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This study was aimed at evaluating the antioxidant effectiveness of R-tocopherol and its water-
soluble analogue, Trolox, in different lipid systems. The oxidative stability of lipids in bulk and
emulsion systems at 37 °C decreased in the order corn oil triglycerides > methyl linoleate > linoleic
acid. In both bulk and emulsified linoleic acid, Trolox was a better inhibitor of hydroperoxide
formation and decomposition than R-tocopherol. However, in bulk methyl linoleate and corn oil
triglycerides, although Trolox was a better inhibitor of hydroperoxide formation, in emulsions,
R-tocopherol was a better inhibitor of both the formation and decomposition of hydroperoxides. In
emulsified methyl linoleate and corn oil, the partition coefficients of Trolox between lipids and water
at high concentrations were not affected by Tween 20, and the antioxidant activity of Trolox decreased
because it partitioned into the water phase and Tween 20 micelles. In contrast, in linoleic acid
emulsified with Tween 20, the formation of mixed micelles of linoleic acid and Tween 20 increased
the percentage of Trolox in the water phase and Trolox was more effective as an antioxidant than
R-tocopherol because it diffused in the water phase and into mixed micelles. The physical states of
lipid systems affect the distribution of antioxidants and thus significantly influence their antioxidant
behavior. Because linoleic acid has unique physical properties in aqueous micelles, it may not be
a valid substrate for evaluating food antioxidants.
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INTRODUCTION

The effects of antioxidants have stimulated much
interest in research aimed at preventing oxidation of
lipids. Antioxidants have been evaluated using different
methods to measure oxidation and within different lipid
systems. The relative effectiveness of antioxidants is
dependent on the lipid substrates, test system, concen-
tration, oxidation time, and method used to determine
lipid oxidation (Chipault et al., 1955; Lea and Ward,
1959; Porter, 1980; Pryor et al., 1988; Frankel et al.,
1994; Huang et al., 1994). Antioxidant behavior is more
complex when evaluated in emulsion systems than in
bulk oil systems because more variables influence lipid
oxidation, including emulsifier, pH, and buffer system
(Cillard et al., 1980; Pryor et al., 1988; Barclay and
Vinqvist, 1994). Hence, limited research has been done
to systematically evaluate antioxidant activity with
respect to the interaction between these system-depend-
ent variables.
Some hydrophilic antioxidants were more effective

than their lipophilic analogues in bulk oil but less active
in emulsions (Chipault et al., 1956; Uri, 1961; Porter et
al., 1989). Trolox, a water-soluble analogue of R-toco-
pherol, was more active than R-tocopherol in bulk corn
oil triglycerides but less effective than R-tocopherol in
corn oil-in-water emulsions (Frankel et al., 1994). A
possible mechanism advanced to explain these differ-
ences in efficiency of antioxidants was related to their
affinities toward the air-oil interfaces in bulk oil and
the oil-water interfaces in emulsions. Although Trolox
was more active than R-tocopherol in hemoglobin-
catalyzed oxidation of a 10% safflower oil emulsion (Cort

et al., 1975), R-tocopherol was more effective than Trolox
in methyl linoleate emulsions with hemoglobin as
catalyst (Taylor and Richardson, 1981). R-Tocopherol
was a better scavenger of peroxyl radicals than Trolox
in styrene systems (Burton et al., 1985) and in methyl
linoleate with azo compound initiators (Roginsky, 1990).
In the presence of an azo initiator, Trolox was more
effective than R-tocopherol in linoleic acid emulsified in
0.5 M sodium dodecyl sulfate (SDS) solution (Barclay
et al., 1985), while less effective than R-tocopherol in
0.015 M (Castle and Perkins, 1986) and 0.1 M SDS
solution at pH 7.4 (Pryor et al., 1993). These results
are difficult to interpret because of the various condi-
tions and methods used to determine lipid oxidation.
Measurements of volatile oxidation products are

important to estimate how much off-flavor is produced
during autoxidation. Hexanal is one of many important
volatile products that is a useful marker for the oxida-
tive decomposition of oxidized n-6 PUFA (Frankel,
1982). Trolox inhibited both the formation of hydro-
peroxides and their decomposition to hexanal in bulk
corn oil triglycerides but less efficiently in oil-in-water
emulsions (Frankel et al., 1994). In contrast to Trolox,
R-tocopherol promoted the formation of hydroperoxides
at higher concentrations at the early oxidation stages
but inhibited hexanal formation more strongly at higher
concentrations in both bulk and emulsion systems
(Frankel et al., 1994; Huang et al., 1994). Therefore, it
is important to use more than one method to determine
antioxidant activity to evaluate their effects on lipid
oxidation at different stages (Frankel, 1993).
Although triglycerides are the major lipids in food

systems, polyunsaturated fatty acids (PUFA) and their
esters are commonly used as model lipid substrates to
study lipid oxidation and antioxidant activity. These
lipid substrates have different viscosities and polarities.
Fatty acids are amphiphiles, and their pKa values are
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about 5. Fatty acids dissociate in aqueous systems,
depending on pH, to form fatty acid anions that are
partially soluble in water and formmicelles. In contrast
to fatty acids, fatty acid esters and triglycerides are
insoluble and are thus dispersed in water as emulsion
particles. At pH 7, linoleic acid anion is homogeneously
incorporated in the micellar structure, and its oxidiz-
ability is constant between 0 and 0.47 M in 0.5 M SDS
with an azo compound initiator (Barclay et al., 1983).
In contrast, methyl linoleate is solubilized in the mi-
cellar structure at lower concentrations and “dissolved”
within the micelles at higher concentrations, and its
oxidizability increases with increasing concentration.
These differences, which affect antioxidant activity,
have been largely overlooked in the literature.
In multiphase food systems, antioxidants partition

into different phases according to their affinities toward
and the amount of these phases. The relation between
partition of antioxidants and their effectiveness in
multiphase systems is not clear. Is the partition of
antioxidants responsible for their different antioxidant
activities in different physical states? Castle and Per-
kins (1986) found that R-tocopherol was more effective
than Trolox because R-tocopherol was located in linoleic
acid micellized in SDS at pH 7, compared to only 2%
for Trolox. Barclay and Vinqvist (1994) also reported
that Trolox partitioned partially into the lipid phase of
liposomes at pH 7 and its antioxidant activity was
influenced by the membrane surface charge that varied
with pH. Cornell et al. (1970) only determined the
partition coefficients of some antioxidants between
butter oil and water, and the partition toward the water
phase increased with increasing temperature. Yama-
mura et al. (1991) used a three-phase model to inves-
tigate the distribution of a diterpenoid in lipid emulsions
by determining its partition coefficients between oil and
water, between oil and water with emulsifiers, and
between lipid emulsions and water. However, there is
apparently no information in the literature on the
distribution of highly lipophilic antioxidants in lipid
emulsions.
This study compared the effectiveness of R-tocopherol

and Trolox in different lipid substrates by systematically
studying the interactive effects of three variables,
concentration, physical state, and oxidation stage, on
antioxidant activities in bulk and emulsions at 37 or
60 °C. The effectiveness of R-tocopherol and Trolox was
evaluated at different stages of oxidation by measuring
both the formation of hydroperoxides (conjugated dienes)
and the decomposition of hydroperoxides (hexanal) in
these lipid systems. To define the relationship between
the antioxidant activity and phase distribution in dif-
ferent emulsified lipids, partitioning of Trolox between
different phases and water was investigated according
to classical methods.

MATERIALS AND METHODS

Materials. Linoleic acid and its methyl ester were obtained
from Nu-Chek Prep Inc., Elysian, MN. Corn oil triglycerides
stripped of tocopherols were purchased from Eastman Kodak
Co., Rochester, NY. Corn oil was found to be free of toco-
pherols by high-performance liquid chromatography (HPLC)
using a fluorescence detector (Handelman et al., 1985), and
its peroxide value was less than 5. The fatty acid composition
determined by gas chromatography (GC) of the methyl esters
was as follows: 10.5% 16:0; 2.1% 18:0; 25.5% 18:1; 60.8% 18:
2; and 1.1% 18:3. R-Tocopherol and Tween 20 (polyoxyethylene
sorbitan monolaurate) were obtained from Sigma Chemical
Co., St. Louis, MO. Tween 20 (molecular weight, 1226) has a

density of 1.095 g mL-1 and a critical micelle concentration of
approximately 3.5× 10-5 M (Courthaudon et al., 1991). Trolox
C was obtained from Aldrich Chemical Co., Milwaukee, WI.
Preparation of Bulk Oil and Emulsion Samples. Lipid

samples (5.0 g) were prepared with or without added 150 or
300 µM antioxidants. These concentrations are equivalent to
65 and 130 ppm of R-tocopherol and 38 and 76 ppm of Trolox,
respectively. Antioxidants were added in methanol solutions,
and samples were purged of methanol with nitrogen. Ten
percent oil-in-water emulsions (20 g) were prepared in 50-mL
Erlenmeyer flasks. The emulsions were prepared by mixing
2.0 g of oils, 1.8 g of deionized water, and 0.2 g of Tween 20 as
emulsifier, sonicating this mixture for 1 min. Sonication was
continued in an ice bath for another 4.5 min during which 16
mL of deionized water was added in four 4-mL portions every
30 s. This emulsification was carried out by sonicating for a
total of 5.5 min at high power (sonicator, cell disruptor, Model
W-10, Heat Systems, Ultrasonics, Inc., New York). The
particle sizes of emulsions were determined with a Microtrac
Ultrafine particle analyzer (Leeds & Northrup, North Wales,
PA). The average particle size in fresh samples of emulsions
was 0.1-0.25 µm. The pH of emulsified linoleic acid and corn
oil triglyceride samples with and without antioxidants ranged
from 4.8 to 5.0. The pH of emulsified methyl linoleate samples
was approximately 6.1.
Methods. Oxidation. Bulk oil samples (2.5 g in 11.1-mL

screw-capped vial) and emulsion samples were oxidized at 37
°C in a shaker water bath (Model M76D, New Brunswick
Scientific Co., Inc., Edison, NJ) or at 60 °C in a shaker oven
(Lab-Line Instrument, Inc., Melrose Park, IL). Oxidative
stability was determined by measuring conjugated diene
hydroperoxides spectrophotometrically and hexanal by head-
space GC. All oxidation and analyses were done in duplicate,
and the results were calculated by one-way analysis of variance
(Wagner, 1992).
Measurement of Conjugated Diene Hydroperoxides. Mea-

surements in oil samples were carried out according to the
same procedures described previously (Frankel et al., 1994).
For emulsion samples, samples (0.1 g) were dispersed in 5 mL
of methanol and then diluted to a measurable absorbance with
methanol. The absorbance was measured at 234 nm and
calculated on the same unit as the oil samples.
Measurement of Hexanal by Static Headspace GC. The

procedures used for hexanal measurements were those de-
scribed previously (Frankel et al., 1994), except that all oil and
emulsion samples were equilibrated at 60 °C for 15 min.
Partition Studies. Two methods were used to determine the

partition coefficients of Trolox between different lipids and
water.
Method A. Lipids (0.50 g) and deionized water (4.5 g)

containing different concentrations of Trolox were weighed into
10-mL screw-capped test tubes and vortexed twice for 15 s
after purging with nitrogen. These samples were then cen-
trifuged at 2000 rpm for 3 min. The water layer was
transferred into a test tube and centrifuged again to remove
lipid residue. The water layer containing Trolox was analyzed
by HPLC (method given below) to obtain the partition coef-
ficients of Trolox between different lipids and water. The
calculation for the partition coefficient of Trolox between lipid
and water was as follows: partition coefficient ) Vw/Vl(Wt/Ww

- 1), where Vw ) volume of water; Vl ) volume of lipid or
Tween 20; Wt ) total amount of Trolox; and Ww ) amount of
Trolox in water phase; the densities (g mL-1) used for calculat-
ing lipid volume were 0.904 for linoleic acid, 0.889 for methyl
linoleate, and 0.916 for corn oil.
Method B. The concentration of Trolox was measured in

the aqueous phase separated from lipid-water mixtures,
Tween 20 solution, and emulsions. Three different systems
containing 30 -100 µg/g Trolox (25 g) were prepared as
follows: (1) 1% (w/w) Tween 20 solution; (2) 10% (w/w) lipid-
water mixtures sonicated for 20 s at power level 4, about 70-
80 W (Sonifier cell disruptor, Model W185D, Heat Systems-
Ultrasonics, Inc., Plainview, NY) and vortexed for 10 s; (3) 10%
lipids emulsified with 1% Tween 20 prepared as described
previously. The pH of these samples ranged from 3.0 to 3.3.
These samples were purged with nitrogen and kept at 5 °C
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during the experiment. These samples (2 mL) were placed in
Centri/Por centrifuge concentrators with cellulose ester mem-
branes, molecular weight cutoff 1000 (Spectrum, Houston, TX),
and centrifuged at 1500g for 20 min at 20 °C. This procedure
was repeated eight times, and the last four filtrates were
analyzed by HPLC. Each centrifuge concentrator was rinsed
three times with 3 mL of deionized water and centrifuged at
1500g for 30 min each time before use; the recovery of each
concentrator was determined with different concentrations of
Trolox solution. The percentage of Trolox in the water phase
was determined by analyzing the filtrates of each sample. This
analysis was normalized on the basis of the composition of the
lipid sample and was corrected by multiplying the recovery of
Trolox in the Centri/Por centrifuge concentrator, which ranged
from 69 to 89%.
HPLC Analysis. Trolox in the water phase was analyzed

on a Hewlett-Packard 1090 HPLC system using a Supelcosil
LC-18-DB column (particle size, 5 µm; 2.1 mm i.d. × 25 cm,
Supelco, Inc., Bellefonte, PA) and peak detection at 290 nm.
The elution solvent was 60:40:1 methanol-water-2 M citric
acid, and the flow rate was 0.3 mL min-1.

RESULTS

Oxidative Stability of Bulk Linoleic Acid, Meth-
yl Linoleate, and Corn Oil Triglycerides. Forma-
tion of Hydroperoxides. At 37 °C, linoleic acid oxidized
at the highest rate, followed by methyl linoleate and
then corn oil triglycerides (Figure 1). Linoleic acid had
no induction period compared to an induction period of
about 1 day for methyl linoleate. The accumulation of
hydroperoxides formed in methyl linoleate was about
one-third of that in linoleic acid between 1 day and 3
days. The rate of hydroperoxide formation (the ratio of
hydroperoxide formation to oxidation time) in corn oil
increased after 24 days. The lower oxidative stability
of linoleic acid and methyl linoleate may be attributed
to the lower viscosity resulting in increasing rates of
collision and reaction and greater circulation to the
surface. The lower linoleate content (60%) of corn oil
may account for its higher oxidative stability.
Decomposition of Hydroperoxides. Hexanal formation

was also faster in linoleic acid samples than in those
composed of methyl linoleate and corn oil (Figure 1). If
linoleic acid hydroperoxides decompose more quickly to
initiate free radical chain reactions, linoleic acid would
be expected to have lower oxidative stability in the
presence of trace amount of hydroperoxides acting as
initiators. The rate of hexanal formation (the ratio of
hexanal formation to oxidation time) in all of these lipids
increased when the rate of hydroperoxide formation

increased or changed. When the amount of hydroper-
oxides reached 100 mmol/kg of oil, the ratio of hexanal
formation to hydroperoxide formation decreased in the
order corn oil > linoleic acid > methyl linoleate.
Although corn oil triglyceride hydroperoxides appeared
to decompose more readily than the hydroperoxides of
methyl linoleate and linoleic acid, the differences were
small but exaggerated in the hexanal scale (Figure 1,
right y-axis). At 60 °C, the rate of hydroperoxide
formation increased more rapidly than the rate of
hexanal formation (data not shown).
Oxidative Stability of Emulsified Linoleic Acid,

Methyl Linoleate, and Corn Oil Triglycerides.
Formation of Hydroperoxides. The different emulsified
lipid substrates showed the same order of oxidative
stability as bulk systems (Figures 1 and 2). However,
these lipids when emulsified exhibited lower oxidative
stability than the bulk lipids. In corn oil emulsions, the
induction period was 16 days compared to 24 days in
bulk corn oil.
Decomposition of Hydroperoxides. In emulsified li-

noleic acid and methyl linoleate, the rate of hexanal
formation increased largely when the speed of the
accumulation of hydroperoxides decreased (Figure 2).
When the amount of hydroperoxides reached 350 mmol/
kg of oil, the ratio of hexanal formation to hydroperoxide
formation was highest in corn oil, followed by linoleic
acid and methyl linoleate. This ratio increased after
an induction period in linoleic acid and methyl linoleate
in both bulk and emulsified systems. When their rates
of hydroperoxide formation decreased, the amount of
accumulated hydroperoxides was smaller in emulsified
linoleic acid than in emulsified methyl linoleate. In
contrast, hydroperoxides decomposed to a greater extent
in emulsified linoleic acid than in emulsified methyl
linoleate. In emulsion systems as in bulk systems,
linoleic acid hydroperoxides decomposed more quickly
than methyl linoleate hydroperoxides and were ac-
cumulated to a lesser extent.
Effects of r-Tocopherol and Trolox in Bulk

Linoleic Acid. Formation of Hydroperoxides. The
formation of hydroperoxides in bulk linoleic acid was
decreased by R-tocopherol and Trolox at 37 °C (Figure
3a). The rate of hydroperoxide formation increased in
the presence of 150 µM R-tocopherol after 1 day. At 300
µM, the rate increased more slowly than at 150 µM, and
it was higher between 2 and 3 days than between 1 and
2 days. The formation of hydroperoxides was increased

Figure 1. Oxidative stability of bulk linoleic acid, methyl
linoleate, and corn oil triglycerides at 37 °C. HP, hydroperox-
ides; HX, hexanal.

Figure 2. Oxidative stability of 10% emulsions of linoleic acid,
methyl linoleate, and corn oil triglycerides at 37 °C. HP,
hydroperoxides; HX, hexanal.
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at 150 µM Trolox after 2 days but inhibited at 300 µM
Trolox between 1 and 3 days. The inhibition by both
antioxidants decreased after 3 days (Table 1). On day
3, Trolox was a more effective inhibitor of hydroperoxide
formation than R-tocopherol at 150 and 300 µM.
Decomposition of Hydroperoxides. Hydroperoxide

decomposition was strongly inhibited by R-tocopherol
and Trolox (Figure 3b). Hexanal was produced after the

formation of hydroperoxides. The rate of hexanal
formation in the presence of R-tocopherol increased
between 1 and 3 days. Hexanal formed more rapidly
at 150 µM R-tocopherol than at 300 µM. Hexanal
formation increased in the presence of 150 µM Trolox
after 2 days but did not increase at 300 µM during 3
days of oxidation (Figure 3b). The extent of inhibition
of hydroperoxide decomposition by R-tocopherol de-
creased between 1 and 3 days, whereas the inhibition
by Trolox actually increased during this period (Table
1). On day 3, the inhibition by both antioxidants was
higher at 300 µM than at 150 µM, but with Trolox the
difference between the two levels was not significant.
Trolox was more effective than R-tocopherol.
Effects of r-Tocopherol and Trolox in Emulsi-

fied Linoleic Acid. Formation of Hydroperoxides. The
formation of hydroperoxides was also retarded by added
R-tocopherol and Trolox (Figure 4a). With 150 µM
R-tocopherol, the rate of hydroperoxide formation in-
creased sharply between 1 and 2 days, as in the control
the apparent rate of hydroperoxide formation decreased
between 2 and 3 days. With 300 µM R-tocopherol, the
increase after 1 day was less than with 150 µM.
Hydroperoxides were formed significantly in the pres-
ence of 150 µM Trolox only after 2 days, whereas with
300 µM, only traces of hydroperoxides were detected
even after 3 days. The inhibition by both antioxidants
decreased with oxidation time (Table 1). On day 3, the
order of inhibition by both antioxidants was the same
as that in bulk linoleic acid.
Decomposition of Hydroperoxides. The effects of R-to-

copherol and Trolox on hexanal formation were similar
in emulsified and in bulk linoleic acid (Figures 4b and
3b). On day 3, R-tocopherol and Trolox inhibited hy-
droperoxide decomposition more effectively at 300 µM
than at 150 µM (Table 1). Also, Trolox was a better
inhibitor of hydroperoxide decomposition in emulsified
linoleic acid than R-tocopherol.
Effects of r-Tocopherol and Trolox in Bulk

Methyl Linoleate. Formation of Hydroperoxides. Hy-
droperoxide formation was strongly inhibited by R-to-
copherol and Trolox in bulk methyl linoleate compared

Figure 3. Effect of R-tocopherol and Trolox on oxidative
stability of bulk linoleic acid at 37 °C: (a) hydroperoxide
formation; (b) hexanal formation.

Table 1. Inhibition of Hydroperoxide and Hexanal Formation by r-Tocopherol and Trolox C in Bulk and in Emulsified
Linoleic Acid and Methyl Linoleate (Percent Mean Inhibition ( SD)a,b

bulk emulsified

hydroperoxides hexanal hydroperoxides hexanal

sample day 1 day 3 day 1 day 3 day 1 day 3 day 1 day 3

linoleic acid 0.0 ( 0.8c 0.0 ( 4.9e 0.0 ( 3.6d 0.0 ( 1.6d 0.0 ( 3.0c 0.0 ( 1.8e 0.0 ( 1.1c 0.0 ( 0.5e
+ R-tocopherol
150 µM 94.7 ( 0.1b 58.1 ( 0.2d 79.0 ( 3.6c 67.1 ( 3.6c 93.3 ( 0.2b 14.1 ( 0.6d 92.8 ( 0.8b 57.0 ( 0.2d
300 µM 95.3 ( 0.1b 67.5 ( 0.7c 82.4 ( 1.3bc 77.5 ( 1.8b 94.7 ( 0.1b 40.9 ( 2.0c 91.1 ( 0.9b 79.2 ( 0.3c

+ Trolox
150 µM 99.5 ( 0.2a 85.0 ( 0.1b 89.1 ( 0.4ab 91.8 ( 0.3a 99.9 ( 0.2a 69.2 ( 1.0b 96.2 ( 0.1a 93.8 ( 0.3d
300 µM 99.5 ( 0.2a 99.1 ( 0.3a 94.2 ( 1.1a 96.6 ( 0.1a 100.0 ( 1.8a 99.4 ( 0.1a 98.3 ( 0.3a 99.1 ( 0.1a

bulk emulsified

hydroperoxides hexanal hydroperoxides hexanal

sample day 11 day 15 day 11 day 15 day 7 day 9 day 7 day 9

methyl linoleate 0.0 ( 2.0b 0.0 ( 0.7b 0.0 ( 2.3b 0.0 ( 3.0c 0.0 ( 0.5c 0.0 ( 0.1c 0.0 ( 1.3c 0.0 ( 2.4c
+ R-tocopherol
150 µM 98.0 ( 0.1a 98.5 ( 0.1a 95.1 ( 0.4a 97.1 ( 0.1a 99.4 ( 0.1a 99.4 ( 0.1a 98.8 ( 0.3a 98.6 ( 0.1a
300 µM 97.2 ( 0.1a 97.9 ( 0.1a 97.2 ( 0.4a 98.5 ( 0.3a 99.6 ( 0.1a 99.5 ( 0.1a 99.3 ( 0.1a 99.6 ( 0.1a

+ Trolox
150 µM 99.1 ( 0.1a 99.0 ( 0.1a -18.6 ( 2.0c -66.4 ( 2.3d 85.3 ( 0.1b 64.9 ( 0.5b 96.2 ( 0.2b 92.2 ( 0.1b
300 µM 99.1 ( 0.1a 99.4 ( 0.1a 92.8 ( 1.8a 63.2 ( 1.8b 99.4 ( 0.1a 99.3 ( 0.1a 98.9 ( 0.1a 99.2 ( 0.1a

a % inhibition ) [(C - S)/C] × 100, where C ) hydroperoxide or hexanal formed in control and S ) hydroperoxides or hexanal formed
in sample. Negative values represent prooxidant activity. SD, standard deviation, n ) 2. b Values within each column followed by the
same letter are not significantly different (p < 0.05).
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to linoleic acid at 37 °C (Figures 3a and 5a). Trolox was
again a more effective inhibitor of hydroperoxide forma-
tion than R-tocopherol. However, the inhibition by both
antioxidants at the two levels used was between 97 and
99% over the 25 days tested and was not significantly
different (Table 1).
Decomposition of Hydroperoxides. Hexanal formation

in methyl linoleate was inhibited by R-tocopherol and
Trolox between 1 and 8 days (Figure 5b). After 8 days,
150 µM Trolox did not inhibit hexanal formation and
showed a prooxidant effect after 11 and 15 days of
oxidation (Table 1). In contrast to their effects on
hydroperoxide formation, R-tocopherol was more effec-
tive than Trolox in inhibiting hydroperoxide decomposi-
tion.
Effects of r-Tocopherol and Trolox in Emulsi-

fied Methyl Linoleate. Formation of Hydroperoxides.
In contrast to bulk methyl linoleate, in emulsions
R-tocopherol was a better inhibitor of hydroperoxide
formation than Trolox (Figures 5a and 6a). During 14
days of oxidation, R-tocopherol strongly inhibited hy-
droperoxide formation and was not different between
150 and 300 µM. The rate of hydroperoxide formation
increased after 4 days at 150 µM Trolox and after 11
days at 300 µM. On day 9, the inhibition was 65% with
150 µM of Trolox and exceeded 99% with all other
samples (Table 1).
Decomposition of Hydroperoxides. Hydroperoxides

decomposed extensively in the control emulsion after 2
days (Figure 6b). The rate of hexanal formation in the
presence of 150 µM Trolox increased between 7 and 11
days. In the presence of 150 and 300 µM R-tocopherol
and 300 µM Trolox, hexanal formation was strongly

inhibited during 14 days of oxidation. On day 9, the
inhibition of hexanal formation was 92% with 150 µM
Trolox and 99% with 300 µM Trolox and 150 and 300
µM R-tocopherol (Table 1).
Effects of r-Tocopherol and Trolox in Bulk Corn

Oil Triglycerides. Formation of Hydroperoxides. At
37 °C, in the presence of both antioxidants, hydroper-
oxide formation was inhibited and its initial rate did
not increase during 36 days of oxidation (Figure 7a).
Trolox was a more effective inhibitor of hydroperoxide
formation than R-tocopherol (Table 2). Neither anti-
oxidant showed significant differences in activity be-
tween 150 and 300 µM.
Because the oxidation of corn oil triglycerides was

slow at 37 °C, the antioxidants were also evaluated at
60 °C. The activities of both antioxidants in inhibiting
hydroperoxide formation in bulk corn oil were less at
60 °C than at 37 °C (Table 2), yet Trolox was still a
better inhibitor of hydroperoxide formation than R-to-
copherol, especially at 300 µM. At 60 °C, R-tocopherol
was more active at 300 µM than at 150 µM on day 4
and day 5, but this trend was lost by day 6.
Decomposition of Hydroperoxides. Hexanal formation

did not increase in the control until after 18 days, but
its rate increased sharply after 24 days (Figure 7b). The
antioxidant activity of 150 and 300 µM R-tocopherol was
not significantly different (Table 2). R-Tocopherol was
a more effective inhibitor of hexanal formation than
Trolox at 150 µM but less active than Trolox at 300 µM.
The same trends were observed at 60 °C.
Effects of r-Tocopherol and Trolox in Emulsi-

fied Corn Oil Triglycerides. Formation of Hydro-
peroxides. At 37 °C, both antioxidants inhibited hydro-
peroxide formation in emulsions (Figure 8a). The rate

Figure 4. Effect of R-tocopherol and Trolox on oxidative
stability of 10% emulsified linoleic acid at 37 °C: (a) hydro-
peroxide formation (same symbols as in panel b); (b) hexanal
formation.

Figure 5. Effect of R-tocopherol and Trolox on oxidative
stability of bulk methyl linoleate at 37 °C: (a) hydroperoxide
formation; (b) hexanal formation.
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of hydroperoxide formation in the presence of Trolox
increased significantly after 16 days (Table 2). In
contrast to bulk corn oil but similar to methyl linoleate
emulsions, R-tocopherol was a more effective inhibitor
of hydroperoxide formation than Trolox.
At 60 °C, R-tocopherol inhibited hydroperoxide forma-

tion to a greater extent than an equal concentration of
Trolox. At 300 µM, R-tocopherol strongly inhibited
hydroperoxide formation after 4 days, whereas Trolox
inhibited hydroperoxide formation only slightly (Table
2). In contrast to results obtained at 37 °C, the activities
of Trolox at 150 and 300 µM were not significantly
different after 4 days of oxidation.
Decomposition of Hydroperoxides. At 37 °C, in the

control emulsion, large amounts of hexanal were formed
after 16 days (Figure 8b). Hexanal formation was
inhibited by both antioxidants (Table 2). On day 21,
R-tocopherol was more active than Trolox at 150 µM but
not at 300 µM.
At 60 °C, the same trend in antioxidant activity was

observed (Table 2). R-Tocopherol was more active at 150
µM between 1 day and 3 days but less active than at
300 µM after 3 days. In contrast, Trolox inhibited
hexanal formation only between 1 and 2 days but
promoted hexanal formation between 2 and 4 days at
150 µM and after 3 days at 300 µM.
Partition Studies. The partitioning of Trolox be-

tween different phases was determined to clarify its
mechanism of antioxidant activity in different emulsi-
fied lipid systems. The partition coefficients of Trolox
between different lipids and water increased with
increasing Trolox concentration as measured with two
different methods (Table 3). At 100 µg/g, the partition

coefficients measured according to these two methods
between corn oil and water were similar. The apparent
partition coefficients of Trolox between different lipids
and water depended on its concentration due to surface
adsorption and to the change of degree of dissociation
of Trolox with concentration. At the low pH values of
these samples (pH 3.0-3.3) linoleic acid was mainly in
the undissociated form (pKa ∼ 5). Although Trolox was
in both dissociated and undissociated forms (pKa ) 3.89)
(Barclay and Vinqvist, 1994), the partition coefficient
of Trolox between linoleic acid and water was similar
to that between methyl linoleate and water determined
by either method and was higher than that between
corn oil and water. Trolox had similar high affinity
toward linoleic acid and methyl linoleate but lower
affinity toward corn oil.
The proportion of Trolox in the micelles of 1% Tween

20 solutions also increased with increasing Trolox
concentration (Table 3). When the ratio of lipid to water
was 1:9 w/w, 55.5-68.3% of 100 µg/g Trolox partitioned
into the water phase as determined by method B. With
1% Tween 20, the concentration of Trolox in the water
phase decreased from 55.8 to 42.2% in emulsified
linoleic acid, from 55.5 to 30.7% in methyl linoleate
emulsions, and from 68.3 to 37.8% in corn oil emulsions.
Although the partition of Trolox was complicated in

the presence of Tween 20 at the oil-water interface and
in the micelles, the concentrations of Trolox in the water
phase of different emulsified lipids were estimated on
the basis of its partition ratios between lipids and water
and between Tween 20 and water at a concentration of
100 µg/g. For emulsified corn oil and methyl linoleate,
the calculated concentrations of Trolox agreed with the
experimental values much better (0 and 1.4%) than for

Figure 6. Effect of R-tocopherol and Trolox on oxidative
stability of 10% methyl linoleate emulsions at 37 °C: (a)
hydroperoxide formation; (b) hexanal formation (same symbols
as in panel a).

Figure 7. Effect of R-tocopherol and Trolox on oxidative
stability of bulk corn oil triglycerides at 37 °C: (a) hydroper-
oxide formation; (b) hexanal formation.
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emulsified linoleic acid (10%). These results indicate
that in emulsified lipids the concentration of Trolox in
the water phase decreased because of its affinity toward
Tween 20. Methyl linoleate and corn oil form oil-in-
water emulsions with Tween 20 at the interface, whereas
linoleic acid not only forms oil-in-water emulsions but
also remains partly in the water phase and partly in
mixed micelles with Tween 20.

DISCUSSION

The present study demonstrates that the effectiveness
of R-tocopherol and Trolox is very dependent on their
physical properties and the physical states of lipid
systems used as substrates. Polarity and solubility of
antioxidants determine their concentrations in different
locations in various multiphase systems. Their anti-
oxidant activity is affected by their diffusion rates,
stability, and degree of dissociation, which may change
with their location in these systems. If the relationship
between activities and phase distribution of antioxi-
dants can be defined, the antioxidant activity could be
predicted on the basis of phase distribution.

Table 2. Inhibition of Hydroperoxide and Hexanal Formation by r-Tocopherol and Trolox C in Bulk Corn Oil
Triglyceride and in Corn Oil-in-Water Emulsions at 37 and 60 °C (Percent Mean Inhibition ( SD)a,b

bulk oil at 37 °C emulsions at 37 °C

hydroperoxides hexanal hydroperoxides hexanal

sample day 24 day 36 day 24 day 36 day 16 day 21 day 16 day 21

corn oil 0.0 ( 0.3d 0.0 ( 4.2c 0.0 ( 2.9c 0.0 ( 0.7d 0.0 ( 1.4e 0.0 ( 0.9d 0.0 ( 5.0d 0.0 ( 9.4c
+ R-tocopherol
150 µM 53.1 ( 1.0b 78.0 ( 0.3b 69.6 ( 1.7a 45.6 ( 1.4b 75.4 ( 0.9b 93.1 ( 0.2a 86.8 ( 1.1b 97.1 ( 0.1d
300 µM 41.5 ( 1.7c 76.9 ( 0.6b 63.9 ( 0.1a 41.5 ( 0.3b 79.0 ( 0.7a 91.7 ( 0.4a 100.0 ( 0.3a 99.6 ( 0.1a

+ Trolox
150 µM 95.0 ( 1.0a 97.4 ( 0.3a 39.6 ( 2.7b 37.1 ( 1.8c 51.9 ( 0.2d 54.3 ( 1.6c 74.1 ( 0.5c 81.7 ( 1.2b
300 µM 95.4 ( 0.6a 98.3 ( 0.4a 69.6 ( 0.9a 87.5 ( 0.1a 65.1 ( 1.8c 85.2 ( 0.8b 74.8 ( 2.7c 92.9 ( 0.4ab

bulk oil at 60 °C emulsions at 60 °C

hydroperoxides hexanal hydroperoxides hexanal

sample day 4 day 6 day 4 day 6 day 3 day 4 day 3 day 4

corn oil 0.0 ( 0.5e 0.0 ( 2.2d 0.0 ( 14.8a 0.0 ( 11.8c 0.0 ( 4.5c 0.0 ( 1.5d 0.0 ( 5.8c 0.0 ( 7.7c
+ R-tocopherol
150 µM 19.3 ( 0.8d 15.3 ( 2.7c -33.7 ( 22.6a 35.0 ( 0.8b 87.4 ( 0.2a 26.0 ( 0.9b 83.1 ( 3.5a 54.3 ( 1.9b
300 µM 36.6 ( 0.8c 8.7 ( 1.4d 13.3 ( 15.0a 39.6 ( 0.4b 93.3 ( 0.1a 87.6 ( 0.8a 70.6 ( 2.0b 75.4 ( 1.2a

+ Trolox
150 µM 49.0 ( 3.1b 30.3 ( 4.3b -34.5 ( 95.8a 5.5 ( 2.0c 3.6 ( 0.2c 14.7 ( 5.6c -19.9 ( 2.0d 2.0 ( 1.7c
300 µM 96.0 ( 0.9a 83.8 ( 0.6a 35.5 ( 4.9a 87.9 ( 0.4a 12.7 ( 4.5b 12.5 ( 3.0c -6.1 ( 2.0c -27.1 ( 2.9d

a % inhibition ) [(C - S)/C] × 100, where C ) hydroperoxide or hexanal formed in control and S ) hydroperoxides or hexanal formed
in sample. Negative values represent prooxidant activity. SD, standard deviation, n ) 2. b Values within each column followed by the
same letter are not significantly different (p < 0.05).

Figure 8. Effect of R-tocopherol and Trolox on oxidative
stability of 10% corn oil triglyceride emulsions at 37 °C: (a)
hydroperoxide formation; (b) hexanal formation.

Table 3. Partitioning of Trolox between Different Lipids
and Water and the Percentages of Trolox in Water Phase
of Tween 20 Solution and Different Emulsified Lipids
with 1% Tween 20 (Percent Mean ( SD)a

sample
meth-
odb

total
Trolox
(µg/g)

% Trolox
in water
phase

calcd %
Troloxc

par-
tition
coeff

10% linoleic A 50 60.3 ( 2.3 5.47
acid-water B 100 55.8 ( 0.2 6.44

10% methyl A 50 60.8 ( 0.7 5.16
linoleate-water B 100 55.5 ( 0.9 6.41

10% corn A 33 78.5 ( 0.5 2.25
oil-water A 50 76.5 ( 0.7 2.53

A 65 74.5 ( 1.2 2.83
A 100 66.6 ( 0.7 4.13
B 100 68.3 ( 1.0 3.83

1% Tween 20 B 40 59.7 ( 1.9
solution B 65 50.9 ( 1.6

B 100 43.3 ( 0.8d
10% emulsified
linoleic acid

B 100 42.2 ( 1.3 32.2

10% emulsified
methyl linoleate

B 100 30.7 ( 2.2 32.1

10% emulsified
corn oil

B 100 36.3 ( 1.5d 36.1

a SD, standard deviation, n ) 3. b Methods A and B are
described under Materials and Methods. c Percent Trolox in the
water phase was calculated on the basis of its partition ratios
between lipid and water and between Tween 20 and water at a
concentration of 100 µg/g as determined by method B. d n ) 4.
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The results of this study suggest that the relative
amounts of hydroperoxides formed were higher in the
presence of R-tocopherol than of Trolox in bulk methyl
linoleate. The reverse trend was observed with hexanal
formation. Although antioxidants compete with unoxi-
dized lipid as hydrogen donors, their ability to donate
hydrogen is different for peroxyl radicals from that for
alkoxyl radicals. In addition, the effectiveness of anti-
oxidants may also depend on their location, mobility,
stability, reactivity toward lipid radicals, and the ten-
dency of their peroxyl and alkoxyl radicals to form
secondary products.
Burton et al. (1985) suggested that Trolox was less

reactive than R-tocopherol toward peroxyl radicals in a
homogeneous solution of styrene because of a deactivat-
ing effect induced by hydrogen bonding between the
close proximity of the carboxylic group and the oxygen
atom in the heterocyclic ring. The present study with
heterogeneous systems indicated that Trolox might also
be less reactive than R-tocopherol toward alkoxyl radi-
cals. The lower hexanal formation in the presence of
R-tocopherol than Trolox in bulk methyl linoleate may
thus be explained by the higher reactivity of R-toco-
pherol toward alkoxyl radicals. Although R-tocopherol
is considered to be a strong hydrogen donor, R-toco-
pheroxyl radicals (Labuza, 1971; Loury et al., 1966;
Terao and Matsushita, 1986) and R-tocoquinoperoxyl
radicals (Gottstein and Grosch, 1990) may act as chain
initiators. Also, R-tocopherol may react with oxygen
(Cillard and Cillard, 1980; Gottstein and Grosch, 1990)
to form R-tocopheroxyl radical. Previously, we found
that R-tocopherol at higher concentrations was less
effective in inhibiting hydroperoxide formation but more
active in inhibiting hexanal formation (Frankel et al.,
1994; Huang et al., 1994). However, there is no
information in the literature on the fate of Trolox
phenoxyl radicals in bulk lipids. Trolox quinone and
lactone were identified as potential oxidation products
of Trolox in alkaline aqueous solutions with potassium
ferricyanide and potassium bromide, and neither oxida-
tion product of Trolox had antioxidant activity (Cort et
al., 1975). No dimers or trimers were found. Porter
(1980) suggested that the high activity of Trolox in oils
might stem from the high surface energy produced by
the hydrophilic strong acid group and the lipophilic
nucleus or the tendency to form a lactone product. On
the other hand, Frankel et al. (1994) suggested an
interfacial effect for Trolox that might better protect
lipid against oxidation by being located at oil-air
interfaces or the oil surface.
In contrast to bulk lipids, R-tocopherol was a better

inhibitor of hydroperoxide formation and decomposition
than Trolox in emulsified methyl linoleate and corn oil
triglycerides. To clarify this interfacial phenomenon,
partition studies were carried out with Trolox in differ-
ent lipid systems according to classical methods. As
emulsifier, Tween 20 was expected partly to be located
at the interface and partly to form micelles because its
concentration was above its critical micelle concentra-
tion (3.5 × 10-5 M). Therefore, the emulsified lipid
systems contained at least four phases including water,
lipid, interface, and Tween 20 micelles. For oil-in-water
emulsions, the amount of Tween 20 distributed at the
oil-water interface was calculated from the particle size
of lipid droplets. For 10 mL of these lipid emulsions,
the physical dimensions were assumed as follows: if the
volume of lipid was about 1.1 mL and the diameter of
lipid droplet was in the range of 0.1-0.25 µm, then

If the radius of equivalent spheres for Tween 20
micelles is 3.57 nm and the aggregation number is 80
at 25 °C (Mandal et al., 1985), the cross-section area
per molecule of Tween 20 can be estimated to be about
2 × 10-14 cm2 and the number of moles at the oil-water
interface can be estimated to be about 2.2 × 10-5-5.5
× 10-5. The emulsified lipids used in this study
contained about 8 × 10-5 mol of Tween 20/10 mL of
emulsion. Therefore, about 26-68% of Tween 20 was
at the oil-water interface and 32-74% formed micelles,
which meant at least four phases existed in emulsified
lipid systems.
According to Wedzicha (1988), Trolox is surface-active

because it is soluble both in water and in the organic
phase and concentrates at the lipid-water interface.
The present study showed that Trolox moved more
freely into the lipid phase and its partition coefficients
between lipids and water increased at high concentra-
tions. The concentration effect of Trolox on its partition
between different phases may be explained by the
degree of its dissociation, which depends on its concen-
tration in water. Although the affinity of Trolox toward
linoleic acid was similar to that toward methyl linoleate,
the concentration of Trolox in the water phase was much
higher in emulsified linoleic acid than in emulsified
methyl linoleate. Linoleic acid appeared to compete
with Trolox for Tween 20 in the polar region of the
micelles and at the oil-water interface, resulting in an
increase of Trolox concentration in the water phase in
emulsified linoleic acid. These results suggest that the
physical state of emulsified linoleic acid is different from
those of emulsified methyl linoleate and corn oil, in
agreement with the finding of Barclay et al. (1983).
Apparently, Trolox partitions into the water phase and
into Tween 20 micelles and protects methyl linoleate
and corn oil triglycerides less effectively than R-toco-
pherol, which may be oriented at the oil-water inter-
faces and in the lipid phase. In contrast, Trolox was a
better antioxidant than R-tocopherol in emulsified li-
noleic acid, which could be better protected by Trolox
in the water phase and in mixed micelles with Tween
20. Castle and Perkins (1986) found that Trolox dif-
fused more quickly than R-tocopherol to scavenge li-
noleic acid radicals between SDSmicelles at pH 7, based
on their concentrations in the micelles. However, Trolox
was less effective than R-tocopherol due to its greater
partitioning into the water phase.
The partitioning of the lipophilic R-tocopherol between

lipids and Tween 20 is difficult to determine with
classical methods because lipids cannot be separated
from miscible Tween 20. The stability of Trolox in
different phases needs to be evaluated to determine if
it affects antioxidant activity in different phases in
emulsions.

surface area of each droplet )
3.1 × 10-10 cm2 (0.1 µm)
2.0 × 10-9 cm2 (0.25 µm)

volume of each droplet ) 5.2 × 10-16 cm3 (0.1 µm)
8.2 × 10-15 cm3 (0.25 µm)

number of lipid droplet ) 2.1 × 10
15 (0.1 µm)

1.3 × 10
14 (0.25 µm)

total surface area ) 6.6 × 105 cm2 (0.1 µm)
2.6 × 105 cm2 (0.25 µm)
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Overall, the behavior of R-tocopherol and Trolox in
methyl linoleate was more similar to that in corn oil
triglycerides in both bulk and emulsion systems. How-
ever, in linoleic acid R-tocopherol and Trolox had the
same order of activity in inhibiting hydroperoxide
formation but not in inhibiting hydroperoxide decom-
position. In emulsified linoleic acid, R-tocopherol and
Trolox had the opposite trend of activity in inhibiting
both formation and decomposition of hydroperoxides,
compared to emulsified methyl linoleate and corn oil
triglycerides. These results suggest that linoleic acid
cannot be used as a representative model food system
since antioxidant behavior will be significantly different
from that in foods composed mainly of triglycerides. This
study revealed that antioxidant activity is markedly
affected by the physical state of different lipid systems
and by the concentration and location of different
antioxidants.

ABBREVIATIONS USED

PUFA, polyunsaturated fatty acid; Tween 20, poly-
oxyethlene sorbitan monolaurate; GC, gas chromatog-
raphy; HPLC, high-performance liquid chromatography.
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