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A B S T R A C T

Background: Consumption and production of olive oils have been increasing steadily worldwide mainly due to
proven health benefits and sensorial characteristics of olive oil. At the same time, rising demand makes it harder
to protect olive oil genuineness; therefore, inauthentic products have been always a serious problem in olive oil
industry.
Scope and approach: Some minor compounds such as pigments (chlorophylls and carotenoids) including their
derivatives pyropheophytins (PPPs), diacylglycerols (DAGs) and fatty acid ethyl esters (FAEEs) are all prominent
compounds with their discriminatory and descriptive properties. Among several different approaches, use of
these components to differentiate genuine and adulterated olive oils could be a promising choice since it is
harder to mimic these compounds in fake mixtures. Recent studies focus on these compounds as authentication
and quality tools for olive oil and potential of these compounds are aimed to be reviewed.
Key findings and conclusions: Results from literature indicated that these parameters could be used in both au-
thenticity and quality determination of olive oils with some limitations. Pigments were found to be more pro-
mising in geographical and/or varietal classification. All of the discussed components have successful applica-
tions in determination of olive oil quality with respect to storage history and oil grades. However, in detection of
certain types of adulteration techniques such as soft deodorization, reviewed parameters did not work effectively
alone. Regulations could be updated with these findings and use of combined parameters including discussed
compounds could be further investigated for unsolved authentication problems.

1. Introduction

Well-established health effects and desirable sensory properties of
olive oil are the major driving forces for the high economical value of
this product. Major components of olive oil are triacylglycerols and this
oil also contains various minor components such as chlorophylls, car-
otenoids, phenolic compounds and squalene (Yan, Oey, van Leeuwen, &
van Ruth, 2018).

Minor components of virgin olive oil which does not need to go
through refining steps are highly preserved during mechanical extrac-
tion (Olmo-García et al., 2019). Minor compounds are not only sig-
nificant for physicochemical characteristics of the product, but they are
also correlated with taste and nutritional value (Olmo-García et al.,
2019). In addition, they are important markers for olive oil quality,
purity and authenticity (Olmo-García et al., 2018; Tena, Wang,
Aparicio-Ruiz, García-González, & Aparicio, 2015). Therefore, the
concentrations and types of minor compounds are of great importance
for both the consumers and the manufacturers (Olmo-García et al.,
2018). The quality and quantity of these metabolites are affected by
olive variety, growth conditions of olives, extraction and refining

procedures of oil as well as storage conditions (Dais & Hatzakis, 2013).
Besides their health-promoting effects, minor components (volatiles,

phenolic compounds, terpenoids, sterols, etc.) are also found to be more
successful descriptors of olive oil compared to major metabolites due to
the fact that it is hard to mimic minor compounds during preparation of
illegal formulations (Dais & Hatzakis, 2013). Importance of minor
compound composition has become even more significant since olive
fruits have been started to be cultivated outside the Mediterranean
zones. Even for the same olive type, differences in olive growth loca-
tions are also leading to compositional differences between oils ob-
tained from relatively new areas and the products from traditional olive
producer countries (Aparicio, Morales, Aparicio-Ruiz, Tena, & García-
González, 2013). As a result, olive oils from new cultivation areas could
be out of the limits set by official regulatory agencies mainly based on
Mediterranean countries (Uncu, Ozen, & Tokatli, 2019). In addition,
some traditional but minor cultivars, even grown in the Mediterranean
region could still have chemical compounds out of the described limits
(García González, Aparicio, & Aparicio-Ruiz, 2018). Thus, the data of
the minor compounds of olive oils have become more valuable for
statistical evaluation as a significant part of authentication studies (Dais
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& Hatzakis, 2013).
As a solution to these emerging problems, new chemical parameters

mainly exploiting minor compounds of olive oil have been put into
action as quality and/or authenticity indicators (Dais & Hatzakis,
2013). If the official and recently proposed methods are examined, it
could be seen that methods that determine quality and adulteration in
general are intertwined with each other. Therefore, effect of the various
constituents of olive oil on the quality and authenticity are examined
together in this review. Fatty acid alkyl esters (FAAEs), diacylglycerols
(DAGs), natural color pigments, particularly pyropheophytins (PPPs) as
the degradation product of chlorophylls and phenolic compounds are
regarded as some of the potential quality and authenticity indicators of
olive oil (European Commission, 2013).

Several recent reviews and studies in the literature provide in-
formation regarding the current regulations about olive oil as well as
their methods of analysis (Bajoub, Bendini, Fernández-Gutiérrez, &
Carrasco-Pancorbo, 2018; Conte et al., 2019; Tena et al., 2015). Some
novel techniques (Surface-enhanced Raman spectroscopy (SERS), bio-
sensors, microfluidic devices) have also been applied in olive oil au-
thentication (Bremer, Smits, & Haasnoot, 2009; Deng et al., 2018; Du
et al., 2019; McIntosh et al., 2016) and in determination of some
bioactive compounds of olive oils especially polyphenolic content (Al
Mughairy, Al-Lawati, & Suliman, 2019; Camerlingo, Portaccio, Delfino,
& Lepore, 2019; Hammami, Kuliček, & Raouafi, 2016; Ramos,
Contreras, & Macías, 2020). Some well-known minor compounds such
as sterols, stigmastadienes, aliphatic hydrocarbons and phenolic com-
pounds along with major compounds (triacylglycerols, fatty acid con-
tents) which have official limits in regulations were evaluated in detail
in the previous reviews (Aparicio, Conte, & Fiebig, 2013;
Arvanitoyannis & Vlachos, 2007; Ben-Ayed, Kamoun-Grati, & Rebai,
2013; Boskou, 2008; García González et al., 2018; Montealegre, Alegre,
& García-Ruiz, 2010) Olive oil is very rich in terms of phenolic com-
pounds such as hydroxytyrosol, tyrosol and oleuropein. Because of the
well-established health effects of these compounds they have been ex-
tensively studied and there are several reviews about these compounds
(Alu'datt et al., 2017; Boskou, 2015) and literature reviews are even
available on certain individual phenolic compounds (Parkinson &
Keast, 2014; Wani et al., 2018). However, there is not any compre-
hensive and critical review in the literature focusing on emerging minor
compounds, FAAES, DAGs and pigments, and emphasizing their im-
portance in olive oil studies although many studies in the literature
indicated their potential on different quality issues such as detection of
different types of adulteration and determining olive grade or storage
history. Therefore, it was aimed to review the several minor compounds
(FAAEs, color compounds with their derivatives (e.g. PPPs), DAGs with
derivatives (e.g. monochloropropanediol esters (MCPDEs) and glycidyl
esters (GEs)) that have been studied in recent years in terms of the
authenticity and quality of olive oil.

2. Recent problems regarding authentication of olive oils

Olive oil industry must deal with various authentication and quality
problems. Mixing of various edible oils such as sunflower, canola and
soybean oils with olive oil is one of the most common type of

adulteration problems for olive oil. However, detection of these mix-
tures is becoming easier and faster. Therefore, fraudsters are constantly
introducing new mixtures and causing new problems to oil industry.
Despite the progresses in analytical methods, developments may still
not be enough to find absolute solutions to some of the major problems
(European Commission, 2013). One of these cases is addition of soft-
deodorized virgin olive oil to extra virgin olive oil and this type of
mixing could not be detected by standard methods (Kulling et al.,
2019). Some proposed solutions for this problem include the determi-
nation of PPPs and alkyl esters (Aparicio-Ruiz, Romero, García-
González, Oliver-Pozo, & Aparicio, 2017a).

Another issue is related with Protected Designation of Origin (PDO)
status which is granted to products coming from certain regions. A label
showing PDO status could be placed on the product and these products
are generally sold at higher prices in the markets. Olive oils which do
not have this statue could be intentionally mislabeled to obtain extra
profit. Detection of this type of adulteration becomes a more difficult
task especially after cultivation areas are spreading to non-
Mediterranean countries (Australia, Argentina, Chile, South Africa,
USA, etc.). Therefore, it has been proposed to build larger chemical data
bases by using minor and major compounds of olive oil for geographical
authentication (García González et al., 2018).

Another problem is related with the freshness of olive oils. To obtain
extra earnings, fraudsters add old olive oil samples from previous
harvest year into the fresh olive oil. This is an emerging adulteration
case and there is an update in European Union regulation (EU, 2012)
about olive oil labelling requirements indicating the freshness of olive
oil. According to the regulation, harvest year could be placed on the
label only if 100% of the olive oil is from the olives harvested in the
same year. However, there is not any official method in the literature to
determine this type of adulteration. It has been proposed that new
quality parameters such as FAAEs, pigments (PPPs, carotenoids, etc.)
and DAGs have potential for olive oil quality and authenticity
(European Commission, 2013).

Production of fake extra virgin olive oil mixtures is another type of
fraud. A recent report on deliberately mislabeling the mixture of olive
oil made with refined olive oil as extra virgin olive oil was the case
occurred in 2018 which was detected by compulsory controls (Kulling
et al., 2019). Another case was also reported in 2019 by Europol in
which chlorophyll, β-carotene and soya oil were added to sunflower oil
to prepare a fake olive oil. The last two adulteration examples were
detected easily by existing regulations based on methods using chro-
matographic techniques (Kulling et al., 2019). In order to solve emer-
ging issues in olive oil, official methods have been updated regularly as
a result of new scientific findings about the quality and authenticity of
olive oils. Examples of several relatively new regulations about minor
components of olive oil mentioned in the paragraphs above are pro-
vided in Table 1.

3. Application of minor components in quality and authentication
studies

Minor components of olive oils have been quite useful in in-
vestigation of both quality issues such as monitoring of oxidation as

Table 1
Official regulations about reviewed parameters of olive oil quality and authenticity.

Parameters Legislations

Fatty acid ethyl esters (FAEEs) Quality criteria defined in International Olive Council (IOC) (2019) and EU (2016) regulations which state that olive oil could be graded as extra
virgin only if it contains ethyl esters less than or equal to 35 mg/kg

Diacylglycerols (DAGs) Quality and freshness indicator only found in Australian (Standards Australia, 2011) and Californian (California Department of Food and
Agriculture, 2014) standards to grade olive oil as extra virgin under certain conditions. Both standards define threshold value for 1,2-DAGs as
35% as the ratio between 1,2- to total 1,2- and 1,3- DAGs

Pyropheophytins (PPPs) Used in freshness evaluation by both Australian (Standards Australia, 2011) and Californian (California Department of Food and Agriculture,
2014) standards. According to both standards olive oils are graded as extra virgin when they contain less than or equal to 17% of PPPs
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well as the stability, storage history, and also different types of adul-
teration of olive oil (Dais & Hatzakis, 2013; Uncu & Ozen, 2019). Some
of these issues were successfully addressed and included in official
regulations as mentioned in the previous parts. Determination of some
relatively new parameters (MCPDs, GEs, FAEEs, DAGs, and PPPs) are
the emerging approaches in the field for the unsolved issues. Below,
these parameters are explained in detail including their strong and
weak sides with up to date applications.

3.1. Fatty acid alkyl esters (FAAEs)

Fatty acid alkyl esters (FAAEs) are produced by enzymatic reaction
of free fatty acids with low molecular weight alcohols, mainly methanol
and ethanol, under acidic conditions yielding methyl (FAME) and ethyl
esters (FAEE), respectively (Bajoub et al., 2018; Pérez-Camino, Moreda,
Mateos, & Cert, 2002; Pérez-Camino, Cert, Romero-Segura, Cert-
Trujillo, & Moreda, 2008). Critical levels of FAAEs (sum of FAME and
FAEE) for olive oil have been defined first by a Commission Regulation
(EU) No 61/2011 (EU, 2011) as a quality parameter since the formation
of these compounds indicates fermentation (mainly ethanol formation)
as well as degradation processes (mainly methanol formation) occurred
during storage (Purcaro, Barp, & Conte, 2015). In addition, it is not
possible to remove FAAEs without leaving by-products such as stig-
mastadiene in high temperature treatments (Purcaro et al., 2015). All of
these make FAAEs as suitable markers for olive oil quality as well as
sensorial assessment (Biedermann, Bongartz, Mariani, & Grob, 2008).
Moreover, storage and processing conditions of olive fruit are also other
factors for FAAEs formation (Caponio et al., 2018; Jabeur, Zribi,
Abdelhedi, & Bouaziz, 2015; Squeo et al., 2017). It was observed that
oil that was produced from olives stored in closed plastic bags rather
than in perforated plastic containers have higher concentrations of
FAAEs due to fermentation activity in the closed plastic bags (Jabeur
et al., 2015).

Former regulation has been amended by substituting FAAE (sum of
FAME and FAEE) with only FAEE by EU Commission Implementing
Regulation 1348/2013 (EU, 2013). Reason for this substitution is that
FAEE presence depends on level of its substrate, ethanol, which is
produced chemically as a result of fermentative processes. On the other
hand, amount of FAMEs depends on methanol content, and unlike

ethanol, methanol is physiologically formed during pectin degradation
of cell wall as olive fruit ripens (García-Vico et al., 2018). The con-
centrations of FAEEs depend first on the availability of substrates
(ethanol and free fatty acids), and then storage time and temperature,
agricultural practices (health status of olive fruits) as well as manu-
facturing conditions (Bajoub et al., 2018; Conte et al., 2019; García-
Vico et al., 2018). In two separate studies, ethanol content of olives
being precursor of ethyl ester formation in olive oil was investigated
with respect to two different parameters as maturation stage (Beltran,
Bejaoui, Jimenez, & Sanchez-Ortiz, 2015) and harvesting method
(Beltran et al., 2016). It was observed that ethanol content of olive fruit
increased during the ripening process (Beltran et al., 2015). Further-
more, ground-picked olives were more susceptible to sensory defects
with increasing level of ethanol content compared to tree-picked fruits
(Beltran et al., 2016). In another study, FAAE levels of olive oils were
investigated during storage (Conte et al., 2014). The results indicated
that high quality olive oils with initially low content of free ethanol and
FAAEs did not show any increment of ethyl esters during storage in
contrast to lower quality ones. Since these findings confirmed the ne-
cessity of an update based on omission of FAME from the regulation and
lowering the limit for FAEEs, modifications in regulation were done
(Conte et al., 2014). As a result, only the amount of FAEEs have been
used as a threshold value for virgin olive oil in determination of the
quality in terms of category after this change. According to the latest EU
(2016) and International Olive Oil Council (2019) regulations, olive oil
could be graded as extra virgin only if it contains FAEEs≤35 mg/kg.
The target compounds were fractionated by gas chromatography (GC)
and determined as sum of ethyl of C16:0, C18:0, C18:1 and C18:2 in
official method (Fig. 1). As an alternative method, GC Electron Ioni-
zation Mass Spectroscopy (GC-EI-MS) method has been also used in
determination of FAAEs of olive oils as a fast technique without sample
preparation. It was observed that this method was at least as successful
as official EU method in discrimination of extra virgin and lower quality
olive oils (Boggia, Borgogni, Hysenaj, Leardi, & Zunin, 2014). More-
over, very recently GC-Ion Mobility Spectrometry (GC-IMS) has been
used with promising results in quantification of ethanol content in olive
oils without sample pretreatment and found as being faster than the
method based on GC-FID/MS (del Mar Contreras, Aparicio, & Arce,
2020). In addition, spectroscopic methods have been applied to the

Fig. 1. Sample GC chromatogram of alkyl esters of an olive oil according to International Olive Council method (IOC, 2010).
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prediction of FAAE content due to their environmentally friendly and
easy to use characteristics compared to wet chemical methods. Fourier
transform infrared (FTIR) spectroscopy was used in quantification of
FAAEs and ratio of ethyl and methyl esters value successfully (Valli
et al., 2013). The same type of application was also performed with
near infrared (NIR) spectroscopy (Cayuela, 2017; Garrido-Varo,
Sánchez, De la Haba, Torres, & Pérez-Marín, 2017). In addition, FTIR
and UV–visible spectroscopy separately and in combined form were
applied to predict FAAE and FAEE content of olive oils (Uncu et al.,
2019). FTIR spectroscopy also achieved discrimination of extra virgin
from non-extra virgin olive oils based on FAEEs content (Squeo, Grassi,
Paradiso, Alamprese, & Caponio, 2019). Dielectric spectroscopy as time
domain reflectometry (TDR) was another method used in screening of
FAMEs, FAEEs, and FAAEs in olive oils (Berardinelli et al., 2013). In a
review paper, determination of various quality parameters of olive oils
including FAAEs by different rapid and innovative instrumental ap-
proaches were discussed (Valli et al., 2016).

In addition to their quality determining characteristics, these para-
meters have been also used in detection of mildly refined olive oil
which is one of the most recent and common way of adulteration of
extra-virgin olive oil. It has been very hard to detect this type of mixing
with any other chemical test (Jabeur et al., 2015). FAAE has been firstly
proposed as a useful marker to detect soft deodorized olive oils (Pérez-
Camino et al., 2008) since this compound is not affected by mild re-
fining conditions significantly. Recent studies are focusing on FAEE
contents of olive oils rather than FAAE due to the update in the legis-
lations mentioned in the previous paragraph. Later on, the weak side of
this approach as an authentication tool was also discussed in different
studies (Aparicio-Ruiz et al., 2017a; García-Vico et al., 2018; Gómez-
Coca, Fernandes, Pérez-Camino, & Moreda, 2016). In one of these in-
vestigations, it was proven that FAEE content of olive oil could be re-
lated with factors other than the quality and health of olives used in
olive extraction as opposed to prior knowledge and this could be ex-
plained by two main factors (Gómez-Coca et al., 2016). One of these
factors is ethanol (precursor of FAEE) formation which had been pre-
viously thought to be produced only by fermentation. However, it was
found out that healthy fruits could also be the sources of ethanol during
maturation which contribute to aroma development (Beltran et al.,
2015). Other factor is related to technological aspects such as addition
of water during the extraction process and this could change ethanol
concentration as well as FAEE formation (Gómez-Coca et al., 2016). As
a result, extra virgin olive oil could be out of the limits in a few months’
time if FAEE content would be measured (Gómez-Coca et al., 2016).
Therefore, in a recent study, it was proposed that strict regulations
should take into account of the presence of ethanol basal levels in the
oils which were found quite high in many cultivars. As a result, it

becomes an important point to differentiate physiologically formed and
fermentative ethanol contents in the olive fruits (García-Vico et al.,
2018). In the light of these findings, the latest EU regulation about
FAEE might need an update for including the initial ethanol content. In
some cases, deodorized low quality (especially rancid) oils might not
have very high FAEE content and if this oil is used as an adulterant
current critical levels in legislation might not be enough to detect the
adulteration. Hence, it could be concluded that FAEEs are suitable
adulteration markers for the oils possessing significantly high content of
FAEEs compared to virgin olive oils (Conte et al., 2019). Another im-
portant factor making FAEEs insufficient in detection of adulteration is
masking effect of the certain processing conditions of the soft deodor-
ization on the oils. It was observed that deodorization at 100 °C for
60 min is the optimum condition to remove volatiles responsible for
sensory defects without significant losses of quality parameters such as
total phenols, PPPs and FAEEs and the critical limits of regulations are
still met using these parameters (Aparicio-Ruiz et al., 2017a). There-
fore, monitoring FAEEs could only be useful in detecting highly de-
graded oils with initial concentration already higher than the threshold
values of the regulations prior to deodorization process. Otherwise,
mixture of soft deodorized olive oil and extra virgin olive oil could not
be determined up to 50% with current standard methods (Aparicio-Ruiz
et al., 2017a).

Another attention-grabbing point is the relationship between FAEEs
content and sensory defects. First comprehensive effort to reveal a re-
lationship between the FAAEs concentration of olive oils and their
sensory classification was conducted by Gómez-Coca, Moreda, and
Pérez-Camino (2012) and a connection between the FAAEs and fer-
mentative sensory defects was determined (Gómez-Coca et al., 2012).
In another study, FAEEs are also correlated with the fermentation
processes responsible for sensory defects and it was concluded that their
relations could be used to determine olive oils that have undergone
mild refining processes (Di Serio et al., 2017). In a recent study, cor-
relation between sensory characteristics and various chemical para-
meters of Brazilian olive oils were investigated (Zago, Squeo,
Bertoncini, Difonzo, & Caponio, 2019). A positive correlation was ob-
tained between concentration of FAEE and vinegary defect. Therefore,
FAEE amount could be useful not only for authentication but also for
quality control of olive oils in terms of sensory characteristics. Other
examples of recent applications of alkyl esters in olive oil authentica-
tion are listed in Table 2.

3.2. Diacylglycerols (DAGs) and derivatives

Diacylglycerols (DAGs) have been considered as another quality
parameter especially by some relatively new olive growing areas, USA

Table 2
Examples of studies from the literature for the determination of olive oil authenticity and quality using fatty acid alkyl esters (FAAEs).

Aim Main Findings Reference

Checking authenticity FAAEs could be used to detect adulteration of olive oil with mild deodorized low-quality olive
oil up to 30%.

Jabeur et al. (2015)

Shelf life prediction FAEEs could be used to predict shelf-life of olive oil along with main chemical,
physicochemical, and sensory characteristics under standard shelf life conditions.

Di Serio et al. (2018)

Detection of adulteration FAEEs were found successful in the detection of extra virgin olive oil fraud with 2% refined
pomace olive oils.

Jabeur, Drira, Rebai, and Bouaziz
(2017)

Effect of processing parameters FAAEs increase from the decanter to the vertical centrifuge during production. Use of water
decreases the formation of FAEE and FAME.

Alcalá et al. (2017)

Shelf life determination After 6 months of storage, FAEEs content of extra virgin olive oil could be off limit although the
other quality related parameters (peroxide index, K 232, K 270 and ΔK) were not.

Grompone et al. (2016)

Evaluation of quality Good correlation was established between FAAEs and free acidity. Moreover, FAAEs as well as
many other parameters as free acidity, waxes, stigmastadienes, extinction coefficients, and
peroxide values were all negatively correlated to the sensorial characteristics.

Di Loreto et al., 2014

Characterization in terms of PDO Olive oils from Sicilian region were below the critical limit of FAAEs except some aged ones. Costa et al. (2017)
Characterization in terms of variety and

growing area
Both variety and growing environment of olives have significant effect on qualitative indexes
such as free fatty acid, peroxide value, specific extinction coefficient values, waxes, fatty acids,
FAAEs content and sterols of olive oils.

Piscopo, De Bruno, Zappia, Ventre,
and Poiana (2016)
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(particularly California state) and Australia. DAGs are found in virgin
olive oil in minor amounts ranging from 1% to 3% and they are gen-
erally produced before or during olive oil extraction process. 1,2-DAGs
are the intermediate products that form as a result of the incomplete
biosynthesis of triacylglycerols (TAGs) while 1,3-DAGs are the products
of enzymatic or chemical hydrolysis of TAGs (Pérez-Camino, Moreda, &
Cert, 2001). Health status of the olive fruits is one of the major factors
determining the amount, type and ratio (1,2- to 1,3-) of DAGs. Olive oils
extracted from poor quality olive fruits showed a significant raise of
1,3-DAGs while the product obtained from healthy olive fruits contains
almost exclusively 1,2-DAGs (Garcia, Martins, & Cabrita, 2013). In
addition, storage conditions and time as well as extraction process (high
temperature and water dilution during extraction), presence of mac-
romolecules, and metals had also major effects on DAG ratio of olive
oils (Circi et al., 2018; Vlahov, Giuliani, & Del Re, 2010). During sto-
rage, the concentration of 1,2-DAGs gradually decreases by isomeriza-
tion resulting in the formation of more stble. 1,3-DAGs. Thus, ratio of
these isomeric forms was found to be reliable markers for the freshness
(age) and the quality of virgin olive oils (Bajoub et al., 2018). According
to both Californian and Australian standards, olive oils are graded as
extra virgin if it contains 1,2 DAGs ≥35% in terms of
C32 + C34 + C36 and this value actually is the ratio between 1,2-
DAGs and total DAGs content known as D value. The methods used in
the determination of DAGs are based on GC, high performance size
exclusion chromatography and high-performance liquid chromato-
graphy (HPLC) all of which requires tedious derivatization steps before
injection of the sample (Vlahov et al., 2010). GC-FID has been used
most commonly to determine fractionated isomeric DAGs in olive oil
(Gertz & Fiebig, 2006a). A typical DAG profile for an olive oil sample
obtained with GC-FID analysis are shown in Fig. 2. GC-EI-MS is another
technique applied to characterize and quantify DAGs without any re-
quirement for a standard which was reported as a problem for the
previous method (Zhu, Clegg, Shoemaker, & Wang, 2013). Thin layer
chromatography (TLC) coupled with visible (Vis) spectrophotometry
was also used as a simple method to quantify DAGs in edible oils (Li,
Yu, Yang, & Liu, 2018). As a relatively new approach some spectro-
scopic methods were also used in DAGs determination. Recently, DAG
content of olive oils were predicted from Fourier transform near in-
frared (FT-NIR) spectroscopic data (Azizian, Wang, Li, & Kramer, 2018;

Willenberg, Matthäus, & Gertz, 2019). In addition, a very recent study
investigated the use of FTIR and UV–vis spectroscopic methods jointly
and separately to estimate DAGs composition of olive oils (Uncu et al.,
2019). Furthermore, NMR spectroscopy in the forms of 1H, 13C and 1P
NMR has been preferred in determination of acylglycerols of olive oil
because of its ease of sample handling and rich data generation (several
metabolites in single spectrum) as an alternative to wet chemical
methods (Dais & Spyros, 2007; Hatzakis, Agiomyrgianaki, Kostidis, &
Dais, 2011; Vlahov et al., 2010).

Three isomeric classes of DAGs (1,2-, 2,3-, and 1,3-) of extra virgin
olive oils stored in different temperatures of 15 °C and 30 °C and time
up to 12 months were evaluated in order to observe the effects of these
parameters on DAGs content in a study (Cossignani et al., 2007). The
results indicated that significant differences existed in the amounts of
different DAG classes as well as the ratios between the classes. The
samples inspected just after extraction possessed the highest contents in
terms of percentage for 1,2-DAGs and the lowest for 1,3- and 2,3-DAGs.
On the other hand, the samples kept at 30 °C had the highest content of
1,3 DAGs due to isomerization reaction favored mainly by temperature.
Therefore, it was concluded that storage temperature was the most
important factor on the DAGs content, and their isomerization provided
information regarding the storage conditions as well as the preservation
status of olive oils. In addition to the aforementioned parameters, other
possible storage factors for the isomerization of DAGs in fresh olive oils
were examined for 24 months (Caponio et al., 2013). The results
showed that storage time was the significant factor in increasing
amounts of 1,3-DAGs due to isomerization causing higher 1,3/1,2 ratio
for oils. Besides, it was found that degree of isomerization was also
affected by the initial hydrolysis level of the olive oil. However, storage
conditions such as the bottle glass color, the light and the air had no
effect on isomerization of DAGs except the speed of the reaction.
Therefore, it was confirmed that the DAGs ratio could be used as a
freshness index for extra virgin olive oil since concentrations of these
compounds were not affected by either oil variety or storage conditions
(glass color, light, and air) (Caponio et al., 2013). In a similar study
(Ayyad et al., 2015), effects of different conditions of storage at 20 °C in
darkness and in light, at 4–6 °C in light and at 20 °C in light with argon
in the headspace were observed for 14 months. The results confirmed
that not only the length of the storage time but also temperature had

Fig. 2. Typical GC chromatogram of an olive oil showing individual DAGs peaks obtained by analysis according to ISO method (ISO, 2009a).

O. Uncu and B. Ozen Trends in Food Science & Technology 100 (2020) 164–176

168



effects on isomerization of DAGs. Inert gas was not that effective in the
protection of olive oils from isomerization under storage in the light. In
another study (Salvo, Rotondo, La Torre, Cicero, & Dugo, 2017), 1H
NMR spectroscopy was also used in monitoring of olive oil aging with
respect to DAG content. The olive oils were stored in the dark and at
room temperature for one year. It was already known that the iso-
merization rate was affected by the free fatty acidity, additionally it was
proven that the presence of specific macromolecules (lipases) had effect
on DAG content as well (Salvo et al., 2017).

The studies mentioned so far focused on the investigation of the
changes in olive oil DAGs content with different parameters during
storage. However, kinetic studies were also performed to correlate the
age of olive oil with DAGs concentration (Dais & Spyros, 2007). Kinetics
of DAG formation and isomerization in virgin olive oil were formulized
in terms of D and free fatty acid values by using 31P NMR spectroscopy
(Spyros, Philippidis, & Dais, 2004). Robust prediction models were
obtained between actual and theoretical storage times up to 10–12
months (Spyros et al., 2004). In another study, a more comprehensive
mathematical expression was established for the determination of shelf
life of olive oils with respect to many parameters such as alkyl esters,
volatiles and 1,2-DAGs etc. (Di Serio, Giansante, Di Loreto, & Di
Giacinto, 2018). In a recent study, artificial intelligence derived system
as adaptive neuro-fuzzy inference predicted the oxidative stability of
virgin olive oil during storage as a function of time, temperature, DAGs
as well as other well studied parameters (Arabameri et al., 2019). Ac-
cording to this study, minor constituents including DAGs were found as
the most important factors influencing the preservation status and
freshness of olive oils during storage. Furthermore, it was concluded
that the changes in DAGs content could be a good indicator for olive oil
oxidative stability. While the direct effect of DAGs concentration on
olive oil sensory characteristics during storage was not observed, they
are still essential in determination of aging. As a result of aging, de-
gradation of various health promoting components of olive oil such as
tocopherol and phenolic compounds were also observed which further
decreased the nutritional and sensory characteristics by increasing
rancidity (Dais & Spyros, 2007). Therefore, it becomes an important
point to know the storage history of olive oil to be sure about its actual
quality. Relation between DAG concentration and storage time could
also mean that these compounds can be used in detection of adultera-
tion of fresh olive oils with old oils.

In addition to their applicability in quality determination, DAGs are
used as a tool in authenticity determination of olive oils. It is known
that fresh extra virgin olive oil samples do not contain high amounts of
total DAGs (1–3% mainly 1,2-DAGs) compared to lower quality olive
oils such as refined olive oils (4–5% mainly 1,2-DAGs) and pomace
olive oils (15–20% mainly 1,2-DAGs). Moreover, the isomerization
from 1,2-DAGs to 1,3-DAGs results an immediate equilibrium state in
refined olive oils (Dais & Spyros, 2007). In this respect, adulteration of
virgin olive oil with deodorized oils was inspected with a study in
which 1,2- and 1,3-DAG isomers in olive oil were determined with solid
phase extraction followed by GC analysis (Pérez-Camino et al., 2001).
The results indicated that the relationship between acidity and total
DAGs were not an efficient indicator for the genuineness of olive oils.
While the 1,3-/1,2-DAGs ratio was found useful in authentication of
virgin olive oils as well as in determining the oil aging and evaluating
the storage conditions (Pérez-Camino et al., 2001). Therefore, the stu-
dies on olive oil authenticity have been focused on the ratio of DAGs as
D value rather than total content of these compounds. However, the
increase of 1,3-DAG could be also due to the long storage of olive oil.
Therefore, any change in D value may not necessarily be a sign of
adulteration (Dais & Hatzakis, 2013). Aforementioned studies deal with
only DAGs and their derivatives. However, NMR metabolic profiling
which quantifies DAGs as well as many other parameters simulta-
neously and NMR fingerprinting were also proposed as efficient tools in
adulteration detection of olive oil. In the literature, there are various
studies which used NMR spectroscopy to identify DAGs content as well
as other important authenticity parameters for the determination of
olive oil adulteration as shown in detail in Table 3. In general, DAGs
were regarded as quality parameters to grade olive oil. However, the
methodological approach based on investigation of many physico-
chemical parameters together as in the previous examples was also
valid for the classification studies of olive oil with respect PDO and
variety in terms of their DAGs contents. There are several examples of
the use of DAGs content in classification and/or differentiation as well
as adulteration and quality determination of olive oils (Table 3).

More recently, authentication studies have been investigating
monochloropropanediol esters (MCPDE) as (2- and 3-MCPD) and gly-
cidyl esters (GEs) presence in olive oils and in other vegetable oils
(Kamikata et al., 2019; Yan et al., 2018). MCPDEs and GEs are the
minor compounds derived from DAGs and MAGs, respectively through

Table 3
Examples of studies about the use of diacylglycerols in determination of authenticity and quality of olive oils.

Aim Main Findings Reference

Quality determination The D value and total DAGs have potential to determine quality of virgin olive
oils, commercial olive oils, refined olive oils, and pomace oils by using 31P NMR

Fronimaki, Spyros, Christophoridou, and
Dais (2002)

Quality determination All types of DAGs content of olive oil could be detected with 19F NMR and then
could be used to monitor the quality of olive oil as well as ordinary edible oils

Zhou, Li, Weng, Fang, and Gu (2015)

Adulteration detection of olive oils with
hazelnut oil

31P NMR was used for the quantification of minor compounds as phenolic
compounds, DAGs, sterols, and free fatty acids. Detection limit was found at 5%
for refined hazelnut oils in refined olive oils

Agiomyrgianaki, Petrakis, and Dais (2010)

Adulteration detection of olive oils with seed
oils

The detection of olive oil adulteration with various refined seed oils was
accomplished by using the combination of 1H NMR and 31P NMR. Adulteration
could be determined as low as 5% by using D value of fresh olive oils.

Vigli, Philippidis, Spyros, and Dais (2003)

Adulteration detection of olive oil with
lampante and refined olive oil

High field 31P NMR was used to detect the targeted adulterations at varying levels
by determining 1,2-DAGs, 1,3-DAGs, total DAGs, D value, sterols and acidity. 5%
was the limit of detection for both adulterant type (refined and lampante)

Fragaki, Spyros, Siragakis, Salivaras, and
Dais (2005)

Adulteration detection of olive oil with refined
olive oil and seed oil

19F NMR and 1H NMR were compared to detect lower grade oil in olive oil with
respect to DAGs content and 19F NMR was suitable for detection of refined olive
oil while 1H NMR was suitable for seed oil for the same type of application

Jiang, Li, Chen, and Weng (2018)

Cultivar characterization Geographical classification of Turkish and Slovenian extra virgin olive oils by 1H
NMR spectra was performed in terms of aldehydes, phenolic compounds, terpenes
and DAGs as major discriminants

Özdemir et al. (2018)

Geographical characterization Fatty acids, phenolics, DAGs, total free sterols, free acidity, and iodine number
were used to determine geographical identity of olive oil samples up with 87%
success rate by means of 1H and 31P NMR spectroscopy

Petrakis, Agiomyrgianaki, Christophoridou,
Spyros, and Dais (2008)

Effect of storage conditions 1,2-DAGs were found very promising to control overall olive oil quality and
freshness as well as easily indicate any problems during the storage of the olive oil

Guillaume et al. (2014)
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refining processes (Yan et al., 2018). These compounds are formed
during the deodorization step of the refining process and they are also
known as heat-induced contaminants. MCPDEs and GEs could be used
as indicators of extra virgin olive oil adulteration with refined oils since
these compounds were not expected to be present in the extra virgin
olive oil produced without any chemical treatment from healthy olive
fruits (Kamikata et al., 2019). Besides temperature, pressure, water
activity and other processing parameters also speed up the formation of
3-MCPD esters (Weiβhaar, 2008; Yan et al., 2018). In a recent study, it
was found that these processing derived contaminants could be used to
detect lower grade oils in olive oil in varying limits of detection as 2%
when using 3-MCPD esters, 5% for 2-MCPD esters, and 13–14% for GEs
(Yan et al., 2018). Especially, quantification of MCPDEs were found to
be promising with lower limit of detection compared to GEs. In another
study, potential of these compounds as an adulteration detection tool
was also emphasized (Kamikata et al., 2019). Determination of these
compounds are important not only for adulteration studies but also for
the health concerns. It was reported that after consumption of highly
contaminated foods with these derivatives gastrointestinal tract can
easily convert these compounds to their free forms which are known to
have toxicological effects on human (Nguyen & Fromberg, 2020).

3.3. Color pigments and derivatives

The color of a virgin olive oil is attributed to the lipophilic chlor-
ophyll and carotenoid pigments present in the olive fruit (Montealegre
et al., 2010). Green olives having high chlorophyll content give
greenish color to the oils whereas mature olives yield yellowish oils due
to their higher carotenoid content. As a result, combination and the
proportions of these pigments determine the ultimate color of the olive
oils (Lazzerini, Cifelli, & Domenici, 2016). Olive oils contain compar-
ably rich variety of carotenoids (β-carotene, lutein, violaxanthin,
neoxanthin and other xanthophylls) and chlorophyll derivatives
(chlorophyll a and b, pheophytin a and b, and other minor derivatives)
(Lazzerini & Domenici, 2017). The level of these pigments in olive oil
could go up to almost 100 ppm. The major pigments were reported as
pheophytin a (up to 25 ppm), followed by β-carotene (up to 15 ppm)
and lutein (up to 10 ppm) (Lazzerini et al., 2016); however, amounts
may differ depending on various factors. The main factors affecting the
concentration of each pigment found in olive oils are highly correlated
with the physiochemical characteristics of olive fruits and they rely on
botanical as well as geographical origin, environmental conditions
(climate and/or irrigation) and also extraction process (mainly ma-
laxation). In addition, the storage conditions of olive oil are also im-
portant factors in pigment type and concentration (Gandul-Rojas, Roca,
& Gallardo-Guerrero, 2016; Lazzerini, Cifelli, & Domenici, 2017;
Lazzerini & Domenici, 2017; Lazzerini et al., 2016).

In the literature, the pigments have been identified mostly by
chromatographic techniques and most successfully by HPLC coupled
with diode array (DAD), UV–Vis as well as other types of detectors
(Lazzerini et al., 2016; Minguez-Mosquera, Gandul-Rojas, & Gallardo-
Guerrero, 1992; Seppanen, Rahmani, & Csallany, 2003). A sample
HPLC chromatogram of olive oil pigments is shown in Fig. 3. In addi-
tion, total pigment contents of olive oils have been evaluated in terms of
chlorophylls at 470 nm and carotenoids at 670 nm after dilution with
proper solvent by UV–vis spectrophotometer (Cerretani, Motilva,
Romero, Bendini, & Lercker, 2008; Mínguez-Mosquera, Rejano-
Navarro, Gandul-Rojas, Sánchez; Gómez, & Garrido-Fernández, 1991;
Reboredo-Rodríguez et al., 2016).

In the recent years, other spectroscopic techniques are also be-
coming alternatives to the HPLC and UV–vis spectroscopic methods
used in quantification of individual (Domenici et al., 2014) and total
pigments of olive oil (Cayuela, Yousfi, Martínez, & García, 2014), re-
spectively. Direct analysis of olive oils with UV–Vis–NIR spectroscopy
was found promising compared to timely and waste producing re-
ference analysis of total chlorophylls and carotenoids (Cayuela et al.,

2014). Absorption spectra in the near UV–vis region were mathemati-
cally treated by Ayuso, Haro, and Escolar (2004) to reveal its potential
uses in color characterization. Then, suitability of near-UV-vis region
for the determination of major pigments of olive oils as two carotenoids
(lutein and β-carotene) and two chlorophylls (pheophytin a and b) was
proposed in another study (Domenici et al., 2014). This finding was also
confirmed with an investigation in which pigment contents of Medi-
terranean olive oils obtained from UV–vis spectroscopy and HPLC-DAD
measurements were compared with similar success (Lazzerini et al.,
2017). Moreover, a very recent study (Borello & Domenici, 2019)
compared two different approaches for determining olive oil pigments
using the near UV–Vis spectroscopy. First method was the standard
method (Mínguez Mosquera et al., 1991) based on absorption spectra at
single wavelengths (470 and 670 nm) while mathematical deconvolu-
tion of the absorption spectra developed in a previous study (Domenici
et al., 2014) was the other approach used in the same type of appli-
cation. The results indicated that overall approach used in standard
method was not as effective as newly proposed method in determina-
tion of total carotenoids' and chlorophylls’ derivatives in olive oils due
to the fact that standard method underestimates the contents of both
carotenoids and the chlorophyll derivatives compared to whole spec-
trum (Borello & Domenici, 2019). In another study, use of UV–vis
spectroscopy in the whole range of 200–800 nm was found promising in
prediction of detailed pigment profile of olive oils compared to FTIR
spectroscopy since pigment profile is highly correlated with UV–vis
absorption profile (Uncu et al., 2019). Fluorescence spectroscopy was
also used in determination of major pigments (chlorophylls a and b and
pheophytins a and b) of olive oils (Galeano Díaz, Durán Merás, Correa,
Roldán, & Rodríguez Cáceres, 2003). Ultra-fast high-performance liquid
chromatography with fluorescence excitation–emission detection was
the method of choice for the quantification of these pigments directly
without previous sample treatment (Lozano, Muñoz de la Peña, Durán-
Merás, Espinosa Mansilla, & Escandar, 2013).

Measurement of some pigment compounds has been proposed as a
way of determining the quality and adulteration of olive oils (Tena
et al., 2015). They are regarded as quality tools due to their relationship
with freshness, nutritional and antioxidant properties of olive oils
(Lazzerini et al., 2017). Natural color pigments have also been used in
authentication of olive oils (Lazzerini et al., 2016). According to one of
the studies using chlorophyll and carotenoid pigments of virgin olive
oils as authenticity and quality index, total chlorophylls to total car-
otenoids ratio should be around 1 and also the ratio of minor car-
otenoids to lutein should be around 0.5 to indicate the authenticity of
olive oils (Gandul-Rojas, Cepero, & Mínguez-Mosquera, 2000). More-
over, it was concluded that these thresholds were valid for olive oils in
general regardless of fruit variety. In addition, certain pigments such as
the percentages of lutein, violaxanthin, and total pigment contents
could be used as discriminatory tools for monovarietal virgin olive oils
(Gandul-Rojas et al., 2000). Some pigment fractions such as chlor-
ophylls/carotenoids, minor carotenoids/lutein, and percentages of
violaxanthin and lutein along with total pigment content were found
stable during one year of storage irrespective of the variety and degree
of ripeness of the olive fruit (Roca, Gandul-Rojas, Gallardo-Guerrero, &
Mínguez-Mosquera, 2003). It was determined that degradation of
chlorophylls as a result of pheophytinization reaction started from
malaxation step of oil extraction and increased during storage
(Aparicio-Ruiz, Aparicio, & García-González, 2014). The chlorophylls a
and b being naturally present in the olive fruit are irreversibly con-
verted into more stable pigments (pheophytins a and b, orderly) as the
central Mg+2 ion of the porphyrin ring is replaced by two hydrogen
atoms, and further to pyropheophytins (PPPs). PPPs are the ultimate
degradation products of chlorophyll by the removal of the carboxy-
methyl group from the pheophytins (Garcia et al., 2013; Giuliani,
Cerretani, & Cichelli, 2011). Formation of chlorophyll a derivatives
(pheophytin a and pyropheophytin a (PPP a)) in small amounts were
identified as an indication of oil storage (Roca et al., 2003). This finding
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was also confirmed in another study in which increasing amounts of
PPP an as a new compound was observed during the storage (Gallardo-
Guerrero, Gandul-Rojas, Roca, & Mínguez-Mosquera, 2005) whereas
none or trace amounts existed in fresh olive oils (Anniva, Grigoriadou,
Psomiadou, & Tsimidou, 2006). It was also indicated that temperature
was a significant factor favoring the formation of PPPs. Thus, the
content and proportion of PPP a in terms of ratio between pheophytin a
(the precursor pigment) to PPP a could indicate the storage conditions
of the olive oils (Gallardo-Guerrero et al., 2005). The effect of thermal
abuse and lengthy storage on PPP formation was also determined in a
different study (Anniva et al., 2006). Thermal degradation kinetics of
carotenoids as well as chlorophylls were analyzed in detail in several
studies (Aparicio-Ruiz & Gandul-Rojas, 2012; Aparicio-Ruiz, Mínguez-
Mosquera, & Gandul-Rojas, 2010; Aparicio-Ruiz, Mínguez-Mosquera, &
Gandul-Rojas, 2011). Decoloration kinetics of chlorophylls and car-
otenoids in virgin olive oil triggered by autoxidation were examined
under varying time and temperature. The results indicated that chlor-
ophylls were more stable to heat treatment due to the requirement of
higher activation energy compared to carotenoids. Additionally, it was
concluded that obtained kinetic models could be used to construct a
mathematical model to predict the decoloration of chlorophyll and
carotenoids pigments in olive oil in terms of time and temperature
(Aparicio-Ruiz & Gandul-Rojas, 2014). In addition, chemical changes in
thermoxidized virgin olive oil with respect to various parameters in-
cluding pigments were monitored by fluorescence spectroscopy (Tena,
Aparicio, & García-González, 2012). Photooxidation reaction of pig-
ments especially chlorophyll was followed effectively through UV–vi-
sible spectroscopy in combination with artificial neutral networks
(Torrecilla, Vidal, Aroca-Santos, Wang, & Cancilla, 2015). In another
study, effect of light exposure on functional compounds of olive oil such
as vitamin E and chlorophyll was evaluated successfully by fluorescence
spectroscopy (Díaz, Pega, Primrose, Sancho, & Nanni, 2019). These
studies were based on investigating the effects of various storage con-
ditions and time on the quality of olive oils similar to a study of
Guillaume, Gertz, and Ravetti (2014). Effects of different factors such as
environment, cultivar, storage conditions as well as time on several
physico-chemical parameters including PPP were determined. The re-
sults showed that PPP a and 1,2-DAGs were good indicators for overall
olive oil quality and freshness as well as storage history (Guillaume

et al., 2014). Recently, shelf life prediction was also investigated by
using induction time, 1,2-DAGs, PPPs, and free fatty acids of olive oils
(Guillaume & Ravetti, 2016).

The method for determination of the degradation products of the
chlorophyll a (pheophytin a, a’ and PPP) in olive oil was officially de-
scribed by the German Society for Fat Science (Gertz & Fiebig, 2006b).
The method was based on HPLC analysis with UV detector measure-
ment after solid phase extraction of the olive oil samples and it was then
adopted by the International Standards Organization (ISO, 2009b) as a
quality measurement method (Li, Woodman, & Wang, 2015). PPPs
content, ultimate degradation product of chlorophyll a, was calculated
as ratio of PPP a to PPP a + pheophytin a + a’ in terms of percentage
with a limit up to 17% to grade an olive oil as extra virgin in official
regulations. After official recognition of the PPPs content by some of-
ficial bodies (Table 1), rapid determination of pigment composition has
become more important. An alternative method based on HPLC analysis
with fluorescence detection which is comparably less in cost and time
was proposed (Li et al., 2015). In addition, amount of PPP a formed in
olive oil during storage was tried to be predicted with promising results
using a mathematical expression (Aparicio-Ruiz, Roca, & Gandul-Rojas,
2012). Prediction of extra virgin olive oil freshness correlated with PPPs
content during storage was successfully accomplished using fluores-
cence spectroscopy (Aparicio Ruiz et al., 2017b). As a result, effec-
tiveness of PPPs in shelf life determination was indicated. In addition,
PPPs were recently proposed as adulteration determination criteria
along with FAAEs, volatiles, and phenols for olive oils passing through
deodorization process (Aparicio-Ruiz et al., 2017a).

Authentication of olive oils with respect to variety and geographical
origin was also investigated in olive oil studies. Pigment content was
useful in this type of applications because genetic as well as environ-
mental conditions have significant effects on pigment content
(Montealegre et al., 2010). In addition, it was found out that pigments
could be correlated to other factors such as ripeness stage, geographic
origin and cultivars (Lazzerini et al., 2017). Varietal characterization
and differentiation of olive oil was performed by determining the
content of some chlorophyll and carotenoid compounds (Cichelli &
Pertesana, 2004). Discrimination based on harvest year was also ac-
complished by using main pigments of Italian olive oils (Lazzerini &
Domenici, 2017). Furthermore, there is a trend of combining total

Fig. 3. Pigment chromatogram of an olive oil sampleobtained with HPLC analysis described in the literature (Mateos & García-Mesa, 2006).
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chlorophyll and carotenoid contents with other chemical parameters for
geographical and/or varietal classification instead of using only the
pigment profile (Karabagias, Badeka, Casiello, Longobardi, &
Kontominas, 2019; Karabagias et al., 2013; Taamalli, Gómez-Caravaca,
Zarrouk, Segura-Carretero, & Fernández-Gutiérrez, 2010). It could be
very hard to characterize an olive oil with a unique compositional
marker by knowing that compositions of these markers are easily af-
fected by the environmental conditions, the fruit ripening, and the
extraction technology (Montealegre et al., 2010). Therefore, bringing
together different markers to obtain the discriminatory information as
much as possible by using chemometric tools could provide better re-
sults (Montealegre et al., 2010).

Pigment content of olive oil could also be susceptible to the al-
terations and frauds (Lazzerini et al., 2016). Illegal addition of artificial
pigments to olive oil to prevent any color loss due to refining is still a
common adulteration method. European regulations do not allow the
addition of colorants to any oils and/or fats from animal or vegetable
origin (Roca, Gallardo-Guerrero, Mínguez-Mosquera, & Gandul Rojas,
2010). Therefore, if any artificial color is detected in the olive oil this
situation is considered as an adulteration. As a greenish colorant,
copper complexes of chlorophyll known as E−141i, are obtained by
solvent extraction from plant sources. The additive E−141i is produced
by the addition of Cu+2 salts to the pigments in which the inner metal
ion Mg+2 is replaced with the more stable Cu+2 causing the formation
of copper–chlorophyll derivatives and it has been mostly used in the
olive oil frauds due to its stable color characteristics during the

processing and storage (Gandul-Rojas et al., 2016; Lazzerini et al.,
2016; Roca et al., 2010). The adulteration studies about color pigments
in olive oils showed that Cu–pyropheophytin a was the major compo-
nent among copper–chlorophyll derivatives (Gandul-Rojas et al., 2016).
Naturally, almost none of these derivatives exist in olive oils; therefore,
detection of the presence of any of these compounds reveals the adul-
teration of the oil (Gandul-Rojas et al., 2016). Several techniques are
available to determine Cu-chlorophyll derivatives in olive oil and the
majority of these methods are based on HPLC analysis with different
detector systems (Fang et al., 2015; Roca et al., 2010). Capillary elec-
trophoresis was also used for the same type of application (Del Giovine
& Fabietti, 2005). Recently, some alternative techniques such as Raman
spectroscopy (Lian et al., 2015) and other spectrophotometric mea-
surements (Wang, Hou, & Hsieh, 2018) were also used to determine
these compounds in a fast way without harming the environment. Other
examples of recent application of pigments usage in olive oil authen-
ticity and/or quality determination are presented in Table 4.

4. Conclusion and future trends

In this review, several minor compounds of olive oils as pigments
(including derivatives such as PPPs), DAGs with derivatives (com-
prising MCPDEs and GEs), and FAAEs were summarized through their
latest applications in the olive oil field. FAAEs could provide detection
of mildly refined olive oils in high quality olive oils if the adulterant
initially has high FAAE content. DAGs, on the other hand, are effective

Table 4
Recent studies in quality and authenticity determination of olive oils by using pigment content.

Aim Main Findings Reference

Photo and thermal-oxidation determination Excitation-emission matrices of olive oil samples correlated to polyphenols, and
chlorophyll and derivatives. All could discriminate non-irradiated and irradiated as
well as non-heated and heated samples

Manzano, de la Peña, and Merás (2019)

Differentiation of virgin olive oils from a
specific mill

Concentration of some key isoprenoids and color compounds (β- carotene, lutein,
and pheophytin a) could achieve differentiation (88%) between olive oils from a
specific mill and other mills

Mapelli-Brahm, Hernanz-Vila, Stinco,
Heredia, and Meléndez-Martínez (2018)

Quantification of binary and ternary mixtures
of monovarietal olive oils

The artificial neural networks applied to visible spectroscopic data could be used to
determine varietal quantifications based on the pigment profile of monovarietal
extra virgin olive oils at 10% and 2.8% for the linear and non-linear models,
respectively

Aroca-Santosa, Cancilla, Pérez-Pérez,
Moral, and Torrecilla (2016)

Detection of possible fraud markers Ultra-high-performance liquid chromatography tandem mass spectrometry coupled
with two types of atmospheric pressure ionizations (chemical and photoionization)
were found efficient in determining natural color pigments (carotenoids,
chlorophylls and chlorophyll derivatives) as well as artificial ones (E141i) in olive
oils. These methods were applicable in pigment profile identification as well as the
detection of possible exogenous adulterants

Arrizabalaga-Larrañaga, Rodríguez,
Medina, Santos, and Moyano (2019)

Cultivar differentiation Five different Greek olive oil cultivars were successfully characterized and classified
based on acidity, total chlorophylls and carotenoids, myristic, margaric, stearic,
arachidic, and eicosenoic acids at a rate of 91.9% and 81.1% by using original and
cross-validation methods, respectively

Karabagias et al. (2019)

Geographical differentiation Geographical discrimination power of several chemical parameters (total phenol
content, fatty acid and phenol profile, total carotene and chlorophyll content and
oxidative stability) and mid-infrared spectroscopy on olive oils was investigated. It
was found that combination of chemical parameters was better than mid-IR
spectroscopy in classification of monovarietal olive oil obtained from geographically
close regions of Turkey

Uncu and Ozen (2016)

Cultivar discrimination Monovarietal extra virgin olive oils could be classified up to 94.4% according to
their variety by using Raman spectroscopy highly correlated with both carotenoid
and fatty acid composition of olive oils. Also, distinct Raman spectral bands could be
used for the prediction of major fatty acids as well as lutein/β-carotene content ratio
both known as quality parameters for olive oils

Portarena et al. (2019)

Geographical discrimination Olive oil samples from PDO production areas of coastal Italy were analyzed in terms
of their isotopic composition and carotenoid content with isotope ratio mass
spectrometry and resonant Raman spectroscopy, respectively. The combination of
isotopic and carotenoid data yielded a promising result with correct classification of
82% of olive oil samples with respect to geographical origin

Portarena, Baldacchini, and Brugnoli
(2017)

Authentication Detailed pigment profile including major and minor color compounds as well as
their derivatives were successful in authentication of olive oils with respect to
harvest year and geographical origin. On the other hand, UV–visible and FTIR
spectroscopic techniques were reliable alternatives for the same purposes with the
higher discriminatory power of FTIR alone and in combination

Uncu, Ozen, and Tokatli (2020)
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as freshness indicators for olive oil. MCPDEs and GEs as the derivatives
of DAGs could be used in determination olive oil adulteration with
softly deodorized oils. Pigment contents alone or in combination with
other physicochemical parameters are generally successful in geo-
graphical and/or botanical origin determination. The weaknesses of
these minor components as quality and authentication indicators can be
compensated by using several parameters together which could in-
crease the discrimination power and further research on the use of
combined parameters could provide solutions to complex authentica-
tion problems.

Some of the minor components reviewed were not officially regu-
lated by internationally recognized organizations such as IOC and EU
whereas they are considered as quality and authenticity parameters by
other countries. In order to cover all the aspects of olive oil identity, it
could be a good starting point to adapt voluntary standards and en-
courage alternative environmentally friendly methods to analyze these
standards.

References

Agiomyrgianaki, A., Petrakis, P. V., & Dais, P. (2010). Detection of refined olive oil
adulteration with refined hazelnut oil by employing NMR spectroscopy and multi-
variate statistical analysis. Talanta, 80, 2165–2171. https://doi.org/10.1016/j.
talanta.2009.11.024.

Al Mughairy, B., Al-Lawati, H. A. J., & Suliman, F. O. (2019). Investigating the impact of
metal ions and 3D printed droplet microfluidics chip geometry on the luminol-po-
tassium periodate chemiluminescence system for estimating total phenolic content in
olive oil. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 221,
117182. https://doi.org/10.1016/j.saa.2019.117182.

Alcalá, S., Ocaña, M. T., Cárdenas, J. R., Miquel, M.Á., Vilar, J., Espínola, F., et al. (2017).
Alkyl esters content and other quality parameters in oil mill: A response surface
methodology study. European Journal of Lipid Science and Technology, 119, 1600026.
https://doi.org/10.1002/ejlt.201600026.

Alu’datt, M. H., Rababah, T., Alhamad, M. N., Al-Mahasneh, M. A., Almajwal, A.,
Gammoh, S., et al. (2017). A review of phenolic compounds in oil-bearing plants:
Distribution, identification and occurrence of phenolic compounds. Food Chemistry,
218, 99–106. https://doi.org/10.1016/j.foodchem.2016.09.057.

Anniva, C., Grigoriadou, D., Psomiadou, E., & Tsimidou, M. Z. (2006). Pheophytin α
degradation products as useful indices in the quality control of virgin olive oil.
Journal of the American Oil Chemists Society, 83, 371–375. https://doi.org/10.1007/
s11746-006-1215-x.

Aparicio Ruiz, R., Tena, N., Romero, I., Aparicio, R., García González, D. L., & Morales, M.
T. (2017b). Predicting extra virgin olive oil freshness during storage by fluorescence
spectroscopy. Grasas Y Aceites, 68, e219. https://doi.org/10.3989/gya.0332171.

Aparicio-Ruiz, R., Aparicio, R., & García-González, D. L. (2014). Does “Best Before” date
embody extra-virgin olive oil freshness? Journal of Agricultural and Food Chemistry,
62, 554–556. https://doi.org/10.1021/jf405220d.

Aparicio-Ruiz, R., & Gandul-Rojas, B. (2012). Thermal degradation kinetics of neox-
anthin, violaxanthin, and antheraxanthin in virgin olive oils. Journal of Agricultural
and Food Chemistry, 60, 5180–5191. https://doi.org/10.1021/jf300332m.

Aparicio-Ruiz, R., & Gandul-Rojas, B. (2014). Decoloration kinetics of chlorophylls and
carotenoids in virgin olive oil by autoxidation. Food Research International, 65,
199–206. https://doi.org/10.1016/j.foodres.2014.05.046.

Aparicio-Ruiz, R., Mínguez-Mosquera, M. I., & Gandul-Rojas, B. (2011). Thermal de-
gradation kinetics of lutein, β-carotene and β-cryptoxanthin in virgin olive oils.
Journal of Food Composition and Analysis, 24, 811–820. https://doi.org/10.1016/j.
jfca.2011.04.009.

Aparicio-Ruiz, R., Mínguez-Mosquera, M. I., & Gandul-Rojas, B. (2010). Thermal de-
gradation kinetics of chlorophyll pigments in virgin olive oils. 1. Compounds of series
a. Journal of Agricultural and Food Chemistry, 58, 6200–6208. https://doi.org/10.
1021/jf9043937.

Aparicio-Ruiz, R., Roca, M., & Gandul-Rojas, B. (2012). Mathematical model to predict
the formation of pyropheophytin a in virgin olive oil during storage. Journal of
Agricultural and Food Chemistry, 60, 7040–7049. https://doi.org/10.1021/jf3010965.

Aparicio-Ruiz, R., Romero, I., García-González, D. L., Oliver-Pozo, C., & Aparicio, R.
(2017a). Soft-deodorization of virgin olive oil: Study of the changes of quality and
chemical composition. Food Chemistry, 220, 42–50. https://doi.org/10.1016/j.
foodchem.2016.09.176.

Aparicio, R., Conte, L. S., & Fiebig, H.-J. (2013). Olive oil authentication. In R. Aparicio, &
J. L. Harwood (Eds.). Handbook of olive oil: Analysis and properties (pp. 589–653). New
York: Springer.

Aparicio, R., Morales, M. T., Aparicio-Ruiz, R., Tena, N., & García-González, D. L. (2013).
Authenticity of olive oil: Mapping and comparing official methods and promising
alternatives. Food Research International, 54, 2025–2038. https://doi.org/10.1016/j.
foodres.2013.07.039.

Arabameri, M., Nazari, R. R., Abdolshahi, A., Abdollahzadeh, M., Mirzamohammadi, S.,
Shariatifar, N., et al. (2019). Oxidative stability of virgin olive oil: Evaluation and
prediction with an adaptive neuro‐fuzzy inference system (ANFIS). Journal of the
Science of Food and Agriculture, 99, 5358–5367. https://doi.org/10.1002/jsfa.9777.

Aroca-Santos, R., Cancilla, J. C., Pérez-Pérez, A., Moral, A., & Torrecilla, J. S. (2016).

Quantifying binary and ternary mixtures of monovarietal extra virgin olive oils with
UV–vis absorption and chemometrics. Sensors and Actuators B: Chemical, 234,
115–121. https://doi.org/10.1016/j.snb.2016.04.094.

Arrizabalaga-Larrañaga, A., Rodríguez, P., Medina, M., Santos, F. J., & Moyano, E. (2019).
Simultaneous analysis of natural pigments and E-141i in olive oils by liquid chro-
matography–tandem mass spectrometry. Analytical and Bioanalytical Chemistry, 411,
5577–5591. https://doi.org/10.1007/s00216-019-01939-3.

Arvanitoyannis, I. S., & Vlachos, A. (2007). Implementation of physicochemical and
sensory analysis in conjunction with multivariate analysis towards assessing olive oil
authentication/adulteration. Critical Reviews in Food Science and Nutrition, 47,
441–498. https://doi.org/10.1080/10408390600846325.

Ayuso, J., Haro, M. R., & Escolar, D. (2004). Simulation of the visible spectra for edible
virgin olive oils: Potential uses. Applied Spectroscopy, 58, 474–480. https://doi.org/
10.1366/000370204773580347.

Ayyad, Z., Valli, E., Bendini, A., Adrover-Obrador, S., Femenia, A., & Gallina Toschi, T.
(2015). Extra virgin olive oil stored in different conditions: Focus on diglycerides.
Italian Journal of Food Science, 27, 166–172. https://doi.org/10.14674/1120-1770/
ijfs.v183.

Azizian, H., Wang, S. C., Li, X., & Kramer, J. K. G. (2018). Improvement of the fourier
transform near infrared method to evaluate extra virgin olive oils by analyzing 1,
2‐diacylglycerols and 1, 3‐diacylglycerols and adding unesterified fatty acids. Lipids,
53, 1097–1112. https://doi.org/10.1002/lipd.12113.

Bajoub, A., Bendini, A., Fernández-Gutiérrez, A., & Carrasco-Pancorbo, A. (2018). Olive
oil authentication: A comparative analysis of regulatory frameworks with especial
emphasis on quality and authenticity indices, and recent analytical techniques de-
veloped for their assessment. A review. Critical Reviews in Food Science and Nutrition,
58, 832–857. https://doi.org/10.1080/10408398.2016.1225666.

Beltran, G., Bejaoui, M. A., Jimenez, A., & Sanchez-Ortiz, A. (2015). Ethanol in olive Fruit.
Changes during ripening. Journal of Agricultural and Food Chemistry, 63, 5309–5312.
https://doi.org/10.1021/acs.jafc.5b01453.

Beltran, G., Sánchez, R., Sánchez‐Ortiz, A., Aguilera, M. P., Bejaoui, M. A., & Jimenez, A.
(2016). How ‘ground‐picked’olive fruits affect virgin olive oil ethanol content, ethyl
esters and quality. Journal of the Science of Food and Agriculture, 96, 3801–3806.
https://doi.org/10.1002/jsfa.7573.

Ben-Ayed, R., Kamoun‐Grati, N., & Rebai, A. (2013). An overview of the authentication of
olive tree and oil. Comprehensive Reviews in Food Science and Food Safety, 12, 218–227.
https://doi.org/10.1111/1541-4337.12003.

Berardinelli, A., Ragni, L., Bendini, A., Valli, E., Conte, L., Guarnieri, A., et al. (2013).
Rapid screening of fatty acid alkyl esters in olive oils by time domain reflectometry.
Journal of Agricultural and Food Chemistry, 61, 10919–10924. https://doi.org/10.
1021/jf402872m.

Biedermann, M., Bongartz, A., Mariani, C., & Grob, K. (2008). Fatty acid methyl and ethyl
esters as well as wax esters for evaluating the quality of olive oils. European Food
Research and Technology, 228, 65–74. https://doi.org/10.1007/s00217-008-0907-x.

Boggia, R., Borgogni, C., Hysenaj, V., Leardi, R., & Zunin, P. (2014). Direct GC–(EI) MS
determination of fatty acid alkyl esters in olive oils. Talanta, 119, 60–67. https://doi.
org/10.1016/j.talanta.2013.10.055.

Borello, E., & Domenici, V. (2019). Determination of pigments in virgin and extra-virgin
olive oils: A comparison between two near UV-vis spectroscopic techniques. Foods, 8,
18. https://doi.org/10.3390/foods8010018.

Boskou, D. (2008). Olive oil: Minor constituents and health. Boca Raton, Florida, USA: CRC
Press.

Boskou, D. (2015). Olive and olive oil bioactive constituents. Amsterdam: Elsevier.
Bremer, M. G. E. G., Smits, N. G. E., & Haasnoot, W. (2009). Biosensor immunoassay for

traces of hazelnut protein in olive oil. Analytical and Bioanalytical Chemistry, 395,
119–126. https://doi.org/10.1007/s00216-009-2720-1.

California Department of Food and Agriculture (2014). Grade and labeling standards for
olive oil, refined-olive oil and olive-pomace oil. http://www.cdfa.ca.gov/mkt/mkt/pdf/
CA_Olive_Oil_Standards.pdf, Accessed date: 9 September 2018.

Camerlingo, C., Portaccio, M., Delfino, I., & Lepore, M. (2019). Surface-enhanced Raman
spectroscopy for monitoring extravirgin olive oil bioactive components. Journal of
Chemistry, 2019, 9537419. https://doi.org/10.1155/2019/9537419.

Caponio, F., Paradiso, V. M., Bilancia, M. T., Summo, C., Pasqualone, A., & Gomes, T.
(2013). Diacylglycerol isomers in extra virgin olive oil: Effect of different storage
conditions. Food Chemistry, 140, 772–776. https://doi.org/10.1016/j.foodchem.
2012.10.120.

Caponio, F., Squeo, G., Curci, M., Silletti, R., Paradiso, V. M., Summo, C., et al. (2018).
Calcium carbonate effect on alkyl esters and enzymatic activities during olive pro-
cessing. Italian Journal of Food Science, 30, 381–392. https://doi.org/10.14674/IJFS-
1087.

Cayuela, J. A. (2017). Rapid NIR determination of alkyl esters in virgin olive oil. Grasas Y
Aceites, 68, e195. https://doi.org/10.3989/gya.1275162.

Cayuela, J. A., Yousfi, K., Martínez, M. C., & García, J. M. (2014). Rapid determination of
olive oil chlorophylls and carotenoids by using visible spectroscopy. Journal of the
American Oil Chemists Society, 91, 1677–1684. https://doi.org/10.1007/s11746-014-
2515-1.

Cerretani, L., Motilva, M. J., Romero, M. P., Bendini, A., & Lercker, G. (2008). Pigment
profile and chromatic parameters of monovarietal virgin olive oils from different
Italian cultivars. European Food Research and Technology, 226, 1251–1258. https://
doi.org/10.1007/s00217-007-0651-7.

Cichelli, A., & Pertesana, G. P. (2004). High-performance liquid chromatographic analysis
of chlorophylls, pheophytins and carotenoids in virgin olive oils: Chemometric ap-
proach to variety classification. Journal of Chromatography A, 1046, 141–146. https://
doi.org/10.1016/j.chroma.2004.06.093.

Circi, S., Ingallina, C., Vista, S., Capitani, D., Di Vecchia, A., Leonardi, G., et al. (2018). A
multi-methodological protocol to characterize PDO olive oils. Metabolites, 8, 43.

O. Uncu and B. Ozen Trends in Food Science & Technology 100 (2020) 164–176

173

https://doi.org/10.1016/j.talanta.2009.11.024
https://doi.org/10.1016/j.talanta.2009.11.024
https://doi.org/10.1016/j.saa.2019.117182
https://doi.org/10.1002/ejlt.201600026
https://doi.org/10.1016/j.foodchem.2016.09.057
https://doi.org/10.1007/s11746-006-1215-x
https://doi.org/10.1007/s11746-006-1215-x
https://doi.org/10.3989/gya.0332171
https://doi.org/10.1021/jf405220d
https://doi.org/10.1021/jf300332m
https://doi.org/10.1016/j.foodres.2014.05.046
https://doi.org/10.1016/j.jfca.2011.04.009
https://doi.org/10.1016/j.jfca.2011.04.009
https://doi.org/10.1021/jf9043937
https://doi.org/10.1021/jf9043937
https://doi.org/10.1021/jf3010965
https://doi.org/10.1016/j.foodchem.2016.09.176
https://doi.org/10.1016/j.foodchem.2016.09.176
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref14
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref14
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref14
https://doi.org/10.1016/j.foodres.2013.07.039
https://doi.org/10.1016/j.foodres.2013.07.039
https://doi.org/10.1002/jsfa.9777
https://doi.org/10.1016/j.snb.2016.04.094
https://doi.org/10.1007/s00216-019-01939-3
https://doi.org/10.1080/10408390600846325
https://doi.org/10.1366/000370204773580347
https://doi.org/10.1366/000370204773580347
https://doi.org/10.14674/1120-1770/ijfs.v183
https://doi.org/10.14674/1120-1770/ijfs.v183
https://doi.org/10.1002/lipd.12113
https://doi.org/10.1080/10408398.2016.1225666
https://doi.org/10.1021/acs.jafc.5b01453
https://doi.org/10.1002/jsfa.7573
https://doi.org/10.1111/1541-4337.12003
https://doi.org/10.1021/jf402872m
https://doi.org/10.1021/jf402872m
https://doi.org/10.1007/s00217-008-0907-x
https://doi.org/10.1016/j.talanta.2013.10.055
https://doi.org/10.1016/j.talanta.2013.10.055
https://doi.org/10.3390/foods8010018
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref31
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref31
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref32
https://doi.org/10.1007/s00216-009-2720-1
http://www.cdfa.ca.gov/mkt/mkt/pdf/CA_Olive_Oil_Standards.pdf
http://www.cdfa.ca.gov/mkt/mkt/pdf/CA_Olive_Oil_Standards.pdf
https://doi.org/10.1155/2019/9537419
https://doi.org/10.1016/j.foodchem.2012.10.120
https://doi.org/10.1016/j.foodchem.2012.10.120
https://doi.org/10.14674/IJFS-1087
https://doi.org/10.14674/IJFS-1087
https://doi.org/10.3989/gya.1275162
https://doi.org/10.1007/s11746-014-2515-1
https://doi.org/10.1007/s11746-014-2515-1
https://doi.org/10.1007/s00217-007-0651-7
https://doi.org/10.1007/s00217-007-0651-7
https://doi.org/10.1016/j.chroma.2004.06.093
https://doi.org/10.1016/j.chroma.2004.06.093


https://doi.org/10.3390/metabo8030043.
Commission Delegated Regulation (EU) (2016). Commission Delegated Regulation (EU)

No. 2016/2095 of 26 September 2016 amending Regulation (EEC) No. 2568/91 on
the characteristics of olive oil and olive-residue oil and on the relevant methods of
analysis. Official Journal of the European Union, L326, 1–6.

Commission Implementing Regulation (EU) (2012). Commission Implementing
Regulation (EU) No 29/2012 of 13 January 2012 on marketing standards for olive
oil. Official journal of the European Union, L, 12, 14–21.

Commission Implementing Regulation (EU) (2013). Commission Implementing
Regulation (EU) No 1348/2013 of 16 December 2013 amending Regulation (EEC) No
2568/91 on the characteristics of olive oil and olive-residue oil and on the relevant
methods of analysis. Official Journal of the European Union, L338, 31–67.

Commission Regulation (EU) (2011). Commission Regulation (EU) No 61/2011 of 24
January 2011 amending Regulation (EEC) No 2568/91 on the characteristics of olive
oil and olive-residue oil and on the relevant methods of analysis. Official journal of the
European Union, L23, 1–14.

Conte, L., Bendini, A., Valli, E., Lucci, P., Moret, S., Maquet, A., et al. (2019). Olive oil
quality and authenticity: A review of current EU legislation, standards, relevant
methods of analyses, their drawbacks and recommendations for the future. Trends in
Food Science & Technology. https://doi.org/10.1016/j.tifs.2019.02.025 (in press).

Conte, L., Mariani, C., Galliana Toschi, T., & Tagliabue, S. (2014). Alchil esteri e composti
correlati in oli d’oliva vergini: Loro evoluzione nel tempo. Rivista Italiana delle
Sostanze Grasse, 91, 21–29.

Cossignani, L., Luneia, R., Damiani, P., Simonetti, M. S., Riccieri, R., & Tiscornia, E.
(2007). Analysis of isomeric diacylglycerolic classes to evaluate the quality of olive
oil in relation to storage conditions. European Food Research and Technology, 224,
379–383. https://doi.org/10.1007/s00217-006-0327-8.

Costa, R., Bartolomeo, G., Saija, E., Rando, R., Albergamo, A., & Dugo, G. (2017).
Determination of alkyl esters content in PDO extra virgin olive oils from Sicily.
Journal of Food Quality, 3078105. https://doi.org/10.1155/2017/3078105 2017.

Dais, P., & Hatzakis, E. (2013). Quality assessment and authentication of virgin olive oil
by NMR spectroscopy: A critical review. Analytica Chimica Acta, 765, 1–27. https://
doi.org/10.1016/j.aca.2012.12.003.

Dais, P., & Spyros, A. (2007). 31P NMR spectroscopy in the quality control and authen-
tication of extra‐virgin olive oil: A review of recent progress. Magnetic Resonance in
Chemistry, 45, 367–377. https://doi.org/10.1002/mrc.1985.

Del Giovine, L., & Fabietti, F. (2005). Copper chlorophyll in olive oils: Identification and
determination by LIF capillary electrophoresis. Food Control, 16, 267–272. https://
doi.org/10.1016/j.foodcont.2004.03.005.

Deng, N., Cao, N., Li, P., Peng, Y., Li, X., Liu, L., et al. (2018). Microfluidic evaluation of
some edible oil quality based on viscosity and interfacial tensions. International
Journal of Food Science and Technology, 53, 946–953. https://doi.org/10.1111/ijfs.
13667.

Di Loreto, G., Giansante, L., Alfei, B., & Di Giacinto, L. (2014). Alkyl esters and other
indicators for the protection of quality and authenticity of Italian extra virgin oils.
Rivista Italiana delle Sostanze Grasse, 91, 35–45.

Di Serio, M. G., Giansante, L., Di Loreto, G., & Di Giacinto, L. (2018). Shelf life of ex-
tra‐virgin olive oils: First efforts toward a prediction model. Journal of Food Processing
and Preservation, 42, e13663. https://doi.org/10.1111/jfpp.13663.

Di Serio, M. G., Giansante, L., Di Loreto, G., Faberi, A., Ricchetti, L., & Di Giacinto, L.
(2017). Ethyl esters versus fermentative organoleptic defects in virgin olive oil. Food
Chemistry, 219, 33–39. https://doi.org/10.1016/j.foodchem.2016.09.109.

Díaz, G., Pega, J., Primrose, D., Sancho, A. M., & Nanni, M. (2019). Effect of light ex-
posure on functional compounds of monovarietal extra virgin olive oils and oil mixes
during early storage as evaluated by fluorescence spectra. Food Analytical Methods,
12, 2709–2718. https://doi.org/10.1007/s12161-019-01629-x.

Domenici, V., Ancora, D., Cifelli, M., Serani, A., Veracini, C. A., & Zandomeneghi, M.
(2014). Extraction of pigment information from near-UV vis absorption spectra of
extra virgin olive oils. Journal of Agricultural and Food Chemistry, 62, 9317–9325.
https://doi.org/10.1021/jf503818k.

Du, S., Su, M., Jiang, Y., Yu, F., Xu, Y., Lou, X., et al. (2019). Direct discrimination of
edible oil type, oxidation, and adulteration by liquid interfacial surface-enhanced
Raman spectroscopy. ACS Sensors, 4, 1798–1805. https://doi.org/10.1021/
acssensors.9b00354.

European Commission (2013). Workshop on olive oil authentication. https://ec.europa.eu/
agriculture/sites/agriculture/files/events/2013/olive-oil-workshop/newsletter_en.
pdf, Accessed date: 30 November 2019.

Fang, M., Tsai, C. F., Wu, G. Y., Tseng, S. H., Cheng, H. F., Kuo, C. H., et al. (2015).
Identification and quantification of Cu-chlorophyll adulteration of edible oils. Food
Additives and Contaminants: Part B, 8, 157–162. https://doi.org/10.1080/19393210.
2015.1025861.

Fragaki, G., Spyros, A., Siragakis, G., Salivaras, E., & Dais, P. (2005). Detection of extra
virgin olive oil adulteration with lampante olive oil and refined olive oil using nu-
clear magnetic resonance spectroscopy and multivariate statistical analysis. Journal of
Agricultural and Food Chemistry, 53, 2810–2816. https://doi.org/10.1021/jf040279t.

Fronimaki, P., Spyros, A., Christophoridou, S., & Dais, P. (2002). Determination of the
diglyceride content in Greek virgin olive oils and some commercial olive oils by
employing 31P NMR spectroscopy. Journal of Agricultural and Food Chemistry, 50,
2207–2213. https://doi.org/10.1021/jf011380q.

Galeano Díaz, T., Durán Merás, I., Correa, C. A., Roldán, B., & Rodríguez Cáceres, M. I.
(2003). Simultaneous fluorometric determination of chlorophylls a and b and pheo-
phytins a and b in olive oil by partial least-squares calibration. Journal of Agricultural
and Food Chemistry, 51, 6934–6940. https://doi.org/10.1021/jf034456m.

Gallardo-Guerrero, L., Gandul-Rojas, B., Roca, M., & Mínguez-Mosquera, M. I. (2005).
Effect of storage on the original pigment profile of Spanish virgin olive oil. Journal of
the American Oil Chemists Society, 82, 33–39. https://doi.org/10.1007/s11746-005-

1039-8.
Gandul-Rojas, B., Cepero, M. R. L., & Mínguez-Mosquera, M. I. (2000). Use of chlorophyll

and carotenoid pigment composition to determine authenticity of virgin olive oil.
Journal of the American Oil Chemists Society, 77, 853–858. https://doi.org/10.1007/
s11746-000-0136-z.

Gandul-Rojas, B., Roca, M., & Gallardo-Guerrero, L. (2016). Chlorophylls and carotenoids
in food products from olive tree. In D. Boskou, & M. L. Clodoveo (Eds.). Products from
olive tree (pp. 67–98). Rijeka, Croatia: InTech Publisher. https://doi.org/10.5772/
64688.

García González, D. L., Aparicio, R., & Aparicio-Ruiz, R. (2018). Olive oil. In J. F. Morin, &
M. Lees (Eds.). FoodIntegrity handbook: A guide to food authenticity issues and analytical
solutions (pp. 335–357). Nantes, France: Eurofins Analytical France.

García-Vico, L., Belaj, A., León, L., de la Rosa, R., Sanz, C., & Pérez, A. G. (2018). A survey
of ethanol content in virgin olive oil. Food Control, 91, 248–253. https://doi.org/10.
1016/j.foodcont.2018.04.006.

Garcia, R., Martins, N., & Cabrita, M. J. (2013). Putative markers of adulteration of extra
virgin olive oil with refined olive oil: Prospects and limitations. Food Research
International, 54, 2039–2044. https://doi.org/10.1016/j.foodres.2013.05.008.

Garrido-Varo, A., Sánchez, M. T., De la Haba, M. J., Torres, I., & Pérez-Marín, D. (2017).
Fast, low-cost and non-destructive physico-chemical analysis of virgin olive oils using
near-infrared reflectance spectroscopy. Sensors, 17, 2642. https://doi.org/10.3390/
s17112642.

Gertz, C., & Fiebig, H. J. (2006a). Isomeric diacylglycerols–Determination of 1, 2‐and 1,
3‐diacylglycerols in virgin olive oil. European Journal of Lipid Science and Technology,
108, 1066–1069. https://doi.org/10.1002/ejlt.200600165.

Gertz, C., & Fiebig, H. J. (2006b). Pyropheophytin a–Determination of thermal de-
gradation products of chlorophyll a in virgin olive oil. European Journal of Lipid
Science and Technology, 108, 1062–1065. https://doi.org/10.1002/ejlt.200600164.

Giuliani, A., Cerretani, L., & Cichelli, A. (2011). Chlorophylls in olive and in olive oil:
Chemistry and occurrences. Critical Reviews in Food Science and Nutrition, 51,
678–690. https://doi.org/10.1080/10408391003768199.

Gómez-Coca, R. B., Fernandes, G. D., Pérez-Camino, M. C., & Moreda, W. (2016). Fatty
acid ethyl esters (FAEE) in extra virgin olive oil: A case study of a quality parameter.
LWT-Food Science and Technology, 66, 378–383. https://doi.org/10.1016/j.lwt.2015.
10.063.

Gómez-Coca, R. B., Moreda, W., & Pérez-Camino, M. C. (2012). Fatty acid alkyl esters
presence in olive oil vs. organoleptic assessment. Food Chemistry, 135, 1205–1209.
https://doi.org/10.1016/j.foodchem.2012.05.053.

Grompone, M. A., Callejas, N., Martínez, N., Feller, C., Amarillo, M., & Irigaray, B. A.
(2016). Variation of the content of ethyl esters in extra virgin olive oils during their
shelf life. Journal of Food Science and Engineering, 6, 21–25. https://doi.org/10.
17265/2159-5828/2016.01.003.

Guillaume, C., Gertz, C., & Ravetti, L. (2014). Pyropheophytin a and 1,2‐diacyl‐glycerols
over time under different storage conditions in natural olive oils. Journal of the
American Oil Chemists Society, 91, 697–709. https://doi.org/10.1007/s11746-014-
2415-4.

Guillaume, C., & Ravetti, L. (2016). Shelf-life prediction of extra virgin olive oils using an
empirical model based on standard quality tests. Journal of Chemistry, 1–7. https://
doi.org/10.1155/2016/6393962 2016.

Hammami, A., Kuliček, J., & Raouafi, N. (2016). A naphthoquinone/SAM-mediated
biosensor for olive oil polyphenol content. Food Chemistry, 209, 274–278. https://doi.
org/10.1016/j.foodchem.2016.04.073.

Hatzakis, E., Agiomyrgianaki, A., Kostidis, S., & Dais, P. (2011). High-resolution NMR
spectroscopy: An alternative fast tool for qualitative and quantitative analysis of
diacylglycerol (DAG) oil. Journal of the American Oil Chemists Society, 88, 1695–1708.
https://doi.org/10.1007/s11746-011-1848-2.

International Olive Council (IOC) (2010). Method of analysis determination of the content of
waxes, fatty acid methyl esters and fatty acid ethyl esters by capillary gas chromatography.
COI/T.20/Doc. No 28/Rev. 1.

International Olive Council (IOC) (2019). Trade standard applying to olive oils and olive
pomace oils. IOC/T.15/NC No. 3/Rev. 14.

International Organization for Standardization (ISO) (2009a). Vegetable fats and oils:
Isomeric diacylglycerols: Determination of relative amounts of 1,2- and 1,3-diacylglycerols.
ISO 29822:2009.

International Organization for Standardization (ISO) (2009b). Vegetable fats and oils —
determination of the degradation products of chlorophylls a and a′ (pheophytins a, a′and
pyropheophytins). ISO 29841:2009.

Jabeur, H., Drira, M., Rebai, A., & Bouaziz, M. (2017). Putative markers of adulteration of
higher-grade olive oil with less expensive pomace olive oil identified by gas chro-
matography combined with chemometrics. Journal of Agricultural and Food Chemistry,
65, 5375–5383. https://doi.org/10.1021/acs.jafc.7b00687.

Jabeur, H., Zribi, A., Abdelhedi, R., & Bouaziz, M. (2015). Effect of olive storage condi-
tions on Chemlali olive oil quality and the effective role of fatty acids alkyl esters in
checking olive oils authenticity. Food Chemistry, 169, 289–296. https://doi.org/10.
1016/j.foodchem.2014.07.118.

Jiang, X. Y., Li, C., Chen, Q. Q., & Weng, X. C. (2018). Comparison of 19F and 1H NMR
spectroscopy with conventional methods for the detection of extra virgin olive oil
adulteration. Grasas Y Aceites, 69, e249. https://doi.org/10.3989/gya.1221172.

Kamikata, K., Vicente, E., Arisseto-Bragotto, A. P., de Oliveira Miguel, A. M. R., Milani, R.
F., & Tfouni, S. A. V. (2019). Occurrence of 3-MCPD, 2-MCPD and glycidyl esters in
extra virgin olive oils, olive oils and oil blends and correlation with identity and
quality parameters. Food Control, 95, 135–141. https://doi.org/10.1016/j.foodcont.
2018.07.051.

Karabagias, I. K., Badeka, A., Casiello, G., Longobardi, F., & Kontominas, M. G. (2019).
Rapid screening of olive oil cultivar differentiation based on selected physicochem-
ical parameters, pigment content and fatty acid composition using advanced

O. Uncu and B. Ozen Trends in Food Science & Technology 100 (2020) 164–176

174

https://doi.org/10.3390/metabo8030043
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref43
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref43
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref43
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref43
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref44
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref44
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref44
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref45
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref45
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref45
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref45
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref46
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref46
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref46
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref46
https://doi.org/10.1016/j.tifs.2019.02.025
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref48
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref48
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref48
https://doi.org/10.1007/s00217-006-0327-8
https://doi.org/10.1155/2017/3078105
https://doi.org/10.1016/j.aca.2012.12.003
https://doi.org/10.1016/j.aca.2012.12.003
https://doi.org/10.1002/mrc.1985
https://doi.org/10.1016/j.foodcont.2004.03.005
https://doi.org/10.1016/j.foodcont.2004.03.005
https://doi.org/10.1111/ijfs.13667
https://doi.org/10.1111/ijfs.13667
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref55
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref55
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref55
https://doi.org/10.1111/jfpp.13663
https://doi.org/10.1016/j.foodchem.2016.09.109
https://doi.org/10.1007/s12161-019-01629-x
https://doi.org/10.1021/jf503818k
https://doi.org/10.1021/acssensors.9b00354
https://doi.org/10.1021/acssensors.9b00354
https://ec.europa.eu/agriculture/sites/agriculture/files/events/2013/olive-oil-workshop/newsletter_en.pdf
https://ec.europa.eu/agriculture/sites/agriculture/files/events/2013/olive-oil-workshop/newsletter_en.pdf
https://ec.europa.eu/agriculture/sites/agriculture/files/events/2013/olive-oil-workshop/newsletter_en.pdf
https://doi.org/10.1080/19393210.2015.1025861
https://doi.org/10.1080/19393210.2015.1025861
https://doi.org/10.1021/jf040279t
https://doi.org/10.1021/jf011380q
https://doi.org/10.1021/jf034456m
https://doi.org/10.1007/s11746-005-1039-8
https://doi.org/10.1007/s11746-005-1039-8
https://doi.org/10.1007/s11746-000-0136-z
https://doi.org/10.1007/s11746-000-0136-z
https://doi.org/10.5772/64688
https://doi.org/10.5772/64688
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref69
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref69
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref69
https://doi.org/10.1016/j.foodcont.2018.04.006
https://doi.org/10.1016/j.foodcont.2018.04.006
https://doi.org/10.1016/j.foodres.2013.05.008
https://doi.org/10.3390/s17112642
https://doi.org/10.3390/s17112642
https://doi.org/10.1002/ejlt.200600165
https://doi.org/10.1002/ejlt.200600164
https://doi.org/10.1080/10408391003768199
https://doi.org/10.1016/j.lwt.2015.10.063
https://doi.org/10.1016/j.lwt.2015.10.063
https://doi.org/10.1016/j.foodchem.2012.05.053
https://doi.org/10.17265/2159-5828/2016.01.003
https://doi.org/10.17265/2159-5828/2016.01.003
https://doi.org/10.1007/s11746-014-2415-4
https://doi.org/10.1007/s11746-014-2415-4
https://doi.org/10.1155/2016/6393962
https://doi.org/10.1155/2016/6393962
https://doi.org/10.1016/j.foodchem.2016.04.073
https://doi.org/10.1016/j.foodchem.2016.04.073
https://doi.org/10.1007/s11746-011-1848-2
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref83
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref83
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref83
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref84
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref84
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref85
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref85
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref85
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref86
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref86
http://refhub.elsevier.com/S0924-2244(20)30442-8/sref86
https://doi.org/10.1021/acs.jafc.7b00687
https://doi.org/10.1016/j.foodchem.2014.07.118
https://doi.org/10.1016/j.foodchem.2014.07.118
https://doi.org/10.3989/gya.1221172
https://doi.org/10.1016/j.foodcont.2018.07.051
https://doi.org/10.1016/j.foodcont.2018.07.051


chemometrics. European Food Research and Technology, 245, 2027–2038. https://doi.
org/10.1007/s00217-019-03310-3.

Karabagias, I., Michos, C., Badeka, A., Kontakos, S., Stratis, I., & Kontominas, M. G.
(2013). Classification of Western Greek virgin olive oils according to geographical
origin based on chromatographic, spectroscopic, conventional and chemometric
analyses. Food Research International, 54, 1950–1958. https://doi.org/10.1016/j.
foodres.2013.09.023.

Kulling, S., Bunzel, D., Frommherz, L., Molkentin, J., Lehmann, I., Engert, S., et al. (2019).
The setup of the national reference centre for authentic food (NRZ‐Authent) in
Germany. European Journal of Lipid Science and Technology, 121, 1900023. https://
doi.org/10.1002/ejlt.201900023.

Lazzerini, C., Cifelli, M., & Domenici, V. (2016). Pigments in extra-virgin olive oil:
Authenticity and quality. In D. Boskou, & M. L. Clodoveo (Eds.). Products from olive
tree (pp. 99–114). Rijeka, Croatia: InTech Publisher. https://doi.org/10.5772/64736.

Lazzerini, C., Cifelli, M., & Domenici, V. (2017). Pigments in extra virgin olive oils pro-
duced in different mediterranean countries in 2014: Near UV-vis spectroscopy versus
HPLC-DAD. LWT-Food Science and Technology, 84, 586–594. https://doi.org/10.
1016/j.lwt.2017.06.025.

Lazzerini, C., & Domenici, V. (2017). Pigments in extra-virgin olive oils produced in
Tuscany (Italy) in different years. Foods, 6, 25. https://doi.org/10.3390/
foods6040025.

Lian, W. N., Shiue, J., Wang, H. H., Hong, W. C., Shih, P. H., Hsu, C. K., et al. (2015).
Rapid detection of copper chlorophyll in vegetable oils based on surface-enhanced
Raman spectroscopy. Food Additives & Contaminants: Part A, 32, 627–634. https://doi.
org/10.1080/19440049.2015.1014867.

Li, X., Woodman, M., & Wang, S. C. (2015). High‐performance liquid chromatography
with fluorescence detection for the rapid analysis of pheophytins and pyr-
opheophytins in virgin olive oil. Journal of Separation Science, 38, 2813–2818.
https://doi.org/10.1002/jssc.201401240.

Li, Q., Yu, X., Yang, Y., & Liu, X. (2018). Simple determination of diacylglycerols using
thin layer chromatography and visible spectrophotometry. Food Analytical Methods,
11, 236–242. https://doi.org/10.1007/s12161-017-0993-0.

Lozano, V. A., Muñoz de la Peña, A., Durán-Merás, I., Espinosa Mansilla, A., & Escandar,
G. M. (2013). Four-way multivariate calibration using ultra-fast high-performance
liquid chromatography with fluorescence excitation–emission detection. Application
to the direct analysis of chlorophylls a and b and pheophytins a and b in olive oils.
Chemometrics and Intelligent Laboratory Systems, 125, 121–131. https://doi.org/10.
1016/j.chemolab.2013.04.005.

Manzano, J. D., de la Peña, A. M., & Merás, I. D. (2019). Front-face fluorescence combined
with second-order multiway classification, based on polyphenol and chlorophyll
compounds, for virgin olive oil monitoring under different photo-and thermal-oxi-
dation procedures. Food Analytical Methods, 12, 1399–1411. https://doi.org/10.
1007/s12161-019-01471-1.

Mapelli-Brahm, P., Hernanz-Vila, D., Stinco, C. M., Heredia, F. J., & Meléndez-Martínez,
A. J. (2018). Isoprenoids composition and colour to differentiate virgin olive oils
from a specific mill. LWT- Food Science and Technology, 89, 18–23. https://doi.org/
10.1016/j.lwt.2017.10.021.

del Mar Contreras, M., Aparicio, L., & Arce, L. (2020). Usefulness of GC-IMS for rapid
quantitative analysis without sample treatment: Focus on ethanol, one of the po-
tential classification markers of olive oils. LWT- Food Science and Technology, 120,
108897. https://doi.org/10.1016/j.lwt.2019.108897.

Mateos, R., & García-Mesa, J. A. (2006). Rapid and quantitative extraction method for the
determination of chlorophylls and carotenoids in olive oil by high-performance liquid
chromatography. Analytical and Bioanalytical Chemistry, 385, 1247–1254. https://doi.
org/10.1007/s00216-006-0472-8.

McIntosh, C., Sherman, S., Napoli, M. T., Turner, K., Bamieh, B., & Pennathur, S. (2016).
Olive oil density characterization through microfluidic detection using acoustic sig-
natures (MIDAS). Analytical Methods, 8, 7673–7677. https://doi.org/10.1039/
C6AY02074G.

Minguez-Mosquera, M. I., Gandul-Rojas, B., & Gallardo-Guerrero, M. L. (1992). Rapid
method of quantification of chlorophylls and carotenoids in virgin olive oil by high-
performance liquid chromatography. Journal of Agricultural and Food Chemistry, 40,
60–63. https://doi.org/10.1021/jf00013a012.

Mínguez-Mosquera, M. I., Rejano‐Navarro, L., Gandul‐Rojas, B., Sánchez Gómez, A. H., &
Garrido‐Fernandez, J. (1991). Color‐pigment correlation in virgin olive oil. Journal of
the American Oil Chemists Society, 68, 332–336. https://doi.org/10.1007/
BF02657688.

Montealegre, C., Alegre, M. L. M., & García-Ruiz, C. (2010). Traceability markers to the
botanical origin in olive oils. Journal of Agricultural and Food Chemistry, 58, 28–38.
https://doi.org/10.1021/jf902619z.

Nguyen, K. H., & Fromberg, A. (2020). Monochloropropanediol and glycidyl esters in
infant formula and baby food products on the Danish market: Occurrence and pre-
liminary risk assessment. Food Control, 110, 106980. https://doi.org/10.1016/j.
foodcont.2019.106980.

Olmo-García, L., Polari, J. J., Li, X., Bajoub, A., Fernández-Gutiérrez, A., Wang, S. C., et al.
(2018). Deep insight into the minor fraction of virgin olive oil by using LC-MS and
GC-MS multi-class methodologies. Food Chemistry, 261, 184–193. https://doi.org/10.
1016/j.foodchem.2018.04.006.

Olmo-García, L., Polari, J. J., Li, X., Bajoub, A., Fernández-Gutiérrez, A., Wang, S. C., et al.
(2019). Study of the minor fraction of virgin olive oil by a multi-class GC–MS ap-
proach: Comprehensive quantitative characterization and varietal discrimination
potential. Food Research International, 125, 108649. https://doi.org/10.1016/j.
foodres.2019.108649.

Özdemir, İ. S., Dag, C., Makuc, D., Ertas, E., Plavec, J., & Bekiroğlu, S. (2018).
Characterisation of the Turkish and Slovenian extra virgin olive oils by chemometric
analysis of the presaturation 1H NMR spectra. LWT-Food Science and Technology, 92,

10–15. https://doi.org/10.1016/j.lwt.2018.02.015.
Parkinson, L., & Keast, R. (2014). Oleocanthal, a phenolic derived from virgin olive oil: A

review of the beneficial effects on inflammatory disease. International Journal of
Molecular Sciences, 15, 12323–12334. https://doi.org/10.3390/ijms150712323.

Pérez-Camino, M. C., Moreda, W., & Cert, A. (2001). Effects of olive fruit quality and oil
storage practices on the diacylglycerol content of virgin olive oils. Journal of
Agricultural and Food Chemistry, 49, 699–704. https://doi.org/10.1021/jf001064w.

Pérez-Camino, M. C., Moreda, W., Mateos, R., & Cert, A. (2002). Determination of esters
of fatty acids with low molecular weight alcohols in olive oils. Journal of Agricultural
and Food Chemistry, 50, 4721–4725. https://doi.org/10.1021/jf025542+.

Petrakis, P. V., Agiomyrgianaki, A., Christophoridou, S., Spyros, A., & Dais, P. (2008).
Geographical characterization of Greek virgin olive oils (Cv. Koroneiki) using 1H and
31P NMR fingerprinting with canonical discriminant analysis and classification
binary trees. Journal of Agricultural and Food Chemistry, 56, 3200–3207. https://doi.
org/10.1021/jf072957s.

Pérez-Camino, M. D. C., Cert, A., Romero-Segura, A., Cert-Trujillo, R., & Moreda, W.
(2008). Alkyl esters of fatty acids a useful tool to detect soft deodorized olive oils.
Journal of Agricultural and Food Chemistry, 56, 6740–6744. https://doi.org/10.1021/
jf801131b.

Piscopo, A., De Bruno, A., Zappia, A., Ventre, C., & Poiana, M. (2016). Characterization of
monovarietal olive oils obtained from mills of Calabria region (Southern Italy). Food
Chemistry, 213, 313–318. https://doi.org/10.1016/j.foodchem.2016.06.080.

Portarena, S., Anselmi, C., Zadra, C., Farinelli, D., Famiani, F., Baldacchini, C., et al.
(2019). Cultivar discrimination, fatty acid profile and carotenoid characterization of
monovarietal olive oils by Raman spectroscopy at a single glance. Food Control, 96,
137–145. https://doi.org/10.1016/j.foodcont.2018.09.011.

Portarena, S., Baldacchini, C., & Brugnoli, E. (2017). Geographical discrimination of
extra-virgin olive oils from the Italian coasts by combining stable isotope data and
carotenoid content within a multivariate analysis. Food Chemistry, 215, 1–6. https://
doi.org/10.1016/j.foodchem.2016.07.135.

Purcaro, G., Barp, L., & Conte, L. (2015). Comparison of different injection modes in
edible oil minor components analysis. Journal of Separation Science, 38, 2278–2285.
https://doi.org/10.1002/jssc.201401242.

Ramos, K. C., Contreras, L. F. O., & Macías, M. D. P. C. (2020). Lab-on-a-chip extraction of
phenolic compounds from extra virgin olive oil. Food Analytical Methods, 13, 21–34.
https://doi.org/10.1007/s12161-019-01492-w.

Reboredo-Rodríguez, P., González-Barreiro, C., Cancho-Grande, B., Valli, E., Bendini, A.,
Toschi, T. G., et al. (2016). Characterization of virgin olive oils produced with au-
tochthonous Galician varieties. Food Chemistry, 212, 162–171. https://doi.org/10.
1016/j.foodchem.2016.05.135.

Roca, M., Gallardo-Guerrero, L., Mínguez-Mosquera, M. I., & Gandul Rojas, B. (2010).
Control of olive oil adulteration with copper− chlorophyll derivatives. Journal of
Agricultural and Food Chemistry, 58, 51–56. https://doi.org/10.1021/jf902084d.

Roca, M., Gandul‐Rojas, B., Gallardo‐Guerrero, L., & Mínguez‐Mosquera, M. I. (2003).
Pigment parameters determining Spanish virgin olive oil authenticity: Stability
during storage. Journal of the American Oil Chemists Society, 80, 1237–1240. https://
doi.org/10.1007/s11746-003-0848-0.

Salvo, A., Rotondo, A., La Torre, G. L., Cicero, N., & Dugo, G. (2017). Determination of 1,
2/1, 3-diglycerides in Sicilian extra-virgin olive oils by 1H-NMR over a one-year
storage period. Natural Product Research, 31, 822–828. https://doi.org/10.1080/
14786419.2016.1247084.

Seppanen, C. M., Rahmani, M., & Csallany, A. S. (2003). Simultaneous determination of
chlorophylls, pheophytins, β‐carotene, tocopherols, and tocotrienols in olive and
soybean oils by high‐performance liquid chromatography. Journal of Food Science, 68,
1644–1647. https://doi.org/10.1111/j.1365-2621.2003.tb12306.x.

Spyros, A., Philippidis, A., & Dais, P. (2004). Kinetics of diglyceride formation and iso-
merization in virgin olive oils by employing 31P NMR spectroscopy. Formulation of a
quantitative measure to assess olive oil storage history. Journal of Agricultural and
Food Chemistry, 52, 157–164. https://doi.org/10.1021/jf030586j.

Squeo, G., Grassi, S., Paradiso, V. M., Alamprese, C., & Caponio, F. (2019). FT-IR extra
virgin olive oil classification based on ethyl ester content. Food Control, 102,
149–156. https://doi.org/10.1016/j.foodcont.2019.03.027.

Squeo, G., Silletti, R., Summo, C., Paradiso, V. M., Pasqualone, A., & Caponio, F. (2017).
Fatty acids methyl and ethyl esters behaviour during olives processing by means of
technological coadjuvants. Italian Journal of Food Science, 29, 370–376. https://doi.
org/10.14674/1120-1770/ijfs.v747.

Standards Australia (2011). Australian standard olive oils and olive-pomace oils. www.
aph.gov.au/DocumentStore.ashx?id=ca0c9dd8-b5ee-45fa-b7e3-3078219d7be9,
Accessed date: 9 September 2018.

Taamalli, A., Gómez-Caravaca, A. M., Zarrouk, M., Segura-Carretero, A., & Fernández-
Gutiérrez, A. (2010). Determination of apolar and minor polar compounds and other
chemical parameters for the discrimination of six different varieties of Tunisian extra-
virgin olive oil cultivated in their traditional growing area. European Food Research
and Technology, 231, 965–975. https://doi.org/10.1007/s00217-010-1350-3.

Tena, N., Aparicio, R., & García-González, D. L. (2012). Chemical changes of thermo-
xidized virgin olive oil determined by excitation–emission fluorescence spectroscopy
(EEFS). Food Research International, 45, 103–108. https://doi.org/10.1016/j.foodres.
2011.10.015.

Tena, N., Wang, S. C., Aparicio-Ruiz, R., García-González, D. L., & Aparicio, R. (2015). In-
depth assessment of analytical methods for olive oil purity, safety, and quality
characterization. Journal of Agricultural and Food Chemistry, 63, 4509–4526. https://
doi.org/10.1021/jf5062265.

Torrecilla, J. S., Vidal, S., Aroca-Santos, R., Wang, S. C., & Cancilla, J. C. (2015).
Spectroscopic determination of the photodegradation of monovarietal extra virgin
olive oils and their binary mixtures through intelligent systems. Talanta, 144,
363–368. https://doi.org/10.1016/j.talanta.2015.06.042.

O. Uncu and B. Ozen Trends in Food Science & Technology 100 (2020) 164–176

175

https://doi.org/10.1007/s00217-019-03310-3
https://doi.org/10.1007/s00217-019-03310-3
https://doi.org/10.1016/j.foodres.2013.09.023
https://doi.org/10.1016/j.foodres.2013.09.023
https://doi.org/10.1002/ejlt.201900023
https://doi.org/10.1002/ejlt.201900023
https://doi.org/10.5772/64736
https://doi.org/10.1016/j.lwt.2017.06.025
https://doi.org/10.1016/j.lwt.2017.06.025
https://doi.org/10.3390/foods6040025
https://doi.org/10.3390/foods6040025
https://doi.org/10.1080/19440049.2015.1014867
https://doi.org/10.1080/19440049.2015.1014867
https://doi.org/10.1002/jssc.201401240
https://doi.org/10.1007/s12161-017-0993-0
https://doi.org/10.1016/j.chemolab.2013.04.005
https://doi.org/10.1016/j.chemolab.2013.04.005
https://doi.org/10.1007/s12161-019-01471-1
https://doi.org/10.1007/s12161-019-01471-1
https://doi.org/10.1016/j.lwt.2017.10.021
https://doi.org/10.1016/j.lwt.2017.10.021
https://doi.org/10.1016/j.lwt.2019.108897
https://doi.org/10.1007/s00216-006-0472-8
https://doi.org/10.1007/s00216-006-0472-8
https://doi.org/10.1039/C6AY02074G
https://doi.org/10.1039/C6AY02074G
https://doi.org/10.1021/jf00013a012
https://doi.org/10.1007/BF02657688
https://doi.org/10.1007/BF02657688
https://doi.org/10.1021/jf902619z
https://doi.org/10.1016/j.foodcont.2019.106980
https://doi.org/10.1016/j.foodcont.2019.106980
https://doi.org/10.1016/j.foodchem.2018.04.006
https://doi.org/10.1016/j.foodchem.2018.04.006
https://doi.org/10.1016/j.foodres.2019.108649
https://doi.org/10.1016/j.foodres.2019.108649
https://doi.org/10.1016/j.lwt.2018.02.015
https://doi.org/10.3390/ijms150712323
https://doi.org/10.1021/jf001064w
https://doi.org/10.1021/jf025542+0,0,2
https://doi.org/10.1021/jf072957s
https://doi.org/10.1021/jf072957s
https://doi.org/10.1021/jf801131b
https://doi.org/10.1021/jf801131b
https://doi.org/10.1016/j.foodchem.2016.06.080
https://doi.org/10.1016/j.foodcont.2018.09.011
https://doi.org/10.1016/j.foodchem.2016.07.135
https://doi.org/10.1016/j.foodchem.2016.07.135
https://doi.org/10.1002/jssc.201401242
https://doi.org/10.1007/s12161-019-01492-w
https://doi.org/10.1016/j.foodchem.2016.05.135
https://doi.org/10.1016/j.foodchem.2016.05.135
https://doi.org/10.1021/jf902084d
https://doi.org/10.1007/s11746-003-0848-0
https://doi.org/10.1007/s11746-003-0848-0
https://doi.org/10.1080/14786419.2016.1247084
https://doi.org/10.1080/14786419.2016.1247084
https://doi.org/10.1111/j.1365-2621.2003.tb12306.x
https://doi.org/10.1021/jf030586j
https://doi.org/10.1016/j.foodcont.2019.03.027
https://doi.org/10.14674/1120-1770/ijfs.v747
https://doi.org/10.14674/1120-1770/ijfs.v747
http://www.aph.gov.au/DocumentStore.ashx?id=ca0c9dd8-b5ee-45fa-b7e3-3078219d7be9
http://www.aph.gov.au/DocumentStore.ashx?id=ca0c9dd8-b5ee-45fa-b7e3-3078219d7be9
https://doi.org/10.1007/s00217-010-1350-3
https://doi.org/10.1016/j.foodres.2011.10.015
https://doi.org/10.1016/j.foodres.2011.10.015
https://doi.org/10.1021/jf5062265
https://doi.org/10.1021/jf5062265
https://doi.org/10.1016/j.talanta.2015.06.042


Uncu, O., & Ozen, B. (2016). Geographical differentiation of a monovarietal olive oil
using various chemical parameters and mid-infrared spectroscopy. Analytical
Methods, 8, 4872–4880. https://doi.org/10.1039/C6AY01290F.

Uncu, O., & Ozen, B. (2019). A comparative study of mid-infrared, UV-visible and
fluorescence spectroscopy in combination with chemometrics for the detection of
adulteration of fresh olive oils with old olive oils. Food Control, 105, 209–218.
https://doi.org/10.1016/j.foodcont.2019.06.013.

Uncu, O., Ozen, B., & Tokatli, F. (2019). Use of FTIR and UV–visible spectroscopy in
determination of chemical characteristics of olive oils. Talanta, 201, 65–73. https://
doi.org/10.1016/j.talanta.2019.03.116.

Uncu, O., Ozen, B., & Tokatli, F. (2020). Authentication of Turkish olive oils by using
detailed pigment profile and spectroscopic techniques. Journal of the Science of Food
and Agriculture. https://doi.org/10.1002/jsfa.10239 (in press).

Valli, E., Bendini, A., Berardinelli, A., Ragni, L., Riccò, B., Grossi, M., et al. (2016). Rapid
and innovative instrumental approaches for quality and authenticity of olive oils.
European Journal of Lipid Science and Technology, 118, 1601–1619. https://doi.org/
10.1002/ejlt.201600065.

Valli, E., Bendini, A., Maggio, R. M., Cerretani, L., Toschi, T. G., Casiraghi, E., et al.
(2013). Detection of low‐quality extra virgin olive oils by fatty acid alkyl esters
evaluation: A preliminary and fast mid‐infrared spectroscopy discrimination by a
chemometric approach. International Journal of Food Science and Technology, 48,
548–555. https://doi.org/10.1111/j.1365-2621.2012.03220.x.

Vigli, G., Philippidis, A., Spyros, A., & Dais, P. (2003). Classification of edible oils by
employing 31P and 1H NMR spectroscopy in combination with multivariate statistical
analysis. A proposal for the detection of seed oil adulteration in virgin olive oils.
Journal of Agricultural and Food Chemistry, 51, 5715–5722. https://doi.org/10.1021/
jf030100z.

Vlahov, G., Giuliani, A. A., & Del Re, P. (2010). 13C NMR spectroscopy for determining the
acylglycerol positional composition of lampante olive oils. Chemical shift assign-
ments and their dependence on sample concentration. Analytical Methods, 2,

916–923. https://doi.org/10.1039/C0AY00028K.
Wang, H. C., Hou, Y. T., & Hsieh, B. C. (2018). Direct photometric assay for copper

chlorophyll adulterants in edible oil by the aid of an ultraviolet-photobleaching
pretreatment. Journal of Agricultural and Food Chemistry, 66, 8859–8863. https://doi.
org/10.1021/acs.jafc.8b02170.

Wani, T. A., Masoodi, F. A., Gani, A., Baba, W. N., Rahmanian, N., Akhter, R., et al.
(2018). Olive oil and its principal bioactive compound: Hydroxytyrosol–A review of
the recent literature. Trends in Food Science & Technology, 77, 77–90. https://doi.org/
10.1016/j.tifs.2018.05.001.

Weißhaar, R. (2008). Determination of total 3‐chloropropane‐1, 2‐diol (3‐MCPD) in ed-
ible oils by cleavage of MCPD esters with sodium methoxide. European Journal of Lipid
Science and Technology, 110, 183–186. https://doi.org/10.1002/ejlt.200700197.

Willenberg, I., Matthäus, B., & Gertz, C. (2019). A new statistical approach to describe the
quality of extra virgin olive oils using near infrared spectroscopy (NIR) and tradi-
tional analytical parameters. European Journal of Lipid Science and Technology, 121,
1800361. https://doi.org/10.1002/ejlt.201800361.

Yan, J., Oey, S. B., van Leeuwen, S. P., & van Ruth, S. M. (2018). Discrimination of
processing grades of olive oil and other vegetable oils by monochloropropanediol
esters and glycidyl esters. Food Chemistry, 248, 93–100. https://doi.org/10.1016/j.
foodchem.2017.12.025.

Zago, L., Squeo, G., Bertoncini, E. I., Difonzo, G., & Caponio, F. (2019). Chemical and
sensory characterization of Brazilian virgin olive oils. Food Research International,
126, 108588. https://doi.org/10.1016/j.foodres.2019.108588.

Zhou, L. L., Li, C., Weng, X. C., Fang, X. M., & Gu, Z. H. (2015). 19F NMR method for the
determination of quality of virgin olive oil. Grasas Y Aceites, 66, e106. https://doi.
org/10.3989/gya.0242151.

Zhu, H., Clegg, M. S., Shoemaker, C. F., & Wang, S. C. (2013). Characterization of dia-
cylglycerol isomers in edible oils using gas chromatography–ion trap electron ioni-
zation mass spectrometry. Journal of Chromatography A, 1304, 194–202. https://doi.
org/10.1016/j.chroma.2013.06.058.

O. Uncu and B. Ozen Trends in Food Science & Technology 100 (2020) 164–176

176

https://doi.org/10.1039/C6AY01290F
https://doi.org/10.1016/j.foodcont.2019.06.013
https://doi.org/10.1016/j.talanta.2019.03.116
https://doi.org/10.1016/j.talanta.2019.03.116
https://doi.org/10.1002/jsfa.10239
https://doi.org/10.1002/ejlt.201600065
https://doi.org/10.1002/ejlt.201600065
https://doi.org/10.1111/j.1365-2621.2012.03220.x
https://doi.org/10.1021/jf030100z
https://doi.org/10.1021/jf030100z
https://doi.org/10.1039/C0AY00028K
https://doi.org/10.1021/acs.jafc.8b02170
https://doi.org/10.1021/acs.jafc.8b02170
https://doi.org/10.1016/j.tifs.2018.05.001
https://doi.org/10.1016/j.tifs.2018.05.001
https://doi.org/10.1002/ejlt.200700197
https://doi.org/10.1002/ejlt.201800361
https://doi.org/10.1016/j.foodchem.2017.12.025
https://doi.org/10.1016/j.foodchem.2017.12.025
https://doi.org/10.1016/j.foodres.2019.108588
https://doi.org/10.3989/gya.0242151
https://doi.org/10.3989/gya.0242151
https://doi.org/10.1016/j.chroma.2013.06.058
https://doi.org/10.1016/j.chroma.2013.06.058

	Importance of some minor compounds in olive oil authenticity and quality
	Introduction
	Recent problems regarding authentication of olive oils
	Application of minor components in quality and authentication studies
	Fatty acid alkyl esters (FAAEs)
	Diacylglycerols (DAGs) and derivatives
	Color pigments and derivatives

	Conclusion and future trends
	References




