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a b s t r a c t

Olive oils may be commercialized as intense, medium or light, according to the intensity perception of
fruitiness, bitterness and pungency attributes, assessed by a sensory panel. In this work, the capability of
an electronic tongue to correctly classify olive oils according to the sensory intensity perception levels
was evaluated. Cross-sensitivity and non-specific lipid polymeric membranes were used as sensors. The
sensor device was firstly tested using quinine monohydrochloride standard solutions. Mean sensitivities
of 1472 to 2576 mV/decade, depending on the type of plasticizer used in the lipid membranes, were
obtained showing the device capability for evaluating bitterness. Then, linear discriminant models based
on sub-sets of sensors, selected by a meta-heuristic simulated annealing algorithm, were established
enabling to correctly classify 91% of olive oils according to their intensity sensory grade (leave-one-out
cross-validation procedure). This capability was further evaluated using a repeated K-fold cross-valida-
tion procedure, showing that the electronic tongue allowed an average correct classification of 80% of the
olive oils used for internal-validation. So, the electronic tongue can be seen as a taste sensor, allowing
differentiating olive oils with different sensory intensities, and could be used as a preliminary, com-
plementary and practical tool for panelists during olive oil sensory analysis.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Different olive oils are commercially available and their prices
depend on the olive oil quality grade (extra-virgin, EVOO; virgin or
lampante), geographical origin and production procedure. Olive
oils may also be labeled as intense, medium or light (mild), based
on the sensory intensity perception of positive olfactory and gus-
tatory–retronasal attributes. For this, olive oils fruitiness, bitter-
ness and pungency levels are evaluated by trained sensory pane-
lists, which besides being a time-consuming task, limits the
maximum number of samples that may be assessed per day. Each
attribute is evaluated using a quantitative scale (ranging from 0
(minimum) to 10 (maximum)), following the regulations of the
International Olive Council [1,2].

Olive oils are highly appreciated by consumers and play a key
role in several diets, due to the organoleptic attributes and the
health benefits. The economic value of olive oils make this food
product very prone to fraud, including mislabeling of olive oil

commercial category, geographical or olive cultivar origin [3–7].
So, several gas-, liquid- and mass-spectrometry chromatography,
DNA and spectroscopy based methods have been developed to
assess olive oil quality and authenticity as well as to detect pos-
sible adulterations [3,5,6,8–16]. Electrochemical sensors have also
been extensively used, including electronic noses and electronic
tongues (E-tongues), individually or in combination, mainly with
the aim of identifying possible adulterations or classifying olive
oils according to quality level, geographical origin or olive cultivar
[16–28]. Recently, a “magnetic tongue” was used to quantify minor
compounds of EVOO that are related to the sensory attributes [29].
However, the potential of electrochemical devices to classify olive
oils based on the intensity perception of positive sensory attri-
butes was never investigated. The availability of fast and cost-ef-
fective analytical techniques for preliminary verification of the
compliance of this high quality EVOO qualitative classification (i.e.,
intense, medium or light olive oils) is a challenge task and perti-
nent issue since (i) nowadays, consumers increasingly require this
kind of olive oil label information; (ii) olive oil producers are using
this information as an additional organoleptic information in their
products to increase its commercial value; and, (iii) the maximum
number of olive oils that can be evaluated per day by a trained
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sensory panel is quite limited. So the capability of a potentiometric
E-tongue to classify monovarietal EVOO according to the perceived
sensory intensity level (i.e., light, medium or intense) was eval-
uated. Since olive oils are non-conductive and high viscous, the
potentiometric signals were recorded in ethanol–water extracts,
which are rich in polar compounds that are related with bitter-
ness, pungency and astringency sensations. The olive oil samples
analyzed were collected during two crop years (2012 and 2013)
and belong to 11 Spanish single-cultivar EVOO: cvs. Arbequina,
Arbosana, Arroniz, Cornicabra, Frantoio, Hojiblanca, Manzanilla,
Picual, Redondilla, Royuela and Zorzal. The classification perfor-
mance of the E-tongue was assessed using linear discriminant
analysis (LDA) based on the most informative potentiometric
sensor signals selected using a meta-heuristic simulated annealing
(SA) algorithm.

2. Materials and methods

2.1. Reagents

In all assays, deionized type II water was used. Folin-Ciocalteau,
sodium carbonate, n-hexane, methanol and ethanol were of ana-
lytical grade (Panreac, Barcelona). Quinine monohydrochloride di-
hydrate was purchased to Sigma-Aldrich (p.a., minimum pur-
ityZ90%). For E-tongue arrays construction, all reagents were from
Fluka (minimum purity Z97%): plasticizers (bis(1-butylpentyl)
adipate, dibutyl sebacate, 2-nitrophenyl-octylether, tris(2-ethyl-
hexyl)phosphate and dioctyl phenylphosphonate) and additives
(octadecylamine, oleyl alcohol, methyltrioctylammonium chloride
and oleic acid). High molecular weight polyvinyl chloride was used
as the supporting polymer (Fluka).

2.2. Olive oil samples

Eleven monovarietal Spanish EVOOs (cvs. Arbequina, Arbosana,
Arroniz, Cornicabra, Frantoio, Hojiblanca, Manzanilla, Picual, Re-
dondilla, Royuela and Zorzal), produced at the north of Spain
(Valladolid region), were studied. In total, 88 different samples of

single-cultivar EVOO were obtained directly from olive oil certified
producers during 2012–2013 (Table 1). Olive oils were packed and
stored in dark at �20 °C in a 24-h period after their production in
olive mills with a two-phase extraction process and kept in those
conditions until further analysis.

2.3. Olive oil total phenolic content

Total phenolic contents were determined as described by Ca-
pannesi et al. [30] with some modifications. A mass of 2.5 g of
olive oil was diluted with n-hexane (1:1) and extracted three
times with 2.5 mL of methanol/water (80:20; v/v). The mixture
was then centrifuged (5 min at 2600 g). To 1 mL of the combined
extract it was added 1 mL of Folin-Ciocalteau reagent, 1 mL of
Na2CO3 solution (7.5%) and 7 mL of deionized water, in order to
obtain a final volume of 10 mL. After homogenization, the mixture
was stored overnight and spectrophotometrically analyzed
(λ¼765 nm). For quantification purposes a calibration curve be-
tween the measured absorbance and the concentration of caffeic
acid in methanol was established (dynamic concentration range:
0.04–0.18 mg/mL). A new calibration curve was established each
day before olive oil analysis (R2-PearsonZ0.996). The final results
were expressed as mg of caffeic acid equivalents per kg of olive oil
(mg CAE/kg).

2.4. Olive oil sensory analysis

Olive oil samples were subjected to sensory assessment fol-
lowing the methods and standards adopted by the International
Olive Council (COI), namely COI/T.20/Doc. no 15/Rev. 6 [1] and COI/
T.30/Doc. no 17 [2]. Each sample was subjected to the judgment of
four trained panel members that classified the samples according
to olfactory sensations, gustatory�retronasal sensations and final
olfactory–gustatory sensations. Based on these evaluations and
following the COI regulations, monovarietal EVOO samples were
classified as intense, medium or light/mild olive oils according to
the intensity perception of four positive attributes (olfactory and
gustatory olive fruitiness; gustatory–retronasal bitterness and
pungency). This labeling classification is based on the median

Table 1
Details of the monovarietal EVOO samples collected in Valladolid region (Spain): olive cultivar, production year, intensity perception level of positive sensory attributes.

Monovarietal EVOO Production year Number of samples Intensity perception of positive sensory attributes (Intenational Olive Council, 2013) Group
Gustatory-retronasal sensations

Olive fruitiness Bitterness Pungency

Arbequina 2012 2 Intense Intense Intense Intense IIII
3 Intense Intense Medium Intense IIMI
7 Intense Intense Medium Medium IIMM

2013 4 Intense Intense Medium Intense IIMI
8 Intense Intense Medium Medium IIMM

Arbosana 2012 4 Intense Intense Intense Intense IIII
2013 4 Intense Intense Medium Intense IIMI

Arroniz 2012 4 Intense Intense Medium Intense IIMI
Cornicabra 2012 4 Intense Intense Medium Intense IIMI

2013 4 Intense Intense Medium Medium IIMM
Frantoio 2012 4 Intense Intense Medium Intense IIMI

2013 4 Intense Intense Medium Intense IIMI
Hojiblanca 2012 4 Intense Intense Intense Intense IIII

2013 4 Intense Intense Intense Intense IIII
Manzanilla 2012 4 Intense Intense Light Light IILL
Picual 2012 4 Intense Intense Medium Intense IIMI

2013 4 Intense Intense Medium Intense IIMI
Redondilla 2012 4 Intense Intense Medium Medium IIMM

2013 4 Intense Intense Medium Medium IIMM
Royuela 2013 4 Intense Intense Intense Intense IIII
Zorzal 2013 4 Intense Intense Medium Intense IIMI
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Table 2
E-tongue sensors details (identification code; pairs of plasticizer-additive compounds and respective chemical formula, used in the preparation of each lipid-polymeric membrane) and their response characteristics towards quinine
monohydrochloride (sensitivities and linear dynamic concentration ranges).

Sensor (or replica) ID
no.a

Plasticizer compoundb (E 65%) (chemical formula) Additive compoundc (E 3%) (chemical formula) Sensitivitydx s̅ ± , mV/
decade

Linear dynamic concentration range

S1:1 (S2:1) Bis(1-butylpentyl) adipate ([–(CH2)2COOCH[(CH2)3CH3]2]2) Octadecylamine; (CH3(CH2)17NH2) 3275 1.7�10�5–1.3�10�4 M (0.007–0.051 g/
L)

S1:2 (S2:2) Oleyl alcohol; (CH3(CH2)7CH¼CH(CH2)7CH2OH) 2374 7.4�10�6–1.8�10�4 M (0.003–0.070 g/
L)

S1:3 (S2:3) Methyltrioctylammonium chloride; ([CH3(CH2)6CH2]3N(Cl)CH3) 2072 2.6�10�6–1.8�10�4 M (0.001–
0.070 g/L)

S1:4 (S2:4) Oleic acid; (CH3(CH2)7CH¼CH(CH2)7COOH) 2375 1.7�10�5–1.3�10�4 M (0.007–0.051 g/
L)

S1:5 (S2:5) Dibutyl sebacate; ([–(CH2)4CO2(CH2)3CH3]) Octadecylamine; (CH3(CH2)17NH2) 2474 7.4�10�6–2.2�10�4 M (0.003–
0.086 g/L)

S1:6 (S2:6) Oleyl alcohol; (CH3(CH2)7CH¼CH(CH2)7CH2OH) 2777 1.7�10�5–1.3�10�4 M (0.007–0.051 g/
L)

S1:7 (S2:7) Methyltrioctylammonium chloride; ([CH3(CH2)6CH2]3N(Cl)CH3) 20.570.4 7.4�10�6–1.3�10�4 M (0.003–0.051 g/
L)

S1:8 (S2:8) Oleic acid; (CH3(CH2)7CH¼CH(CH2)7COOH) 2379 7.4�10�6–9.4�10�4 M (0.001–0.051 g/
L)

S1:9 (S2:9) 2-Nitrophenyl-octyl ether (O2NC6H4O(CH2)7CH3) Octadecylamine; (CH3(CH2)17NH2) 1878 3.3�10�5–1.3�10�4 M (0.013–0.051 g/
L)

S1:10 (S2:10) Oleyl alcohol; (CH3(CH2)7CH¼CH(CH2)7CH2OH) 1973 2.6�10�6–2.2�10�4 M (0.001–
0.086 g/L)

S1:11 (S2:11) Methyltrioctylammonium chloride; ([CH3(CH2)6CH2]3N(Cl)CH3) 1271 2.6�10�6–2.5�10�4 M (0.001–0.101 g/
L)

S1:12 (S2:12) Oleic acid; (CH3(CH2)7CH¼CH(CH2)7COOH) 1774 7.4�10�6–2.5�10�4 M (0.003–0.101 g/
L)

S1:13 (S2:13) Tris(2-ethylhexyl) phosphate ([CH3(CH2)3CH(C2H5)CH2O]3P(O)) Octadecylamine; (CH3(CH2)17NH2) 1472 2.6�10�6–2.5�10�4 M (0.001–0.101 g/
L)

S1:14 (S2:14) Oleyl alcohol;(CH3(CH2)7CH¼CH(CH2)7CH2OH) 1373 2.6�10�6–2.5�10�4 M (0.001–0.101 g/
L)

S1:15 (S2:15) Methyltrioctylammonium chloride; ([CH3(CH2)6CH2]3N(Cl)CH3) 12.470.1 2.6�10�6–9.4�10�4 M (0.001–
0.037 g/L)

S1:16 (S2:16) Oleic acid;(CH3(CH2)7CH¼CH(CH2)7COOH) 16.170.3 2.6�10�6–2.5�10�4 M (0.001–0.101 g/
L)

S1:17 (S2:17) Dioctyl phenylphosphonate (C6H5P(O)[O(CH2)7CH3]2) Octadecylamine; (CH3(CH2)17NH2) 1574 2.6�10�6–1.8�10�4 M (0.001–
0.070 g/L)

S1:18 (S2:18) Oleyl alcohol; (CH3(CH2)7CH¼CH(CH2)7CH2OH) 15.670.4 2.6�10�6–1.8�10�4 M (0.001–
0.070 g/L)

S1:19 (S2:19) Methyltrioctylammonium chloride; ([CH3(CH2)6CH2]3N(Cl)CH3) 2072 7.4�10�6–1.8�10�4 M (0.001–0.070 g/
L)

S1:20 (S2:20) Oleic acid; (CH3(CH2)7CH¼CH(CH2)7COOH) 1973 1.7�10�5–2.5�10�4 M (0.007–0.101 g/
L)

a Sensor identification number: S � sensor; number – code of the sensor array; 2nd number plasticizer-additive combination.
b All plasticizers were selectophore™ grade from Fluka, with purity Z97%.
c All additives were from Fluka, with purity Z97%.
d : mean sensitivity value (mV/decade); : standard deviation of the sensitivities values (mV/decade).
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value of the classification attributed by each panelist, in a 0–10
scale (or reconverted to this scale) according to the International
Olive Council [1]: (i) intense, when the median of the attribute is
greater than 6; (ii) medium, when the median of the attribute is
between 3 and 6; and (iii) light or mild, when the median of the
attribute is less than 3.

2.5. E-tongue device

The E-tongue included two print-screen potentiometric arrays
containing 20 sensors (diameter: 3.6 mm; thickness: 0.3 mm)
obtained from the combination of 4 different lipid additives (oc-
tadecylamine, oleyl alcohol, methyltrioctylammonium chloride
and oleic acid; E3%); 5 different plasticizers (bis(1-butylpentyl)
adipate, dibutyl sebacate, 2-nitrophenyl-octylether, tris(2-ethyl-
hexyl)phosphate and dioctyl phenylphosphonate; E65%) and
high molecular weight polyvinyl chloride (PVC; E32%) (Table 2).
The type of sensors and polymeric membrane compositions (re-
lative percentage of additive, plasticizer and PVC) were selected
based on a previous work [31] considering the satisfactory signal
stability over time (%RSDo5%, for 5 min signal record) and re-
peatability (0.5%o%RSDo15%, for three solutions with the same
concentration at three levels ranging from 1�10�5 to
1�10�1 mol/L) towards the basic standard taste compounds
(sweet, acid, bitter, salty and umami). Lipid polymeric membranes
were used since they promote interactions with taste substances
via electrostatic or hydrophobic interactions [32]. Each sensor is
identified with 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 plasticizer and additive
used). Fig. 1 shows a scheme exemplifying the olive oil extracts
analysis using the E-tongue and the potentiometric signal stability
over time for one assay.

2.6. E-tongue capability for perceiving bitterness intensity using
quinine standard solutions

To evaluate if the E-tongue could detect different intensities of
positive sensory attributes, namely bitterness, preliminary assays
were carried out using quinine monohydrochloride dihydrate
standard solutions (ethanol–water, 80:20 v/v). Quinine was chosen
since it is usually used as the reference standard for bitter sensa-
tion evaluation during sensory panel training. The E-tongue signal
profiles were recorded for quinine standard solutions ranging from
0.001 to 0.1 g/L, in order to include quinine concentrations (0.025–
0.050 g/L) described in the official procedure for training a sensory
panel for EVOO evaluation [33,34].

2.7. Olive oil extraction procedure and E-tongue analysis

Olive oils were extracted using ethanol–water solutions (80:20
v/v) and electrochemically analyzed as previously described [21].
Each olive oil was analyzed once. In all extractions, deionized
water and ethanol (p.a.) were used. In each assay, 10.00 g of olive
oil were mixed to 100 mL of hydro-ethanolic solution during 5–
10 min under strong agitation. This process allowed extracting
polar compounds, which are related to the bitterness, pungency
and astringency sensations of olive oils. The mixture was left at
ambient temperature during 60 min, after which, 40.0 mL of the
supernatant solution was removed and immediately analyzed with
the E-tongue.

2.8. Statistical analysis

A two-way analysis of variance (two-way ANOVA) was per-
formed to evaluate the effect of the plasticizers and additives used
in the construction of the lipid membranes of the E-tongue, as well
as the possible interaction between “plasticizer” and “additive”. If

Fig. 1. Scheme on EVOO analysis: E-tongue system; exemplification of the recorded potentiometric signals; overall samples’ signal profiles.
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no significant interaction effect was found, for each statistical
significant factor, means were compared using the Tukey’s multi-
ple comparison test. Linear discriminant analysis (LDA) was also
used as a supervised pattern recognition method to infer about the
capability of the E-tongue to correctly classify EVOO according to
the intensity sensory perception, as intense, medium and/or light
olive oils. The best subsets of K independent predictors among the
40 E-tongue potentiometric signals recorded were chosen using a
meta-heuristic simulated annealing (SA) variable selection algo-
rithm [35–37]. The SA algorithm selects the optimal conditions
based on the assumptions of the annealing physic process using an
iterative procedure. The algorithm searches for a global minimum
that optimizes a system with k (DK) variables. In each iteration,
the solutions of the current and the new subsets of k variables are
compared using the tau2 quality criterion, which is a measure of
the goodness of fitting. A new solution is randomly selected in the
neighborhood of the current solution, being selected if it gave a
better result than the initial one. In general, 10,000 attempts are
used to select the best subset of variables (best model), starting
the process of selecting the best subsets of variables on each trial,
thus ensuring a greater confidence in finding a true optimal so-
lution. In the present study, for each sub-set of sensors under
evaluation (possible combinations of 2–39 sensors), the set of
sensors chosen was the one that resulted in the maximum value of
tau2 [35]. To evaluate the LDA classification model, first a leave-
one-out cross-validation (LOO-CV) procedure was applied. This
process may lead to over-optimistic results although, it has proven
to be an adequate procedure when the number of samples is low
[21,38]. To minimize this risk, a K-fold cross-validation strategy
was also applied to the sub-sets of sensors selected by the SA al-
gorithm. For this purpose, data was divided into K subsets and K
models were fitted, each time considering K-1 subsets, as the
training set, leaving out one of the subsets for the internal vali-
dation, to compute the predictive error for the obtained model
[39]. The number of K-folds was set equal to 4, enabling the for-
mation of internal validation subsets (for each sensory group) with
25% of initial data allowing bias reduction. Also, a repeated K-fold
cross-validation procedure (with 10 repetitions) was implemented
in this work to reduce the uncertainty of the estimates. To nor-
malize the weight of each variable in the final linear classification
model, variable scaling and centering procedures were evaluated.
Finally, linear Pearson correlation coefficient (R-Pearson) was ap-
plied to evaluate the existence of bivariate correlations between
the space distribution of the sensory intensity groups and the total
phenolic content of each group considered. All statistical analysis
were performed using the Subselect [35] and MASS [40] packages
of the open source statistical program R (version 2.15.1) at a sig-
nificance level of 5%.

3. Results and discussion

3.1. EVOO grouping based on the intensity range of sensory positive
attributes

Each monovarietal EVOO sample was evaluated by 4 trained
sensory panelists following the COI regulations [1,2]. In total, 14
organoleptic descriptors including 5 olfactory sensations, 7 gusta-
tory–retronasal sensations and 2 final olfactory–gustatory sensa-
tions were assessed. Based on the intensity levels of 4 positive
sensory attributes (olfactory olive fruitiness; gustatory–retronasal
olive fruitiness, bitterness and pungency) assessed by the pane-
lists, monovarietal EVOO samples of each production year (2012 or
2013) were classified as: IIII (if all four positive attributes were
classified as intense), IIMI (intense olfactory and gustatory olive
fruitiness; medium bitterness and intense pungency), IIMM

(intense olfactory and gustatory–retronasal olive fruitiness; med-
ium bitterness and pungency), IILL (intense olfactory and gusta-
tory olive fruitiness; light bitterness and pungency). Details on the
type of single-cultivar classified according to this commercial
grade are given in Table 1. Olive oils were grouped based on the
overall intensity perception of all 4 positive attributes. By this
procedure, possible synergetic interactions between the different
positive sensory attributes and their effects in the overall human
sensory perception could be considered simultaneously. All olive
oil samples were classified as intense regarding both olfactory and
gustatory–retronasal fruitiness, and ranged from intense to light
for bitterness and pungency sensations (Table 1). Also, for EVOO
from cv. Arbequina it was possible to collect samples in each crop
year with different bitterness and/or pungency levels. In addition,
bitterness or pungency intensities of monovarietal olive oils from
cvs. Arbosana and Arroniz, perceived by the panelists, varied with
the crop year.

3.2. Total phenolic contents of EVOO

Total phenolic contents of the 88 monovarietal EVOO studied
(2012 and 2103 crop years) were quantified experimentally and
the average concentrations and respective standard deviations
(expressed as mg of caffeic acid equivalents per kg of olive oil, mg
CAE/kg) are given in Table 3, for each intensity sensory group (IIII,
IIMI, IIMM and/or IILL as proposed in Section 3.1) and production
year. The number of samples and type of monovarietal EVOO in-
cluded in each group are also reported. Olive oils were grouped
according to the human assessment of the intensity perception of
4 sensory positive attributes (olfactory olive fruitiness, gustatory–
retronasal olive fruitiness, bitterness and pungency sensations) as
intense (I), medium (M) or light (L) [1,2].

A high variability was found in the total phenolic contents of
olive oils (high standard deviations corresponding to variation
coefficients usually greater than 10%) classified as belonging to the
same sensory intensity perception groups (IIII, IIMI or IIMM), with
the exception of the IILL (olive oils with the lowest sensory in-
tensity perception) (Table 3). Indeed, although a correlation is
expected between total phenols contents and the intensity per-
ception of sensory attributes (increasing phenols amounts would
correspond to greater bitterness, pungency or astringency sensa-
tions), it has been reported that, depending on the molecular size,
different sensory sensations may be enhanced due to the differ-
entiated activation of human bitter taste receptors, tending larger
molecules to be more astringent [41]. So, olive oils with similar
average phenolic contents may develop different sensory percep-
tions, depending on the type and size of the phenols molecules
present. Also, the variability found within each sensory intensity
group could be tentatively attributed to the different type of
monovarietal olive oils included in each group (ranging from 2 to
5, except for IILL group that only contains samples from cv. Man-
zanilla), which have specific sensory characteristics but also dif-
ferent physico-chemical compositions. Nevertheless, an overall
analysis indicate that an expected qualitative tendency can be
found, showing that greater bitterness and pungency intensities
would correspond to greater total phenols concentrations.

3.3. E-tongue signals analysis

3.3.1. E-tongue response towards bitter standard solutions.
The 40 potentiometric E-tongue signals were recorded for the

ethanol–water solution (80:20, v/v) and after the addition of pre-
established volumes of quinine monohydrochloride dihydrate
standard solution (0.302 g/L) (final quinine monohydrochloride:
0.00102–0.101 g/L). All the E-tongue polymeric membranes
showed an increase of the potential response with increasing
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quinine monohydrochloride concentrations, (i.e., a decrease of
potential was not detected with the increase of chloride con-
centration). So, it could be inferred that the recorded signals were
due mainly to the presence of quinine and not to any anionic
species in solution, like chloride ion. In general, the potentiometric
signals of the 40 sensors showed a potential signal increase of
1676 mV after the first addition (compared with the signal re-
corded for the blank solution: ethanol–water), demonstrating that,
in general, all sensors and replicas respond to the presence of
small amounts of quinine monohydrochloride. For the quinine
concentration dynamic range studied, two types of quantitative
responses towards increasing concentrations of quinine were

observed. When the potential difference (mV) was plotted against
the decimal logarithm of the quinine concentration (in mol/L, M), a
quantitative positive linear relationship (0.9676rR2-Pearson
r0.9972) or a 2nd order polynomial curve with a concave cur-
vature (0.9738rR2-Pearsonr0.9980) were observed. Fig. 2 shows
these two behaviors for the polymeric membranes 1 and 14, for
the 2 sensor arrays. The linear behavior was found, in both sensor
arrays (sensor and sensor-replica), for 7 polymeric membranes (i.e,
8, 13, 14, 15, 16, 17 and 18) and the curvilinear behavior, for the
other 13 polymeric membranes. In Table 2, for each pair of poly-
meric membranes it is also reported the mean sensitivities (slope
values, mV/decade), the standard deviations (mV/decade) and the

Table 3
Total phenolic contents per sensory intensity perception group for 2012 and 2013 crop years: mean value, standard deviation, number of samples and type of monovarietal
EVOO.

Olive oil production year Intensity sensory perception group No. of samples Single-cultivar EVOO Total phenolic content X sd̅ ± (mg CAE/kg)

2012 IIII 10 cv. Arbequina 168733
cv. Arbosana
cv. Hojiblanca

IIMI 19 cv. Arbequina 163725
cv. Arroniz
cv. Cornicabra
cv. Frantoio
cv. Picual

IIMM 11 cv. Arbequina 141715
cv. Redondilla

IILL 4 cv. Manzanilla 10672

2013 IIII 8 cv. Hojiblanca 246772
cv. Royuela

IIMI 20 cv. Arbequina 200722
cv. Arbosana
cv. Frantoio
cv. Picual
cv. Zorzal

IIMM 16 cv. Arbequina 177745
cv. Cornicabra
cv. Redondilla

Fig. 2. E-tongue response for bitter taste evaluation: potentiometric signal change with increasing concentration of quinine monohydrochloride in ethanol–water (80:20, v–
v) solutions. Examples of two kinds of responses found by plotting signal potential versus the decimal logarithm of quinine concentration; left-side: quantitative 2nd order
polynomial curve with a positive curvature (e.g., sensor and sensor-replica S1:1 and S2:1) and, right-side: quantitative positive linear relationship (e.g., sensor and sensor-
replica S1:14 and S2:14).
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respective linear dynamic concentration range (M and g/L). These
latter were calculated from the slope values of different calibra-
tions carried out for each pair of sensor and respective sensor-
replica of the E-tongue device. The results indicate that all plas-
ticizer/additive pairs used respond to increasing quinine mono-
hydrochloride levels and the respective linear dynamic con-
centration ranges include the quinine concentrations usually used
during sensory panelists training (i.e., 0.025 to 0.050 g/L) [33,34]. It
can also be inferred that some plasticizers enhance the E-tongue
sensitivity towards quinine monohydrochloride (i.e, bitter sensa-
tion), namely bis(1-butylpentyl) adipate and dibutyl sebacate, in-
dependently of the additive compound used. Indeed, a two-way
ANOVA showed that there was no significant interaction effect
(“plasticizer� additive”: P-value¼0.3164). No statistical significant
effect was also found due to the type of additive used on the lipid

membrane (P-value¼0.2604). On the other hand, the type of
plasticizer had a statistical significant effect on the sensor sensi-
tivity (P-value¼0.0001), showing that bis(1-butylpentyl) adipate
and dibutyl sebacate had similar sensitivities (2576 and
2475 mV/decade; P-value¼0.9798, Tukey’s test) towards quinine
monohydrochloride and significantly greater (P-valuer0.030,
Tukey’s test) than the sensitivities observed for the other three
plasticizers (1675, 1472 and 1873 mV/decade for 2-ni-
trophenyl-octyl ether, tris(2-ethylhexyl) phosphate and dioctyl
phenylphosphonate, respectively; P-valueZ0.3961, Tukey’s test).
Nevertheless, it should be noticed that, the plasticizers with lower
sensitivities had, in general, a broader linear dynamic concentra-
tion range (including the lowest and highest quinine mono-
hydrochloride levels), which could be quite important for differ-
entiate light and intense EVOOs (Table 2).

Fig. 3. E-tongue-LDA-SA procedure: olive oils classification according to sensory intensity perception groups (IIII, IIMI, IIMM or IILL; with I for intense, M for medium and L
for light) established based on olfactory olive fruitiness and gustatory–retronasal olive fruitiness, bitterness and pungency attributes, respectively. (A) 2012 crop year: original
data discrimination using 27 sensor signals selected by meta-heuristic algorithm; (B) 2013 crop year: original data discrimination using 29 sensor signals selected by meta-
heuristic algorithm. Two graphical outputs are given including (or not) sensors loading arrows.
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3.3.2. E-tongue analysis of EVOO samples
In total, 88 potentiometric assays were carried out, corre-

sponding to the 88 samples of the 11 monovarietal EVOO col-
lected. Since the E-tongue had non-specific cross-sensitivity sen-
sors, the signals profiles correspond to an overall fingerprint of the
matrix under analysis, rather than to a specific compound. Each
analysis provided 40 signals (20 sensors and the respective re-
plicas), which signals varied from �0.04 V to þ0.25 V. Since the
voltage signals, recorded during the analysis of the EVOO ethanol–
water extracts (80:20 v/v) were of similar magnitude for all sen-
sors, no data scaling was performed. The differences found for the
signals recorded by two sensor replicas may be attributed to slight
variations of the membrane composition and physical properties
(transparency and porosity) that may occur due to the drop-by-
drop technique applied, which may lead to the formation of in-
homogeneous membranes [21].

Since, sensory attributes of EVOO may be quite influenced by
the edaphoclimatic conditions, olive oils were grouped by crop
year (2012 and 2013). For each crop year, EVOO were classified
according to the intensity of four positive organoleptic attributes,
as previously described. So, olive oils samples were split into dif-
ferent overall intensity sensory perception groups namely,
4 groups (IIII, IIMI, IIIMM and IILL) and 3 groups (IIII, IIMI and
IIMM), for 2012 and 2013 crop years, respectively.

Regarding the 44 single-cultivar EVOO samples from 2012 crop
year, the E-tongue potentiometric signals were subjected to a su-
pervised LDA coupled with a SA variable selection algorithm,
aiming minimizing the number of independent variables (sensors
and sensors replicas) to be included in the final discrimination
model, to exclude non-informative or high collinear variables. The
final model, with 27 sensors (in sensor array 1: S1:2 to S1:4, S1:6,
S1:9, S1:10, S1:12, S1:13, S1:15 to S1:18; in sensor array 2: S2:1 to
S2:6, S2:8, S2:9, S2:12 to S2:14, S2:16 to S2:18, S2:20) had 3 sig-
nificant discriminant functions that explained 100% of the original
data variability (94.4%, 3.6% and 2.0%). The selected sensors and
sensor replicas included all the plasticizer–additives combinations
used, being bis(1-butylpentyl) adipate plasticizer the most com-
mon. Concerning the additives, all the 5 compounds used were
similarly present in the sensors–sensors replicas included in the
final discriminant model. The established linear discriminant
model enabled 100% of correct classification for the original
grouped data (Fig. 3A) and 91% of correct classifications for the
LOO-CV procedure (one sample of IIII was misclassified as be-
longing to IIMI group; one sample from IIMI misclassified as IIII
and two samples as IIMM), i.e., the model showed a specificity of
100% for EVOO samples belonging to IILL and IIMM groups.

Similarly, 44 monovarietal EVOO samples of 2013 crop year
were grouped into 3 intensity sensorial level groups based on the
sensory panel rating of the 4 positive organoleptic sensations as
IIII, IIMI and IIMM. In this case 2 significant discriminant functions
explained 100% of the data variability (97.2% and 2.8%) and the
final model was based on the signal potentiometric profiles of 23
sensors and sensor-replicas (sensors: S1:1, S1:3 to S1:5, S1:10 to
S1:13, S1:15 to S1:17, S1:20; sensor-replicas: S2:2, S2:4 to S2:7,
S2:9, S2:11, S2:12, S2:16, S2:17, S2:19). The linear discriminant
model established allowed 100% of correct classifications of the
original grouped data (Fig. 3B) and 91% for the LOO-CV procedure.
Indeed, one sample belonging to IIII group was misclassified as
belonging to the IIMI group; one sample from IIMI group mis-
classified as IIMM group; and finally, two samples of IIMM group
misclassified as IIMI group.

Overall, for the samples evaluated, it is interesting to observe
that, independently of the year under analysis, the spatial location
of the EVOO sensory intensity groups (sensory intensity group
centroids position: IIIIo IIMIo IIMMo IILL) in the LDA plots, may
be inversely correlated with the increasing scores of the 1st linear

discriminant function (lower olive oil bitterness and pungency
perceptions would correspond to greater function scores). So, hy-
pothetically, the 1st linear function could be used for a preliminary
tool of olive oils intensity assessment, namely for bitterness and
pungency attributes. Moreover, the same order found for the
sensory intensity olive oils group centroids of the 1st discriminant
function was negatively correlated (R2-Pearson values equal to
0.9465 and 0.9560 for 2012 and 2013, respectively) with the total
phenols average contents of the olive oil samples included in each
group, strengthen the expected behavior that, increased phenols
concentrations corresponded to greater bitterness and pungency
intensities. Also, these results strengthen the idea that the po-
tentiometric E-tongue mimics olive oil taste human sensations,
namely bitterness and pungency levels. This potential was ex-
pected since it had been described that lipid polymeric mem-
branes could recognize and assess standard solutions of basic taste
compounds like acid, bitter, salty, sweet and umami [31].

To further test the robustness of the LDA model predictive
performance to classify EVOO samples according to their intensity
sensory perception, a repeated K-fold cross-validation strategy (4
folds�10 repetitions) was applied. In total, data were randomly
split 40 times, into two data sub-sets, one for training purposes
(containing 75% of the data) and the other for internal-validation
(containing 25% of the data). For olive oils from 2012, the best
predictive classification results were obtained using a LDA model
based on 25 sensors (lower than the number of sensors used for
LOO-CV), resulting in an average correct classification of 80.2% of
the samples used for internal-validation with an overall average
specificity of 80.9%. Similarly, for EVOO samples from 2013, the
best LDA model was established with 22 sensors (also lower than
the number of sensors used for LOO-CV) showing a mean sensi-
tivity of 82.3% and an overall mean specificity of 84.4%. In both
cases, depending on the internal-validation fold randomly estab-
lished the sensitivities and specificities of the LDA models varied
from 64% to 100% and from 59% to 100%, respectively. The mean
correct classification percentages obtained are quite satisfactory
and show that the E-tongue coupled with the LDA-SA procedure
has suitable robustness, mainly since a broad type of single-cul-
tivar EVOO are evaluated simultaneously and were from different
olive oil producers. So, the E-tongue device could be used for a
preliminary sensory evaluation of EVOO samples, and better per-
formances could be foreseen depending on the data selected for
training and internal-validation data sub-sets, namely ensuring
that for training purposes suitable EVOO samples from the same
single-cultivar could be used as representative standards of each
intensity sensory perception group.

4. Conclusion

Nowadays, it is quite common to find olive oils labeled ac-
cording to the sensory intensity perceptions (as intense, medium
or light). This classification is commercially interesting for pro-
ducers and appreciated by consumers, namely when purchasing
EVOO. However, it largely depends on the sensory panels’ as-
sessment of positive organoleptic attributes, which is not a simple
task, requires time and the existence of an available trained panel.
In this work it was demonstrated, for the first time, the feasibility
of applying a potentiometric E-tongue, containing lipid cross-
sensitivity polymeric membranes to discriminate monovarietal
EVOO according to their overall sensory intensity classification
(combinations of intense, medium and/or light of olfactory olive
fruitiness and gustatory–retronasal olive fruitiness, bitterness and
pungency attributes). The multi-sensor device, together with the
appropriate chemometric tool (LDA-SA procedure) showed a sa-
tisfactory correct prediction capability of the overall intensity
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sensory perception of EVOO samples belonging to the internal-
validation data sub-sets. So, considering the satisfactory results, a
future practical and useful application of the proposed procedure
(E-tongue with LDA-SA) for olive oil sensory evaluation could be
foreseen.
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