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Abstract Legal regulations are set for protecting claims
regarding olive oil geographical denomination. When mete-
orological or agroecological factors similarly affect different
regions, the origin identification is a challenging task. This
study demonstrated the use of a potentiometric electronic
tongue coupled with linear discriminant analysis to discrimi-
nate the geographical origin of monovarietal Tunisian olive
oil produced from local cv Chemlali (Kairouan, Sidi Bouzid
or Sfax regions) and cv Sahli (Kairouan, Mahdia or Sousse
regions). The potentiometric fingerprints of 12 or eight lipid
sensors (for Chemlali and Sahli, respectively), selected using
a simulated annealing meta-heuristic algorithm, allowed the
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correct prediction (repeated K-fold cross-validation) of the
geographic production region with sensitivities of 92 + 7%
(Chemlali) and 97 + 8% (Sahli). It was also confirmed the
electronic tongue capability to classify Tunisian olive oil
according to olive cultivar or quality grade. The results indi-
cated the possible use of potentiometric fingerprints as a
promising innovative strategy for olive oil analysis allow-
ing assessing geographical origin, olive cultivar and quality
grade, which are key factors determining olive oil price and
consumers’ preference.

Keywords Electronic tongue - Chemometrics - Tunisian
monovarietal olive oil - Physicochemical analysis - Sensory
analysis - Geographical origin classification

Introduction

Olive oil quality grade classification is legally regulated by
the European Union Commission and requires the assess-
ment of physicochemical parameters and sensory attributes,
envisaging the intensity perception of fruitiness as a positive
attribute as well as the absence/presence of sensory defects
[1,2].

In addition to the official analytical methods, there is a
need for simple, fast, cost-effective and environmentally
friendly techniques for qualitative and/or quantitative evalu-
ations of physicochemical and sensory sensations used for
olive oil quality monitoring, traceability, authenticity and
adulteration detection. Recently, Valli et al. [3] reviewed
emerging novel techniques (optical spectroscopic and elec-
tronic chemical sensors-based techniques) applied, in combi-
nation with multivariate statistical models, for the establish-
ment of useful portable instruments for in situ assessment
of olive oil. The assessment of the geographical origin of
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olive oil, which is a recognized difficult task [3-5], is of
utmost importance since the geographic location of the olive
groves has a deep influence on the objective quality of olive
oil and, so, on its commercial value. Moreover, it is a legal
obligation to indicate the geographical origin in the label of
olive oil sold in the European Union [6]. Several analytical
methods have been used for olive oil geographical origin
identification [4] some of them relying on the assessment
of specific compounds (fatty acids, sterols, phenolic com-
pounds), such as gas and liquid chromatography [7-9] and
others, like mass spectrometry, nuclear magnetic resonance
and spectroscopic techniques, using chemical fingerprints [4,
10-14]. The majority of these techniques requires complex
and time-consuming sample pre-treatment steps, expensive
equipment and skilled technicians, being not economically
feasible for small olive oil producers. Thus, sensor-based
electrochemical tools have emerged as potential low-cost
tools for olive oil quality assessment [3]. However, the few
published works that addressed the challenging task of olive
oil geographical origin authentication are based on elec-
tronic noses (E-noses) or voltammetric electronic tongues
(E-tongues) fingerprints [15-19], in combination with dif-
ferent multivariate statistical strategies (e.g., principal com-
ponent analysis; linear discriminant analysis, LDA; and,
artificial neural networks). In the present work, the use of a
potentiometric E-tongue, comprising cross-sensitivity lipid
membranes, was evaluated for the first time aiming at geo-
graphical origin assessment of Tunisian olive oil produced
in geographical regions under similar climatic and agroeco-
logic factors. For this, two monovarietal Tunisian olive oil,
produced in different but close geographical regions were
analyzed, namely, the predominant autochthonous Chem-
lali olive cultivar (samples from Kairouan, Sfax and Sidi
Bouzid) and the less studied Sahli olive cultivar (samples
from Kairouan, Mahdia and Sousse).

Materials and Methods

Olive Oil Samples, Physicochemical and Sensory
Analysis

Sixty independent olive oil samples from 30 different com-
mercial monovarietal olive oil were obtained from local
Tunisian producers. Samples were produced in different
but geographically close regions (Fig. 1) using olives from
Chemlali or Sahli autochthonous varieties. From these, 34
samples were Chemlali olive oil, the predominant autochtho-
nous olive variety, produced in Kairouan (16), Sfax (14) and
Sidi Bouzid (four samples) regions. The other 26 samples
of Sahli olive oil were produced in Kairouan (four), Mah-
dia (ten) and Sousse (12) regions. Samples were kept in the
original dark amber bottles protected from the direct light
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Fig. 1 Monovarietal Tunisian olive oil’s geographical origin: Chem-
lali autochthonous olive cultivar (Kairouan, 16 samples; Sfax, 14
samples; and, Sidi Bouzid, four samples) and Sahli autochthonous
olive cultivar (Kairouan, four samples; Mahdia, ten samples; and,
Sousse, 12 samples)

exposition, during transport and storage. All samples were
subjected to physicochemical and sensory analysis before
the expiration date, following the EU regulations [1, 2]. Free
acidity (FA, in % oleic acid), peroxide value (PV, in mEq
0O,/kg) and the specific coefficients of extinction at 232 and
270 nm (K,3,, K79 and AK) were evaluated by acid—base
titration and UV—Vis spectrophotometry as regulated [1, 2].
From each olive oil sample, two independent sub-samples
were collected and analyzed in triplicate. The sensory evalu-
ation followed the International Olive Council guidelines
[20, 21] being the intensity of each attribute evaluated using
a continuous scale, ranging from 0 (no intensity perceived)
to 10 (maximum intensity). The intensity of positive (e.g.,
fruity, bitter and pungent sensations) and negative (e.g., ran-
cid, musty, fusty and other organoleptic defects) attributes
of the olive oil were assessed by eight trained panelists from
a sensory panel. For each sensory evaluation, each trained
panelist tasted about 15 mL of the olive oil served in a blue
test glass, which was kept at 28 + 2 °C throughout the evalu-
ation. First, the panelist smelled each sample trying to find
any negative sensation as well as positive attributes, being
registered as the perceived intensities in a proof sheet. After-
wards, the gustatory sensations were assessed by putting the
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sample in the mouth and with retreating breath. Regarding
the negative attributes, fusty was evaluated as the character-
istic flavor of olive oil produced from olives piled or that suf-
fered advance anaerobic fermentation. Musty was assessed
as the characteristic flavor of olive oil obtained from olives
contaminated with fungi and yeasts due to the humid con-
ditions during storage. Rancid, was evaluated considering
the characteristic organoleptic sensation due to an intense
oxidation process. Finally, the winey-vinegary attribute was
classified as the characteristic reminiscent flavor of wine
or vinegar perceived in the olive oil [20, 21]. For the olive
oil’s quality grade classification, the median intensity of
the defect mostly perceived was used. Also, if a negative
sensation was assessed with intensity greater than 3, the
gustatory positive attributes were not evaluated. The final
quality grades of all olive oil samples analyzed were estab-
lished considering the physicochemical quality and the sen-
sory data as extra-virgin olive oil (EVOO; simultaneously:
FA < 0.8% oleic acid, PV < 20 mEq O,/kg, K,3, < 2.50,
K570 <0.22, AK < 0.01, median intensity of fruity positive
attribute > 0 and defects median intensities equal to 0), vir-
gin olive oil (VOO; simultaneously: FA < 2.0% oleic acid,
PV <20 mEq Oy/kg, K,3, < 2.60, K»7¢ < 0.25, AK < 0.01,
median intensity of fruity positive attribute > 0 and median
intensity of the most intense defect between 0 and 3) or lam-
pante olive oil (LOO; other situations). All analysis were
performed at the laboratories of the School of Agriculture—
Polytechnic Institute of Braganga (Portugal).

E-tongue
E-tongue Device and Set-up

The E-tongue device was designed and constructed as previ-
ously described [22, 23]. The device comprised two home-
made print-screen potentiometric arrays (3 cm X 12 cm
visible PVC sheet plus 5 cm due to the RS232 plug;
Fig. 2), with 40 cross-sensitivity lipid sensor membranes
(diameter: 3.6 mm; thickness: 0.3 mm, Fig. 2). The sensor
membranes (3% of additive compound, 65% of plasticizer)
resulted from different combinations of four lipid additives
(octadecylamine, oleyl alcohol, methyltrioctylammonium
chloride and oleic acid) and five plasticizers (bis(1-butyl-
pentyl) adipate, dibutyl sebacate, 2-nitrophenyl-octylether,
tris(2-ethylhexyl)phosphate and dioctyl phenylphospho-
nate) mixed with high molecular weight polyvinyl chloride
(PVC; =~ 32%) [24]. All reagents were from Fluka (minimum
purity of 97%). For the potentiometric assays, a commer-
cial reference Ag/AgCl electrode was used (Metrohm Ag/
AgCl double junction with SGG sleeve). Each sensor was
identified a letter S (for sensor) followed by the number of
the array (1 or 2) and the number of the membrane (1-20).

s ¢=3.6 mm
thickness = 0.3 mm

Fig. 2 E-tongue sensor screen-printed array comprising 20 lipid
membranes with cross-sensitivity towards polar compounds (e.g.,
acids, sugars, aldehydes, esters and alcohols, etc.) related to the basic
taste compounds, positive and negative sensory attributes (including,
acid, sweet, bitter, pungent, umami, salty, fruity, green, rancid, winey-
vinegary, etc.)

E-tongue Analysis: Olive Oil Sample Preparation
and Potentiometric Assays

Olive oil (=~ 10 g) was extracted using 100 mL of a water—etha-
nol solution (80:20, v/v), which enabled the extraction of polar
compounds related to different sensory attributes of olive
oil, and to which the lipid polymeric sensors show qualita-
tive and quantitative responses, due to electrostatic or hydro-
phobic interactions [22, 24-31]. Ethanol was of analytical
grade (Panreac, Barcelona) and water was deionized type II.
The oil-water—ethanol mixture was agitated for 5—10 min at
500 rpm (vortex stirrer LBX V05, 1bx instruments), before
standing at ambient temperature for 60 min. After the immis-
cible phases separation, 40 mL of the supernatant solution
was carefully removed and immediately analyzed with the
E-tongue, for 5 min, with retaining the potentiometric profile
of the last scan, which would correspond to a pseudo-equi-
librium state [24]. The analyzes were performed in duplicate,
unless the coefficients of variation of the potentiometric signals
recorded by each E-tongue sensor were greater than 20% [20,
21], in these cases a third assay was carried out. To establish
the training and internal-validation datasets, there was used
only one electrochemical “average” signal profile per sample
[32]. Finally, since all olive oil samples were electrochemically
analyzed in the same day there was no need of statistical signal
pre-treatments [22, 27] since the potentiometric signals gener-
ated by lipid polymeric membranes usually present satisfac-
tory intra-day (relative standard deviation percentages, RSD%,
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lower than 20%) [22, 27] and inter-days repeatabilities (RSD%
lower than 25%) [22] as well as adequate stability in time [33].

Statistical Analysis

The statistical effect of olive cultivar (Chemali or Sahli cvs),
quality grade (EVOO, VOO or LOO) or geographical location
(Kairouan, Mahdia, Sidi Bouzid, Sfax or Sousse regions) on
the intensities of the positive and/or negative sensory attributes
of the monovarietal Tunisian olive oil, was evaluated through
the 7 Student test or the one-way analysis of variance (one-way
ANOVA), followed by the Tukey’s test.

The potentiometric E-tongue performance for olive oil
classification according to the autochthonous Tunisian olive
cultivar (i.e., cvs Chemlali or Sahli) and for each single-
cultivar olive oil by its geographical origin (cv Chemlali:
Kairouan, Sidi Bouzid and Sfax regions; and, cv Sahli: Kai-
rouan, Mahdia or Sousse regions) as well as its quality grade
(EVOO, VOO or LOO) was evaluated using LDA coupled
with the meta-heuristic simulated annealing (SA) variable
selection algorithm [34-36], following a previous described
electrochemical-chemometric strategy [27-32, 37]. The sen-
sitivities (correct classification rates) of the selected LDA-
SA models were evaluated using the leave-one-out cross-
validation (LOO-CV) and the repeated K-fold (repeated
K-fold-CV) techniques. In the latter, data was repeatedly and
randomly split into K folds, being each of the folds left out
in turn for internal-validation of the model established using
the other K-1 folds [38]. In this work the number of folds
was set equal to four, enabling a use of 25% of the initial
data for validation purposes, with the procedure repeated ten
times, turning out into 40 evaluation runs (four folds X ten
repeats). The weight of each variable in the final E-tongue-
LDA-SA model, was normalized using variable scaling and
centering procedures. The models were graphically evalu-
ated using 1-D frequency distribution or 2-D plots. For the
latter plot type, class membership boundary lines were used,
being established using posterior probabilities computed
through the Bayes’ theorem (which enables controlling over-
fitting issues) to deeper assess the classification capability
of the established LDA models [39]. All statistical analysis
were performed using the Subselect [35, 38, 40] and MASS
[41] packages of the open source statistical program R (ver-
sion 2.15.1), at a 5% significance level.

Results and Discussion

Physicochemical and Sensory Analysis
of the Monovarietal Tunisian Olive Qil

Chemlali olive oil (17 olive oil X two independent samples)
and Sahli olive oil (13 olive oil X two independent samples)
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produced in different but close geographical regions, were
analyzed according to the EU and IOC regulations [1, 2,
20, 21]. Physicochemical quality parameters (FA, PV, K,5,,
K5, and AK values), the intensity of positive fruity, bitter
and pungent sensations and of different negative attributes
(e.g., musty, fusty, rancid) were evaluated and are shown in
Table 1. Based on the physicochemical quality levels, the
monovarietal olive oil could be classified as EVOO, VOO
or LOO, for the two autochthonous olive cultivars (Chemlali
olive oil: 28 would be classified as EVOO, four as VOO
and two as LOQO; Sahli olive oil: six would be classified as
EVOO, two as VOO and 18 as LOO) or geographical ori-
gins. The LOO classification was mainly due to high values
of K,3, followed by PV (which are positively correlated,
R-Pearson = + 0.9370 with a regression P value < 0.001),
being indicators of primary oxidation of olive oil, which
may be attributed to high temperatures and solar radia-
tion in particular locations of semi-arid Tunisian regions
[42]. When the sensory panel results were also taken into
account for establishing the olive oil quality grade, which
is legally required, the number of samples that could be
classified as EVOO and VOO, based only on the physico-
chemical analysis, decreased substantially (Chemlali olive
oil: ten EVOQO, six VOO and 18 LOO; Sahli olive oil: 0
EVOQO, eight VOO and 18 LOO), as shown in Table 1. This
observation pointed out the need of subjecting olive oil to
a sensory analysis in order to guarantee the correct qual-
ity grade classification and so to ensure the correctness of
the olive oil commercial labels. Indeed, 50 out of the 60
olive oil samples evaluated were not EVOO since the pan-
elists could perceive at least one organoleptic defect (fusty,
musty, hay, brine or greasy), with rancid the defect mostly
perceived. Also, for olive oil with a median intensity of the
defects lower than 3, the positive fruity sensation could be
always perceived by the panelists (varying from 0.8 to 6.8
for Chemlali olive oil and from 0.5 to 7.0 for Sahli olive oil)
having no statistical significant difference found between
the olive cultivars (P-value = 0.2691, for ¢ Student test).
In addition, for some of these olive oil samples, bitter and
pungent positive sensory attributes could also be perceived
but at very low intensities (varying from 0.1 to 1.7). It was
possible to verify that Sahli olive oil possessed statistically
significant higher rancidity intensities compared to Chemlali
olive oil (P value < 0.0206, for ¢ Student test). The fruity and
rancid mean intensities of Chemlali olive oil did not statisti-
cally differ with the geographical origin (P value > 0.0975,
for one-way ANOVA). For Sahli olive oil, the mean rancid
intensities determined did not vary with the geographical
origin (P value = 0.0764, for one-way ANOVA), although a
statistical significant effect (P value < 0.0001, for one-way
ANOVA) was found for the mean fruity intensities, showing
that olive oil from Mahdia region had lower fruity intensi-
ties compared with those from Kairouan and Sousse regions
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«Fig. 3 Potentiometric mean signal profiles recorded by the E-tongue
device during the monovarietal olive oil hydroethanolic extracts anal-
ysis (cv Chemlali or cv Sahli): overall mean signal variation with the
geographical origin for each type of Tunisian autochthonous monova-
rietal olive oil

(P value < 0.0001, for the Tukey’s test), no statistical sig-
nificant difference was found between these two regions (P
value = 0.6453, for the Tukey’s test).

Electrochemical Evaluation of Tunisian Olive Oil Using
an E-tongue

In this study it was intended to evaluate if the potentiometric
E-tongue signal profiles gathered during the analysis of the
hydroethanolic extracts of the monovarietal Tunisian olive
oil, could be used as electrochemical fingerprints for olive
cultivar differentiation, geographical origin discrimination
and quality grade classification. Previously, Slim et al. [31]
showed that commercial Tunisian olive oil could be satisfac-
torily classified according to olive cultivar (cvs. Chétoui and
Sahli) and/or quality grade (EVOO, VOO and LOO) using a
potentiometric device.

Chemlali and Sahli Olive Oil Potentiometric Signal
Profiles

The E-tongue analysis of the olive oil hydroethanolic
extracts generated potentiometric signals, varying from
— 307 to + 427 mV. Similarly to that previously reported
by the research team [24, 31, 37], the mean signal profiles
slightly varied (data not shown) with the olive cultivar (i.e.,
cvs Chemlali and Sahli) and the physicochemical quality of
the olive oil (i.e., EVOO, VOO or LOO). In contrast, high
variability of the potentiometric typical signal profiles for
each monovarietal olive oil (cvs Chemlali or Sahli) with
the geographical origin was observed (Fig. 3). The signal
differences (intensities and dynamic ranges) observed, may
foresee feasible use for identifying the geographical origin
of the studied monovarietal Tunisian olive oil.

Tunisian Olive Oil Classification According to Olive
Cultivar, Geographical Origin or Quality Grade, Using
E-tongue Electrochemical Profiles

In this work, E-tongue-LDA-SA models were established
based on selected sub-sets of lipid sensor membranes allow-
ing the correct classification of the 60 commercial olive oil
samples, produced in different Tunisian regions (Kairouan,
Mahdia, Sfax or Sousse), according to the autochthonous
olive cultivar, regardless of their quality grade (EVOO,
VOO or LOO). As shown in Table 2, predictive sensitivities
(LOO-CV and repeated K-fold-CV) greater than 86% were

obtained, which are similar to the correct classification rates
(varying from 70 to 98% for LOO-CV) previously reported
by Dias et al. [24, 37] for Portuguese and Spanish monova-
rietal olive oil and by Slim et al. [31] for Tunisian monova-
rietal olive oil, also using potentiometric E-tongue devices
(fused or not with sensory panel data). The satisfactory
performances achieved in the present study (Fig. 4a, LDA
for the original grouped data) could be partially explained
by the capability of potentiometric E-tongues in assessing
positive (e.g., fruity) and/or negative (e.g., fusty, rancid, wet-
wood or winey-vinegary) attributes of olive oil [22, 26-32],
which significantly differ for Chemlali and Sahli olive oil,
according to the statistical analysis carried out.

From Table 2, it is also possible to verify the capability
of the potentiometric E-tongue to classify samples mono-
varietal Tunisian olive oil according to their quality grade,
confirming the results previously reported by Slim et al. [31]
for Chétoui and Sahli olive oil. Indeed, it was possible to
successfully classify (Fig. 4b, c, for the original grouped
data) and predict the quality grade (EVOO, VOO or LOO)
of Chemlali or Sahli olive oil with sensitivities greater than
83 and 99%, respectively, which are similar to those previ-
ously described by Slim et al. [31] (varying 85 to 88% for
CV procedures).

The use of a potentiometric E-tongue for classifying mon-
ovarietal olive oil (i.e., cvs Chemlali or Sahli) according to
their geographical origin (Fig. 1) was evaluated for the first
time. For Chemlali olive oil, 34 samples produced in three
close but different geographical origins were used (Kair-
ouan: 16 oils, Sfax: 14 oils; and, Sidi Bouzid: four oils) and
for Sahli olive oil, 26 samples produced in other three close
regions were used (Kairouan: four oils; Mahdia: ten oils;
and, Sousse: 12 oils). The results (Table 2) also showed the
satisfactory performance of the E-tongue-LDA-SA models
established, which allowed 100% of correct classifications
for the original grouped data (Fig. 5). The electrochemical-
multivariate approach used enabled achieving predictive
sensitivities (for internal-validation) greater than 92 and 97%
for assessing the geographical origin of Chemlali and Sahli
olive oil, respectively. Less promising results were previ-
ously described by Dias et al. [24] regarding a preliminary
tentative distinction of Portuguese from Spanish olive oil (of
different cultivars) using a potentiometric device. Recently,
an array of voltammetric carbon paste sensors was applied
to classify olive oil collected from different geographical
regions of Tunisia [19]. The performance of the proposed
voltammetric E-tongue was evaluated using a reduced num-
ber of olive oil (six olive oils, electrochemically analyzed
several times) with different bitterness degrees, which could
explained the very high correct discrimination rates reported
for the original grouped data (> 98%).

The results described in the present study are very impor-
tant considering that olive oil origin authentication is a
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Fig. 4 Graphical representation of the E-tongue-LDA-SA perfor- »

mance. a Olive oil discrimination according to olive cultivar (cvs
Chemlali or Sahli): classification model based on 20 selected poten-
tiometric signals, regardless the geographical origin or quality grade.
b Chemlali olive oil classification according to quality grade (EVOO,
VOO or LOO): model based on 19 selected E-tongue sensors, regard-
less the geographical origin. The full lines represent the boundary
lines based on the posterior probabilities calculated for each class
membership. ¢ Sahli olive oil classification by quality grade (VOO
or LOO): model based on eight E selected-tongue sensors, regardless
the geographical origin

challenging task namely if specific meteorological or agro-
ecological factors influence different geographical regions
similarly; a task that usually requires the combination of
analytical data obtained by different analytical techniques,
with multivariate approaches [4]. The satisfactory overall
E-tongue predictive classification performance could be par-
tially attributed to the fact that, in general, for the studied
two single-cultivar Tunisian olive oil, different fruity and
rancid intensity sensations could be perceived by the pan-
elists depending on the geographical origin. Also, it should
be remarked that the predictive geographical origin sensitivi-
ties achieved with the proposed E-tongue, used for the first
time as an olive oil’s origin discrimination tool, are of the
same order of those obtained with E-nose systems (correct
classification rates greater or equal to 96%) [15, 17, 18],
with voltammetric E-tongue devices (correct classification
rates greater or equal to 94%) [15, 18] or by fusing E-nose
and voltammetric E-tongue (100% of correct classification
for LOO-CV) [18].

Conclusions

Olive oil quality grades were established using both phys-
icochemical and sensory data as legally required. The study
showed the importance of the sensory evaluation of negative
organoleptic attributes for the classification of olive oils as
extra-virgin, virgin or lampante olive oil. It was also con-
firmed that the reported capabilities of the potentiometric
E-tongue in combination with linear multivariate statistical
tools were successful in discriminating monovarietal olive
oil according to olive cultivars or commercial quality grades.
This study also demonstrated that the proposed potentiomet-
ric device could be applied to classify monovarietal olive oil
(with different quality grades) according to the correct geo-
graphical origin, which is legally required for olive oil labe-
ling, for the first time to the best of the authors’ knowledge.
This fact is even more important, taking into account that the
olive oils were produced in different but close geographical
regions, influenced by similar climacteric and agroecologi-
cal factors. Furthermore, it was verified that the potentiomet-
ric E-tongue showed greater sensitivities than those reported

(@) Chemlali and Sahli olive oils: cultivars
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Fig. 5 Classification perfor-
mance (original grouped data)

(a) Chemiali olive oils: origin

(b) Sahli olive oils: origin

of the E-tongue-LDA-SA mod-
els. a Chemlali monovarietal
Tunisian olive oil discrimination
(model based on 12 selected
E-tongue sensors) according to
geographical origin (Kairouan,
Sfax, Sidi Bouzid), indepen-
dently of the quality grade;

b Sahli monovarietal Tuni-

sian olive oil discrimination
(model based on eight selected
E-tongue sensors) according to
geographical origin (Kairouan,
Mahdia, Sousse), independently
of the quality grade. The full
lines represent the boundary

Second discriminant function (5.1%)

lines based on the posterior
probabilities calculated for each
class membership

-4 0

O Kairouan @ Sfax € Sidi_bouzid

for voltammetric E-tongues and, of the same magnitude as
those reported for E-nose devices, for geographical origin
assessment.
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