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ABSTRACT: Evaluation of the oxidative stability of food lipids
based on the tendency of formation of radicals is shown to be
possible using electron spin resonance (ESR) spectroscopy and
the spin-trapping technique. Induction time can be determined
for mildly accelerated conditions (50°C for lipid fraction from
mayonnaise enriched with fish oil), and the length of the induc-
tion time decreases during storage and y-tocopherol depletion.
The protection by ethylenediaminetetraacetic acid against initi-
ation of lipid oxidation is also detected in the new assay. For
more oxidatively stable lipids (butter, rapeseed oil, dairy spread)
the mildly accelerated conditions can be used in the assay, pro-
vided that difference in signal height for fixed times replaces de-
termination of induction time. ESR spin trapping provides a sen-
sitive method for evaluating the oxidative stability of food lipids.
Detection of radicals in the lipid as an early event in oxidation
allows mild conditions to be used, and future experiments
should also include sensory evaluation in relation to determina-
tion of practical shelf life.
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Especially in highly processed foods, lipid oxidation is one of
the major deteriorative reactions, resulting in undesirable fla-
vors and formation of toxic oxidation products and further af-
fecting the nutritional value negatively (1). Accordingly itisim-
portant to predict the oxidative stability of agiven food by rapid
and reliable methods in order to determine shelf life and to eval-
uate the effect of protective antioxidants. Stability testing at am-
bient storage conditions is often too slow for practical usein
quality control, and consequently the oxidative stability istested
at forced conditions using high temperature or addition of
prooxidants. Several accelerated methods are routinely used to
characterize the stability of food lipids such as the Schaal oven
test, the Rancimat method, and the active oxygen (AO) method.
However, these methods are often criticized for giving wrong
predictions (1). The Rancimat method involves heating of the
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sample to a high temperature (100-140°C) and measuring the
levels of volatile acids produced by oxidation. The mechanism
of oxidation changes significantly at elevated temperatures due
to large differences in activation energies for various reactions,
making comparison to oxidation at normal storage conditions
unreliable (1). Furthermore, levels of volatile acids are only sig-
nificant at elevated temperatures and may not be relevant to nor-
mal storage conditions. The Schaal oven test involves a sensory
panel, which periodically examines the sample, heated to
50-60°C, until a definite rancid flavor develops. It requires min-
imal laboratory equipment, but large samples and a trained sen-
sory panel, and furthermore it takes arelatively long time (4-8
d) to complete each evaluation (2).

Electron spin resonance (ESR) spectroscopy is anew tech-
nique in food science but has already proven to be avaluable
tool in the study of the very early stages of oxidation in differ-
ent kinds of products. In beer arapid method for prediction of
the flavor stability using ESR spectroscopy has been devel oped
based upon the spin-trapping technique (3,4), and for whole
milk powder (5) and cheese (6) direct ESR measurement seems
promising for prediction of the oxidative stability during subse-
quent storage. Thermal decomposition of grape seed oil hasalso
been studied using the spin-trapping method (7). For food emul-
sions like mayonnaise, it became possible to quantify the rate of
production of radical precursors for hydroperoxides and sec-
ondary lipid oxidation products (8). In contrast to most other
methods used in food science, ESR spectroscopy provides the
possibility of studying the very early stages of lipid oxidation.
At this stage the sensory attributes of foods are still unchanged
and by evaluating the oxidative status of a given food at this
early stage, action can be taken to change process parameters
before the consumers experience a deteriorated product.

The objective of this study was to evaluate whether it is
possible to develop arapid test in which the resistance to oxi-
dation can be expressed as an induction time for formation of
radicals using only mildly accelerated conditions with a sig-
nificantly lower temperature compared to the existing alter-
natives for determination of the oxidative stability of pure
food lipids or foods containing high amounts of fat. Rapeseed
oil, oil separated from mayonnaise containing fish ail, and the
lipid fraction separated from butter, and dairy spread as four
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examples of foods with a different resistance to oxidation
were used to establish this accelerated test based on ESR.

EXPERIMENTAL PROCEDURES

Materials. N-t-Butyl-a-phenylnitrone (PBN) was obtained
from Molecular Probes Inc. (Eugene, OR) and was used as
received. Di-tert-butylnitroxide was from Sigma (St. Louis,
MO). Delios® V MCT (medium-chain triglycerides) oil was
from Braste A/S (Lyngby, Denmark). Barium chloride dihy-
drate, iron(l1) sulfate heptahydrate, ammonium thiocyanate,
hydrochloric acid (32%), and hydrogen peroxide (30%) were
obtained from Merck (Darmstadt, Germany), and chloroform
and methanol from Labscan Limited (Dublin, Ireland). All
were of analytical grade and were used as received. Refined,
unhydrogenated rapeseed oil was obtained from Aarhus Olie
A/S (Aarhus, Denmark). Raw fish oil was obtained from Es-
bjerg Fiskeindustri (Esbjerg, Denmark). The fish oil was re-
fined and deodorized at the pilot plant of Department of
Biotechnology, Technical University of Denmark. Liquid
frozen egg yolk with 3% salt (NaCl) was from Dansgy
(Copenhagen, Denmark). Tarragon vinegar (7%) was pur-
chased from A/S Dansk Eddikecentral (Copenhagen, Den-
mark). Lemon juice was from ItalLemon® (Milano, Italy).
Potassium sorbate was purchased from Merck and ethylene-
diaminetetraacetic acid (EDTA) was from Sigma (Steinheim,
Germany). The food-grade stabilizer Grindsted FF DC was
donated by Danisco Ingredients (Brabrand, Denmark).

Gas chromatrography (GC) analysis. The fatty acid compo-
sition of the lipids was determined from their methyl esters by
GC using a5890 A-Il chromatograph (Hewlett-Packard Co.,
San Fernando, CA) with HP-FFAP column (Hewlett-Packard
Co.) with the dimensions 25 m x 0.20 mm x 0.33 um. Thefol-
lowing conditions were employed for all samples: injector tem-
perature at 250°C; flame-ionization detector temperature at
300°C; flow 0.95 mL/min; and helium as carrier gaswith a split
ratio of 1:10. For rapeseed oil and lipid from dairy spread and
butter, the following oven program was employed: 50°C for 1
min; from 50 to 180°C at 15°C/min; from 180 to 220°C at
5°C/min; 220°C for 10 min. For mayonnaise the oven program
used was. 50°C for 1 min; from 50 to 180°C at 10°C/min; from
18010 220°C at 2.5°C/min; 220°C for 15 min.

Peroxide value (PV). PV, defined as meq O,/kg fat, was
determined according to Reference 9. The sample was dis-
solved in a 70:30 mixture of chloroform/methanol, and
iron(I1) chloride and ammonium thiocyanate were added and
the absorbance of the red Fe(l11)-complex measured at 500
nm on a Cintra 40 spectrophotometer (GBC Scientific Equip-
ment Pty. Ltd., Victoria, Austraia).

Analysis of tocopherols. The amount of a.- and y-tocoph-
erolsin the lipid phases was analyzed by liquid chromatogra-
phy (HPLC) with fluorescence detection using an external
standard. To samples of lipid (50 mg) was added 2 mL pyro-
galal (5 g/L absolute ethanol), and the samples were saponi-
fiedwith 0.5 mL KOH (500 g/L) at 70°C for 30 minin awater
bath. The samples were cooled on ice and then extracted
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twice with hexane containing butylated hydroxytoluene (0.01
g/L). The pooled hexane extracts were evaporated under ni-
trogen and resuspended in absolute ethanol using 5 mL for
lipid from mayonnaise and rapeseed oil and 0.5 mL for lipid
samples originating from butter and dairy spread. Quantifica-
tion of tocopherolsin sampleswas performed using a 250 mm
x 4.6 mm, 5u C18 stainless column (Chrompack, Middle-
burg, The Netherlands) using methanol/H,0 (97:3) (1.7 mL/
min) as the mobile phase. Excitation was at 292 nm and emis-
sion at 330 nm.

Food samples and storage experiments. Two mayonnaises
containing 0 and 75 ppm EDTA were produced as previously
described (10): rapeseed ail (64% w/w), fish ail (16% w/w),
egg yolk (4.0% w/w), NaCl (0.3% w/w), sugar (1.0% w/w),
vinegar (4.0% w/w), lemon juice (1.2% w/w), potassium sor-
bate (0.1% w/w), Grindsted FF DC as stabilizer (0.2% w/w),
and distilled water (9.2% w/w). Mayonnaises were stored at
20°C for 0, 2, and 4 wk in the dark and subsequently frozen
for aminimum of 24 h in order to separate the phases. After
thawing, the oil phase was centrifuged for 15 min at 2,000
rpm and 10°C to remove traces of water. The pure oil was
frozen and kept at —-50°C until further analysis.

Rapeseed oil was stored at 20°C for 0, 2, and 4 wk in the
dark and after storage was frozen and kept at -50°C until fur-
ther analysis.

Cultured butter (800 g fat/kg, 10 g salt/kg) and dairy
spread (800 g fat/kg, 10 g salt/kg) based on milk fat and rape-
seed oil (3:1) were bought locally and kept at —50°C until fur-
ther analysis. Thawing lasted for 24 h in arefrigerator at 5°C
after which the products were melted at 65°C for 1 h. After
melting, the fat was separated by centrifugation for 15 min at
2,000 rpm at room temperature. The lipid fractions were kept
at —50°C until further analysis.

Rapeseed oil and oil separated from mayonnaise contain-
ing 0 ppm EDTA (0 wk samples) and lipid fractions from but-
ter and dairy spread were used for optimizing the temperature
conditions in the ESR measurements (see below).

ESR spectroscopy measurements. Differences in the fatty
acid composition of the four food products made it necessary
to determine the optimal temperature conditions for each lipid
sample prior to actua measurements of induction timesfor for-
mation of radicals. Samples of al four types of food were
tested at the following temperatures: 50, 60, 70, and 80°C and
the lipid fraction of mayonnaise also at 55°C, with 10 mg PBN
dissolved in 10 g lipid samplein each case. For each lipid sam-
ple, aliquots werefilled into 10 ESR-tubes (700-PQ-7, heavy
wall; Wilmad Glass, Buena, NJ) and placed in awater bath at
the given temperature. Every 30 min, one tube was transferred
from the water bath to an ECS 106 ESR spectrometer (Bruker,
Rheinstetten, Germany), and the ESR spectrum was recorded.
Thefollowing parameters were used in all ESR measurements:
microwave power, 20 m\W; modulation amplitude, 1.0 G; mod-
ulation frequency, 100 kHz; conversion time, 40.96 ms; time
constant, 81.92 ms. For each spectrum, the peak-to-peak am-
plitude (App) of the first line was determined by the use of the
Winepr software program (Bruker, Billerica, MA) (see Fig. 1),
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FIG. 1. Electron spin resonance spectrum of the spin-trap N-t-butyl-a.-
phenylnitrone in rapeseed oil after 278 min at 70°C. The g-value was
determined to be 2.0060. The peak-to-peak amplitude App is deter-
mined as shown.

and these relative values were plotted against time to show the
development of the ESR signal at each temperature. The limit
of detection was defined as the mean blank signal plus three
times the standard deviations. For the actua instrument param-
eters, the blank value was 500 in average on arelative scale
with a standard deviation of 50, resulting in alimit of detec-
tion of 650. To determine the induction time for production
of radicals in the mayonnaise and rapeseed oil stored at dif-
ferent times, the same procedure for measurements was fol-
lowed. All measurements were made in duplicate.
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RESULTS AND DISCUSSION

Characterization of the food lipids. Four different types of
food lipids were investigated using the ESR method. Mayon-
naise is an oil-in-water emulsion in contrast to butter and
dairy spread, which both are water-in-oil emulsions, the latter
product with vegetable oil added to the milk fat. Rapeseed ail
was included in the investigation as an example of a cooking
oil. The main composition of the lipids studied is summarized
in Table 1. The four lipids have different fatty acid profiles as
expected (11,12). The mayonnaise lipid contains a significant
amount of long polyunsaturated fatty acids (PUFA) due to the
inclusion of 20% fish oil. Butter contains a very low amount
of PUFA, and rapeseed oil is characterized by a high content
of the monounsaturated oleic acid. The fatty acid profile of
the dairy spread reflects the partial substitution of milk fat
with rapeseed oil. The ratios of PUFA to saturated fatty acids
(SAT) are 2.43, 4.73, 0.26, and 0.08 for lipid from mayon-
naise, rapeseed oil, dairy spread, and butter, respectively.
However, the lipid fraction from mayonnaise contains a sig-
nificantly higher amount of eicosapentanoic acid (EPA) + do-
cosahexanoic acid (DHA) compared to the other lipids (Table
1), and based on an overall consideration the anticipated order
of oxidation stability is accordingly butter > dairy spread >
rapeseed oil > mayonnaise for equal storage conditions.

The PV of the products are typical for these types of prod-
ucts (Table 1), and the relatively high PV for mayonnaise oil

TABLE 1
Fatty Acid Composition, Content of a- and y-Tocopherols, and Peroxide Values of the Food Lipids Studied?

Mayonnaise Rapeseed oil Butter Dairy spread
C<14 n.d. n.d. 9.65 6.66
14:0 1.48 (0.01) 0.06 (0.01) 11.73 (0.04) 8.35(0.03)
15:0 n.d. n.d. 1.17 (0.02) 0.82 (0.01)
16:0 8.43 (0.01) 4.78 (0.01) 33.61 (0.02) 25.03 (0.31)
18:0 2.45 (0.02) 1.62 (0.01) 11.57 (0.01) 8.54 (0.18)
20:0 n.d. n.d. 0.21 (0.01) 0.32(0.01)
SAT 12.36 6.46 67.93 49.72
14:1 n.d. n.d. 0.28 (0.01) 0.23(0.02)
16:1 2.98 (0.02) 0.25 (0.01) 1.79 (0.01) 1.38 (0.02)
18:1 53.30 (0.01) 61.14 (0.03) 24.51 (0.06) 35.18 (0.80)
22:1 0.73 (0.01) 0.60 (0.03) n.d. 0.28 (0.01)
MUFA 57.00 61.99 26.58 37.17
18:2n-6 18.12 (0.01) 20.03 (0.01) 2.88 (0.01) 8.26 (0.19)
18:3n-3 8.19 (0.01) 9.96 (0.06) 0.90 (0.07) 3.62 (0.08)
18:4n-3 0.93 (0.01) n.d. 0.57 (0.01) 0.41 (0.01)
20:4n-6 n.d. n.d. 0.17 (0.01) n.d.
20:5n-3 1.41 (0.01) n.d. n.d. n.d.
22:6n-3 1.37 (0.01) 0.54 (0.04) 0.62 (0.01) 0.63 (0.03)
PUFA 30.02 30.53 5.14 12.92
EPA + DHA 2.78 0.54 0.62 0.63
PUFA/SAT 2.43 4.73 0.08 0.26
PVP 1.28 (0.01) 1.14 (0.05) 0.45 (0.03) 0.54 (0.03)
a-Tocopherol® 189.02 (6.46) 241.39 (7.55) 15.64 (0.94) 86.93 (3.54)
y-Tocopherol® 253.86 (10.28) 277.34 (7.66) n.d. 92.36 (2.51)

aExpressed as mass percentage. Values are expressed as mean + standard deviation where means are results of duplicate determinations. SAT, saturated fatty acid;
MUFA, monounsaturated fatty acid; PUFA, polyunsaturated acid; EPA, eicosapentanoic acid (20:5n-3); DHA, docosahexanoic acid (22:6n-3); n.d., not detected.
bperoxide value (PV) expressed as milliequivalents O, per kg anhydrous lipid. Means are results of duplicate determinations with standard deviation in parenthe-

ses. The peroxide values are based on the International Dairy Federation metl
with the AOCS method (18).

hod (9), and the numbers should be divided by a factor of two to be comparable

®The amount is expressed as ug /g lipid. Means are result of duplicate determination.
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reflects the high content of PUFA and the treatment of the ail
before PV analysis. The content of a- and y-tocopherol in the
food lipids (Table 1) is within normal range for this type of
product, with only a-tocopherol in an appreciable amount in
butter (13); the y-tocopherol found in the dairy spread origi-
nates from the rapeseed ail.

Optimization of assay temperature. The temperature
screening ESR experiments demonstrated that PBN spin
adducts could be detected in al lipid samples at elevated tem-
peratures. All observed signals were triplets of doublets, as
shown for rapeseed oil in Figure 1, with a hyperfine constant
of 14.78 G for ay. Only rudiments of the hyperfine splitting
into doublets (a, ~ 2.1 G) were found and not in all spectra
recorded, which can be ascribed to the decreased mobility of
the radicals due to the viscous nature of the oils. To determine
the g-value (the proportionality factor for resonance for the
radical) of the spin adducts, the radical di-tert-butyl nitroxide
was used as a reference, since the g-value for this speciesis
well known in awide variety of solvents (14). The g-value of
the PBN spin adducts was determined to be 2.0060, which is
typical for nitroxyl radicals (15).

Aninduction time, defined as the period of time where rad-
icals are formed very slowly before a sudden sharp linear in-
creasein signal intensity (Ay,), was experienced and is shown
for rapeseed oil at three different temperaturesin Figure 2.
This pattern of signal intensity resembled what is commonly
experienced in other accelerated oxidative tests (2) and isalso
experienced for accelerated oxidation of beer (3). The para-
meter A(peak-height), defined as [Apy(end) — Ayp(start)]
turned out to be a suitable measure of formation of radicals
as well, especially in cases where almost no radicals were
formed during the 250 min selected as assay time. Under such
conditions, no induction time could be determined directly
because of very weak signals, but A(peak-height) could be
used as an alternative parameter. It was found that the induc-
tion time and the intensity of the ESR signal were strongly
product- and temperature-dependent. Hence, the temperature
dependence of the individual lipids was investigated in order
to determine a suitable temperature for each individual food
product. In Table 2 the induction times and A(peak-height)
for the four types of lipids at 50 and 80°C are summarized.
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FIG. 2. Peak-to-peak amplitude (App), as determined in Figure 1, plot-
ted against assay time for rapeseed oil at 50, 60, and 80°C.

JAOCS, Vol. 77, no. 7 (2000)

M.K. THOMSEN ET AL.

TABLE 2

Evaluation of Oxidative Stability Based on Induction Time and
Signal Difference in ESR Spin-Trapping Assay for Rapeseed Oil
and Lipid Fraction Isolated from Food Samples.

Optimization of Temperature Conditions

Induction time A(peak-height)

(min) (arbitrary units)°
sample type 50°C 80°C 50°C 80°C
Mayonnaise 95 ~0 2250 82750
Rapeseed oil >300 15 (550) 4550
Dairy spread n.d.? 70 n.d.? 5200
Butter n.d.? 70 n.d.? 2550

8ESR, electron spin resonance; n.d., not detected.
bDetection limit for A(peak-height) is 650.

Signals could be detected in rapeseed oil and in lipid samples
from mayonnaise for 50°C and at higher temperatures with
the highest signal intensity in lipid from mayonnaise. In con-
trast, no signal could be detected in butter and dairy spread at
50 and 60°C for up to 250 min. For dairy spread, ESR signals
could only be detected for lipid samples evaluated at 80°C;
however A(peak-height) at 80°C for dairy spread was approx-
imately twice the size of A(peak-height) for butter at the same
temperature. Hence, based on these experiments, the oxida-
tive stability of the examined lipids was butter > dairy spread
> rapeseed oil > mayonnaise, being in good agreement with
the conclusions drawn from the fatty acid composition and
the tocopherol content, showing that the method can rank dif-
ferent food lipids according to their oxidative stability from
the very early events of oxidation.

Storage experiments with mayonnaise and rapeseed oil. The
assay temperature at which the induction time for formation of
radicalswas found to be approximately 100 min, as determined
by asharp increasein signal intensity, was selected for the eval-
uation of oxidation stability during storage of mayonnaise and
rapeseed ail, i.e., 60°C for rapeseed oil and 50°C for mayon-
naise. In Figure 3, the result of measurements on the lipid sam-
ple isolated from mayonnaise containing O ppm EDTA (week
0) is shown, and the induction time is marked together with

3000

2000+

1000+

App on arelative scale

Induction time
| 100 150 200
Time (min)
FIG. 3. Ay, plotted against assay time for lipid fraction isolated from
mayonnaise containing O ppm ethylenediamine tetraacetic acid, stored
for 2 wk at 20°C in the dark. Assay temperature was 50°C. The induc-
tion time is shown together with the A(peak-height), defined as de-
scribed in the text. See Figure 2 for abbreviations.
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TABLE 3
Evaluation of Oxidative Stability of Rapeseed Oil at 60°C and Lipid Fraction Isolated from Mayonnaise at 50°C During Storage at 20°C for
4 wk for Both Products, Based on Induction Time and Signal Difference in ESR Spin-Trapping Assay with 300 min Run Time

Induction time A(peak-height) PV values
(min) (arbitrary units)P (meq O,/kg lipid)°

Sample type 0 wk 2 wk 4 wk 0 wk 2 wk 4 wk Owk 2wk 4wk
ML?, 0 ppm EDTA 94 70 0 1450 2,200 5,300 1.28 254 410
ML?, 75 ppm EDTA >300 >300 109 (350) 1,350 2,500 1.25 1.90 2.19
Rapeseed oil >300 >300 >300 750 1,200 1,100 1.14 1.50 1.80
&ML = lipid separated from mayonnaise. PV, peroxide value.
bDetection limit for A(peak-height) is 650.
CFor experiments with nonseparated mayonnaise, see Reference 11.
A(peak-height). In Table 3 the resulting induction timesand 2. Wan, P.J,, Accelerated Stability Methods, in Methods to Assess

A(peak-height) from the mayonnaise samples tested (0 or 75
ppm EDTA) in the storage experiment are shown. Mayonnaise
containing no EDTA had significantly lower induction time and
higher signal intensities compared to the lipid samples from
mayonnaise containing EDTA, confirming previous findings
(11). As can be seen from these results, a significant antioxida-
tive effect of EDTA for lipid samples from mayonnaise was
noted. The results further show that the new method can be
used to detect the (small) changes in oxidative stability occur-
ring during relative short-term storage. The content of a-tocoph-
erol did not change during this storage, while y-tocopherol
showed a significant lowering in mayonnaise without EDTA
added after 4 k (0 wk: 254 ppm, 2 wk: 255 ppm, and 4 wk: 207
ppm), showing that y-tocopherol is oxidized before a-tocoph-
erol, as has previously been reported for rapeseed oil (16). In
the samples containing EDTA, the content of y-tocopherol did
not change during storage showing that EDTA is activein pro-
tecting againgt initiation of oxidation.

No significant change could be detected for rapeseed oil
during the storage period applying the ESR method. Only
small signal intensities were noted [A(peak-height) in Table
3], confirming that rapeseed oil oxidizes only slightly under
the given conditions at 20°C. The PV (with standard devia-
tion) increased likewise only moderately during storage: 1.14
(0.05), 1.50 (0.07) and 1.80 (0.07), meq O,/kg lipid at week O,
2, and 4, respectively, and the content of a- and y-tocopherol
did not change during the period, as reported for nonstripped
rapeseed oil (17).
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