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Abstract
This study aims to improve an analytical method to quantify phenolic substances in olive oil. In order to minimize time required
and quantity of solvents, sample extract preparation performed for a previously developed high-performance liquid
chromatography–diode array detector to quantify olive oil polyphenols has been ten times downscaled and then validated. The
new method performs the extraction of phenolic substances from 0.5 g of oil and allows to quantify the phenolic acids vanillic
acid, p-coumaric acid, and ferulic acid; the phenolic alcohols tyrosol and hydroxytyrosol; secoiridoid derivatives; the lignans
pinoresinol and acetoxypinoresinol; and the flavonoids luteolin and apigenin. Recoveries obtained were 66–89% for phenolic
alcohols, 64–90% for phenolic acids, 93–96% for oleuropein (used as a reference for secoiridoid derivatives), 71–95% for
flavonoids, and 97–100% for lignans. The total quantity of organic solvents used in the sample preparation is decreased from
30 to 3 mL with an important abatement of waste, costs, and working time requested.

Keywords Olive oil polyphenols . Quantitative determination . HPLC-DAD . Secoiridoid derivatives . Greenmethod

Introduction

Olive oil phenolic substances have been recognized to have a
key role in determining oil quality. Furthermore, the European
Food Safety Authority (EFSA) has allowed the acknowledge-
ment of a health claim on olive oil polyphenols. Thus, there is
a great interest, both of the producer, of the consumer, and in
organisms demanded to the official analytical control, in
knowing the content of polyphenols found in an olive oil,
and especially in the phenolic substances allowing the ac-
knowledgement of the health claim, that are Bhydroxytyrosol
and its derivatives, e.g., oleuropein complex and tyrosol^ (EU
2012). There are several methods available in literature to
perform this analysis (e.g., Carrasco-Pancorbo et al. 2005;
Franco et al. 2014; Capriotti et al. 2014; Flores et al. 2012;
Suárez et al. 2008; Caporaso et al. 2015; Bayram et al. 2012;
Bakhouche et al. 2013; Bendini et al. 2007) starting from

which we developed a new method allowing the analysis of
these substances, and other minor phenolic substances, like
phenolic acids, flavonoids, and lignans, obtaining some im-
provements mainly in terms of chromatographic separation
(Ricciutelli et al. 2017), making use of a reverse-phase analyt-
ical column never used before in this application, the Synergi
Polar (4 μm, 80 Å, 250 × 4.6 mm). The application of this
method to process a high number of samples led us to the idea
of downscaling the quantities of sample and solvents used, in
order to have an abatement first of all in terms of time request-
ed to prepare the sample (the evaporation of the low volatile
extraction solvents, water and methanol, is in fact a limiting
factor), but also an improvement in terms of environmental
impact, with reduced quantity of organic solvents used and
reduced waste and overall analytical costs. Thus, the aims of
the present study were (i) to downscale the previously devel-
opedmethod, (ii) to validate the newmethod, and (iii) to apply
the new method to extra virgin olive oils (EVOOs) and olive
oils (OOs).

Materials and Methods

Reagents and Standards

The analytical standards of hydroxytyrosol (CAS number
10597-60-1), tyrosol (CAS number 501-94-0), vanillic acid
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(CAS number 121-34-6), oleuropein (CAS number 32619-42-
4), luteolin (CAS number 491-70-3), and apigenin (CAS num-
ber 520-36-5) were purchased from Extrasynthese (Genay,
France). p-Coumaric acid (CAS number 501-98-4), ferulic
acid (CAS number 537-98-4), and pinoresinol (CAS number
487-36-5) were purchased from Sigma-Aldrich (Milano,
Italy). Syringic acid was purchased by Fluka (CAS number
530-57-4) and used as internal standard (IS). Standard stock
solutions of each compound were prepared by dissolving
10 mg of pure analytical standard in 10 mL of MeOH.
Standard working solutions, at various concentrations, were
prepared when needed by appropriate methanol dilution of
stock solution aliquots.

HPLC-grade methanol, hexane, and isopropanol were pur-
chased from Sigma-Aldrich (Milano, Italy). Water (resistivity
above 18 MΩ cm) was obtained from a Milli-Q SP Reagent
Water System (Millipore, Bedford, MA, USA). All the sol-
vents and solutions were filtered through a 0.45-μm PTFE
filter from Supelco (Bellefonte, PA, USA) before use.

Sample Collection

Ten EVOOs and ten OOs were purchased from a supermarket
and stored at room temperature away from light until the
analysis.

Sample Extraction

An amount of 0.5 g of oil was weighed in a 2-mL vial with
Teflon screw cap, the sample was dissolved in 0.5 mL of
hexane, and a fixed aliquot of IS (i.e., 20 μL of syringic acid
methanolic solution at a concentration of 100 mg L−1) was
added. The solution is extracted with 4 × 0.5 mL of methanol:
water (60:40, v/v) by means of a vortex device. After each
extraction, samples were centrifuged (5 min, 5000 rpm) and
the hydro-alcoholic solutions were collected in a 4-mL screw
cap vial. Hexane (1 mL) was added to the final hydro-
alcoholic solution (in order to remove traces of acylglycerols
left), vortexed and centrifuged for 5 min at 5000 rpm. The
hexane phase is removed and the hydro-alcoholic solution
was transferred into a 10-mL round bottom neck flask and
evaporated to dryness by means of a rotary evaporator under
reduced pressure. The dried extract was reconstituted with
0.25 mL of HPLC-grade methanol, filtered through a
0.45-μm PTFE filter, and collected into a 2-mL high recovery
vial before HPLC-DAD-ESI/MS analysis.

HPLC-DAD-MS Analysis

Chromatographic analyses were performed by means of a
high-performance liquid chromatograph coupled with a
diode–array detector (DAD) and a mass spectrometer detector
(ion trap) equipped with an electrospray ionization (ESI)

source (Agilent 1100, Santa Clara, CA, USA), in the same
conditions reported by Ricciutelli et al. (2017), using a chro-
matographic column a Synergi Polar (250 × 4.6 mm, 4 μm).
The mobile phase was water with 0.1% formic acid (A) and
methanol/i-PrOH 90:10 v/v with 0.1% formic acid (B) work-
ing in gradient mode at a flow rate of 1 mLmin−1. The solvent
composition varied as follows: 0 min, 30% B; 0–40 min, 60%
B; 40–50min 95%B; then the columnwas reconditioned. The
column temperature was set at 35 °C and the injection volume
was 10 μl. HPLC-DAD analysis, that was used for the quan-
tification, was performed monitoring different wavelengths:
260 nm for vanillic acid, 280 nm for tyrosol, hydroxytyrosol,
secoiridoids derivatives (namely the dialdehydic form of
decarboxymethyl elenolic acid linked to hydroxytyrosol or
to tyrosol, an isomer of the oleuropein aglycon, and ligstroside
aglycon), pinoresinol, acetoxypinoresinol, and syringic acid;
310 nm for p-coumaric acid, 325 nm for ferulic acid, 338 nm
for apigenin, and 350 nm for luteolin. Quantification was per-
formed as reported in the above mentioned study with the only
exception of secoiridoid derivatives which were quantified
using tyrosol calibration curve that resulted to provide very
similar results as compared to the previously reported ap-
proach. In the present study, the mass spectrometer was used
only for confirmation of the identity of the analytes and to
identify the most abundant secoiridoid derivatives mentioned
above.

Method Validation

The method was validated by determining linearity, repeat-
ability, reproducibility, recovery at two fortification levels,
limits of detection (LOD), and limits of quantification
(LOQ). The main validation parameters obtained are reported
in Table 1. For the assessment of the validation parameters
related to the quantification of secoiridoid derivatives,
oleuropein was used due the lack of their commercial avail-
ability and since it has a structure similar to secoiridoid deriv-
atives found in higher amount in EVOO (especially those
deriving from its hydrolysis).

Calibration curves of the analyzed compounds were con-
structed injecting 10 μl of standard solutions at seven different
concentrations (according to each analyte) in HPLC-DAD.
Linearity was assessed for each species in the concentration
range found in the samples and was very good, with a corre-
lation coefficient within the range 0.9988–0.9999.

Repeatability and reproducibility were evaluated by ana-
lyzing both the extract from an EVOO sample and a standard
mixture of polyphenols, three times within a day
(repeatability) and for 3 days (reproducibility) and measured
in terms of relative standard deviation percentage (RSD %).

The recoveries were determined by spiking the olive sam-
ples with a standard mixture of polyphenols at two different
levels, i.e., spike 1: 0.04 mg kg−1 (vanillic acid, p-coumaric
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acid, ferulic acid), 10 mg kg−1 (hydroxytyrosol, tyrosol,
luteolin, pinoresinol, apigenin), and 100 mg kg−1

(oleuropein) and spike 2: 2 mg kg−1 (vanillic acid, p-coumaric
acid, ferulic acid), 20 mg kg−1 (hydroxytyrosol, tyrosol,
luteolin, pinoresinol, apigenin), and 200 mg kg−1 (oleuropein).

The repeatability of the method was also evaluated on the
replicated analyses performed with the spiked samples used to
assess recovery. The limits of detection and the limits of quan-
tification of the different analytes were estimated on the basis
of 3:1 and 10:1 signal to noise ratios.

Results and Discussion

The developed method applies to 0.5 g of EVOO that is dis-
solved in 0.5 mL of hexane and added with internal standard
solution and then extracted four times, each with 0.5 mL of a
solvent mixture methanol/water 6/4. The final volume of
hydro-alcoholic extract is washed with 1 mL of hexane to
remove triacylglycerols traces and finally dried and dissolved
in 250 μl of methanol. As compared to the method we previ-
ously developed (Ricciutelli et al. 2017), there is 10-fold de-
crease of the solvents and sample needed, leading to a great
reduction of the time requested for sample preparation, that is
largely due to the long time needed to evaporate the relatively
low volatile solvent extraction mixture used (6/4 methanol/
water). Furthermore, in comparison to other methods reported
in literature, where purification by solid phase extraction
(SPE) (e.g., Franco et al. 2014; Capriotti et al. 2014) or acid/
alkaline hydrolysis (Carrasco-Pancorbo et al. 2005) is
exploited, that is usually time-consuming steps, a further

reduction of time is provided. Additionally, the method gives
a substantial improvement in terms of environmental impact,
with reduced quantity of organic solvents used and reduced
waste. The common amount of oil used is higher with respect
to our method (i.e., 0.5 g), being in the range 1–10 g
(Caporaso et al. 2015; Pirisi et al. 2000; De La Torre-Carbot
et al. 2005; Selvaggini et al. 2006) as well as the correspond-
ing solvent volume used for dissolving the oil, usually in the
range 6–10 mL or more (Franco et al. 2014; Caporaso et al.
2015; Pirisi et al. 2000; De La Torre-Carbot et al. 2005;
Selvaggini et al. 2006; Pirisi et al. 1997).

The amount of extraction solvent used in the present work
(2 mL as total amount) is lower with respect to the solvent
volumes used in other methods, which often are in the range
10–25 mL (Caporaso et al. 2015; Montedoro et al. 1992) or
even more (about 40 mL) if considering the total solvent
amount used for the SPE process (Franco et al. 2014; De La
Torre-Carbot et al. 2005).

Thus, the developed method aimed to extract and quantify
polar-phenolic substances in olive oils with an important
abatement of waste, costs, and working time requested for
sample preparation.

In Fig. 1, a chromatogram obtained from the HPLC-DAD
analysis of a standard mixture is reported and in Fig. 2, typical
chromatograms obtained from the analysis of EVOO and OO
extracts are reported. The most abundant secoiridoid deriva-
t ives found in EVOO (the dia ldehydic form of
decarboxymethyl elenolic acid linked to hydroxytyrosol or
to tyrosol, an isomer of the oleuropein aglycon, and ligstroside
aglycon) were quantified by using tyrosol as external standard
as also done in other studies (Caporaso et al. 2015; IOC 2009)

Table 1 Method validation parameters

Standard Linearity R2 LODa LOQb Repeatability Reproducibility Recoveryc%

(sample) (standard) (sample) (standard) (RSD %, n = 3)

(mg L−1)d (mg kg−1) RSD %e (n = 3) Spike 1 Spike 2

Hydroxytyrosol 0.06–100 0.9996 0.007 0.025 2.3 2.2 4.3 2.5 66 (1.9) 76 (3.0)

Tyrosol 0.06–100 0.9996 0.009 0.028 2 1.9 0.7 2 78 (1.6) 89 (4.1)

Vanillic acid 0.12–10 0.9988 0.017 0.056 2.7 4.2 2.8 4 64 (5.7) 86 (3.4)

p-Coumaric acid 0.02–10 0.9988 0.002 0.008 3.2 2.5 3.6 2.8 82 (4.6) 90 (3.3)

Ferulic acid 0.07–10 0.9996 0.01 0.033 0.3 1.8 5.5 2 64 (4.3) 70 (2.9)

Oleuropein 0.7–1000 0.9993 0.1 0.35 / f 2.2 / f 2.5 93 (5.8) 96 (1.2)

Pinoresinol 0.2–100 0.9996 0.03 0.1 2.5 0.9 4.6 1.3 97 (2.3) 100 (3.0)

Luteolin 0.16–100 0.9996 0.023 0.077 2.1 5.3 2.4 4.6 71 (8.3) 85 (3.5)

Apigenin 0.09–100 0.9999 0.013 0.044 3.6 1.4 2.2 1.7 87 (6.1) 95 (4.0)

a LOD limit of detection (expressed as mg of analyte in kg of oil), b LOQ limit of quantification (expressed as mg of analyte in kg of oil), c determined by
analyzing an olive oil sample spiked at two levels of concentrations; spike 1: 0.04 mg kg−1 (vanillic acid, p-coumaric acid, ferulic acid), 10 mg kg−1

(hydroxytyrosol, tyrosol, luteolin, pinoresinol, apigenin), and 100mg kg−1 (oleuropein); spike 2: 2 mg kg−1 (vanillic acid, p-coumaric acid, ferulic acid),
20 mg kg−1 (hydroxytyrosol, tyrosol, luteolin, pinoresinol, apigenin), and 200 mg kg−1 (oleuropein); dmg of standard analyte in L of solution; e RSD:
relative standard deviation. f Oleuropein was not detected in the analyzed samples
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and based on our previous results (Ricciutelli et al. 2017). Due
to the lack of the commercial availability of the specific
secoiridoid derivatives found in higher amount in the oil, the
use of standards different from them was made in many stud-
ies (e.g., Franco et al. 2014; Caporaso et al. 2015; De La
Torre-Carbot et al. 2005; Alessandri et al. 2014), unless the
isolation of the above mentioned secoiridoid species is per-
formed (Suárez et al. 2008; Selvaggini et al. 2006). The other
analytes (phenolic alcohols, phenolic acids, lignans, and fla-
vonoids) were quantified in the present study at their specific
wavelengths by using their specific calibration curves. The
micro-scaled method was validated by determining LOD,
LOQ, recovery, linearity, repeatability, and reproducibility
(Table 1). Linearity was very similar to the reference method
and sensitivity was comparable or, in several cases, improved,
as compared to the reference method. In fact, LOQ range for
phenolic alcohols is 0.025–0.028 mg kg−1 while it was 0.17–
0.32 mg kg−1 in the reference method; for phenolic acids, it is

0.008–0.056 mg kg−1 and it was 0.033–0.061 mg kg−1 in the
reference method; for pinoresinol, it is 0.1 mg kg−1 and it was
0.39 mg kg−1; for flavonoids, it is 0.044–0.077 mg kg−1 and it
was 0.096–0.109 mg kg−1; for oleuropein, it is 0.35 mg kg−1

and it was 1.15 mg kg−1 in the reference method. For most of
compounds, LODs and LOQs obtained are similar or lower
than values reported in recent literature by using HPLC-DAD
(e.g., Franco et al. 2014; De La Torre-Carbot et al. 2005;
Selvaggini et al. 2006) or HPLC with fluorimetric detection
(HPLC-FLD) (Selvaggini et al. 2006). For example, with re-
spect to Selvaggini et al. (2006), who reported a very conve-
nient method in terms of sample preparation, our method pre-
sents lower LOQs for hydroxytyrosol (14-fold), tyrosol (11-
fold), and pinoresinol (10-fold) as compared to the HPLC-
DAD method, and 3.4, 3.6, and 35-fold respectively, as com-
pared to the HPLC-FLDmethod. For oleuropein, we obtained
a LOQ of 350 μg kg−1 (or 700 μg L−1 if expressed in the
analyzed solution), thus similar to the value obtained in the
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study of De La Torre-Carbot et al. (2005) (600 μg L−1). LOQ
values found for tyrosol, p-coumaric acid, and for the flavo-
noids luteolin and apigenin are also slightly lower (7-, 2-, 2-,
and 4-fold respectively) in comparison to those reported byDe
La Torre-Carbot et al. (2005). On the other side, LOQ found
for vanillic acid in our study is 3-fold higher with respect to that
reported by De La Torre-Carbot et al. (2005). Recovery, a pa-
rameter which could result more affected by the downscaled
procedure due to both the lowered amounts of sample and
solvents, as well as to the different glassware used, actually
resulted to be only slightly lower as compared to the reference
method (Ricciutelli et al. 2017) in which it ranged from 73 to
102%; it remained in fact within values higher than 64%, with a
range of 64–97% for the first fortification level and of 70–100%
for the second fortification level, similarly to what obtained by
Capriotti et al. (2014), in which it ranged from 75 to 105%.

In the recovery experiments, the reproducibility of the
method, in terms of % RSD, was in the range 1.6–8.3% for
the first fortification level and 1.2–4.1% for the second forti-
fication level. Repeatability, in terms of RSD %, was within
the range 0.9–5.3% in the analysis of the analytical standard
and 0.3–3.6% in the analysis of the sample; reproducibility
gave comparable results to repeatability: 1.3–4.6% for the
standard and 0.7–5.6% for the sample. Regarding sensitivity,
it has been shown that it was widely sufficient to quantify all
the analytes considered in all of the ten commercial EVOO
samples investigated to which the method was applied.
Instead, the quantification of the analytes was not always
allowed in OOs due to the very low concentration of phenolic
substances in this type of sample, where the refining process,
in which the most part of the oil composing an OO is under-
gone, leads to a great reduction of the phenolic content.

The results obtained from the application of the method to
10 EVOOs and 5 OOs are reported in Table 2. In the EVOOs
investigated, the total polyphenol content ranged from 170.37
to 403.68 mg kg−1; secoiridoids were found in the range
104.63–360.21 mg kg−1, free hydroxytyrosol and tyrosol at
concentrations of 3.40–34.95 mg kg−1 and 5.20–
34.94 mg kg−1 respectively, phenolic acids at 0.41–
0.90mg kg−1, lignans at 17.52–31.76 mg kg−1, and flavonoids
at 2.31–4.72 mg kg−1. The results are in agreement with sev-
eral other studies where the phenolic substances content in
EVOOs is reported (e.g. Caporaso et al. 2015; Selvaggini
et al. 2006; Alessandri et al. 2014; Servili et al. 2014). In the
case of OOs, where the content of the hydrophilic phenolic
compounds is much lower due to the refining process to which
most part of OO is undergone, the proposed method does not
allow the quantification of vanillic and ferulic acids, and
sometimes of the flavonoids, while it is still adequate to quan-
tify p-coumaric acid, free hydroxytyrosol and tyrosol (that are
found in similar amount as compared to EVOOs), secoiridoid
derivatives, and lignans, found in all the investigated samples
in concentrations above LOQ values. In conclusion, the

proposed micro-scaled method, while allowing the shortening
of the working time and reducing solvent quantities, is still
adequate for the quantification of phenolic substances in
EVOO.
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