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Abstract

The oxidative stability of extra virgin olive oils (EVOQO) from the Greek island of Crete was evaluated by electron paramagnetic resonance (EP
spectroscopy and the spin trapping technique. The spiialputyl-a-phenylnitrone (PBN) was added to the olive oil samples and the production
of free radicals was monitored during heating at@0Induction time for the accelerated oxidation of virgin olive oils atC@vas determined. The
EPR results were compared with the oxidative stability values provided by the Rancimat method@Gabtithigh linear correlations were found
(r=0.922). EPR spin trapping provides a sensitive and rapid method for evaluating the oxidative stability of EVOO. The same samples of Gre
extra virgin olive oils were also examined for their radical scavenging activity (RSA) toward the stable galvinoxyl radical by EPR spectroscop
The decrease of the intensity of the EPR signal upon incubation time was followed. Both oxidative stability and radical scavenging activity
EVOO samples were correlated to their content in polyphenols and tocopherols.
© 2006 Published by Elsevier B.V.

Keywords: Extra virgin olive oil; Antioxidants; Oxidative stability; Radical scavenging activity; Electron paramagnetic resonance spectroscopy

1. Introduction tron paramagnetic resonance (EPR) spectroscopy and the use

of spin traps. This class of compounds may react with transient

One of the most severe quality problems of virgin olive oil is radicals to yield stabilized species, which subsequently can ke
its oxidative rancidity due to oxidation of unsaturated fatty acidsmeasured by EPF5,7]. Most of the spin-trapping agents used.:
and subsequent formation of compounds that possess unpleashate a nitrone-type group, which is able to form a nitroxide (spign
taste and oddfl]. Virgin olive oil presents a remarkable resis- adduct) during the trapping of the free radical. Among several
tance to oxidation, which has been related to both its fatty acigitrones used as spin traps;s-butyl-a-phenylnitrone (PBN) 4
composition and the high levels of natural antioxidants, suchvas preferred due to its lipophilic character and the stability of
as polar and non-polar phenols (polyphenols, tocophenols) arttie resulting spin adducf8]. PBN has been successfully useds
carotenoidg2,3]. The oxidative process affecting the stability as a spin trap for the entrapment of lipid free radicals in food
of vegetable oils is often called autoxidation and involves a fredipids [9], vegetable oils and their mixturg$0], mayonnaise
radical formation mechanisfd]. Autoxidation process is char- [11] and fish 0il[12]. a9
acterized by a very slow initial stage (induction time) followed = Phenolic compounds present in virgin olive oils are strong

by a sudden increase in oxidation r§f. Free radicals pro- free radical scavengers. Studies have shown that stable radicals

duced during the oxidation process are very reactive and neveuch as 2,2-diphenyl-1-picrylhydrazyl (DPPH)N-Dimethyl- s
reach a concentration high enough to be directly detected. Thephenylenediamine (DMPD) or the superoxide anion produced
only adequate technique for such a determination is the eledy the xanthine/xanthine oxidase system, were effectively scau-
enged by virgin olive oil polar and lipidic fractiof$3—15] In =

the present study, the stable galvinoxyl radical was preferred

* Corresponding author. Tel.: +30 210 7273736; fax: +30 210 7273758, SiNCe no information was available concerning the scavenging
E-mail address: vpapa@eie.gr (V. Papadimitriou). ablllty of crude Virgin olive oils toward this radical. 58

0003-2670/$ — see front matter © 2006 Published by Elsevier B.V.
doi:10.1016/j.aca.2006.02.007
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The objective of this study was to evaluate whether EPR spimacid. Results were expressed as microgram of caffeic acid equiv-

trapping technique can provide a sensitive and rapid method falents (CAE) per gram of oil. 110
evaluating the resistance of extra virgin olive oils (EVOO) to free

radical formation under mild oxidation conditions. Quantifica- 2.4. HP LC separation, identification and quantification of 1
tion of free radicals was approached by external calibration usingcopherols of virgin olive oil 112

a stable lipophilic radical. A comparison of EPR spectroscopy

with the Rancimat method was also made. Moreover, EPR spec- Tocopherols in olive oil were determined using HPLC. Oihs
troscopy of the stable galvinoxyl free radical was considerecdample solutions were prepared by dilution of 4 g oil into 50
in order to estimate the radical scavenging activity (RSA) ofrn-hexane LiChrosolv 98%. Oil sample solutions were filtereg
extra virgin olive oils. Both oxidative stability and radical scav- through a 4qu.m membrane filter (Gelman), before the analyticals
enging activity results were correlated to the content of oliveprocedurg17]. The elution system was acetonitrile/methanal-
oil samples in antioxidant compounds such as polyphenols angb:25 v/v. Separation was achieved at 1.5 ml/min flow rates

tocopherols. on a Kromasil 100 C18, pm, 250 mmx 4.6 mm column i.d. s
(Rigas Laboratories, Thessaloniki). The injection volume was
2. Experimental 20pl. The UV-vis detector set at 220 and 290 nm. The columa
remained at 23C, during the HPLC analysis. To determine meaas.
2.1. Chemicals surements precision, each oil sample was injected three times.
Calibration curves were prepared by usingy-, 8-tocopherol 124
N-t-Butyl-a-phenylnitrone and 16-doxyl stearic acid (16- standards. 125
DSA) were obtained from Sigma. Galvinoxyl free radical was
from Aldrich. The Folin Ciocalteau reagent, isooctane and 2.5. EPR measurements 126

hexane were from Merck. Triolein (65%) was from Sigma.
Caffeic acid was from Fluka. Acetonitrile and methanol liquid EPR measurements were carried out at constant room tem-
chromatography (LC) grade were from Merck. Standards-pf perature 25C. using a Bruker ER 200D spectrometer operating

v-, 8-tocopherols were purchased from Fluka. at the X-band. The spectrometer was equipped with a Doubie
Rectangular Cavity ER 4105 DR and samples were taken i
2.2. Samples in 734-PQ-8, thin wall suprasil, EPR sample tubes (Wilmas

Glass Co., Buena, NJ, USA). Typical instrument settings were:

Different extra virgin olive oil samplesnE15) from the  centre field, 3470 G; scan range, 100 G; gain, 20,000; time caf-
island of Crete were used in this study. All samples were prostant, 500 ms; modulation amplitude, 1 G; phase licrowave 1z
vided by Cretan Unions of Agricultural Cooperatives (CUAC). power, 3.1 mW (for the oxidative stability studies) and 6.3 m\Aé
The CUAC of Sitia provided seven samples (S1-S7), the CUAGfor the RSA studies). Data collection was performed using
of Merabelo provided three samples (MR1-MR3), three samthe computerized program DAT-200 (Data Acquisition Pras.
ples were by the CUAC of Mylopotamos (ML1-ML3) and two gram, University Lubeck, Germany) and analysed with the GER
samples were from the CUAC of Peza (P1, P2). All olive oil (Graphic Evaluation Program version 1.2) program for personal
samples were used as received. computer. Simulations of the experimental spectra were can-
ducted with the simulation program WTNSIM (National Insti1a

2.3. Quantification of polyphenols in olive oils tute of Environment and Health Sciences). 142

The oil sample solutions were prepared by dissolving 50 @.6. Evaluation of oxidative stability 143
of oil in 50 ml n-hexane. The polyphenols were extracted from
these solutions with three 30 ml portions of §bH/H,O (80/20, Free radical accumulation was measured by heating the
v/v). The mixture was shaken each time for 10 min, at 300 rpmEVOO samples in a water bath at ®. The EVOO samples s
The separation of oil solution and methanol-water solution wa¢l g) were contained in EPR sample tubes. Prior to heating the
achieved by centrifugation for 15 min, at 6000 rpm. The extractdipophilic spin trapN-t-butyl-a-phenylnitrone was added (final.s
were brought to dryness and then the residues were dissolved@oncentration: 3 mgg' oil) to react with the free radicals as theyis
5 ml methanol. The resulting solutions were stored-a0°C,  formed during the incubation period. EVOO samples were withs
until analysis. drawn every 60 min periods, allowed to equilibrate in a wates

The concentration of polyphenols in the methanolic extracbath at 25C and then analysed in the EPR spectrometer. ERR
was estimated with Folin Ciocalteau reaggii]. The prepara- signal intensities were approached by double integration of the
tion of the samples consisted of dilution of 0.5 ml methanolicspectraFig. 1shows the EPR spectrum of the stable PBN spia
extract, 1 ml Folin Ciocalteau reagent and, after 3 min, 3.5 mhdducts formed in olive oil during heating. Integral intensities.
10% NaCOs in a 50 ml volumetric flask, with nano-pure water. were plotted against time to show the accumulation of free raet-
The absorbance of the samples was measured after 1 h aiwdls. The induction time was determined as the period of time
15min, at 725 nm against a blank sample with a UV—vis specduring which radicals are formed very slowly before a sudden
trophotometric detector, model SUV2120, Scinco. The calibrasharp linear increase in signal intensity. Induction time was used
tion curve was constructed using standard solutions of caffeifor the evaluation of the oxidative stability of EVOO sampless
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3. Results and discussion 193
3.1. Quantification of polyphenols and tocopherols 194

Total polyphenol and-, y-, 8-tocopherol content of EVOO 195
samples used in the present study is givenTable 1 1
Total phenolic analysis showed that EVOO samples contained
73.8-147.50.g (CAE)/g of oil. The relatively low content in s
total polyphenols can be possibly ascribed to the elapsed
time between olive oil production and polyphenol determinax
tion. Also, the HPLC analysis showed that EVOO contained
142-278.9 total tocopherols/g of oil. 202

3400 3420 3440 3460 3480 3500 3520 3540
Magnetic Field (G)

3.2. Oxidative stability of virgin olive oils 203

Fig. 1. EPR spectra of the PBN spin-adducts in EVOO samples after 6 h (dotted Virgin olive oil samples were examined for the produczs
line) and 24 h (solid line) of incubation at 7C. tion of free radicals after thermal treatment at°@by spin 205

during heating. The oxidative stability of each EVOO sampletralIOpIng using PBN. The nitrone lipophilic compound, PBNss

. . . . trapped these highly reactive species to form stable PBN spin
was investigated by three independent experiments. adducts. The EPR spectra of PBN spin adducts exhibit restricted

2.7. Quantification of radicals rotational motion. Simulation of the experimental EPR spectia
' indicated hyperfine splitting constantg =14.73+0.02G and 2.0

The lipophilic spin probe 16-doxyl stearic acid dissolved in%H = 2-50+ 0.1 G. The width of the centre-line, Bpp, was founek:

triolein was used as external standard for the quantitative analy: 09+ 0-2G Fig. 1. This resuit could be possibly ascribed ta:
sis of PBN spin adducts formed during EVOO heating &0 the decreased mobility of the radicals due to the long chain of the

Solutions of 16-DSA with concentrations ranging from 10 tooxidized lipids and/or the high viscosity of the reaction mediunu

80.M were prepared and EPR spectra were recorded and andf)- Because of line broadening, spectroscopic parametersof
ysed as mentioned above. 16-DSA dissolved in triolein gavéhetrapped radicals cannot be determined with certainty. Broad-

stable EPR spectra consisting of three peaks. All measuremerftf8€d EPR lines are also obtained when several radical addugets
were performed in triplicate. When the concentration of 16-DSA2'® formgd due to unresolvgd hyperf!ne sp!lttlng that causes s
was increased, the signal intensity of the corresponding EPRVErapping. As observed fig. 1, the intensity of the EPR sig- z:»

spectrum, as determined by double integration, was increased%' was increased with incubation time, which is indicative af

linear relationship of the integral intensity to 16-DSA concen-~ BN spin adducts accumulation. _ =
tration (1M) was observed. The regression equation is the fol- _Furthermore, PBN was used as a spin trap for the evaluatien
lowing: integral intensity = 0.0403 + 0.043[16-DSAJ= 0.998 of the oxidative stability of virgin olive oil samples. Oxidativezs
standard error = 0.102.= 6. ' " stability was expressed as the period of time during which ro

EPR signal due to PBN spin adducts could be detected (inductien
2.8. Evaluation of radical scavenging activity

Table 1
Samples of EVOO from Crete were examined for their radicajrotal polyphenol and-, y-, 3-tocopherol contents of the EVOO samples studied
scavenging activity toward the stable galvinoxyl radical (Galv-Sample Polyphenolsig g oil) Tocopherols f.g g oil)
0°) by EPR spectroscopy. EVOO (20-80 mg) was added in a N N 5
0.12 mM solution of Galv-Oin isooctane and the mixture was
transferred into an EPR sample tube for analysis. EPR spectfd 104.36 261 8.5 12
were recordeq for 30—35 min at 26. The EPR spectrum of 17235_552(1 123?5 5_ 32 :_ ';
galvinoxyl radical in isooctane consists of one broad peak. EPIg; » 100.02 255 20.7 27
signal intensity of galvinoxyl radical was decreased upon EVOQuL3 111.18 236 215 n.d.
addition. The % remaining galvinoxyl radicals were calculatedVR1 1475 211 9.2 n.d.
from the following equation: MR2 1404 231 11.0 n.d.
MR3 112.6 191 10.3 n.d.
% Remaining Galv- O°® = 100— AOAO 4 100 > e 20 o g
i _ ) ) S3 113.92 180 17.9 0.8
whereAg is the integral intensity of the EPR spectrum of agy 104.94 168 7.0 0.9
control sample (galvinoxyl solution which contains refined olive S5 135.97 205 1.58 2.3
oil) and A is the integral intensity of the EPR spectrum in the S6 132.84 195 7.1 n.d.
presence of the same volume of EVOO. All experiments were’ 120.08 178 4 n.d.
performed in triplicate. n.d., Not determined.
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0.4 antioxidant compounds, namely polyphenols and tocopherels
(Table 1), the following conclusions can be drawn. The high.
oxidative stability of sample MR1 is mostly due to the high con=:
03 - L centration of polyphenols (1475 g~ oil) and partly to the 2
high concentration of tocopherols (226 g~* oil). The olive 24
oil sample with the lowest oxidative stability, ML1, had thess
lowest content in polyphenols (73.:8 g~* oil) and the low- s
est content in tocopherols (142 g~ oil) among all samples 2
tested. In general, VOO with high contents in total polyphe=s
nols and tocopherols are more resistant to free radical fee-
mation under accelerated oxidation conditions. Two olive oils
: with similar content in total polyphenols, P1 (104369 % 2

0,0 F - Mo m oil) and S4 (104.94.g g~ oil), exhibit different oxidative sta- 2s
Induction time bilities probably due to their different content in tocopherols:
50 100 150 200 250 300 350 400 (271 and 176ug g1, respectively). Namely, sample P1 is mores
stable to thermal treatment @pr=66.5min) than sample S4 s
(ITepr=44.2min). This finding suggests a synergistic actios

Fig. 2. EPRintegral intensity againstincubation time for radical formation frompatween polyphenols and tocopherols in inducing oxidative sta-
EVOO containing the spin trap PBN (&) g~* oil) heated at 76C. The induction bility. In addition, two samples with similar total tocopherobss
time is determined as the period of time before the sudden sharp increase 01l ) !

-1 —1 :
signal intensity. Error bars show the variations of three determinations in termgonte'?t MR3 (201*9 g ") and S6 (2_02’«9 g ) have d|ff(_9r‘ 259
of standard deviation. ent oxidative stabilities (Igpr=41.9 min and I'Epr=73.4 min, 260

respectively), probably due the different contentin total polyphe:

time). Fig. 2 shows the sharp linear increase of EPR integraf'©!S (sample S6 is richer in polyphenols than sample MR3j.
intensity during storage of the olive oil sample at’TD When linear regression analysis was carrle_d out,_ in qrderzto

Table 2 shows the induction times of all the VOO sam- evaluate the relationship between the EPR induction time akrd
ples examined as determined by the EPR spin trapping techl® concentration of total hydrophilic phenolsyg ™ oil), @ s
nique. The induction times obtained were within the range>atisfactory correlation was obtained: 266
41-98.4 min. The sample, MR 1, with the highest induction tim _
(98.4+ 0.6 min) is the more resistant to the formation of free rad(?”—EPR = —1333+0.68[Polyphenols]
icals under thermal treatment whereas the sample, ML 1, with (r = 0.697, standard erroe 14.08, n = 15) 268
the lowest induction time 44 0 min) is the more susceptible to
free radical formation. As it can be observed frdable 2 even
small changes in oxidative stability were detected when the EP
spin trapping technique was considered.

When the results ofable 2concerning the oxidative stabil-
ity of the olive oil samples were compared to their content in

o

02 -

-

Integral Intensity

0,1 |

}—H

-50

o

Time (min)

267

When a similar regression analysis was carried out to evalu-
gte the relationship between the EPR induction time and the
concentration of total tocopherola{ y- ands-) (wgg~? oil), 2n
the correlation was lowr(=0.276). Similar results have been»
reported by Baldioli et al[2] concerning the antioxidant effect.
of hydrophilic phenols and tocopherols on the oxidative stabiks
ity of VOO as determined by the Rancimat method. Recently
Table 2 Mateos et al18] reported tha&k-tocopherols (the most abundantzs
Evaluation of_oxidative stapility of virgin olive oils (VOO) based on induction tocopherol in VOO) seem to have small contribution to VOO star
times determined by Rancimat at 110 and by EPR spectroscopy at % bility whereaso-diphenols are the most effective antioxidants.rs
(mean values S.D.,n=3) > . .

Table 2also shows the induction times of the same VOO sars

Sample I:dpu'ztion time (min) Iﬁgggtigstﬂme " ples as determined by the Rancimat method, which is widely
used in industry for the determination of oxidative stability o:

P1 66.5 {-2.6) 21.23 fats and oils. As it can be observed from the valuetatfie 2 a 2

P2 59.9 £0.6) 20.86 very good agreement exists between the EPR and the Rancisat

ML1 41 (+0) 16.22 : . S . ) :

ML2 65.5 (+1.7) 18.43 estimated inductiontimes. The following equation shows the ligs

ML3 52.6 (+4.7) 19.98 ear correlation between the induction times determined by ERR

MR1 98.4 ¢-0.6) 24.94 spectroscopy (Igpr) and by the Rancimat method @dncima): 28

MR2 85.5 @5) 24.63

MR3 41.9 (3) 17.55 ITepr(Min) = —64.5 + 6.19 ITrancimath), 287

s1 79.8 §2.1) 23.11

S2 52 1) 19.88 (r = 0.922 standard erroe= 7.3108 n = 13) 288

S3 94.3 £0.5) 19.86

S4 44.2 §4.2) 19.12 The high linear correlation found between the two methods,

S5 79.7 {£0) 23.59 namely EPR spin trapping and Rancimat, is in agreement with

S6 73.4 :2.8) 21.59 : L )

o7 83.442.9) 1898 the results reported by othg0] concerning the oxidative sta- 2o

bility of several vegetable oils and their mixtures. This finding.
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indicates that EPR spin trapping spectroscopy can be appliec omin ____
as a mild, sensitive and rapid technique in order to evaluate the
resistance of virgin olive oils to free radical formation.

2 min

12 min

3.3. Quantification of radicals 35 min
The concentrations of radicals formed in olive oil samples and
trapped by PBN were determined, after incubation for 6 and 24 h
at 70°C (Table 3. In all samples the radical concentration after
24 h of treatmentwas find to be significantly higher than after 6 h.
EVOO samples with high oxidative stability generally present a
high radical concentration rati@4+/Csh), case of samples P1,
ML2 and MR1 with ratios 16, 29 and 16, respectively, whereas
the less stable ones showed a much lower ratio, case of sample
ML1 and S4 with ratios 5 and 6, respectively. In the later case
the low radical concentration ratio may be attributed to the high
decomposition rate of the PBN radical adduct in the presence o

low concentration of antioxidants. Fig. 3. EPR spectra of galvinoxyl radicals in the presence of 2% (v/v) EVOO at
different incubation times: (solid line) 0 min, (dashed line) 2 min, (dotted line)
12 min, (short dashed line) 35 min.

3420 3440 3460 3480 3500 3520
Magnetic Field (G)

3.4. Radical scavenging activity of virgin olive oils

The antiradical properties of the EVOO samples examined F19- 4shows the effect of EVOO concentration on the decay
were estimated by EPR spectroscopy of the stable galvinoxyiurves of the scavenging reactlon mentioned _above. By increas-
free radical, isooctane was used throughout the experiment {89 the amountof EVOO the reactionrate wasmcreaS(oed. Radieal
dissolve both free radicals and olive oil samples. GalvinoxylS¢@venging activity of EVOO samples based on the % remain-
free radical has a well-defined EPR spectrifig(3). EPR sig- N9 gaIymoxyI activity after 30 min of incubation at 28 is a2
nal intensity was decreased upon EVOO addition due to théhown inTable 4 EVOO samples MR1, MR2, ML3, S1 and:z
scavenging effect induced by olive oil antioxidant compounds:sz exhibited high radical scavenging activities. After 30 min af

The scavenging reaction taking place between the stable Galicubation, 60.1%, 61.9%, 58%, 58.4% and 59.6% of the galvi:

O* radical and the antioxidants is the followif]: noxyl radicals were quenched by the above-mentioned samples,
respectively. All these samples were found rich in total polyphes
Galv-O" + A-OH « Galv-OH+ A-O* nols and tocopherolsTéble 3. EVOO samples with very low s

where A-OH is hydrogen donating compound such as polypher-adical scavenging activities were the samples S3, S7 and Mk,

nols and tocopherols and A*Ghe resulting unstable radicals. which after 30 min of incubation quenched only 33.9%. 39.8%

A rapid decrease in EPR signal intensity was observed withir"flnd 39.9% of the galvinoxyl rad!cals, respectively. All these,
the first 10 min of the scavenging reaction. samples were among the poorestin polyphenols and tocophesels

(Table ). When linear regression analysis was carried out, in

Table 3
Concentration of radicals formed and trapped by PBN after 6 and 24 h heating
at 70°C as determined by using a standard curve based on 16-DSA dissolvedin 100 &
triolein (mean values S.D.,n=3)
Sample Concentration of PBN spin-addugt$/) %‘ ol

6 (h) 24 (h) = "

© [ ]

P1 3@1) 47 @3) © 60l . = . .
P2 2&0) 60 (£2) £
ML1 7(£1) 36 (8) K
ML2 2(+0) 58 1) S sl
ML3 4(+1) 76 (&4) T .
MR1 3(+0) 49(2) o T o
MR2 4(1) 54 (2) 20F 4 a o
MR3 5(1) 75 @&4) 4 N FA g
s1 3(0) 65 (1) |
S2 5 6:1) 75 (:‘:5) 0 L 1 1 1 1 1 L 1
s3 30) 66 (£8) 0 5 10 15 20 25 30 35
S4 6¢:1) 24 (4) Time (min)
S5 4 (0.5) 59 (=4) . . . . .
S6 3¢0.5) 52¢3) Flg. 4, Scayenglng (_effect of EVOO on the g_alvmoxyl radical as a function of
57 2¢1) 42@4:3) incubation time at different VOO concentration®)(2% (v/v), @) 5% (v/v)

and (A) 9% (V/v).
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Table 4 ered, hi spite of the different experimental approaches the two
Radical scavenging activity of EVOO from Crete based on the % remainingmethodS considered. EPR spectroscopy and Rancimat preﬁict
activity of Galv-O radicals after 30 min incubation, (mean valieS.D.n=3) - 1o same oxidative stabilities of extra virgin olive oils. Oxidatives

Sample % Remaining Galv*Cactivity  stability of virgin olive oils correlates with their concentrationss

p1 57.9 ¢-1.4) in polyphenols and tocopherols. On the other hand, galvinoxy

P2 58.5 £2.6) free radical quenching followed by EPR spectroscopy can pea-
ML1 60.3 (1) vide a useful method for estimating radical scavenging activity

ML2 47.1 (1) of extra virgin olive oils. a73

ML3 42(£1)

MR1 39.9 ¢0.1)

MR2 38.1 (1) Acknowledgements a7

MR3 49.7 ¢1.1)

S1 41.6 £1) We thank the Cretan Unions of Agricultural Cooperativess

S2 404 £1.1) for financial support and for providing the extra virgin olive Oikss

22 ?1?:411 g;’; samples. N. Zoakis, chemist of the Peza Union of Agriculturat

S5 44.7 £2.2) Cooperatives of Crete is acknowledged for the Rancimat mea-
S6 45.5 ¢-0.5) surements. a79

s7 60.2 £0.1)

Galv-O =0.120 mM, EVOO = 2% (VIv). References %0
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