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Abstract: Olive oil is famous due to the nutritional properties and beneficial health effects. The
exceptional properties of virgin (VOO) and extra virgin olive oil (EVOO) are credited to the bioactive
constituents of their polar fraction, the phenolic compounds. The concentration and composition of
biophenols can be influenced by the geographical origin, the cultivar, as well as several agronomic
and technological parameters. In this study, an ultra-high-performance liquid chromatography
coupled to quadrupole-time of flight tandem mass spectrometry (UHPLC-QTOF-MS) method was
used to determine biophenols in Greek EVOOs from five islands originating from the North Aegean
Region (Chios, Fournoi, Ikaria, Lesvos, and Samos) through target and suspect screening. In total,
14 suspect and 5 target compounds were determined in the analyzed EVOOs. The quantitative and
semiquantitative results were compared to investigate discriminations between different regions.
Significant differences were found between the islands based on the overall phenolic content and
the concentration levels of individual compounds, as well. In the case of Lesvos, the territory was
separated in subdivisions (zones), and each zone was studied individually.

Keywords: bioactive compounds; phenolic profile; EVOO; Greek; geographical origin; Lesvos

1. Introduction

Virgin olive oil (VOO) consists mainly of triglycerides, fatty acids, phospholipids,
and sterol esters (>98%). The remaining 1–2% of the VOO composition constitutes the
unsaponifiable fraction and contains more than 200 compounds from different chemical
categories such as hydrocarbons, sterols, aliphatic and triterpenic alcohols, pigments,
tocopherols, phenols, and volatile compounds [1,2]. Among other edible oils, extra virgin
olive oil (EVOO) is unique because of the presence of phenolic compounds, commonly
called biophenols. Due to their chemical diversity, biophenols are classified into five
main classes: (a) phenolic acids; (b) phenolic alcohols; (c) secoiridoids; (d) flavonoids;
(e) lignans [3,4].

It is important to highlight that the biophenols, and mainly the secoiridoids such as
oleuropein aglycone and oleocanthal, are responsible for the organoleptic characteristics
of EVOOs, specifically, the bitter and pungent taste. Moreover, these compounds relate
to the oxidative stability of VOO and contribute to its long shelf life as compared to other
edible vegetable oils [1,5–9]. Another reason for which the biophenols are great of interest
is their biological and pharmacological properties. Phenolics are the main antioxidants in
EVOOs [10]. Compounds of EVOO with strong antioxidant activity are hydroxytyrosol
and oleocanthal [9,11]. Other biophenols that act against oxidative stress are luteolin,
tyrosol, vanillin [12], acetoxypinoresinol, and pinoresinol [11]. Except for their antioxidant
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activity, biophenols exhibit anti-inflammatory, antiviral, and antimicrobial properties, and
contribute to the protection against diseases such as cancer, obesity, diabetes, kidney,
neurodegenerative, and cardiovascular diseases, as well [2,9,13–15].

Biophenols can be influenced by many parameters, for instance, olive variety [16–18],
agronomic factors [19,20], cultivation practices [21], as well as olive oil processing such as
malaxation conditions and type of extraction system [5,22,23]. The phenolic profile and con-
centration levels of individual biophenols are strongly related to the geographical location
where the Olea europaea trees are cultivated [7,24–27]. Therefore, it is crucial to assess the
phenolic profile of EVOOs originating from different regions and distinguish differences
that could lead to their classification in relation to the geographical area. In addition, even
though there are many research publications about the correlation between the biophenols
and the geographical origin for the four of the five major olive oil-producing countries,
specifically, Spain [25,28,29], Italy [30–33], Tunisia [7,24,26,27,34], and Turkey [35,36], the
literature about Greek EVOOs is scarce. To the best of our knowledge, most of the works
have examined Koroneiki mainly from Peloponnese and Crete [37,38], while there are no
available data for Koroneiki, Kolovi, Adramitiani, Throumpa, and other varieties originat-
ing from the North Aegean Region.

For the qualitative and quantitative determination of biophenols in VOOs, the ma-
jority of the analytical methods involve the use of high-performance liquid chromatog-
raphy (HPLC) coupled to a diode array detector (DAD) [4,39–41] or mass spectrometer
(MS) [2,41–45]. High-resolution mass spectrometry (HRMS), due to its high mass accuracy
and sensitivity [46], constitutes a powerful analytical tool for the determination of the bio-
phenols in Greek VOOs/EVOOs [42,47], and different organs of the olive tree such as Greek
olives [48], olive leaves, and drupes [49], using target and nontarget screening workflows.

The main objective of this work was to analyze the phenolic fingerprint of Greek olive
oils from different areas in the Northeastern Aegean Region in order to study differences
related to the geographical origin. For this purpose, 452 EVOOs from the islands of Lesvos,
Samos, Chios, Ikaria, and Fournoi were analyzed with ultra-high performance liquid
chromatography coupled to quadrupole-time of flight tandem mass spectrometry (UHPLC-
QTOF-MS) using target and suspect screening strategies. The identified compounds were
quantified and semiquantified, and the data were evaluated using descriptive statistics
and analysis of variance (ANOVA). The phenolic fingerprints were compared between:
(a) the islands; (b) seven geographical locations of the island of Lesvos. The comparison
was based on the bioactive content and the four most abundant compounds (oleuropein
aglycone, ligstroside aglycone, oleacein, and oleocanthal) in samples. Moreover, the study
focused on differences in the phenolic profile of EVOOs based on the percentage of each
compound in relation to the phenolic content.

2. Materials and Methods
2.1. Chemicals and Standards

Ultrapure water was obtained through a purification system (Millipore Direct-Q UV,
Bedford, MA, USA). Formic acid, of LC-MS grade, and ammonium acetate ≥99% were
obtained from Fluka (Buchs, Switzerland). Sodium hydroxide >99% and methanol, of
LC-MS grade, were acquired from Merck (Darmstadt, Germany). 2-propanol was acquired
from Fisher Scientific (Geel, Belgium).

All standards had an analytical grade ≥95%. Epicatechin, ferulic acid, gallic acid,
homovanillic acid, oleuropein, pinoresinol, p-coumaric acid, and syringaldehyde were
purchased from Sigma-Aldrich (Steinheim, Germany). Apigenin, caffeic acid, tyrosol, and
vanillin were acquired from Alfa Aesar (Karlsruhe, Germany). Luteolin and hydroxytyrosol
were purchased from Santa Cruz Biotechnologies (Heidelberg, Germany). Syringic acid was
obtained from Extrasynthèse (Genay, France). Stock solutions for each analyte (1000 mg/L)
were dissolved in methanol and stored at −20 ◦C. Mixed standard working solutions
were prepared every laboratory day diluting the stock solutions with water:methanol
(20:80, v/v).
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2.2. Instrumentation

A UHPLC system consisting of an HPG 3400 pump (Dionex UltiMate 3000 RSLC,
Thermo Fisher Scientific, Germany) in combination with a QTOF mass spectrometer (Maxis
Impact, Bruker Daltonics, Bremen, Germany) was used. An Acclaim RSLC C18 column
(2.1 × 100 mm, 2.2 µm) obtained from Thermo Fisher Scientific (Dreieich, Germany) was
utilized at 30 ◦C for the analysis, equipped with an ACQUITY UPLC BEH C18 1.7 µm,
VanGuard precolumn (Waters, Dublin, Ireland). The mobile phase consisted of: (a) 5 mM of
ammonium acetate in methanol, (b) 5 mM of ammonium acetate in water:methanol (90:10,
v/v). The gradient program lasting 20 min is presented in Supplementary Material Table S1.

As for the MS parameters, the electrospray negative ionization (ESI –) mode was
applied. The capillary voltage was set at 3500 V, the nebulizer pressure was 2 bar (N2), the
end plate offset was set at 500 V, the drying gas flow rate was equal to 8 L/min (N2), and
the drying temperature was set at 200 ◦C. A cluster solution consisting of 10 mM of sodium
formate in a mixture of 2-propanol:water (1:1, v/v) was used for external calibration. Addi-
tionally, for internal calibration, the cluster solution was injected at the beginning of each
run, in a segment between 0.1 and 0.25 min. Full scan mass spectra, with a scan rate of
2 Hz, were recorded in the range between 50 and 1000 m/z. MS/MS data were collected
using the data-dependent acquisition mode based on the fragmentation of the five most
abundant precursor ions per scan (AutoMS, otofControl, Bruker Daltonics). The instru-
ment provided a typical resolving power (full-width at half-maximum, FWHM) between
36,000 and 40,000 at m/z 226.1593, 430.9137, and 702.8636.

2.3. Samples

All samples were acquired from the Northeastern Aegean islands of Chios, Fournoi,
Ikaria, Lesvos, and Samos during the harvesting period 2017–2018. Overall, 452 Greek
EVOOs were gathered. Table S2 summarizes the main olive tree varieties and the number
of EVOO samples for each island. In the case of Lesvos, due to the size of the island and
increased number of samples, the island was divided into 7 geographical zones (Figure 1)
based on the location where the olive trees were cultivated. Table S3 presents the number
of samples corresponding to each zone. After collection, the samples were stored at 4 ◦C
throughout the study.
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Figure 1. Map of Lesvos indicating the geographical areas (zones) of the island.

2.4. Sample Preparation and Quality Control

A validated in-house liquid–liquid extraction (LLE) method [50] was used to isolate
the biophenols from the EVOOs. First, 0.5 g of the sample was weighed in an Eppendorf
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tube and spiked with internal standard (syringaldehyde) at a concentration of 1.3 mg/L.
For the extraction, 0.5 mL of water:methanol (20:80, v/v) was used. Then, the mixture was
vortexed for 2 min and centrifuged for 5 min at 13,400 rpm. In the next step, the upper
phase was filtered through a 0.22 µm filter (CHROMAFIL® RC, Macherey-Nagel, Düren,
Germany). The extract was kept at −80 ◦C prior to analysis. Then, 5 µL of this solution
was injected into the analytical system.

In order to ensure the accuracy and reliability of the results, quality control (QC) was
performed using a mixture of the standards apigenin, vanillin, oleuropein, tyrosol, and
hydroxytyrosol at a concentration of 1 mg/L. At the beginning of the analysis, the mixture
of these compounds was injected six times for conditioning of the equipment, and then it
was injected every ten injections during the analysis. The results of QC, specifically, the
% relative standard deviation (%RSD) for the peak areas, retention time (tR), and ∆m errors
(n = 12) of these five analytes for one laboratory day are presented in Table S4, proving
the good performance of the instrument during the analysis. A procedural blank was also
prepared in order to detect any potential contamination.

2.5. Target and Suspect Screening—Data Processing

A large number of biophenols were identified in EVOO and other organs of Olea europaea
such as olive leaves, drupes, stems, and roots [2,12,25,51–56]. In this work, the study
focused on the biophenols identified in VOO in the previous work of our group [42]. For
this purpose, a target list of 14 biophenols and a suspect list of 15 bioactive compounds were
used and can be found in Tables S5 and S6, respectively. The tables include information for
the compounds such as the molecular formula, m/z, tR, and MS/MS fragments, as referred
by Kalogiouri et al. [42].

The data were processed via Bruker software, TASQ 1.4 and DataAnalysis 4.4. The
determination of the compounds was based on mass accuracy, retention time, isotopic
pattern, and MS/MS fragmentation. In particular, extracted ion chromatograms (EICs)
were acquired, and the following parameters were applied in the case of target screen-
ing: mass accuracy ≤ 2.5 mDa, tolerance of the retention time below ±0.2 min, isotopic
fit ≤ 100 mSigma, ion intensity ≥ 500, peak area ≥ 2000, and signal-to-noise (S/N) ≤ 3.
In the case of suspect screening, the parameters applied were: mass accuracy ≤ 2.5 mDa,
ion intensity ≥ 800, peak area ≥ 3000, and isotopic fit ≤ 100 mSigma. The experimental tR
of each analyte was compared with the tR found in VOO samples (Table S6) according to
Kalogiouri et al. [42], and the difference was set not to exceed ±0.2 min. In both cases, target
and suspect screening, the m/z fragments presented in Tables S5 and S6 were compared
with the experimental m/z fragments in the MS/MS spectrums of samples.

2.6. Statistical Analysis

ANOVA was applied using the Data Analysis tool of Microsoft Excel (Microsoft,
Redmond, WA, USA). One-way ANOVA was performed to identify statistically significant
differences, comparing the results at a 95% confidence level.

3. Results and Discussion
3.1. Target and Suspect Screening Results

From the initial target list of 14 compounds (Table S5), five biophenols were deter-
mined in the EVOOs: hydroxytyrosol and tyrosol from the group of phenolic alcohols, and
luteolin and apigenin from the group of flavonoids and the lignan pinoresinol. The target
screening results are summarized in Table 1.

Fourteen suspect compounds were determined in the EVOOs. From the initial suspect
list (Table S6), only the secoiridoid oleoside was not detected. The suspect screening results
are summarized in Table 2.
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Table 1. Results of target screening for EVOOs.

Analyte Molecular
Formula

m/z [M–H]−
Theoretical

m/z [M–H]−
Experimental

tR Standard
(min) ∆tR (min)

Phenolic alcohols
HydroxytyrosolC8H10O3 153.0557 153.0555 3.53 −0.01

Tyrosol C8H10O2 137.0608 137.0607 4.07 +0.02
Flavonoids

Apigenin C15H10O5 269.0455 269.0455 8.24 −0.03
Luteolin C15H10O6 285.0404 285.0405 7.55 −0.04

Lignans
Pinoresinol C20H22O6 357.1343 357.1341 6.49 +0.01

Table 2. Results of suspect screening for EVOOs.

Analyte Molecular
Formula

m/z [M–H]−
Calculated

m/z [M–H]−
Experimental tR (min) ∆tR (min)

Phenolic alcohols
Hydroxytyrosol acetate C10H12O4 195.0663 195.0663 6.71 +0.07

Secoiridoids
Decarboxymethyl

ligstroside aglycone
(Oleocanthal)

C17H20O5 303.1237 303.1236 6.42 +0.02

Decarboxymethyl
oleuropein aglycone

(Oleacein)
C17H20O6 319.1187 319.1185 5.61 +0.04

10-Hydroxy-10-methyl
oleuropein aglycone C20H24O9 407.1347 407.1347 6.71 +0.04

10-Hydroxy
decarboxymethyl

oleuropein aglycone
C17H20O7 335.1136 335.1135 4.28 +0.16

10-Hydroxy oleuropein
aglycone C19H22O9 393.1191 393.1190 4.82 −0.12

Ligstroside aglycone C19H22O7 361.1292 361.1291 6.63 +0.06
Methyl oleuropein

Aglycone C20H24O8 391.1398 391.1396 7.51 +0.12

Oleuropein aglycone C19H22O8 377.1241 377.1240 7.29 +0.07
Lignans

1-Acetoxypinoresinol C22H24O8 415.1398 415.1397 6.42 +0.08
1-Hydroxypinoresinol C20H22O7 373.1292 373.1290 6.39 +0.02

Syringaresinol C22H26O8 417.1554 417.1557 6.18 +0.01
Other compounds

Elenolic acid C11H14O6 241.0717 241.0716 4.51 −0.05
Hydroxylated form of

elenolic acid C11H14O7 257.0667 257.0663 1.36 +0.01

3.2. Quantification and Semiquantification Results

Standard calibration curves were prepared for the quantification or semiquantification
of the biophenols detected in the EVOOs using commercial standards. Mixed standard
working solutions of 0.1, 1.0, 2.5, 5, 8, 10, and 12 mg/L were prepared every day. Indicative
normalized standard calibration curves (on the basis of 1.3 mg/L of syringaldehyde)
constructed for tyrosol, hydroxytyrosol, oleuropein, apigenin, luteolin, and pinoresinol for
one laboratory day are presented in Table S7.

Based on the results of target screening (Table 1), standard calibration curves of
apigenin, luteolin, pinoresinol, tyrosol, and hydroxytyrosol were used to calculate the
concentrations in the EVOOs. Regarding the suspect compounds, due to the absence of
commercially available standards, the lignans syringaresinol, 1-hydroxypinoresinol, and
1-acetoxypinoresinol were quantified with the calibration curve of pinoresinol;
10-hydroxy decarboxymethyl oleuropein aglycone, oleocanthal, oleacein, hydroxytyrosol
acetate, elenolic acid, and its hydroxylated form were quantified with the calibration curve
of hydroxytyrosol; ligstroside aglycone, oleuropein aglycone, 10-hydoxy-10-methyl oleu-
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ropein aglycone, methyl oleuropein aglycone, and 10-hydroxy oleuropein aglycone were
quantified using the calibration curve of oleuropein.

The quantified and semiquantified analytes are summarized in Table 3. The secoiri-
doids oleuropein aglycone and ligstroside aglycone were the main biophenols detected
in the EVOOs. The average concentrations of oleuropein aglycone and ligstroside agly-
cone were 254 mg/kg and 127 mg/kg, respectively, followed by oleacein (20.1 mg/kg)
and oleocanthal (13.9 mg/kg). Concerning the class of phenolic alcohols, the results
showed that the average concentrations of tyrosol and hydroxytyrosol fluctuated at similar
levels (2.53 mg/kg and 2.16 mg/kg, respectively). The flavonoids, apigenin and lute-
olin, were determined in all samples; however, the average concentration of apigenin
(2.64 mg/kg) was higher than that of luteolin (1.87 mg/kg). From the class of lignans,
1-acetoxypinoresinol had a high concentration on average (21.5 mg/kg) in the samples. All
compounds, apart from three, were detected in 90–100% of the samples. Syringaresinol
and 1-hydroxypinoresinol were detected in about 80% of the samples. In addition, the
hydroxylated form of elenolic acid was detected in a few EVOOs (<40% of the samples)
and its concentration was low (≤1.21 mg/kg).

Table 3. Quantification and semiquantification results in EVOOs.

Compound
Average

Concentration
(mg/kg)

Concentration
Range (mg/kg)

Number of
Samples 2

Phenolic alcohols
Hydroxytyrosol 2.16 ND 1–27.4 441

Hydroxytyrosol acetate 9.61 0.06–34.5 452
Tyrosol 2.53 0.17–18.8 452

Secoiridoids
10-Hydroxy-10-methyl

oleuropein aglycone 6.58 ND 1–92.2 447

10-Hydroxy
decarboxymethyl

oleuropein aglycone
1.05 ND 1–7.08 442

10-Hydroxy oleuropein
aglycone 0.93 ND 1–16.7 407

Ligstroside aglycone 127 2.33–570 452
Methyl oleuropein

aglycone 4.56 ND 1–26.9 447

Oleacein 20.1 0.03–64.6 452
Oleocanthal 13.9 0.19–40.8 452

Oleuropein aglycone 254 1.44–756 452
Flavonoids

Apigenin 2.64 1.97–5.10 452
Luteolin 1.87 0.13–7.71 452

Lignans
1-Acetoxypinoresinol 21.5 ND 1–96.9 443
1-Hydroxypinoresinol 0.92 ND 1–6.65 353

Pinoresinol 4.19 0.25–15.0 452
Syringaresinol 0.99 ND 1–4.61 359

Other compounds
Elenolic acid 0.88 ND 1–8.84 448

Hydroxylated form of
elenolic acid 0.04 ND 1–1.21 168

Phenolic content 475 20–1368 452
1 ND: not detected; 2 number of EVOO samples in which each analyte was detected.

As shown in Table 3, from the sum of each individual compound that was determined,
the bioactive content of samples was 475 mg/kg, on average, denoting their high quality
and significant nutritional value.
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Various analytical methods have been developed for the determination of phenolic con-
tent and/or individual compounds, making the comparison of results complicated because
they are calculated in different ways. Table 4 presents the results of recent works reported in
the literature regarding the bioactive content and concentrations of the compounds tyrosol,
hydroxytyrosol, apigenin, luteolin, and pinoresinol determined in EVOOs/VOOs originat-
ing from Spain, Italy, Greece, Tunisia, Morocco, and Turkey. The advantage of this work
compared to the literature is that the application of the UHPLC-QTOF-MS methodology
enables the identification of analytes for which there are no available commercial standards,
and therefore, they cannot be determined by traditional chromatographic methodolo-
gies. Consequently, HRMS is a powerful technique that leads to a thorough phenolic
characterization of EVOOs.

Table 4. Phenolic content and concentrations of tyrosol, hydroxytyrosol, apigenin, luteolin, and pinoresinol (mg/kg) in
VOOs/EVOOs from Mediterranean countries.

Country Analytical
Method

Phenolic
Content
(mg/kg)

Tyrosol
(mg/kg)

Hydroxytyrosol
(mg/kg)

Apigenin
(mg/kg)

Luteolin
(mg/kg)

Pinoresinol
(mg/kg) Reference

Spain UHPLC-
MS/MS 62.8–181 ND 1–30.0 6.94–72.7 0.20–3.29 0.85–3.62 ND 1–7.01 [29]

Spain UHPLC-
MS/MS 138–186 1.10–1.57 2.6–4.1 0.75–0.82 1.9–2.3 2.94–4.10 [25]

Spain UHPLC-
MS/MS 289–567 0.46–1.27 0.49–2.23 0.32–0.69 5.57–8.24 [57]

Italy
HPLC-
DAD 232–830 2.9–37.9 2.6–26.6 0.3–19.7 0.7–5.4

[58]
NMR 247–851

Italy HPLC-
DAD/MS 257–1220 1.6–42.9 0.9–29.5 ND 1–3.2 0.7–5.4 [31]

Italy HPLC-
DAD 814–5920 0.03–62.3 0.72–62.7 1.05–2.91 11.6–16.8 [32]

Italy HPLC-
DAD/MS 5.4–124 22.8–208 ND 1–19.5 1.4–53.0 [59]

Greece NMR ≤4003
(mean: 483) [60]

Tunisia LC-MS 109–493 1.32–23.2 2.71–22.6 2.32–2.96 4.35–17.1 ND 1–6.49 [61]
Tunisia LC-MS 1.77–3.12 3.84–7.18 0.09–1.50 0.74–6.54 ND 1–1.23 [24]

Tunisia HPLC-
DAD 136–218 16.1–40.5 9.61–24.1 0.05–1.02 1.06–5.93 2.66–23.8 [26]

Morocco LC-
MS/MS 3.50–19.6 5.51–18.3 0.09–0.43 0.93–3.51 0.14–0.76 [62]

Morocco HPLC-
DAD 12–29.4 1.02–4.1 [63]

Turkey LC-
MS/MS 42.2–95.9 6.93–14.9 0.78–17.4 1.00–8.32 1.54–10.2 [64]

Turkey HPLC-
DAD 1.70–10.7 3.16–7.36 0.77–2.64 0.82–1.66 [35]

Mediterranean
area

HPLC-
DAD 26–1410 0.10–11.4 0.44–20.1 ND 1–23.9 [65]

1 ND: not detected.

3.3. Phenolic Content

• Comparison between the islands

As shown in Figure 2, the EVOOs from the islands of Lesvos, Samos, and Chios
had the same variances in the phenolic content. This was also verified by ANOVA
(p = 0.25). The EVOOs originating from Ikaria and Samos presented the highest phenolic
content on average (646 mg/kg and 526 mg/kg, respectively), followed by the EVOOs
from Lesvos (470 mg/kg) and Chios (431 mg/kg). In the case of Ikaria and Fournoi, no
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reliable comparison could be made using statistical analysis, because of the small number
of samples (n ≤ 12) compared to the other islands. However, according to Figure 2 and
Table 5, both Ikaria and Fournoi were within the range of the other three islands; the
samples from Ikaria exhibited higher levels of phenolic constituents (380–939 mg/kg) and
the samples from Fournoi had lower levels (155–222 mg/kg). Table 5 presents the statistical
parameters median, mean, standard deviation (SD), and range of the phenolic content for
each island.
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Figure 2. Comparison of the phenolic content (mg/kg) of EVOOs between the islands (Lesvos,
Samos, Chios, Ikaria, and Fournoi) of the North Aegean Region.

Table 5. Statistical parameters for the phenolic content of EVOOs for each island.

Island Median
(mg/kg)

Mean
(mg/kg)

SD
(mg/kg)

Range
(mg/kg)

Lesvos (n = 363) 441 470 246 32–1368
Samos (n = 51) 452 526 275 20–1304
Chios (n = 20) 347 431 299 52–1146
Ikaria (n = 12) 623 646 149 380–939
Fournoi (n = 6) 186 188 29 155–222

• Comparison between the zones of Lesvos

Figure 3 shows that the EVOOs from Zone 5 and Zone 6, which are located in the
northern part of the island of Lesvos (Figure 1), had a lower phenolic content on average
(343 mg/kg and 352 mg/kg, respectively) than did the EVOOs originating from the other
geographical zones of the island. In the southern part of Lesvos (Zone 1–4, 7), the average
phenolic content in the EVOOs ranged from 446 mg/kg (Zone 2) to 576 mg/kg (Zone 4).
The EVOOs from Zone 6 had a statistically significant difference compared to all other
zones (p < 0.05), except for Zone 5 (p = 0.93). Moreover, the results of the statistical analysis
demonstrated that the EVOOs from Zone 5 presented a statistically significant difference
compared to the EVOOs from Zones 1, 3, and 4 (p < 0.05). The statistical parameters median,
mean, SD, and range of the phenolic content for each zone are presented in Table 6.
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of the island of Lesvos.

Table 6. Statistical parameters for the phenolic content of EVOOs for the seven zones of Lesvos.

Zone Median
(mg/kg)

Mean
(mg/kg)

SD
(mg/kg)

Range
(mg/kg)

Zone 1 (n = 30) 493 541 275 149–1181
Zone 2 (n = 112) 434 446 220 75–1230
Zone 3 (n = 59) 478 523 274 32–1277
Zone 4 (n = 20) 622 576 240 203–1115
Zone 5 (n = 14) 329 343 202 85–929
Zone 6 (n = 49) 302 352 195 74–746
Zone 7 (n = 64) 443 498 271 78–1368

3.4. Secoiridoids

In the EVOOs of this work, the most abundant group of biophenols was secoiridoids,
followed by lignans, phenolic alcohols, and flavonoids. The percentage (%) of each group
in the phenolic fraction is shown in Figure S1. This trend was observed both between the
islands of the North Aegean Region and the zones of Lesvos. The island of Fournoi and
Zone 5 of Lesvos were exceptions, as the percentage of phenolic alcohols was higher than
the percentage of lignans. However, secoiridoids constituted the prevalent category of
biophenols in all EVOOs, as their percentage was above 85% in all cases.

The major secoiridoids found in the EVOOs of this study were oleuropein aglycone,
ligstroside aglycone, oleacein, and oleocanthal, as shown in Table 3. Based on the literature,
the most abundant biophenols in VOOs are aglycones derived from the secoiridoids of
drupes. These substances, such as oleuropein aglycone and ligstroside aglycone [66], have
a significant role in the stability of VOO [10]. The decarboxymethylated dialdehyde form of
oleuropein aglycone, oleacein, and the decarboxymethylated dialdehyde form of ligstroside
aglycone, oleocanthal, are also very important compounds. Oleocanthal is responsible for
the bitterness of VOO and also presents a high anti-inflammatory activity [67]. Oleacein
also presents antioxidant properties [1].

3.4.1. Major Secoiridoids—Differences between the Islands

• Oleuropein aglycone

As shown in Figure 4, the highest average concentration of oleuropein aglycone was
found in the EVOOs originating from Ikaria (347 mg/kg). On the other hand, there were
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EVOOs from the islands of Lesvos and Samos that presented higher concentrations of oleu-
ropein aglycone with maximums of 756 mg/kg and 708 mg/kg, respectively. The average
concentration of oleuropein aglycone in the EVOOs from Lesvos (256 mg/kg) and Samos
(259 mg/kg) did not differ statistically (p = 0.91). However, the EVOOs from Chios, whose
average concentration of oleuropein aglycone was 180 mg/kg, had a statistically significant
difference compared to the EVOOs originating from Lesvos and Samos (p < 0.05). The
EVOOs from Fournoi had the lowest average concentration of this secoiridoid (99.2 mg/kg).
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Figure 4. Concentration of oleuropein aglycone (mg/kg) in EVOOs from the islands of Lesvos,
Samos, Chios, Ikaria, and Fournoi.

• Ligstroside aglycone

The EVOOs originating from Chios and Ikaria presented the highest average con-
centration of ligstroside aglycone (208 mg/kg and 198 mg/kg, respectively), followed by
Samos (164 mg/kg) and Lesvos (116 mg/kg). Ligstroside aglycone was detected in low
concentrations in the EVOOs from Fournoi, as its concentration ranged between 45.7 and
68.4 mg/kg (Figure 5). Moreover, the results of statistical analysis showed no significant
difference between the EVOOs from Samos and Chios (p = 0.23). However, the samples
originating from Lesvos presented a statistically significant difference compared to the
samples from Samos and Chios (p < 0.05).

• Decarboxymethyl oleuropein aglycone (Oleacein)

The EVOOs from the islands of Lesvos, Ikaria, and Samos exhibited high concentra-
tions of oleacein on average (21.5 mg/kg, 21.4 mg/kg, and 18.3 mg/kg, respectively). The
highest concentration of oleacein was recorded in EVOO from Lesvos (64.6 mg/kg), as
shown in Figure 6. Furthermore, the average concentration of oleacein was 9.33 mg/kg
in the EVOOs from Fournoi and 3.15 mg/kg in the EVOOs from Chios. The differences
between the EVOOs from Lesvos and Samos were not statistically significant (p = 0.11).
On the contrary, the EVOOs from Chios presented a statistically significant difference
compared to the EVOOs from Lesvos and Samos (p < 0.05).
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Figure 6. Concentration of oleacein (mg/kg) in EVOOs from the islands of Lesvos, Samos, Chios,
Ikaria, and Fournoi.

• Decarboxymethyl ligstroside aglycone (Oleocanthal)

As presented in Figure 7, the average concentration of oleocanthal was higher in the
EVOOs from Samos (16.5 mg/kg), Lesvos (14.3 mg/kg), and Ikaria (13.2 mg/kg). The
EVOOs originating from Chios and Fournoi had lower concentrations of oleocanthal on
average (4.75 mg/kg and 4.99 mg/kg, respectively); however, the concentration levels
ranged between 1.12 and 15.6 mg/kg in the case of Chios and between 4.20 and 6.01 mg/kg
for the island of Fournoi. The differences in the concentration of oleocanthal were not
statistically significant between the EVOOs from Lesvos and Samos (p = 0.053). On the
contrary, the EVOOs originating from Chios presented a statistically significant difference
compared to the EVOOs from Lesvos and Samos (p < 0.05).
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3.4.2. Major Secoiridoids—Differences between the Zones of Lesvos

• Oleuropein aglycone

The EVOOs from Zones 1, 3, 4, and 7 exhibited high concentrations of oleuropein
aglycone on average (296 mg/kg, 290 mg/kg, 308 mg/kg, and 274 mg/kg, respectively).
Moreover, Figure 8 shows that the average concentration of oleuropein aglycone was
235 mg/kg in the EVOOs from Zone 2, 216 mg/kg in the EVOOs from Zone 5, and
204 mg/kg in the EVOOs from Zone 6. The highest concentration of this secoiridoid was
found in EVOOs originating from Zone 7 (756 mg/kg) and Zone 2 (732 mg/kg), while
the lowest concentration was recorded in EVOOs from Zone 3 (1.44 mg/kg) and Zone 2
(7.87 mg/kg). No statistically significant difference was observed between the samples
from Zones 1, 3, 4, 5, and 7 (p > 0.05). In addition, the EVOOs from Zones 2, 5, and 6 had
no statistically significant difference (p > 0.05).
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• Ligstroside aglycone

The average concentration of ligstroside aglycone was higher in the EVOOs from Zone
4 (171 mg/kg), followed by Zone 3 (135 mg/kg), Zone 7 (134 mg/kg), Zone 1 (123 mg/kg),
and Zone 2 (107 mg/kg). Ligstroside aglycone was detected in low concentrations in
the EVOOs from Zone 5 (63.9 mg/kg) and Zone 6 (71.2 mg/kg). Moreover, according to
Figure 9, the highest concentrations of ligstroside aglycone were found in EVOOs originat-
ing from Zone 3 (517 mg/kg) and Zone 7 (520 mg/kg), while the lowest concentration was
recorded in EVOO originating from Zone 6 (2.33 mg/kg). Statistical analysis showed no
significant difference between the samples from Zones 1, 3, 4, and 7 (p > 0.05). The EVOOs
originating from Zone 2 presented a statistically significant difference compared to the
EVOOs from the other zones, apart from Zone 1 (p = 0.31). Furthermore, the samples from
Zone 5 and Zone 6 did not differ statistically (p = 0.63).
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Figure 9. Concentration of ligstroside aglycone (mg/kg) in EVOOs from the seven zones (Zones 1–7)
of the island of Lesvos.

• Decarboxymethyl oleuropein aglycone (Oleacein)

The EVOOs from Zone 1 exhibited the highest average concentration of oleacein
(26.9 mg/kg) and the EVOOs from Zone 5 had the lowest average concentration of oleacein
(13.0 mg/kg). As for the EVOOs from the other zones, the average concentration of oleacein
ranged from 18.1 mg/kg (Zone 6) to 23.6 mg/kg (Zone 3). As shown in Figure 10, the
highest concentrations of oleacein were noted in EVOO from Zone 3 (64.6 mg/kg) and
Zone 4 (60.7 mg/kg). The differences between the samples from Zones 1, 2, 3, 4, and 7 were
not statistically significant (p > 0.05). The result from ANOVA was the same for the EVOOs
from Zones 5, 6, and 7.

• Decarboxymethyl ligstroside aglycone (Oleocanthal)

As shown in Figure 11, the highest average concentration of oleocanthal was found
in the EVOOs originating from Zone 1 (16.9 mg/kg). Oleocanthal was detected in low
concentrations in the EVOOs from Zone 5, as the average concentration of this secoiridoid
was 6.71 mg/kg and the maximum value did not exceed 12.0 mg/kg. ANOVA showed
that the EVOOs from Zone 5 presented a statistically significant difference compared to the
EVOOs from the other zones (p < 0.05). The EVOOs from Zone 6, which had the second
lowest average concentration of oleacein (11.2 mg/kg), did not differ statistically only with
the EVOOs from Zone 7 (p = 0.11). On the other hand, the samples from Zones 1, 2, 3, 4,
and 7 presented no statistically significant difference between them (p > 0.05).
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3.5. Phenolic Profile

The phenolic profile of VOOs/EVOOs constitutes a significant factor, as differences in
the distribution of the biophenols can lead to discriminations between samples. For this
reason, the present work was extended to the study of each compound individually. The
figures of this section (Figures 12–15) present the % ratio of each compound detected in
the EVOOs to the overall phenolic content, from the four main categories of biophenols
(secoiridoids, phenolic alcohols, lignans, and flavonoids). It was considered appropriate to
study the % percentage of compounds, not the concentration in mg/kg, to compare the
contribution of each compound to the phenolic content of EVOOs.
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3.5.1. Phenolic Profile—Comparison between the Islands

As for the class of phenolic alcohols, as shown in Figure 12, hydroxytyrosol ranged
between 0.32 and 0.59% in the EVOOs between the islands, apart from the samples from
Chios whose percentage of hydroxytyrosol was very low (0.05%). Hydroxytyrosol acetate
was also low in the EVOOs from Chios (0.76%). On the other hand, the EVOOs originating
from Lesvos and Fournoi exhibited high levels of hydroxytyrosol acetate (2.40% and 2.43%,
respectively), followed by the EVOOs from Samos (1.75%) and Ikaria (1.45%). Moreover,
tyrosol was lower in the EVOOs from Ikaria and Fournoi (<0.5%) and higher in the EVOOs
from Chios (1.04%).
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nolic content in the EVOOs between the islands (Lesvos, Samos, Chios, Ikaria, and Fournoi) of the
North Aegean Region.

Both flavonoids, luteolin and luteolin, were higher in the EVOOs from Chios (1.10%
and 0.76%, respectively). Apigenin was also high in the EVOOs from Fournoi (1.14%). The
EVOOs originating from Ikaria presented a low ratio of flavonoids (0.46% for apigenin and
0.35% for luteolin). As for the EVOOs from Lesvos and Samos, they were found in the
middle of the scale for both flavonoids. In all the islands, the percentage of apigenin was
higher than that of luteolin.

The differences were slight between the islands about the lignans 1-hydroxypinoresinol
and syringaresinol. However, as presented in Figure 12, syringaresinol was not detected in
the EVOOs originating from Fournoi. Furthermore, 1-acetoxypinoresinol and pinoresinol
were higher in the EVOOs from Samos (6.74% and 1.22%, respectively) and lower in the
EVOOs from Fournoi (0.91% and 0.66%, respectively).

As for the secoiridoids, according to Figure 13, oleuropein aglycone did not show
significant differences between the islands, as it ranged between 47.8 and 54.1%, with the
only exception of the EVOOs originating from Chios (40.3%). On the contrary, the EVOOs
from Chios presented the highest percentage of ligstroside aglycone (45.0%), whereas the
percentage ranged between 23.7 and 30.7% for the other islands. Oleacein and oleocanthal
were lower in the EVOOs originating from Chios (1.06% and 1.59%, respectively). The
former was higher in the EVOOs from Lesvos (4.94%) and Fournoi (4.96%), and the latter
was higher in the EVOOs from Samos (3.81%) and Lesvos (3.49%). Moreover, 10-hydorxy-
10-methyl oleuropein aglycone was higher in the EVOOs from Lesvos (1.72%) and lower
in the EVOOs from Fournoi (0.28%). Methyl oleuropein aglycone was higher in the
EVOOs from Fournoi (2.31%) and lower in the EVOOs from Chios (0.48%). In the case of
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10-hydroxy oleuropein aglycone and 10-hydroxy decarboxymethyl oleuropein aglycone,
the fluctuations were slight between the islands (≤0.25%).
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Figure 14. % Ratio of the compounds from the class of (a) phenolic alcohols (hydroxytyrosol,
hydroxytyrosol acetate, and tyrosol); (b) flavonoids (apigenin and luteolin); and (c) lignans
(1-acetoxypinoresinol, 1-hydroxypinoresinol, pinoresinol, and syringaresinol) to the phenolic content
in the EVOOs between the zones of Lesvos (Zones 1–7).

3.5.2. Phenolic Profile—Comparison between the Zones of Lesvos

As presented in Figure 14, the phenolic alcohols hydroxytyrosol and tyrosol fluctuated
at the same levels (0.30–0.67%) between the seven geographical areas of Lesvos. The former
showed a lower percentage in the EVOOs from Zone 3 and higher percentages in the
EVOOs from Zone 1 and Zone 6, and the latter exhibited a lower ratio in the EVOOs from
Zone 5 and a higher ratio in the EVOOs from Zone 1 and Zone 2. Moreover, hydroxytyrosol
acetate was lower in the samples from Zone 4 (1.95%) and higher in the samples from Zone
5 (2.74%) and Zone 6 (2.77%).
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Figure 15. % Ratio of the secoiridoids (a) oleocanthal, oleacein, ligstroside aglycone, and oleu-
ropein aglycone; and (b) methyl oleuropein aglycone, 10-hydroxy-10-methyl oleuropein aglycone,
10-hydroxy decarboxymethyl oleuropein aglycone, and 10-hydroxy oleuropein aglycone to the
phenolic content in the EVOOs between the zones of Lesvos (Zones 1–7).

The EVOOs from Zone 4 presented the lowest percentages for both flavonoids; api-
genin was 0.56% and luteolin was 0.38%. Luteolin was also low in the case of EVOOs from
Zone 3 (0.41%). On the other hand, apigenin was higher in the EVOOs from Zone 5 (0.96%)
and Zone 6 (1.00%) and luteolin was higher in the EVOOs originating from Zone 2 (0.67%).

The differences between the seven zones of Lesvos were not significant for the lignans
1-hydroxypinoresinol and syringaresinol, as shown in Figure 14. 1-Acetoxypinoresinol was
higher in the EVOOs from Zone 1 (7.44%) and Zone 2 (6.93%), and very low in the EVOOs
from Zone 5 (0.33%). Furthermore, pinoresinol was lower in the EVOOs from Zone 4 and
Zone 7 (0.76% and 0.88%, respectively), and higher in the EVOOs from Zone 5 and Zone 6
(1.33% and 1.30%, respectively).

Figure 15 shows that oleuropein aglycone was higher in the EVOOs from Zone 5 and
Zone 6 (61.4% and 57.1%, respectively). In addition, the EVOOs from those geographical ar-
eas had the lowest percentages of ligstroside aglycone (18.6% and 19.3%, respectively). The
highest percentage of ligstroside aglycone occurred in the EVOOs originating from Zone
4 (29.2%). Moreover, oleocanthal and oleacein had the lowest percentages in the EVOOs
from Zone 5 (2.30% and 3.93%, respectively). The secoiridoid oleacein was also low in the
EVOOs from Zone 4 (3.97%) and Zone 7 (4.38%). As for the other secoiridoids, specifically,
methyl oleuropein aglycone, 10-hydorxy-10-methyl oleuropein aglycone, 10-hydroxy de-
carboxymethyl oleuropein aglycone, and 10-hydroxy oleuropein aglycone, the differences
were slight between the seven zones. The only exception was Zone 5, where the samples
exhibited an impressively high percentage of 10-hydorxy-10-methyl oleuropein aglycone
(4.44%) compared to the EVOOs from the other geographical zones of the island of Lesvos.
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4. Conclusions

Nineteen biophenols were determined in the analyzed EVOOs originating from the
islands of the North Aegean Region in Greece (Lesvos, Samos, Chios, Ikaria, and Fournoi).
The sum of the determined biophenols was calculated to establish a trend between the
EVOOs and the geographical origin. The phenolic content of the EVOOs originating
from Lesvos ranged between 32 and 1368 mg/kg, between 20 and 1304 mg/kg for those
originating from Samos, and between 52 and 1146 mg/kg for EVOOs originating from
Chios. The EVOOs originating from Ikaria also exhibited a high phenolic content as
the sum of the individual quantified and semiquantified biophenols ranged from 380 to
939 mg/kg, while the EVOOs originating from Fournoi presented a lower bioactive content
(155–222 mg/kg).

Concerning the four major secoiridoids, the samples from Lesvos, Samos, and Ikaria
exhibited higher average concentrations of oleacein and oleocanthal, with EVOOs from
Lesvos recording the highest values. Furthermore, the phenolic profile of EVOOs presented
differences between the five islands. The EVOOs from Chios exhibited the lowest percent-
age of the phenolic alcohols hydroxytyrosol and hydroxytyrosol acetate, and the highest
tyrosol percentage. The samples from Ikaria presented low percentages of flavonoids.
Moreover, the EVOOs from Lesvos exhibited a high percentage of 10-hydroxy-10-methyl
oleuropein aglycone, while the EVOOs from Fournoi presented a high percentage of methyl
oleuropein aglycone and a low percentage of the lignan 1-acetoxypinoresinol. The latter
recorded the highest percentage in the case of EVOOs from Samos.

As for the zones of Lesvos, the results showed that the EVOOs from the southern part
of the island had a higher bioactive content than the EVOOs from the northern part (Zone 5
and Zone 6). Furthermore, the EVOOs from Zone 5 and Zone 6 exhibited the highest
percentages of oleuropein aglycone and the lowest percentages of ligstroside aglycone,
compared to the other geographical zones. On the other hand, the EVOOs from Zone 4
presented low percentages of the flavonoids luteolin and apigenin, whereas the percentage
of 1-acetoxypinoresinol was high in the EVOOs from Zone 1 and Zone 2, and very low in
the EVOOs from Zone 5.

In conclusion, the observed differences in the phenolic content and profile can lead
to discriminations of EVOOs both between the islands of North Aegean and between
the different locations of Lesvos. Therefore, taking into account the results of the present
study, it is strongly supported that the geographical origin affects the levels of biophenols
of EVOOs.
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List of target compounds, Table S6: List of suspect compounds, Table S7: Standard calibration curve
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pinoresinol.
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