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Abstract The aim of the work was to use the hyperspectral
imaging as an analytical tool for the classification of fla-
voured olive oils, according to composition of the starting
blends, crop season, flavouring methods, and flavouring
agent. For this reason, in the crop season 2013-2014, three
mono-cultivar extra virgin olive oils (Coratina, Peranzana,
Ogliarola) were used in different proportions to produce
three blends, which were successively flavoured by infu-
sion. From each blend, 3 types of flavoured olive oils were
produced: basil, chilli pepper, and garlic + chilli pepper.
In the crop season 2014-2015, the study was limited to one
of the blends used in the previous season and the basil,
chilli pepper, and garlic 4 chilli pepper flavoured olive
oils were produced by infusion or by malaxation. Blends
and flavoured oils were submitted to hyperspecral imaging
in the 400-1000 nm region. To discriminate the oil sam-
ples, ANOVA analysis was performed at each wavelength.
Wavelengths in the range 400-570 nm and around 695 nm
allowed the discrimination of samples.
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Introduction

Flavoured olive oils are typical products of the Mediter-
ranean Countries, obtained by addition of vegetables, spi-
ces, herbs, or fruits in one of the steps of the production
process with the aim of enhancing the sensory and nutri-
tional properties of the starting oils. The main methods of
flavouring comprise infusion and combined cold pressing
or malaxation (Caporaso et al. 2013). Infusion consists in
putting into contact dried flavouring material and oil,
generally at room temperature under frequent stirring (Riva
et al. 1993). A successive filtration separates the solid parts
from the liquid. The other flavouring method is the addition
of herbs, spices, or vegetables during cold pressing or
malaxation. Then, the obtained oil is separated from the
malaxation mash by pressure or centrifugation.

It is well known that olive oil characteristics are greatly
affected by factors such as environment, altitude, climatic
differences and seasonal weather conditions (temperature
and rainfall), crop year, ripening degree, cultivars and their
fruit mixtures or blends (Baiano et al. 2013; Beltran et al.
2010; Koprivnjak et al. 2012; Lukic et al. 2015). In the case
of flavoured oils, variability of physical, chemical, and
sensory characteristics is increased by type and amount of
flavouring agent, and flavouring method (Baiano et al.
2016; Caponio et al. 2016). This statement highlights the
need to apply a lot of physical, chemical, and sensory
analyses to authenticate olive oils. In fact, the concept of
authentication is not only circumscribed to adulteration but
also include aspects as characterisation, geographical ori-
gin, processing systems. Few hundreds of chemical com-
pounds need in authentication to identify the unique
position that a specific oil sample occupy in an abstract
n-dimensional hyperspace and this score can be reached
through the so-called chemometrics i.e. the ability to
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extract chemically relevant information from results of
experiments, by means of statistical and mathematical
tools. Nevertheless, chemical, physical, and sensory anal-
yses are generally expensive, time-consuming, and
destructive, while the modern research in the food science
and technology field is aimed to: increase the number of
samples analysed in a given time; repeat the same analysis
on the sample; obtain real-time information (Zou and Zhao
2015).

Non-destructive techniques, especially image process-
ing, to detect the quality of agricultural products have been
recently investigated (Gamal et al. 2007; Patrick et al.
2004; Park et al. 2007). Nevertheless, the application of
image processing to oils is rather limited Xie et al. (2014)
successfully applied near-infrared hyperspectral imaging
and chemometrics algorithms for the identification of dif-
ferent varieties of sesame oil. To identify the most signif-
icant wavelengths, authors applied. Competitive adaptive
reweighted sampling (CARS), successive projections
algorithm (SPA), and x-loading weights (x-LW). Based on
the 64 wavelengths suggested by CARS, the classified
models namely least squares support vector machine (LS-
SVM) and linear discriminant analysis (LDA) gave the
highest classification rate (100%) SPA-LS-SVM and SPA-
LDA models obtained over 9559% of classification rate
with only 7 wavelengths Gila et al. (2012) proposed an
online prediction model for acidity, peroxide index, and
humidity content of virgin oils, based on an hyperspectral
artificial vision system. They developed two methods for
the construction of the model: partial least squares
regression (PLS), and partial least squares regression
applying a genetic algorithm (GA-PLS).

This study explored the possibility using hyperspectral
imaging as an analytical tool for the classification of fla-
voured olive oils, according to blend composition, crop
season, flavouring methods, and flavouring agent.

Materials and methods
Olives and oil-making

The starting extra-virgin olive oils were supplied by
Olearia Clemente (Manfredonia, Italy). In the 2013-2014 e
2014-2015 crop seasons, 3 mono-cultivar extra-virgin oils
(Ogliarola, Peranzana, and Coratina) were produced by
Olearia Clemente (Manfredonia, Italy) by a continuous
process including olive grinding through a hammer
crusher, malaxation for 30 min at 26 °C, centrifugation
through a two phase decanter. Afterwards, in the
2013-2014 crop season, the following 3 blends were pro-
duced: B1 (40% Peranzana, 40% Coratina, 20% Ogliarola);
B2 (50% Ogliarola, 30% Coratina, 20% Peranzana); B3
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(70% Coratina, 20% Ogliarola, 10% Peranzana) and the
flavoured olive oils were produced by infusion as in Baiano
et al. (2016). In particular, 3 types of flavoured olive oils
were produced from each blend: basil flavoured olive oil
(B1-b-1-2013, B2-b-1-2013, and B3-b-1-2013—dry basil
5% wiw, daily stirring for 15 days at 15-18 °C); chilli
pepper flavoured olive oil (B1-cp-1-2013, B2-cp-1-2013,
and B3-cp-1-2013—dry chilli pepper 20% w/w, daily stir-
ring for 7 days at 15-18 °C); garlic & chilli pepper fla-
voured olive oil (Bl-cp&g-1-2013, B2-cp&g-1-2013, and
B3-cp&g-1-2013—dry chilli pepper 20% w/w, dry garlic
10% w/w, daily stirring for 7 days at 15-18 °C). After
infusion, the oils were filtered through cardboard filters in
order to remove the solid fraction.

In the 2014-2015, the experimental design included
only the blend B2. In particular, the flavoured olive oils
were produced by infusion (B2-b-1-2014, B2-cp-1-2014,
and B2-cp&g-1-2014) as described above, and by com-
bined malaxation of olive paste and spices for 30 min at
26 °C in presence of basil 5% w/w or dry chilli pepper 20%
w/w or dry chilli pepper 20% w/w, dry garlic 10% w/w
(B2-b-M-2014, B2-cp-M-2014, and B2-cp&g-M-2014).

Hyperspectral image system, oil samples acquisition,
and hyperspectral image’s pre-processing

Transmittance hyperspectral images of oil samples were
acquired by a hyperspectral imaging system (DV srl,
Padova, Italy), composed by a 12 bit CCD camera (Pile
F-100B, Allied Vision Technologies gmbh, Stadtroda,
Germany), coupled to a spectrograph (ImSpector V10,
Specim Ltd, Haarlem, The Netherlands) equipped by a
standard C-mount f/16 mm lens. The spectral range of this
system was 400—1000 nm, having resolution of 5 nm. The
light source consisted of a 150 W halogen lamp (EKE
21V150 W, Japan) and of an optic fibre, which transfer the
radiation to a flat light diffuser placed on a flat bed plane
under the field of view (FOV) of the camera. The flat bed
plane was equipped by a step-motor to move the sample
through the camera FOV, and scan it by lines. The sample
was placed in a Petri dish at a distance of 360 mm from the
camera. The camera settings were the same of a previous
work conducted by authors (Baiano et al. 2012). The
acquisition was controlled through a PC, by the Spectral
Scanner software (DV srl, Padova, Italy).

The hyperspectral images were acquired in transmit-
tance mode. Then, the oil samples were contained in Petri’s
dishes and placed over the flat light diffuser. After each
acquisition session, the hyperspectral image system was
calibrating to set the 0-100% transmittance. In particular,
scanning an empty Petri’s dish the 100% value was set. The
hyperspectral images were stored as a three dimensional
form (X, y, A), where x an y represents the spatial resolution
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(1000 x 1000 pixels) and A is the wavelength (nm). The
transmittance spectra were obtained using the Spectral
Scanner software, by selecting a circular region of interest
(ROI), covering the 80% of Petri’s dish. In this manner the
edge interferences was avoided. Operating in this way, the
transmittance spectra obtained was the mean of the spectra
of each pixel falling in the ROI 10 replicates of each oil
samples were acquired.

Statistical analysis

To discriminate the oil samples, ANOVA analysis was
performed, using Kruskal-Wallis non-parametric test as
function of mean separation test (p < 005). For each
wavelength, the ANOVA test was performed for 10 repli-
cates of each oil samples arranged in the different combi-
nations considered. The statistical analysis was performed
through the software Matlab R2015b (Mathworks inc,
Natick, MA, USA).

Results and discussion

Transmittance spectra of unflavoured and flavoured
olive oils

Figures 1 and 2 show the average relative transmittance
(amount of light transmitted) spectra of the unflavoured
and flavoured oils produced in the crop seasons 2013-2014
e 2014-2015, in the 400-1000 nm range. The statistical
analysis was done to select the suitable wavelengths for
estimation of difference among samples. In fact, although
general trends of spectral curves of the samples were
similar, the results of the statistical treatment highlighted
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Fig. 1 Average transmittance spectra in a range of 400-1000 nm of
the unflavoured and flavoured oil blends produced in the crop season
2013-2014. Bl 40% cv Peranzana, 40% cv Coratina, 20% cv
Ogliarola; B2 50% cv Ogliarola, 30% cv Coratina, 20% cv Peranzana;

o
o

significant differences in the visible region, in particular in
the range 400-570 nm and around 695 nm. Variation in
form of the spectral-transmittance curves for the various
oils is proof of the presence of various pigments. In fact, a
and b chlorophylls and their derivatives (pheophytins),
carotenoids, and flavonoids have distinctive absorption
bands in the visible region. In particular, 500 nm is the
reflection wavelength of the chlorophyll pigments, while
the range 660-700 nm is the reflection band of the antho-
cyanin pigments (Baiano et al. 2012). Thus, taking into
account that transmittance is inversely proportional to
absorption, visible absorption or transmittance spectra can
be considered a fingerprint of the olive oil and they could
be tentatively used in the classifications of samples based
on blend composition, crop season, flavouring methods,
and flavouring agent.

The colour of olive oil as it is depends on 2 types of
natural pigments, chlorophylls and carotenoids, these
account for greenness and yellowness respectively. In olive
oils, the following chlorophylls can be found: the bluish-
green chlorophyll a and the yellowish—green chloprophyll
b [whose ratio oscillates between 6 and 8 (Criado et al.
2007)], pheophytins, chlorophyllides, pheophorbides,
pyropheophytins, chlorines, rhodins, and purpurins (Min-
guez-Mosquera 1997). Chlorophyll a, which is the main
chlorophyll pigment in olive drupes has 2 main absorption
maxima at around 429 and 659 nm, while, for example,
chlorophyll b has the 2 main absorprtion peak at 455 and
642 nm, and pheophytin a has its absorption maxima at 407
and 665 nm. Chlorophylls also adsorb at 550 nm. Car-
otenoids including B-carotene, lutein, luteoxanthin, aurox-
anthin, mutatoxanthin, neoxanthin, violaxanthin,
antheraxanthin, and neochrome were reported in olive oil
(Moyano et al. 2010). Carotenoids have a significant role in
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Fig. 2 Average transmittance spectra in a range of 400-1000 nm of
the unflavoured and flavoured oil blends produced in the crop season
2014-2015. B2 50% cv Ogliarola, 30% cv Coratina, 20% cv

the absorption at 520 nm as demonstrated by the significant
correlation of reflectance near 520 nm with carotenoids
content (Zur et al. 2000). Carotenoids and chlorophyll have
overlapping absorption bands in the blue range, making it
difficult to distinguish between them (Zur et al. 2000).

The colour of flavoured olive oils also depends on the
flavouring agent. Basil mainly contains chlorophylls and
carotenoids (Kopsell et al. 2005) that, added to those of the
same pigments in the olive oils, give absorption and
transmittance spectra similar to those of unflavoured olive
oils for shape but different for intensity. Concerning garlic,
blue—green pigments have the ability to form in crushed
cloves following a rapid series of enzymatic and non-en-
zymatic reactions (Lee et al. 2006). According to some
researchers, the formed blue—green pigments are thought to
consist of tri-, tetra-, or polypyrroles, compounds struc-
turally similar to chlorophyll (Block 2010), while other
studies stated that the pigments formed are new “nitroge-
nous water-soluble compounds differing significantly from
all previously reported green pigments in plants” (Lee
et al. 2007). These compounds showed absorption at
440 nm and 590 nm (Cho et al. 2009). Chilli pepper pig-
ments include chlorophylls a and b, yellow—orange car-
otenoids such as o~ and B-carotene, zeaxanthin, lutein, and
B-cryptoxanthin, and the red carotenoids capsanthin, cap-
sorubin, and capsanthin-5,6-epoxide (Gémez-Garcia and
Ochoa-Alejo 2013). In the present research, the use of red
chilli peppers strongly modify the absorption and trans-
mittance spectra of the corresponding flavoured olive oils.

The estimation of significant differences among the
relative transmittances of samples gave good discrimina-
tion at the wavelengths reported in Table 1, as described in
the following paragraph.
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Discrimination among blends having different
composition, crop seasons, flavouring methods,
and flavouring agents

In order to discriminate among blends having different
composition, the samples B1, B2, and B3 produced in the
crop season 2013-2014 were compared. The results of
Table 1 show that the relative transmittance spectrum of
B1 blend significantly differed from those of the other two
blends at 625 nm, the wavelength at which all the
chlorophylls absorb although it doesn’t correspond to a
main absorption peak. The blends B2 and B3 are indis-
tinguishable from each other at each wavelength in the
range 400-1000 nm. Instead, according to a previous study
(Baiano et al. 2016), phenolic profile (in particular com-
pounds such as hydroxytyrosol, tyrosol, tyrosol acetate, the
dialdehydic form of elenolic acid linked to hydroxytyrosol
and tyrosol, pinoresinol, and oleuropein aglycone) and
volatile composition (volatile acids, esters, and terpenes)
allowed a better discrimination among blends.

The hyperspectral imaging appeared more suitable to
discriminate among infusion and malaxation, the two
flavouring methods used in the present work. With refer-
ence to the 2014-2015 crop season, the flavoured oils
obtained by malaxation always showed higher relative
transmittance than those produced by infusion at 695
(basil), 505 (chilli pepper), and 495 and 545 (chilli pepper
and garlic) nm (Table 1) 695 nm corresponds to the
wavelength of maximum absorption of the light-harvesting
complex proteins 2 (Lhc2) associated with both photosys-
tem I and I (Ganeteg et al. 2001). Lhc proteins bind
chlorophylls a and b and carotenoids with weak, non-co-
valent bonds. Concerning the differences between the two
flavouring methods in chilli peppers and chilli peppers and
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Table 1 Effect of blend
composition, crop season,
flavouring methods, and
flavouring agent on spectral
characteristics

Discrimination of oils based on

Wavelengths (nm)

Blend composition
B1-2013 a
Flavouring method
B2-b-1-2014 a
B2-cp-1-2014 a
B2-cp&g-1-2014 a
Flavouring agent
B1-2013 a
B2-2013 a
B3-2013 a

Crop season
B2-2013 a
B2-b-1-2013 a
B2-cp-1-2013 a
B2-cp&g-1-2013 a

B2-2013 b B3-2013 b 625
B2-b-M-2014 b 695
B2-cp-M-2014 b 505
B2-cp&g-M-2014 b 495-545
B1-b-1-2013 b Bl-cp-1-2013 d  Bl-cp&g-1-2013 ¢ 510
B2-b-1-2013 b B2-cp-1-2013 ¢ B2-cp&g-1-2013 d 515
B3-b-1-2013 b B3-cp-1-2013 ¢ B3-cp&g-1-2013 4 510

B2-2014 b 425; 500
B2-b-1-2014 b 400-695
B2-cp-1-2014 b 490-695; 725-855
B2-cp&g-1-2014 b 570-715; 695

In line, different letters indicate significant differences at p < 0.05 at the considered wavelengths

garlic flavoured oils, they are referred to wavelengths
comprised in the maximum absorption range of carotenoids
(460-550 nm) or coinciding with those at which the blue—
green pigments synthetized in crushed garlic cloves absorb.
A previous work of Caponio et al. (2016) demonstrated that
the flavouring method significantly affected the phenolic
profiles (concentrations of hydroxytyrosol, the dialdehydic
form of elenolic acid linked to hydroxytyrosol and tyrosol,
tyrosol acetate, 1-acetoxypinoresinol, and pinoresinol), the
concentration of sulphur compounds, and sensory proper-
ties such as colour, bitter, and pungent intensity.

The presence and type of flavouring agents can be
properly discriminate by hyperspectral imaging, which
highlighted significant differences among relative trans-
mittances of unflavoured and basil, chilli pepper, and chilli
pepper and garlic flavoured oils at 510 or 515 nm, inde-
pendently on the starting blend (Table 1). These wave-
lengths just correspond to the main absorption bands of the
xanthophyll lutein and of other carotenoids (Croce et al.
2007; Govindjee 1999). In fact, the mean concentrations of
lutein and B-carotene is in the following decreasing order:
basil (6.64 and 6.01 mg/100 g fresh weight); chilli pepper
(< 0.3 and < 1.5 mg/100 g fresh weight); garlic (0.05 mg
and not determined in 100 g of dry weight) (Kopsell et al.
2005; Aruna and Baskaran 2010; Pugliese et al. 2013).

Hyperspectral imaging was also suitable to discriminate
the crop season of the olive oils independently on the
presence of a flavouring agent. In fact, unflavoured and
flavoured oils of the 2014-2015 crop season showed higher
relative transmittance that those of the 2013-2014 crop
season (Table 1). The differences between the unflavoured
oils of the two crop seasons were highlighted at 425 and

500 nm (absorption of chlorophyll a and carotenoids,
respectively). The differences between the basil flavoured
oils were observed in the range 400-695 nm (absorption of
chlorophylls and carotenoids). The differences between the
chilli pepper flavoured oils were observed in the already
discussed 490-695 nm and in the range 725-855 nm. This
latter range is interesting since a previous work (Koehne
et al. 1999) correlated the ability of adapting of the green
alga Ostreobium to low-light conditions in which wave-
lengths > 700 nm prevail to a red form of chlorophyll
a-containing light-harvesting complex, namely Lhcal and
possibly also Lhca4. The differences between the chilli
pepper and garlic flavoured oils were observed at the
already discussed 695 nm and in the range 570-715 nm,
which includes absorption of chlorophylls and carotenoids.
These results allow to hypothesize that the differences
highlighted are related to the different concentrations in
chlorophyll and carotenoids of the starting blends within
the 2 considered crop years. In this regard, it is well known
that seasonal aspects (including climatic conditions such as
temperature and rainfall) influence the physiology of the
plant and thus the quality of the olive oil (including content
of minor components such as chlorophyll and carotenoids)
(Panelli et al. 1994). In particular, in the considered loca-
tion, (http://www.ilrestodelgargano.it/attualita/2014/11/
news/anno-nero-per-le-olive-crolla-la-produzione-in-pug

lia-prezzi-in-rialzo-4457.html/) the crop year 2014/2015
was characterized by unfavourable weather conditions, the
massive presence of the olive fruit fly, and the strong winds
that determined a consistent fall of olives. As results, the
Italian production of olive oil was reduced by 35% over the
previous crop year together with a lower olive oil quality.
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Conclusion

Unflavoured and flavoured olive oils were analysed by
means of hyperspectral imaging in the 400—1000 nm range.
The transmittance spectra provided a sort of fingerprint of
the oils. In particular, the processing of the spectral data the
range 400-570 nm and around 695 nm was appropriate for
the classification of flavoured olive oils, according to crop
season, flavouring methods, and flavouring agent. The
obtained data are preliminary results but they encourage
the use of hyperspectral imaging as non-destructive tools in
replacement of analytical instruments for the quality con-
trol of unflavoured and flavoured olive oils.
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