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The concentration of hydroxytyrosol (3,4-DHPEA) and its secoiridoid derivatives (3,4-DHPEA-EDA
and 3,4-DHPEA-EA) in virgin olive oil decreased rapidly when the oil was repeatedly used for preparing
french fries in deep-fat frying operations. At the end of the first frying process (10 min at 180 °C), the
concentration of the dihydroxyphenol components was reduced to 50-60% of the original value,
and after six frying operations only about 10% of the initial components remained. However, tyrosol
(p-HPEA) and its derivatives (p-HPEA-EDA and p-HPEA-EA) in the oil were much more stable during
12 frying operations. The reduction in their original concentration was much smaller than that for
hydroxytyrosol and its derivatives and showed a roughly linear relationship with the number of frying
operations. The antioxidant activity of the phenolic extract measured using the DPPH test rapidly
diminished during the first six frying processes, from a total antioxidant activity higher than 740 µmol
of Trolox/kg down to less than 250 µmol/kg. On the other hand, the concentration of polar compounds,
oxidized triacylglycerol monomers (oxTGs), dimeric TGs, and polymerized TGs rapidly increased
from the sixth frying operation onward, when the antioxidant activity of the phenolic extract was very
low, and as a consequence the oil was much more susceptible to oxidation. The loss of antioxidant
activity in the phenolic fraction due to deep-fat frying was confirmed by the storage oil and oil-in-
water emulsions containing added extracts from olive oil used for 12 frying operations.
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INTRODUCTION

Virgin olive oil is the most commonly used cooking fat in
Mediterranean countries, and frying is an important cooking
technique employed in domestic and industrial food preparation.
During this operation, due to the high temperature and the
absorption of oxygen and water, triacylglycerols in the oil suffer
a series of reactions, namely hydrolysis, oxidation, isomerization,
and polymerization (1). Changes in minor components, e.g.,
sterols or steryl esters, including the elimination of water or
organic acid, also occur.

Recent studies suggest that the phenolic compounds naturally
contained in virgin olive oil improve its resistance to oxidative
deterioration (2). Phenolic antioxidants interrupt the initiation
and propagation stages of the oxidative chain reaction since they
react with lipid radicals to form more stable products (1). The
main components of the phenolic fraction of virgin olive oil
are hydroxytyrosol (3,4-DHPEA), tyrosol (HPEA), and their
derivatives linked to the aldehydic and dialdehydic forms of

elenolic acid (3,4-DHPEA-EDA, 3,4-DHPEA-EA, HPEA-EDA,
and HPEA-EA), which are described as secoiridoids (3-7).
Moreover, significant amounts of the lignans pinoresinol and
1-acetoxypinoresinol are also present (6-9). Some of these
compounds possess antioxidant activity (10, 11) and therefore
improve the oxidative stability of virgin olive oil and extend
its shelf life (11-13). Previous studies have used the Folin-
Ciocalteu method to investigate the residual total polyphenol
content after frying (14, 15), but this classic method is less
specific and informative than the quantification of individual
phenols by HPLC.

The higher oxidative stability of virgin olive oil, compared
to that of other vegetable oils, is due to both the high oleic acid
(monounsaturated) and low polyunsaturated fatty acid content
of the triacylglycerols, and also to the level of natural phenolic
components with antioxidant activity. Within Spanish virgin
olive oil varieties, Cornicabra and Picual are those with the
highest content of both oleic acid and phenolic compounds (16,
17).

The purpose of this work was to study the changes in the
phenols of virgin olive oil and their antioxidant activity
following several deep-fat frying operations. The antioxidant
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activity of the phenolic fraction of virgin olive oil was
characterized by its activity in stabilizing oils and emulsions
against oxidative deterioration, and by the DPPH test. Both oils
and emulsions were used to determine whether possible changes
in the polarity of the antioxidants during frying would affect
the activity differently in the two media. The DPPH test has
previously been successfully employed in assessing the anti-
oxidant activity of the phenolic extracts from virgin olive oil
(2, 18, 19). Frying oil deterioration was monitored by the
formation of oxidized triacylglycerols (monomers) (oxTGs) and
dimeric and polymerized TGs during frying and under acceler-
ated oxidation conditions at 60°C.

MATERIALS AND METHODS

Olive Oil Samples and Reagents.Extra virgin olive oil (EVOO)
of the Cornicabra variety was purchased from a Spanish industrial oil
mill (Toledo, Spain). Refined olive oil (OO) was purchased from a
local retailer (Reading, England). Syringic acid,p-hydroxyphenylacetic
acid, Folin-Ciocalteu reagent, caffeic acid,R-tocopherol (95%),
monoolein, 2,2-diphenyl-1-picrylhydrazyl radical (DPPH), Trolox,
hexanal, and Tween 20 were purchased from Sigma Chemical Co.
(Poole, UK). All solvents used throughout the study were HPLC or
analytical grade, obtained from Merck (Poole, UK) or Rathburn
(Walkerburn, UK).

Purified Antioxidant-Free Olive Oil (POO) Preparation. Phenols
and tocopherols were removed from OO by column chromatography
using alumina (Merck), according to the method of Yoshida (20).

Deep Frying. Potato slices (200 g) were cut into pieces (ap-
proximately 40-50× 10× 10 mm) and fried in a DeLonghi domestic
fryer (model F620), filled initially with EVOO (2 L). The oil was heated
to 180 °C, and the potato slices were added and fried for about 10
min. After each frying operation, the oil was allowed to cool to less
than 50°C. Twelve batches of potatoes were fried with the same oil
during a 6-day period (two operations per day). Thus, the total frying
period by the end of the experiment was 2 h, with 12 cooling stages in
total. Samples of oil (30 g) were removed after each frying operation
and stored at-20 °C until analysis.

Extraction of Phenolic Compounds.A sample of virgin olive oil
(2.5 g) was weighed, and when the extract was intended for HPLC
analysis, 250µL of a solution of the internal standard (15 mg‚kg-1 of
syringic acid in methanol) was added and the solvent was evaporated
with a rotary evaporator at 35°C under vacuum. The oil was then
dissolved in 6 mL of hexane. A diol-bonded phase cartridge (Supelco
Co., Bellefonte, PA) was used to extract the phenolic fraction. The
cartridge was conditioned by eluting with methanol (6 mL) and hexane
(6 mL), and the oil solution was then applied to the SPE column. The
column was washed with hexane (2× 3 mL) and with hexane/ethyl
acetate (85:15, v/v; 4 mL), which were run through the cartridge and
discarded. Finally, the phenols were eluted with methanol (15 mL),
and the solvent was removed with a rotary evaporator at 35°C under
vacuum until dryness. The phenolic residue was dissolved in methanol/
water (1:1 v/v; 250µL) for HPLC analysis or in methanol for the DPPH
test.

For the accelerated oxidation assay, where a higher amount of
phenolic extract was required, phenolic compounds from fresh EVOO
or EVOO after frying were extracted by liquid-liquid extraction with
aqueous methanol (80:20), as described by Montedoro et al. (21).

RP-HPLC Determination of Phenols [modified from Mateos et
al., (6)]. HPLC analysis was performed using an HP series 1050 system
equipped with an automatic injector and a diode array detector. A
reverse-phase C18 column (250× 4.6 mm i.d., 5µm particle size)
(Kromasil, Hichrom Ltd., Reading, UK) was used, with an injection
volume of 20µL and a flow rate of 1.0 mL/min. The mobile phase
was a mixture of water/acetic acid (95:5 v/v) (solvent A), methanol
(B), and acetonitrile (C). The mobile phase gradient was from 95%
(A)-2.5% (B)-2.5% (C) to 34% (A)-33% (B)-33% (C) in 50 min,
followed by 100% (B) for 15 min to clean the column. Chromatograms
were analyzed at 240, 280, and 335 nm, and phenolic compounds were

quantified at 280 nm using syringic acid as internal standard and the
response factors determined by Mateos et al. (6).

Analysis of Polar Compounds[adapted from Márquez-Ruiz et al.
(22)]. Oxidized polar compounds were determined by high-performance
size-exclusion chromatography (HPSEC) with an Agilent 1100 HPLC
(Agilent Technologies, Boeblingen, Germany) equipped with a refrac-
tive index detector (working at 35°C), using two PL gel columns (300
× 7.5 mm, 5µm particle size and 100 and 500 Å pore size, respectively;
Agilent, Bracknell, UK) at 30°C. Tetrahydrofuran at 1 mL/min was
used as the mobile phase. The injection volume was 20µL, and
monoolein was added as an internal standard.

DPPH Radical Scavenging Effect.DPPH was used as a stable
radical (23). Several concentrations of SPE phenolic extracts dissolved
in methanol (0.1 mL) were added to a DPPH methanolic solution (2.9
mL, 6 × 10-5 M). The decrease in absorbance of the resulting solution
was then measured at 515 nm at 0, 5, 10, 15 min, and then every 15
min until 1 h, with a Perkin-Elmer Lambda-Bio spectrometer (Bea-
consfield, UK). The absorbance was plotted against time, and the
percentage of absorbance reduction at 15 min was used as a measure
of the antioxidant activity of the extract. A calibration curve was
determined using Trolox as an external standard with a range of
concentrations from 0.19 to 0.93 mM. The equation was remaining
DPPH (%)) -132.08[Trolox]+ 102.17 (r 2 ) 0.99). The results were
expressed as micromoles of Trolox per kilogram of EVOO.

Emulsion Preparation. Oil-in-water emulsions (30:70, 50 g) were
prepared by dissolving Tween 20 (1%) in acetate buffer (0.1 M, pH
5.4) which was cooled in an ice bath. The oil sample was added
dropwise while the sample was sonicated with a Vibracell high-intensity
ultrasonic processor (Sonics & Materials Inc., Danbury, CT) (25). The
separation of the oil from emulsions for analysis was performed by
freezing at-70 °C, thawing, and centrifugation.

Accelerated Oxidation Experiments. Antioxidants and extracts
were added to purified OO (20 g) before oil storage or to purified OO
(15 g) before emulsion preparation. A control sample and samples
containing 0.31 and/or 0.62 mmol‚kg-1 of R-tocopherol or phenolic
extract from fresh or from EVOO used for 12 frying operations were
studied. The mean molecular mass of the phenolic compounds was
assumed to be 300 for calculation of the extract concentration. Purified
(antioxidant-free) bulk OO (20 g) and OO-in-water emulsions (50 g)
were oxidized at 60°C in darkness in a 50-mL beaker covered with
aluminum foil for the bulk oil or in a 100-mL capped glass bottle for
the emulsions. The progress of oxidation was monitored by measuring
the peroxide value (PV) (AOCS Official Method Cd 8-53) and hexanal
content by solid-phase microextraction (SPME) and GC as described
previously (24). Each experiment was carried out in triplicate.

RESULTS AND DISCUSSION

Changes in Phenols Composition.The natural phenolic
compounds in virgin olive oil suffered important changes during
frying, in agreement with previous literature (14, 15). The initial
concentration of these compounds and their levels after 6 and
12 frying operations, determined by SPE, are reported inTable
1. All components decreased in concentration with an increase
in the number of frying operations, although the rate of loss
depended on chemical structure and antioxidant activity.

The concentration of 3,4-DHPEA and its derivatives 3,4-
DHPEA-EDA and 3,4-DHPEA-EA in virgin olive oil rapidly
diminished with the number of frying operations, as shown in
Figure 1. By the end of the first process (10 min at 180°C),
these components had decreased by 40-50% of their original
concentration, and after six frying operations less than 10% of
the original content of these components remained (Table 1).
The level of these components was very low after 12 frying
operations.

The observed trend was consistent with the high antioxidant
activity of hydroxytyrosol and its secoiridoid derivatives in
virgin olive oil (11, 26), since antioxidants act by reacting
rapidly with lipid radicals and are thereby consumed. The level
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of hydroxytyrosol and its derivatives in virgin olive oil was
reported to correlate well with the oxidative stability of the oil,
as determined by the Rancimat method (7,12, 13). Moreover,
the similar rate of loss of these three compounds agrees with
the results reported by Baldioli et al. (11), who found similar
antioxidant activity for each of these compounds. The recent
report that hydroxytyrosol and its derivatives were lost more
rapidly during heating at 180°C from an oil richer in linoleic
acid (Arbequina variety) than from an oil richer in oleic acid
(Picual variety) (27) supports the role of oxidative deterioration
in the loss of the antioxidants. However, a contribution of non-
oxidative thermal degradation to antioxidant loss cannot be
discounted, and some of the phenols may have been lost by
oxidative coupling, although losses by this route should be small
due to the low concentration of phenols in the oil.

Another important family of compounds within the phenolic
fraction of virgin olive oil is tyrosol (p-HPEA) and its
secoiridoid derivatives (p-HPEA-EDA andp-HPEA-EA). This
family showed a completely different behavior during the 12
frying processes studied. The reduction in the concentration of
this group of compounds was much smaller than that observed
for the hydroxytyrosol family and moreover showed an almost
linear relationship with the number of frying operations (Figure
2). The observed trend is similar to that reported by Brenes et
al. (28) in virgin olive oil of the Picual variety during storage
at room temperature. Thep-HPEA andp-HPEA-EDA content

after 12 frying operations decreased by only about 20% of the
initial value, as compared to>95% for hydroxytyrosol and its
secoiridoid derivatives. The loss ofp-HPEA-EA was higher,
although its concentration after 12 frying operations was still
nearly 25% of the initial content. These results are consistent
with the much higher antioxidant activity of hydroxytyrosol and
its derivatives, as compared to that of the tyrosol family, in
virgin olive oil, as reported by other authors (11,26). According
to a recent report (27), most of the tyrosol derivatives were also
lost by oxidation during prolonged heating at 180°C, although
the total heating period was much longer (up to 24 h compared
with 2 h in thepresent frying experiments), and the change in
p-HPEA-EDA was not clear due to coelution of an oxidized
compound with this component.

Elenolic acid is not a phenol, but undoubtedly it is contained
in the polar extract of virgin olive oil. The presence of this
compound in a free form is due to the hydrolysis of oleuropein,
ligstroside, and related compounds (6, 21,28). The concentration
of this acid rapidly diminished during frying, as shown inFigure
3, and the acid was present at only about 2% of its initial content
after 12 frying operations. This does not mean that this
compound possessed any antioxidant activity, but the observed

Table 1. Changes in Phenolic Composition of Virgin Olive Oil during
Fryinga

no. of frying operations

compound 0 6 12

hydroxytyrosol
(3,4-DHPEA)

4.88 ± 0.45 0.45 ± 0.01 nd

3,4-DHPEA-EDA 52.49 ± 4.24 3.80 ± 0.40 0.79 ± 0.05
3,4-DHPEA-EA 95.51 ± 7.57 8.81 ± 0.58 5.68 ± 0.64
tyrosol (p-HPEA) 6.59 ± 0.15 5.68 ± 0.02 5.26 ± 0.14
p-HPEA-EDA 96.70 ± 8.52 103.0 ± 0.75 77.46 ± 2.44
p-HPEA-EA 53.09 ± 2.11 29.92 ± 1.38 12.94 ± 0.26
pinoresinol 2.40 ± 0.28 0.80 ± 0.03 0.57 ± 0.00
1-acetoxypinoresinol 8.50 ± 1.34 0.99 ± 0.17 0.73 ± 0.06
elenolic acid 12959 ± 70 1060 ± 45 292 ± 9

a Concentrations expressed as milligrams per kilogram, except for elenolic acid
which is in arbitrary peak area units. nd, not detected.

Figure 1. Changes in the content of hydroxytyrosol and its derivatives
during frying. 2, 3,4-DHPEA; 9, 3,4-DHPEA-EDA; b, 3,4-DHPEA-EA;
], sum of the previous three compounds.

Figure 2. Changes in the content of tyrosol and its derivatives during
frying. 2, p-HPEA; 9, p-HPEA-EDA; b, p-HPEA-EA; ], sum of the
previous three compounds.

Figure 3. Changes in other polar compounds from the phenolic fraction
during frying. 9, Elenolic acid; b, pinoresinol; 2, 1-acetoxypinoresinol.
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decrease was probably due to rapid oxidation. Briante et al. (29)
showed that elenolic acid was a very poor antioxidant compared
to hydroxytyrosol.

The lignans pinoresinol and 1-acetoxypinoresinol were de-
scribed as major components of the phenolic fraction of virgin
olive oil (8). According to the literature, these compounds
possess in vitro antioxidant activity (30), and they may be able
to inhibit lipid peroxidation in vivo if they are absorbed (31).
As was also observed for elenolic acid, the content of these
compounds fell drastically in the first frying operation, with a
much lower reduction rate in subsequent frying operations
(Figure 3). The increased stability of some lignans compared
to that of hydroxytyrosol derivatives during the frying of
potatoes is consistent with the recent report covering changes
during dry heating at 180°C (27).

Changes in the Antioxidant Activity. The antioxidant
activity of the phenolic extract, determined by the DPPH test,
rapidly decreased progressively during the first six frying
processes, from a total antioxidant activity (TAA) higher than
740µmol of Trolox/kg down to less than 250µmol/kg, as shown
in Figure 4. During subsequent frying operations, the total
antioxidant activity of the phenolic extract continued to decrease
progressively, but the rate of reduction was much lower. To
confirm that the method of isolation with the SPE cartridge was
able to extract the antioxidant components completely for both
fresh and used virgin olive oil, liquid-liquid extraction of the
phenolic fraction was performed with the original virgin olive
oil and the oil after 12 frying batches, and the DPPH scavenging
activity was nearly the same as for the samples isolated by SPE.
The TAA for fresh oil was 693 and 746µmol of Trolox/kg for
liquid-liquid and solid-phase extraction, respectively, and 139
and 144µmol/kg respectively for oil after 12 frying operations.
Since large amounts of phenolic extract were required for
accelerated oxidation experiments, liquid-liquid extraction was
used to isolate the extract for this application, whereas SPE was
used for the isolation of the extract for HPLC analysis due to
its speed and convenience.

The concentration of total polar material (TPM), including
oxidized triacylglycerol monomers (oxTGs), dimeric TGs
(DTGs), and polymerized TGs (PTGs) (Figure 4), increased
rapidly from the sixth frying operation onward, which is
consistent with the low antioxidant activity of the phenolic
extract after this point, with the consequence that the oil was
more susceptible to oxidation. These findings are consistent with
the low residual content of the main antioxidant compounds,
hydroxytyrosol and its derivatives, in virgin olive oil after six

frying operations. The loss of this family of antioxidants would
allow the increase in the rate of formation of oxidized polar
compounds in the oil.

The nutritional quality of the fried potatoes is likely to
deteriorate after six frying operations as the level of oxidized
polar compounds increases because oil absorbed by fried
potatoes from poor-quality oil contains high levels of oxidized
polar compounds (32), which showed negative physiological
and biochemical effects in rats fed high doses of this polar
material (33,34). Nevertheless, the levels of TPM (9%) and
DTGs and PTGs (4.4%) in the olive oil after 12 frying
operations (Figure 4) were much lower than the upper limits
of 24% and 12% for TPM and DTGs+ PTGs, respectively,
recommended by the German Society for Fat Science (35).

To verify whether the residual phenolic compounds contained
in the olive oil at the end of the 12 frying operations still
maintained any antioxidant effects, the tocopherol-free phenolic
extract from this oil was added to a purified antioxidant-free
olive oil (POO). This olive oil was stored in the dark at 60°C,
and the peroxide value was periodically measured during the
course of the oxidation process. The stability of this oil was
compared with that of samples of the oil without additives
(control) and with the addition ofR-tocopherol (0.62 mM) and
two levels of phenolic extract obtained from the fresh virgin
olive oil (0.62 and 0.31 mM). These concentrations were chosen
to reproduce the original concentration of phenolic extract and
half the original concentration in the Cornicabra olive oil.

The stability of the olive oil samples containing the additives
is shown inFigure 5. It is clear that the addition of fresh virgin
olive oil phenolic extract gave a highly stable oil, and that after
more than 300 h of storage at 60°C, the peroxide value of the
oil remained lower than 10 mequiv/kg. The oil containing
phenolic extract from fresh virgin olive oil was even more stable
than that obtained by the addition of an equimolar concentration
of R-tocopherol when assessed by PV, but the sample containing
R-tocopherol contained less hexanal than the sample containing
phenolic extract from fresh virgin olive oil after 328 h of storage
(Table 2). However, the phenolic extract from the oil used for
12 frying operations did not contribute any increased stability
to the oil. Indeed, a small pro-oxidant effect was observed when
changes in PV for this sample were compared to those of the

Figure 4. Changes in the antioxidant activity of the phenolic extract,
assessed by the DPPH assay, and in the levels of oxidized polar
compounds formed during frying. 0, TAA; b, OxTGs; [, PTGs + DTGs. Figure 5. Oxidation at 60 °C of bulk oil containing phenolic extracts from

fresh and used virgin olive oil. 9, Control; b, R-tocopherol (0.62 mM);
2, fresh oil extract (0.62 mM); 4, extract from fresh virgin olive oil (0.31
mM); [, extract from virgin olive oil used for 12 frying operations (0.62
mM); ], extract from virgin olive oil used for 12 frying operations (0.31
mM).
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control oil, and the pro-oxidant effect was enhanced when the
higher level of extract was present. The pro-oxidant effect was
not evident from the hexanal determinations, but the lack of an
antioxidant effect was confirmed. The pro-oxidant effect was
probably caused by the presence of other compounds in the
extract, like the oxidized polar compounds that favor the
oxidation process. In fact, the level of oxidized triacylglycerols,
and triacylglycerol dimers and polymers in the phenolic extract
from oil used for 12 frying operations was increased by 11 and
20 times, respectively, compared to their content in the fresh
virgin olive oil (Figure 4).

The fact that the phenolic extract from the frying oil used
for 12 frying operations did not show any antioxidant activity
in stored oil samples indicates that residual antioxidant activity
detected by the DPPH method was due to compounds that react
with DPPH radicals but do not interrupt the lipid peroxidation
chain reaction. Tyrosol and its derivatives, which are known
not to possess antioxidant activity in stored oil samples, may
have been responsible for this misleading residual activity in
the DPPH test.

The antioxidant behavior of the extracts in an oil-in-water
emulsion was similar to that observed for the bulk oil. The main
difference was that, in this case, the phenolic extract from oil
used for 12 frying operations did not show any pro-oxidant effect
when evaluated by PV measurements (Figure 6), possibly due
to the oxidized compounds partitioning into the aqueous phase
of the emulsion.

The analysis of hexanal in the volatile fraction of oil or
emulsion samples stored for 328 and 208 h, respectively (Table

2), showed a large increase in this oxidation product in stored
samples containing the phenolic extract after 12 frying opera-
tions as compared with the POO with added fresh phenolic
extract (50 times higher) for both bulk oils and emulsions. This
confirmed the absence of antioxidant activity in the extract after
12 frying operations, since the hexanal content was similar to
that in the control sample.

Virgin olive oil shows a good behavior during frying in terms
of resistance to formation of polar compounds and TPMs. This
was found in the current frying experiment and is similar to
the results found by other authors under similar conditions (15,
36). The low linoleic acid content of the oil is significant in
contributing to this effect, and the phenolic components may
contribute to the oil stability in the early stages of frying.
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(32) Gordon, M. H.; Kourimská, L. The effects of antioxidants on
changes in oils during heating and deep frying.J. Sci. Food
Agric. 1995,68, 347-353.

(33) Billek, G. Die Veränderungen von Nahrungsfetten bei höheren
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