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Abstract During domestic usage, olive oil bottle manipu-
lation may lead to a quality decrease due to agitation and
oxygenation. Therefore, assessing the domestic consump-
tion time period during which the initial quality grade is
retained may allow including this information as a recom-
mendation, ensuring olive oil consumers’ satisfaction.
Temporal changes of physicochemical, chemical, and sen-
sory parameters of extra-virgin olive oils (EVOO) were
monitored during 1-month simulated house-use conditions.
It was observed that K,3, (R-Pearson >+0.81) and AK
increased resulting in a significant olive oil quality decrease
from EVOO (during the initial 21 days of simulated usage)
to lampante olive oil (after 28 days of simulated usage) as
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well as the appearance of rancid sensation. As lampante
olive oils cannot be commercialized, it is pertinent to estab-
lish olive oil shelf life under usual home-use conditions.
Principal component analysis allowed grouping the olive
oils according to home-use time period and how bottles are
stored after their first opening, showing that the overall
olive oil physicochemical and sensory characteristics chan-
ged with the domestic-use time period. Finally, a potentio-
metric electronic tongue coupled with linear discriminant
analysis was used to discriminate olive oils according to
the domestic-use time period (leave-one-out
validation sensitivities >95%). Thus, this device could be
used to indirectly assess the quality of the remaining
bottled olive oil by establishing for how long an olive oil
bottle has been used under domestic conditions.
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Introduction

Recently, the study of olive oils has increased due to their
applications in food, pharmaceutical, and cosmetic fields
(Spatari, De Luca, Ioele, & Ragno, 2017). Olive oil has
unique sensory, nutritional, and health characteristics, mak-
ing it highly appreciated by consumers. However, olive oil
undergoes lipid oxidation and hydrolytic degradation dur-
ing its storage along the distribution chain, which can dra-
matically change its final nutritional, health, and sensory
properties, leading to the appearance of sensory defects like
rancidity (Genovese, Caporaso, & Sacchi, 2015),
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decreasing its final quality grade. The olive oil quality
changes during the distribution/commercialization storage
have been widely investigated under the conditions of dif-
ferent time periods, temperature ranges, lighting, and pack-
ing (Ayyad et al., 2015; Jabeur, Zribi, & Bouaziz, 2016;
Rodrigues, Dias, Veloso, Pereira, & Peres, 2016; Salek
et al., 2017; Sanaeifar, Jafari, & Golmakani, 2018). In con-
trast, as recently pointed out by Genovese et al. (2015),
researchers have mostly focused on the shelf life of the bot-
tled olive oil during the product distribution rather than on
the quality changes that may occur during domestic con-
sumption. Indeed, to the best of our knowledge, only one
study addressed the effects of home consumption condi-
tions on the extra-virgin olive oil (EVOO) shelf life, the
changes in free acidity (FA), peroxide values (PV), and
phenolic compounds being monitored during 1-year storage
at room temperature (Di Lecce, Bendini, Cerretani,
Bonoli-Carbognin, & Lercker, 2006). The domestic con-
sumption of the bottled olive oil usually implies that after
its first opening the headspace gradually increases during
the house-use time period, until the full usage of the bottle.
During this process, the olive oil is shaken due to the bottle
manipulation, promoting the introduction of atmospheric
oxygen into the bottle headspace at every use (Di Lecce
et al., 2006; Genovese et al., 2015). This may lead to
changes in the quality of olive oil such as the loss of
positive-sensory attributes in the olive oil kept inside the
open bottles (Genovese et al., 2015). Therefore, it would be
helpful if it was possible to establish the shelf life of olive
oil after its initial domestic use, i.e., during which time
period the olive oil keeps its initial quality (EVOO and/or
virgin olive oil, VOO) after the bottle is opened for the first
time. This information, an estimate of the finest consump-
tion time period after opening, could be then displayed by
the olive oil producers in the bottle label, ensuring that
under typical domestic-use conditions, the olive oil will
keep the physicochemical and sensory characteristics that
would allow it to retain its initial quality-grade classifica-
tion (EVOO or VOO). This procedure would contribute to
increase the consumers’ confidence when buying this high-
value food product. In this study, the temporal changes of
physiochemical, chemical, and sensory parameters of
EVOO were measured, and their possible impact on the
overall quality grade of olive oil was evaluated during
I-month house use (after the bottles being opened for the
first time). During the simulated domestic use, olive oils
were stored in bottles that remained open or were closed
after each use and exposed to usual home temperatures and
lighting conditions. Finally, the study aimed to verify if an
electronic tongue together with linear discriminant analysis
(LDA) could be used to discriminate olive oils according to
the consumption time period (0, 7, 14, 21, and 28 days
after first opening of bottles), which could be further used
as an indirect tool for assessing the quality of the remaining
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bottled olive oil after each domestic withdrawal. The use of
potentiometric multisensor devices coupled with chemo-
metric tools was previously reported. It aimed to qualita-
tively and/or quantitatively assess the physicochemical
quality parameters, oxidative stability (OS), and positive-
and negative-sensory attributes of olive oils, and, in some
cases, to evaluate the effects of storage time and lighting
conditions during the olive oil distribution and commercial-
ization (i.e., unopened bottles) (Harzalli et al., 2018; Rodri-
gues et al., 2016; Veloso, Dias, Rodrigues, Pereira, &
Peres, 2016; Veloso et al., 2018).

Materials and Methods
Olive Oil Samples

Nine bottles of Arbequina EVOO (produced in the “Trés-
os-Montes” region of northeast Portugal during 2016/2017)
were purchased from a local supermarket in Bragancga
(Portugal). According to the label information, the olive oil
bottles were purchased 6 months after the packaging date.
All olive oil bottles (750 mL each) were from the same
brand and lot and were stored in the original dark green
glass bottles at the same temperatures (varying from 16 to
20 °C) and under typical house-lighting conditions. Two
bottles were left closed during the 1-month domestic-use
simulation and the other seven bottles were first opened at
day 0, with the olive oil then analyzed every 7 days (at O,
7, 14, 21, and 28 days). During the 1-month domestic-use
simulation, 5 mL of olive oil was withdrawn daily from
each of the seven opened bottles, plus 110 mL extra on the
analysis days (every seventh day) for carrying out all phys-
icochemical, chemical, sensory, and potentiometric assays.
During each daily sampling, all bottles were smoothly
shaken before the sample was withdrawn.

Physicochemical, Chemical, and Sensory Analysis

From each bottle, individual olive oil samples were with-
drawn weekly (at 0, 7, 14, 21, and 28 days) and further
subjected to physicochemical and sensory analysis, follow-
ing the EU standard methods (EU No 1348/2013, 2013;
EU No 61/2011, 2011). Five physicochemical quality
parameters were evaluated: FA (in % oleic acid), the PV
(in meq O, kg™"), and the specific coefficients of extinction
at 232 and 270 nm (K»>3;, K579 and AK). In addition, the
OS (in hours) of each olive oil sample was assessed using
the Rancimat method (Rodrigues et al., 2016) and the total
phenol (TP) content (in mg caffeic acid equivalents kg™
oil) was determined according to Capannesi, Palchetti,
Mascini, and Parenti (2000). For each olive oil sample, bot-
tle storage type, and time period, all physicochemical
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assays were carried out in triplicate. Each sample was also
evaluated by trained panelists from the olive oil sensory
panel of the School of Agriculture of the Polytechnic Insti-
tute of Braganga following the recommendations of the
International Olive Council (I0C, 2013, 2014). The inten-
sity of the positive or negative attributes perceived was
graded according to an intensity scale ranging from
0 (no sensory sensation perceived) to 10 (maximum inten-
sity of the sensory sensation perceived). The quality grade
(EVOO, VOO, or lampante olive oil, LOO) of each inde-
pendent olive oil sample collected at different time periods
(0, 7, 14, 21 and 28 days) from each of the commercial
olive oil bottles (closed or left open after each daily use)
was set taking into account the physicochemical levels and
the sensory mean intensities (EU No 1348/2013, 2013; EU
No 61/2011, 2011; I0C, 2013, 2014): EVOO (FA < 0.8%
oleic acid, PV < 20meq O, kg™', K»p» < 2.50,
Ky £ 022, IAKlI £ 0.01; ripe-fruit median intensity
greater than 0 and median intensity of defects equal to 0);
VOO (FA < 2.0% oleic acid, PV < 20 meq O, kg_l,
K>3, < 2.60, Ky79 < 0.25, IAK] < 0.01; ripe-fruit median
intensity greater than 0 and median intensity of defects
greater than O and lower than 3); or LOO (in the other
cases). All assays were performed at the laboratories of the
School of Agriculture—Polytechnic Institute of Braganga.

E-Tongue
E-Tongue Device and Set-Up

The lab-made potentiometric E-tongue multisensor device
comprised two print-screen sensor arrays, each containing
20 lipid polymeric sensor membranes (40 sensors in total),
as previously described by Veloso et al. (2018) and Harzalli
et al. (2018). The sensor membranes were a mixture of one
lipid additive (~3%: octadecylamine, oleyl alcohol, methyl-
trioctylammonium chloride, or oleic acid), one plasticizer
(~32%: Dbis(1-butylpentyl) adipate, dibutyl sebacate,
2-nitrophenyl-octylether, tris(2-ethylhexyl)phosphate, or
dioctyl phenylphosphonate), and polyvinyl chloride (PVC,
~65%) (Fluka, Madrid, Spain; minimum purity >97%).
Each sensor membrane was connected to a multiplexer
Agilent Data Acquisition Switch Unit (model 34970A,
Santa Clara, California, USA) controlled by the Agilent
BenchLink Data Logger software (Santa Clara, California,
USA) installed on a PC. Each potentiometric assay took
5 min and allowed recording the potentiometric signal pro-
files of the 40 sensor membranes generated through the
establishment of electrostatic or hydrophobic interactions
(Kobayashi et al., 2010). A reference Ag/AgCl double-
junction glass electrode (Crison 5241, Barcelona, Spain)
was used. The same sensor coding used in previous studies
was adopted: Each sensor was identified with a letter S (for
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sensor) followed by the number of the array (1 or 2) and
the number of the membrane (1-20, corresponding to dif-
ferent combinations of plasticizers and additives).

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

All samples were electrochemically analyzed within the
same day avoiding the need of statistical complex pretreat-
ments of the signals to overcome the possible potential
drifts (Veloso et al., 2018). For that, 10 g of olive oil was
removed from each bottle after it was smoothly shaken,
and then mixed with 100 mL of water—ethanol solutions
(80:20, v/v) for 5-10 min using a vortex stirrer (LBX V05
series, LABBOX Labware, Barcelona, Spain) at 500 rpm.
The mixture was left at ambient temperature for 60 min,
after which 40 mL of the supernatant solution was carefully
withdrawn and immediately analyzed using the E-tongue.
Electrochemical assays were performed in duplicate for
each sample, with a third assay carried out if potentiometric
signals recorded by each E-tongue sensor showed a coeffi-
cient of variation greater than 20% (values set according to
the IOC regulations for sensory analysis).

Statistical Analysis

The existence of statistically significant main effects and/or
of interaction effects of the bottle storage conditions after
being first opened (closed or kept open after each use) and
the domestic olive oil consumption time period (0, 7,
14, 21, and 28 days) were evaluated using a two-way
ANOVA. If a significant interaction effect was found, the
analysis was firstly based on the interpretation of the esti-
mated marginal mean plots for each parameter (physico-
chemical, chemical, or sensory) to determine the type of
interaction (the additive or the nonadditive/disordinal effect
for noncrossing or crossing lines). For the additive interac-
tion effect, the main effects can be discussed separately
(Student’s #-test or one-way ANOVA followed, when
appropriate, by the Tukey’s post hoc multicomparison test).
For the nonadditive interaction effect, the main effects can-
not be interpreted individually (Field, 2009) and the evalua-
tion should be restricted to the plots’ trends. To further
infer if the usual storage conditions of nonopened olive oil
bottles did not have, per se, a significant effect on the
observed temporal changes of the physicochemical and
sensory parameters of the olive oils under the domestic
consumption conditions, olive oils of the same commercial
brand and lot, which remained in closed bottles during the
same 28 days and in the same domestic environment, were
analyzed and the data were compared by means of Stu-
dent’s #-test (assuming equal or unequal sample variances
depending on the F-test) to those determined for the bottles
opened at day 0. Linear Pearson correlation coefficients (R-
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Pearson) were also calculated to evaluate the possible exis-
tence of bivariate linear correlations between the time-
period and the olive oils’ physicochemical, chemical, or
sensory parameters.

Principal component analysis (PCA) was used as an unsu-
pervised pattern recognition technique with the objective of
verifying if the physicochemical data fused with the sensory
data would lead to a natural split of the olive oils according
to the “bottle storage condition” and/or storage “time period”
after each bottle had been opened for the first time. A low
level of abstraction data fusion approach was applied, com-
bining all the gathered data aiming to evaluate possible syn-
ergies in the information contained in both data sets before
the model development. To normalize the weight of each
variable in the PCA, variables were scaled and centered.
Finally, the capability of the potentiometric E-tongue to dis-
criminate olive oils (stored in the original bottles, which were
left open or closed after each sampling) according to the sim-
ulated domestic consumption time period (0, 7, 14, 21, and
28 days) was studied using LDA coupled with the metaheur-
istic simulated annealing (SA) variable selection algorithm
(Bertsimas & Tsitsiklis, 1993; Cadima, Cerdeira, & Minhoto,
2004). E-tongue-LDA-SA models were established based on
the best subsets of the 40 signal profiles generated during the
electrochemical analysis, which were selected by the SA
algorithm, aiming to minimize noise effects due to the inclu-
sion of redundant potentiometric signals. The LDA predic-
tive performance was evaluated using the leave-one-out
cross-validation (LOO-CV) technique taking into account
the dimension of the independent dataset, which, thus, not
allows implementing a more robust CV technique or to use
an independent test dataset. The classification performance
of each LDA model was also graphically evaluated by plot-
ting the main discriminant functions and the class member-
ship boundary lines based on the posterior probabilities
computed using the Bayes’ theorem (which enables control-
ling over-fitting issues) (Bishop, 2006). All the statistical
analyses were performed using the Subselect (Cadima et al.,
2004; Kuhn & Johnson, 2013) and MASS (Venables & Rip-
ley, 2002) packages of the open source statistical program R
(version 2.15.1), at a 5% significance level.

Results and Discussion

Physicochemical and Chemical Temporal Changes of
Olive Oil during 1-Month Olive Oil House-Use and the
Influence on the Quality-Grade Classification

Olive oil from each bottle (seven bottles of the same olive

oil brand and lot, three of them left open, and the other four
closed after each use) was analyzed weekly during 1-month
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house-use simulation. The physicochemical parameters
legally required for the assessment of quality (FA, PV,
K232, K270, and AK), the OS, and the TP were evaluated.
Two additional olive oil bottles (same brand and lot) were
kept closed during the 1-month trial, being only open and
analyzed at day 28. The mean values (£SD) are given in
Table 1. For bottles stored open or closed after each use,
the PV and K3, values linearly increased with the con-
sumption time period (+0.81 < R-Pearson < +0.92). In
contrast, OS and TP linearly decreased with the time period
(—0.94 < R-Pearson < —0.83). These trends are in agree-
ment with those reported in the literature regarding the
shelf life of bottled olive oils during their storage along the
commercial distribution chain (Jabeur et al., 2016; Rodri-
gues et al., 2016). Moreover, it is clear that the levels of all
physicochemical and chemical parameters changed during
the 1-month simulated olive oil domestic consumption
(Table 1), with the time-evolution similar but slightly dif-
ferent depending on if the bottles remained open or were
closed after each use. Furthermore, the two-way ANOVA
showed that for FA, PV, and OS, no significant interaction
effects were found (P-value > 0.1289, for two-way
ANOVA) and in contrast, for K3, K>79, AK, and TP sig-
nificant interaction effects were found (P-value < 0.0177
for two-way ANOVA), for which disordinal effects were
observed, requiring the interpretation of the results based
on the plot trends of the estimated marginal means (Field,
2009). Taking into account this issue, it was decided to dis-
cuss all the results using the plots of the estimated marginal
means (Fig. 1). Overall, the plots showed that the levels of
FA were significantly influenced by how olive oil bottles
were conditioned after each sample withdrawal (i.e., if after
domestic-use simulation, bottles were closed or left open).
Lower values were found for olive oils kept in open bottles,
although no significant effect was observed due to the stor-
age time period. Nevertheless, it should be noticed that,
from a quality point of view, the observed variation (Fig. 1)
was quite narrow along the 1-month trial (varying between
0.15% and 0.18%). In contrast, PV were significantly
affected by the storage time period whose levels increased
with the storage time period and no significant effect was
found due to the manner the bottles were conditioned after
each simulated domestic use (i.e., closed or left open). A
similar situation was shown for the OS; values significantly
decreased with the storage time period but bottle storage
type had no significant effect. Once again, it should be
highlighted that the maximum OS decrease over the
1-month trial is around 1 hour, which is of the magnitude
of the Rancimat method uncertainty; thus, from a practical
point of view this finding must be used with caution. The
K>3, values significantly increased with the storage period,
with no significant effect observed due to the type of bottle
storage. In contrast, the TP levels showed a significant
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28

Kept closed until

last sampling day

Mean physicochemical and chemical parameter values are also given for commercial olive oils (same brand and lot) kept closed for 28 days.

oil). For each olive oil bottle:

—1

PV (meq O, kg‘l); K>32, K270, and AK, extinction coefficients. Mean values and respective SD for OS (hours) and TP contents (mg caffeic acid equivalents kg

n = 3 samples X 3 replicates.
b Quality-grade classification of olive oil based on the physicochemical (EU No 1348/2013, 2013; EU No 61/2011, 2011): EVOO (simultaneously: FA < 0.8% oleic acid, PV < 20 meq O, kg_l,

# Physicochemical parameters evaluated according to the EU Commission Regulation (EU No 1348/2013, 2013; EU No 61/2011, 2011): Mean values and respective SD for FA (% of oleic acid);

Ka3p <2.50, K79 < 0.22, IAKI < 0.01); VOO (simultaneously: FA < 2.0% oleic acid, PV < 20 meq O, kg™, K>3, < 2.60, K»70 < 0.25, IAKI < 0.01); or LOO (for the other cases).

reduction with the storage time, with the decrease more
drastic for olive oils stored in open bottles, which could be
due to the volatile characteristics of the majority of the phe-
nolic compounds. Regarding the two other parameters
(K270 and AK) although the main effects evaluated had a
significant influence on their temporal evolution, no spe-
cific trend could be observed. Finally, based on the Stu-
dent’s r-test, it can be concluded that FA, PV, K»3,, K57,
AK, OS, and TP levels for the olive oils (same brand and
lot) that were stored in the closed original bottles during
28 days (OO8 and OQ9; Table 1) were not significantly
different (P-value > 0.0768) from those recorded for sam-
ples opened at day 0 (OO1-O07). This finding indicates
that the usual storage conditions of unopened olive oil bot-
tles did not have a significant influence, per se, on the
physicochemical levels for a 1-month time period. Simi-
larly, it should be emphasized that the temporal level
changes of the five physicochemical quality parameters
(FA, PV, K»3,, K>79, and AK) did not alter the initial olive
oils’ high-quality grade (EVOO classification) during the
first 21 days of simulated house use with the exception of
olive oil OO4, which would be classified as VOO after this
time period, due to the Kj3; levels (2.50 < K3 < 2.60).
However, after 28 days, for five of the seven bottles stored
open or closed (OO1, 002, O05, O06, and O07), the
levels of K3, and/or AK were greater than 2.60 or 0.01,
respectively, indicating an olive oil quality loss, leading to
a LOO classification. The olive oils contained in the two
other bottles (OO3 and O04) showed a lower quality deg-
radation and so, could still be classified as VOO. It should
be remarked that LOO cannot be sold commercially with-
out being refined and thus, it is of major relevance to estab-
lish the maximum shelf life of an olive oil during usual
house use to minimize the possibility of consuming low-
quality olive oil. These results confirmed that, after the
first olive oil withdrawal from each bottle, the physico-
chemical quality decreased in such an extent that after
28 days of simulated domestic use, the quality grade of
olive oil could decrease from EVOO to VOO or even
LOO. This information could be used by olive oil pro-
ducers to advise consumers about the optimal consumption
period after the first bottle opening (e.g., approximately
2-3 weeks), i.e., the time during which the initial quality
grade of olive oil would remain (EVOO) or decrease to
VOO, increasing the consumers’ confidence and satisfac-
tion when consuming this high-value food product. It
should be remarked that, although the “best before” date
of all olive oil bottles was not reached, the K,3, initial
levels were slightly high (varying between 1.940 + 0.054
and 2.294 + 0.002), which, together with the fact that
Arbequina olive oils were used, could partially explain the
extent of the quality degradation observed (from EVOO to
VOO or LOO), which could be lower if higher-quality
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Fig. 1 Estimated margin means for physicochemical (FA, PV, K35, K579, and AK) and chemical (OS and TP) parameters of olive oils during the
analysis of bottled olive oils during 1-month simulated domestic consumption, which were stored in open or closed bottles after each withdrawal

olive oils from other olive cultivars (e.g., cvs Picual or
Coratina) were studied.

Temporal Evolution of the Olive Oil Sensory Profiles
during a Typical 1-Month Olive Oil Domestic
Consumption Period and Its Impact on the Legal
Quality Classification

Each olive oil bottle was assessed weekly by a trained sen-

sory panel (in total nine bottles, two of them only being
evaluated at the last sampling day). The mean intensities

J Am Oil Chem Soc (2018)

(£SD) of negative and positive olfactory and gustatory-
retronasal sensations perceived are given in Tables 2—4. It
should be noticed that sensory attributes intensities lower
than 2, although perceived by trained panelists are hardly
detected by consumers. From these results, it can be
observed that the intensity of olfactory and gustatory-
retronasal sensations of olive ripe fruit and dry hay grass
increases with the consumption time period (+0.84 < R-
Pearson < +0.94), regardless of how the bottles are stored
(left open or kept closed after each house use). It should be
remarked that, the behavior observed for ripe-fruit
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2.45 £+ 0.07
2.70 £ 0.57

1.75+£0.50  0.00 £ 0.00
0.00 £ 0.00

1.50 £ 0.42

1.00 £ 0.14

420+£0.00 3.55+0.78 235+1.20
470 +£0.14 3.65+0.64 2.85+0.35

0.00 £ 0.00
0.00 £ 0.00

28

Kept closed until

008

1.65 + 0.64

1.60 £ 0.00 2.20 £ 0.28

last sampling day

009

Mean values are also given for commercial olive oils (same brand and lot) kept closed for 28 days. The intensities of the olfactory attributes were graded according to an intensity continuous

scale ranging from O (no sensory sensation perceived) to 10 (maximum intensity of the sensory sensation perceived) (IOC, 2013, 2014).

 Olive oil sensory attributes used to assess the quality grade of olive oil (IOC, 2013, 2014): EVOO (simultaneously: Mean intensity of ripe-fruit sensation greater than 0 and mean intensity of

defects equal to 0); VOO (simultaneously: Mean intensity of ripe-fruit sensation greater than 0 and mean intensity of defects between 0 and 3); or LOO (for the other cases).

sensation has an opposite trend compared to the usual fruity
attribute (which is mainly related to the fresh green sensa-
tion). In contrast, olfactory and gustatory-retronasal attri-
butes (tomato, fresh herbs, and tomato leaves) as well as
bitterness and pungent gustatory sensations showed a linear
decrease trend with the olive oil consumption time period
for bottles left open or kept closed after each domestic use
(—0.87 < R-Pearson < —0.77). Finally, although not so evi-
dent, it could also be tentatively stated that complexity and
persistence of olive oil decrease during the simulation
period (—0.81 < R-Pearson < —0.72). The temporal
changes of the sensory attributes were investigated by
means of the two-way ANOVA. The analysis carried out
showed that, for the negative and positive olfactory and
gustatory-retronasal attributes of olive oil, significant inter-
action effects could be found (P-value < 0.0437 for all

olfactory sensations; P-value < 0.0500 for gustatory-
retronasal sensations with the exception of bitter, pungent
dry nuts, and harmony, for which P-value > 0.2018). These
findings together with the crossing lines observed for the
majority of the sensory attributes perceived (Figs. 2 and 3)
showed the nonadditive character of the significant interac-
tion effects and then the need of a graphical interpretation
of the results (Field, 2009). The plots of the estimated mar-
ginal means showed that during the first 21 days, no rancid
sensation could be detected by the trained sensory panel in
any bottle but not after 28 days because mean intensity
values ranging from 1.10 £ 0.14 to 1.60 & 0.28 were per-
ceived during the evaluation (a decrease of the olive oil
quality from EVOO to VOO). The graphical analysis also
confirmed that the mean intensities of the fresh sensory
notes (olfactory and gustatory-retronasal) like tomato,
apple, fresh herbs, and tomato leave sensations decreased
along the consumption time period. Simultaneously, olive
oils kept in open bottles during the simulation showed
higher intensity levels of the abovementioned attributes,
compared to the olive oils stored in closed bottles, with the
exception of tomato leaves’ sensation. A similar decrease
trend with the simulation time period was observed for bit-
terness and pungent olive oil intensities although no signifi-
cant difference could be perceived between olive oils kept
in open or closed bottles. An opposite trend with time
(i.e., intensity perception increase with the simulation time-
period) was observed for mature notes like ripe-fruit and
dry hay grass sensations. The overall final complexity and
persistence of the olive oils evaluated showed a clear
decrease trend over time. The results of Student’s t-tests
pointed out that within the samples opened for the first time
at day O or at day 28, no significant statistical differences
could be found for the evaluated negative- or positive-
sensory attributes (P-value > 0.0560, for Student’s t-test
with or without Welch’s correction for unequal variances),
except for ripe-fruit sensation (P-value < 0.0015) and
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0.00 £0.00 2.70+0.85 0.00 £ 0.00

190 +£0.14 2.00+0.28 2.15+1.06 0.00+0.00 2.55+0.21

0.00 £0.00 0.90+0.00 2.00+0.42 0.95+0.21

420 £ 1.13

1.05 £ 0.78
2.50 +0.71

1.30 £ 0.85
1.75 £ 0.35

7.70 £0.28
7.50 +0.71

7.50 £ 0.28
4.65 £0.21

0.00 + 0.00
0.00 + 0.00
0.00 + 0.00

007
008
009

2.85+0.50
2.35+0.07

28

Kept closed until

1.95+0.50 2.05+0.64 0.00+0.00 2.90+0.99

1.45 + 0.64

1.75+0.50 2.60+£0.42 3.85+0.07

4.10 £0.14 6.35+£0.21

last sampling day

Mean values are also given for commercial olive oils (same brand and lot) kept closed for 28 days. The intensities of the gustatory-retronasal attributes were graded according to an intensity continuous scale ranging from 0 (no sensory

sensation perceived) to 10 (maximum intensity of the sensory sensation perceived) (IOC, 2013, 2014).

# Olive oil sensory attributes used to assess the quality grade of olive oil (I0C, 2013, 2014): EVOO (simultaneously: Mean intensity of ripe-fruit sensation greater than 0 and mean intensity of defects equal to 0); VOO (simultaneously:

Mean intensity of ripe-fruit sensation greater than 0 and mean intensity of defects between 0 and 3); or LOO (for the other cases).

tomato leaves’ olfactory sensation (P-value = 0.0253). It
could be concluded that the temporal changes of the olive
oils’ sensory intensities were mainly due to the olive oil
house use and not due to the usual storage conditions of the
unopened olive oil bottles (1 month).

PCA: Olive Oils’ Unsupervised Grouping According to
the Simulated Domestic-Use Time Period based on the
Temporal Changes of the Physicochemical, Chemical,
and Sensory Attributes

The levels of physicochemical and chemical parameters as
well as of the sensory attributes of EVOO changed during
the 1-month simulation. The overall change in magnitude
led in some cases to a drastic decrease in the quality grade
of olive oil (from EVOO to VOO or even LOO), mainly
after 28 days, which is of utmost relevance because LOO
cannot be commercialized for human consumption unless it
is previously refined. Therefore, the possibility of using the
entire dataset (low level of the abstraction data fusion
approach) to achieve a natural split of the olive oils accord-
ing to the domestic consumption time period (0, 7, 14, 21,
and 28 days) or the type of bottle storage after first opening
was evaluated using a PCA. The 2D plot of the first two
PC (which explained 57.1% of the data variability) is
shown in Fig. 4. It shows that olive oils are naturally
grouped according to the increase of the time period of the
olive oil consumption. Indeed, the alignment of the unsu-
pervised formed groups along the first PC strengthens the
finding that the physicochemical, chemical, and sensory
properties of olive oil are mostly influenced by the con-
sumption time period, and also by the bottle storage condi-
tion (open or closed). Furthermore, the olive oils stored in
bottles that remained closed during the entire consumption
time period (i.e., only open on the 28th day) were located
near to those that were open at day O, confirming that the
storage time period of unopened bottles did not signifi-
cantly affect the overall characteristics of the olive oils dur-
ing the month. Moreover, this procedure could be used to
determine for how long an olive oil bottle has been open
and used for domestic consumption, although it would
require several time-consuming and costly assays (physico-
chemical, chemical, and sensory data).

E-Tongue-LDA-SA Approach: Discrimination of Olive
Qils According to the Consumption Time Period for
Bottles Left Open or Closed After Each Simulated
Domestic Use

The results (Tables 1-4) showed that the quality grade of
an olive oil decreases during the 1-month simulated house
use due to the great increase of the K3, and AK levels and
due to the appearance of the rancid sensory defect. The
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Table 4 Mean values and SD of overall sensory (olfactory and gustatory-retronasal) intensities assessed by a trained sensory panel during the
analysis of the commercial olive oil stored bottles left open or closed after each use during the domestic consumption time period

Olive oil  Bottle storage status ~ Time period Overall positive sensation (olfactory and gustatory-retronasal sensations)
bottle during domestic after bottles’ - .
consumption first opening Olfactory Gustatory-retronasal Complexity Persistence
simulation (days) harmony harmony
001 Left opened after 0 7.80 + 0.42 7.75 £ 0.35 6.85 £ 0.35 6.85 £0.92
002 each sampling 7.25 +£0.35 7.25 +£0.35 6.65 £ 0.21 6.85 £ 0.07
003 7.05 £0.07 7.00 £+ 0.28 6.70 £ 0.00 7.35 £0.07
004 Kept closed after 7.70 £ 0.57 7.30 £ 0.42 6.65 £ 0.21 6.85+0.21
005 each sampling 8.10 + 0.00 7.75 4021 6.75 + 021 745+ 0.64
006 7.80 + 0.00 7.70 £ 0.42 7.25+0.21 7.60 £+ 0.28
007 7.70 £ 0.28 6.90 + 1.27 7.20 £ 0.00 8.10 + 0.85
001 Left opened after 7 8.45 £ 0.21 7.65 + 0.07 7.30 +0.28 7.30 + 0.42
002 each sampling 8.35£0.21 7.80 + 0.28 6.85 + 0.21 7.00 £ 0.00
003 745 +0.21 7.40 + 0.42 6.85 +0.35 7.30 + 0.42
004 Kept closed after 7.85+0.35 7.90 +0.28 7.00 +0.28 7.40 + 0.57
005 each sampling 7.95 £ 0.35 7.40 +0.14 7.05 £0.07 7.10 £ 0.14
006 8.10 £ 0.28 7.50 £ 0.28 6.90 £ 0.14 6.65 £+ 0.50
007 7.55 +0.50 7.25+0.35 6.80 £ 0.14 6.40 £+ 0.42
001 Left opened after 14 7.65 + 0.50 7.95 £ 0.07 6.90 £+ 0.42 6.60 £+ 0.42
002 each sampling 7.50 +0.14 7.35 +£0.50 6.40 £ 0.28 6.50 £+ 0.57
003 7.75 £ 0.35 7.90 £ 0.14 6.30 £ 0.42 6.55 +0.35
004 Kept closed after 7.50 £ 0.28 7.80 £ 0.28 6.20 £ 0.28 6.40 £ 0.14
005 each sampling 7.55 + 0.07 7.65 +0.21 6.90 + 0.14 6.95 + 0.07
006 7.75 +0.35 7.85 +£0.50 6.50 + 0.14 6.40 + 0.14
007 7.85+0.21 7.75 £ 0.07 6.65 + 0.50 6.65 + 0.50
001 Left opened after 21 7.85 +0.21 7.30 £ 0.28 6.40 +0.14 6.35 £ 0.21
002 each sampling 7.90 4 0.42 7.30 £ 0.00 5.80 +0.28 5.75 4+ 0.21
003 7.40 + 0.57 8.00 + 0.42 6.55 £ 0.50 6.40 £+ 0.42
004 Kept closed after 8.45 + 0.64 7.95 +£0.07 7.25 £0.35 7.25 £0.50
005 each sampling 8.15 £ 0.21 7.70 +0.28 6.10 £ 0.14 6.45 + 0.35
006 8.10 £ 0.14 7.50 £ 0.42 6.15 £ 0.35 6.15 £ 0.07
007 8.25 + 0.07 7.55+0.21 7.10 £0.28 6.90 £+ 0.42
001 Left opened after 28 7.20 £ 0.85 7.65 £ 0.50 2.25+0.35 5.75+£0.78
002 each sampling 7.85 + 0.07 7.35 + 0.50 225+ 021 5.45 +0.07
003 6.75 £0.21 7.30 £ 0.42 2.20 £ 0.42 5.45+0.21
004 Kept closed after 6.90 £+ 0.00 6.85 +0.92 4454+ 0.35 6.10 £ 0.71
005 each sampling 6.85 + 0.07 7.35 +0.21 4.30 4+ 0.42 5.60 % 0.00
006 6.85 + 0.07 6.90 £+ 0.00 4.65 +0.35 5.65 +0.07
007 6.35 £ 0.35 7.55 +£0.07 4.154+0.35 6.25 +0.35
008 Kept closed until 28 8.00 + 0.14 8.15+0.21 7.70 £ 0.28 8.25+0.35
009 last sampling day 8.15 £ 0.21 8.15 £ 0.07 7.30 £ 0.42 7.95+0.21

Mean values are also given for commercial olive oils (same brand and lot) kept closed for 28 days. The intensities of the overall sensory attributes
were graded according to an intensity continuous scale ranging from 0 (no sensory sensation perceived) to 10 (maximum intensity of the sensory
sensation perceived) (I0C, 2013, 2014).

extent of temporal changes of the olive oil quality observed  and the classification grade changed to VOO (2) or LOO
was smooth during the first 14-21 days of house-use simu-  (5). Thus, the possibility of applying a fast, cost-effective,
lation where the olive oil could still hold the EVOO or and reliable electrochemical-based sensor device, such as
VOO grade classification. However, after 28 days, the  the E-tongue, to discriminate the olive oils according to the
quality of the remaining olive oil decreased considerably  time period would be of practical usefulness. Therefore, for
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the olive oils stored in the original bottles that were
left open or closed after each simulated domestic use,
E-tongue-LDA-SA models were established. For the olive
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oils stored in open bottles during the consumption time
period, the multivariate classification model had three dis-
criminant functions (explaining 99.2%, 0.6%, and 0.2% of
the data variability, respectively) and used the potentiomet-
ric information recorded by 15 sensor membranes (first
array: S1:3, S1:6, S1:14, and S1:20; second array: S2:1,
S2:3, S2:7, S2:9, S2:11-S2:13, S2:16-S2:18, and S2:20),
allowing to correctly classify 100% (original grouped data)
and 97% (LOO-CV) of the olive oil samples according to
the storage time period (0, 7, 14, 21, or 28 days) (Fig. 5a).
Similarly, for the olive oils stored in the original bottles,
which were closed after each use, the selected E-tongue-
LDA-SA model had three discriminant functions (explain-
ing, 96.7%, 2.1%, and 0.8% of the data variability) enabling
to successfully discriminate the olive oils according to the
consumption time period (100% and 95% for original
grouped data; Fig. 5b; and LOO-CV, respectively). The
multivariate classification model was based on a higher
number of sensor membranes (24 sensors—first array:
S1:1-S1:3, S1:5, S1:7, S1:8, S1:13, S1:16, S1:18, S1:20,
and S1:20; second array: S2:1-S2:6, S2:8, S2:10, S2:12,
S2:14, S2:16, and S2:18-S2:20), probably due to the lower
extent changes of physicochemical and sensory parameters
observed for closed bottles compared to those left open
during the simulation. The overall satisfactory classification
performance of the E-tongue-LDA-SA approach is in
accordance with previous studies that demonstrated the
capability of this type of taste sensor device for olive oil
analysis, including the assessment of levels of physico-
chemical quality parameters during 1 year of distribution
storage (Rodrigues et al., 2016) as well as the evaluation of
the intensities of positive- or negative-sensory attributes of
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Fig. 5 Discrimination of olive oils during the simulated domestic consumption time period (TO, T7, T14, T21, and T28 for 0, 7, 14, 21, and
28 days, respectively) using the selected E-tongue-LDA-SA models. (a) Olive oils stored in the original bottles, which were left open after each
simulated domestic use after being first opened. (b) Olive oils stored in the original bottles, which were closed after each simulated domestic use
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olive oils (Harzalli et al., 2018; Veloso et al., 2016, 2018).
Finally, this electrochemical approach could be used as a
single, fast, and low-cost tool to assess for how long an
olive oil bottle has been open and used for domestic usage
purposes, which as previously discussed could be directly
correlated with the overall quality of the remained unused
bottled olive oil.

Conclusions

This study confirmed that under the usual house-use con-
sumption conditions (time period, temperature, and light
exposure) the olive oils show significant changes in the
levels of physicochemical, chemical, and sensory attributes,
leading to an overall decrease of their quality grade. The
physicochemical quality degradation and the appearance of
rancid negative-sensory sensation contributed to the quality
reduction of olive oil. Indeed, after 28 days of house-use
simulation, the remaining olive oil stored in open bottles
after each use was graded as LOO, which would prevent its
commercialization, because the legal maximum levels
would be exceeded. This finding strengthens the need for
the shelf life assessment of olive oil for usual home-use
conditions, allowing olive oil producers to guarantee the
olive oil quality during predetermined domestic-use time
periods (e.g., 2-3 weeks, after an olive oil bottle has been
opened for the first time). Finally, the E-tongue device
could be a fast and low-cost tool to determine for how long
an olive oil bottle has been domestically consumed, as well
as indirectly the optimal house-use shelf-life. This may
allow producers to recommend consumers about the time
period for domestic usage during which the desired olive
oil quality is retained.
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