
oven heating for 30min or more and after microwave heating
during 5min or more, which corresponded to heating tem-
peratures equal to or greater than 160∘C. On the contrary,
sweet sensation was the gustatory attribute less affected
by the cooking process, followed by bitter and pungent
sensations (Figure 3). Finally, with the exception of sweet
sensation, lower perceived intensities of bitter, fruity, green,
and pungent attributes corresponded to lower total phenolic
contents, showing the expected relation between phenolic
content and positive gustatory-retronasal attributes. Indeed,
for oven heating process, the median intensities of the above-
mentioned four positive sensations showed a linear positive
dependence with the mean total phenolic content (0.8843
≤ 𝑅-Pearson ≤ 0.9694). Similarly, for the microwave heating
process, positive linear relations were also observed but only
for fruity, green, and pungent attribute (0.8075 ≤ 𝑅-Pearson
≤ 0.9615).

3.3. Olive Oil E-Tongue Potentiometric Signal Profiles by Type
of Heating Procedure and Heating Time-Period. Depending
on the type of heating procedure applied and the heating
time-period, the potentiometric signals recorded by the 40
E-tongue sensors (20 different lipid polymeric membranes
in duplicate: S1:1–S1:20 and S2:1–S2:20) ranged from +90 to
+216mV. It could also be observed that the mean potential
signal profiles were quite similar (Figure 4) for unheated
olive oils (Control t0min), olive oils heated in a conventional
oven during 15 to 60min (Oven t15min; Oven t30min and
Oven t60min), and olive oils heated in a microwave during
1.5 or 3min (MW t1.5min and MW t3min). Indeed, it is
known that the lipid polymeric sensormembranes comprised
in the homemade E-tongue respond in the presence and
concentration of polar compounds [26, 39], such as phenolic
compounds, whose contents in the olive oils studied are
of the same order of magnitude for the above-mentioned
heat conditions (Figure 2). On the contrary, the mean signal
profiles of olive oils heated in the microwave during 5 or
10min showed quite different trends, which could be due
to the more drastic combined effect of the higher heating
time and MW heating procedure on the olive oil chemi-
cal composition and gustatory-retronasal positive sensory
attributes (Figures 2 and 3), to which the E-tongue sensors
also respond [24]. It should also be emphasized that the lipid
polymeric sensor membranes of the homemade E-tongue
had cross-sensitivity towards different chemical compounds
(e.g., aldehydes, alcohols, esters, acids, and salts, among
others) that mimic positive olive oil sensory attributes and
not towards a specific compound. So, the performance of the
E-tongue device wouldmainly depend on a synergetic overall
effect due to changes of the type and content of different
chemical compounds, rather than to individual effects of a
single class of chemical compounds.

3.4. Classification ofOliveOils according to theCooking Process
Based on Potentiometric E-Tongue Fingerprints. The overall
results show, in Figures 2 and 3, the different temperatures
reached depending on the type of cooking process (oven or
microwave) and heating time periods, as well as the different
olive oil mean potentiometric profiles observed (Figure 4),
pointing out the feasibility of splitting the experimental data
into 3 groups, corresponding to moderate (low to medium
heating time plus low to medium temperature), intense
(low heating time but medium temperature), or severe (low
heating time but high temperature) heating procedures. So,
the moderate group (group 1) included the nonheated olive
oil, all the cooking processes on the electrical conventional
oven and the microwave heating during 1.5min or 3min.The
intense (group 2) and the severe (group 3) heating groups cor-
responded to the microwave heating during 5min or 10min,
respectively. Furthermore, the suggested 3 data groups are
in accordance with the unsupervised groups formed when
PCA is performed using the information gathered by the 40
E-tongue sensors. Indeed, the PCA results show (Figure 5)
a natural split of that the potentiometric data concerning
the microwave heating during 5 or 10min from all the other
heating treatments evaluated naturally establishment of the
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Figure 3: Radar plot of the median intensities of gustatory-retronasal olive oil positive attributes (fruity, sweet, bitter, pungent, and green)
perceived by a sensory panel before (control, t0min – black circles) and after different cooking processes: oven (grey-black circles) and
microwave (MW, grey circles) heating during different time periods (oven at 2000W: 15 to 60min, 140 to 165∘C; andmicrowave at 1200W: 1.5
to 10min, 72 to 205∘C). Significant statistical differences were evaluated using the Kruskal-Wallis nonparametric test followed by the Dunn’s
test, if a difference was found, considering the intensity scales of the IOC guidelines [35, 36]. For each descriptor figure, median intensities
with different small letters are different from a statistical point of view (𝑃 value ≤ 0.0344 for Dunn’s test).
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above-mentioned groups, based on the first 3 PCs (which
explained 80% of the potentiometric data variability).

Finally, to further evaluate the E-tongue classification
performance, an E-tongue-LDA-SA model with 2 discrim-
inant functions (explaining 96.7% and 3.2% of the data
variability, resp.) was developed based on the potentiometric
signal profiles of a subset of 28 sensors (1st array: S1:1, S1:3,

S1:6, S1:7, S1:9, S1:10, S1:12, S1:14 to S1:18, and S1:20; 2nd
array: S2:1 to S2:4, S2:6, S2:7, S2:10, S2:12 to S2:18, and S2:20)
selected from the 40 sensors comprised in the E-tongue
device. The selected model allowed the correct classification
of 99% of the olive oils according to the predefined heat-
induced original grouped data (i.e., moderate, intense, or
severe) (Figure 6) and a sensitivity of 97% for the LOO-
CV procedure (2 samples of group 2 misclassified as group
1 and 1 sample of group 3 misclassified as group 1). From
Figure 4, it can be observed that the group centroids of
the 1st discriminant function (group 1: −1.1584; group 2:
+3.2028; and group 3: +6.4598) increase with the intensity of
the heat-induced cooking process, showing a linear negative
relation (𝑅-Pearson = −0.9995) with the mean total phenolic
concentrations of the predefined groups (group 1: 581 ±
100mg caffeic acid/kg olive oil; group 2: 425 ± 117mg caffeic
acid/kg olive oil; and group 3: 304 ± 83mg caffeic acid/kg
olive oil). This finding suggests that E-tongue potentiometric
signals are inversely related to the total phenolic contents
of unheated and heated olive oils and indirectly related to
the bitter, fruity, green, and/or pungent sensations perceived
on the olive oils. The E-tongue-LDA-SA model predictive
performance was further assessed using a repeated 𝐾-fold-
CV procedure (4 folds and 10 repetitions, which allowed
the evaluation of the robustness of the model using the 40
internal cross-validation sets of 8 to 9 olive oils). The best
predictive E-tongue-LDA-SA model was also based on the
potentiometric fingerprints recorded by the same 28 lipid
membrane sensors, which led to mean correct classification
rates of 94 ± 4% (varying from 87% to 100%).

The results obtained, although not allowing differentiat-
ing all the cooking processes evaluated (i.e., oven heating
during 3 time periods and microwave heating during 4
time periods), allowed verifying the drastic influence of
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E-tongue-LDA-SA model (28 selected sensors): discrimination of
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heating for 1.5 to 3min; group 2: microwave heating for 5min; and
group 3: microwave heating for 10min).

the cooking process using microwave irradiation during
5–10min, which could be related to the overall reduction of
total phenolic contents and was evidenced by loss of sensory
sensations of the olive oils after the microwave heat-induced
process. Furthermore, E-tongue-LDA-SA results pointed out
that the potentiometric fingerprints of unheated olive oils
and oven (up to 60min) or microwave (up to 3min) heated
olive oils were not deeply influenced by these cooking
processes, possiblymeaning that the composition of the polar
compounds soluble in water was not highly affected by these
moderate heating during a low to medium time-period. This
finding could be expected since as pointed out by Santos et
al. [3] olive oil processed under normal cooking conditions
(frying or roasting) at temperatures up to 180–190∘C shows
a comparable or better quality resistance performance to
that achieved with other vegetable oils, although, under
microwave heating, the temperatures achieved are less con-
trolled and so all vegetable oils suffer a more rapid quality
degradation. So, the proposed electrochemical-chemometric
approach could be envisaged as a fast and practical pre-
liminary tool, capable of giving valuable sensory insights
regarding the effect of the cooking process (moderate,
intense, or severe heat-induced process) on the olive oil final
quality.

4. Conclusions

Heat-induced cooking processes may have a deep impact on
the overall chemical composition of olive oils, whose use for
culinary purposes has increased. The type and intensity of
the chemical reactions that may occur (oxidation, hydrolysis,
polymerization, etc.) are highly dependent on the cooking
technique, the heating time, and the temperature reached
during the process and due to the presence of absence
of other food products. Furthermore, during the cooking
process, the highly appreciated sensory attributes of olive oils
may be quite altered. The present work confirmed that the
total phenolic content of olive oils was significantly reduced
during oven or microwave heating, being more marked
for the latter. Also, for the first time, it was verified that
the perceived gustatory-retronasal intensities were drastically
reduced by both cooking procedures and the fruity and green
sensations disappeared after 30min of heating in an electrical
conventional oven (temperatures equal or greater than 150∘C)
or after 5min of microwave heating (temperatures equal or
greater than 160∘C). Sweet attribute was the less affected by
the heat-induced process, bitter and pungent sensations sim-
ilarly being affected. Also, as expected, the median intensities
of bitter, fruity, green, and pungent sensations were directly
related to the mean total phenolic contents (i.e., higher phe-
nolic contents corresponded to higher perceived intensities).
Finally, the possibility of applying a potentiometric electronic
tongue to satisfactorily discriminate olive oils subjected to
moderate, intense, or more severe heating processes was also
shown. A linear correlation was found between the total
phenolic contents and the location of the group centroids
according to the linear multivariate classification model was
established with the potentiometric fingerprints recorded by
the taste device. This pointed out that, indeed, the classifica-
tion satisfactory performancemay be related to the electronic
tongue known capability to interact with taste substances.
This last finding can be of practical future interest if a sensor
device would be envisaged for indirectly assessing the olive
oil quality after being subjected to different heat-induced
cooking processes.
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[2] E. Borràs, J. Ferré, R. Boqué et al., “Prediction of olive oil
sensory descriptors using instrumental data fusion and partial
least squares (PLS) regression,” Talanta, vol. 155, pp. 116–123,
2016.

[3] C. S. P. Santos, R. Cruz, S. C. Cunha, and S. Casal, “Effect of
cooking on olive oil quality attributes,” Food Research Interna-
tional, vol. 54, no. 2, pp. 2016–2024, 2013.

[4] V. Goulas, A. Orphanides, E. Pelava, and V. Gekas, “Impact of
thermal processing methods on polyphenols and antioxidant
activity of olive oil polar fraction,” Journal of Food Processing
and Preservation, vol. 39, no. 6, pp. 1919–1924, 2015.

[5] S. Casal, R. Malheiro, A. Sendas, B. P. P. Oliveira, and J. A.
Pereira, “Olive oil stability under deep-frying conditions,” Food
and Chemical Toxicology, vol. 48, no. 10, pp. 2972–2979, 2010.

[6] R. Malheiro, N. Rodrigues, G. Manzke, A. Bento, J. A. Pereira,
and S. Casal, “The use of olive leaves and tea extracts as
effective antioxidants against the oxidation of soybean oil under
microwave heating,” Industrial Crops and Products, vol. 44, pp.
37–43, 2013.

[7] S. Gharby, H. Harhar, B. Matthäus, Z. Bouzoubaa, and Z.
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[33] M. L. Rodŕıguez-Méndez, C. Apetrei, and J. A. de Saja,
“Electronic tongues purposely designed for the organoleptic
characterization of olive oils,” in Olives and Olive Oil in Health
and Disease Prevention, V. R. Preedy and R. R.Watson, Eds., pp.
525–532, Academic Press, London, UK, 2010.

[34] U. Harzalli, N. Rodrigues, A. C. Veloso et al., “A taste sensor
device for unmasking admixing of rancid or winey-vinegary
olive oil to extra virgin olive oil,” Computers and Electronics in
Agriculture, vol. 144, pp. 222–231, 2018.

[35] International Olive Council, Sensory analysis of olive
oil—method for the organoleptic assessment of virgin
olive oil, COI/T.20/Doc. No. 15/Rev. 6, 2013.

[36] International Olive Council, IOC Mario Solinas quality
award—rules of the international competition for extra virgin
olive oils, COI/T.30/Doc. No. 17, 2014.

[37] C. Capannesi, I. Palchetti, M. Mascini, and A. Parenti, “Elec-
trochemical sensor and biosensor for polyphenols detection in
olive oils,” Food Chemistry, vol. 71, no. 4, pp. 553–562, 2000.

[38] L. A. Dias, A. M. Peres, A. C. A. Veloso, F. S. Reis, M. Vilas-
Boas, and A. A. S. C. Machado, “An electronic tongue taste
evaluation: identification of goat milk adulteration with bovine
milk,” Sensors andActuators B: Chemical, vol. 136, no. 1, pp. 209–
217, 2009.
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