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ABSTRACT: The partitioning behavior of a series of hydroxy-
benzoic acids and their derivatives was determined in biphasic
water-oil systems, emulsifier solutions, and oil-in-water (O/W)
emulsions. The effect of gradually decreasing polarity on parti-
tioning behavior and antioxidant efficiency in O/W emulsions
was investigated by using gallic acid and its esters as antioxi-
dants. Sodium dodecyl sulfate (SDS), cetyltrimethylammonium
bromide (CTAB), polyoxyethylene 20 cetyl ether (Brij 58), and
partially hydrolyzed soybean lecithin (PHLC, Emultop®) were
used to investigate the influence of different classes of emulsi-
fiers on the partitioning behavior. The antioxidant activity of
gallic acid and its methyl, ethyl, propyl, butyl, and octyl esters
showed markedly different trends in O/W emulsions depending
on the emulsifier used. The results are discussed with respect to
the properties of the emulsifiers, such as hydrogen bond basic-
ity, hydrophobic interactions, and structural properties.
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Qil-in-water (O/W) emulsions are a major type of dispersed
lipid system in foods, cosmetics, and pharmaceutical prod-
ucts. Antioxidants are frequently employed to prevent lipid
oxidation, but factors that may influence their activity in
emulsions are poorly understood. In some studies (1-4), par-
titioning of the antioxidants between the water and lipid
phasesisrelated to their effectiveness. Also there are some
indications that the emulsifier may have a strong influence on
antioxidant activity in dispersed lipid systems (4,5). Due to
their amphiphilic nature, emulsifiers accumulate at oil-water
interfaces where oxidation is considered to occur (6,7). It has
been shown that solubilization of the antioxidant by the emul-
sifier in emulsions is strongly dependent on the type of emul-
sifier (8). Thus, the proportion of the antioxidant associated
with the emulsifier at or near the lipid surface will vary
widely. Thismay in turn determine the effectiveness of chain-
breaking antioxidants, asthey are considered to exert their ac-
tivity at or close to the lipid surface (4).
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The difference in the antioxidant activity using emulsifiers
with positive, negative, or amphiphilic head groups was stud-
ied in phospholipid liposome-containing systems (4) and in
systems containing linoleic acid emulsified by cetyltrimethyl-
ammonium bromide (CTAB) or sodium dodecyl sulfate
(SDS) (5). Both systems showed a decrease in antioxidant ac-
tivity related to the repulsive effect of negatively charged
head groups and an increase in antioxidant activity related to
the attractive force of positively charged head groups, asthese
different forces may lead either to an increase or to a de-
crease, respectively, in the antioxidant concentration at the
waterlipid interface. Differences, however, were not com-
pared with the partitioning behavior and were not discussed
in view of the nature of the hydrogen bonds, which contribute
to the solubilization capacity of the emulsifier. Several au-
thors (9-13) suggested that cationic emulsifiers may act as
hydrogen bond acceptors via their negative counter-ion. This
may explain the attracting force of the emulsifiers toward
polar phenolic antioxidants, which act as hydrogen bond
donors resulting in alower hydrogen abstraction kinetic rate.
The influence of different solvents on the hydrogen donation
activity was demonstrated in several studies (14-16). Val-
gimigli et al. (15) hypothesized that the solvent molecules
forming a complex with the hydroxylic H-atom of the antiox-
idant must first be removed and replaced by aradical. In this
way, strong interactions of the solvent molecules with the an-
tioxidant prevent abstraction of the hydrogen.

The polarity of the antioxidants in dispersed lipid systems
was considered by Porter (17) to determine their activity.
They observed a higher activity of nonpolar compared to
polar antioxidants in phospholipid-containing dispersed sys-
tems and named this effect the polar paradox. Conversely,
polar antioxidants showed higher activity than nonpolar an-
tioxidantsin bulk oils. Based on these results, the partitioning
behavior of antioxidants was investigated in emulsions con-
taining a polyoxyethylated emulsifier (Tween 20) and related
to the difference in antioxidant activity (1-3). The results sup-
ported the polar paradox. However, the comparison was based
only on the difference in polarity of two antioxidant analogs,
such as Trolox and a.-tocopherol, carnosic acid and methyl
carnosate, and ascorbic acid and ascorbyl palmitate.

This study isaimed at systematically investigating the re-
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| ationship between the partitioning behavior of antioxidants
and their antioxidant activity in O/W emulsions. The effect of
different emulsifiers was tested with antioxidants of gradu-
ally decreasing polarity, as opposed to previous studies where
two antioxidant analogs of different polarities were investi-
gated. In contrast to previous studies using mass balance
(1,2,8), amathematical model was employed to accurately
determine the proportion of antioxidant solubilized in the oil
and by the emulsifier in the lipid phase of the emulsion (18).

EXPERIMENTAL PROCEDURES

Materials. SDS, polyoxyethylene 20 cetyl ether (Brij 58), gal-
lic acid, propyl gallate, sodium acetate (anhydrous), and 1,1-
diphenyl-2-picrylhydrazyl (DPPH) were obtained from
Sigma (St. Louis, MO). CTAB, methyl gallate, ethyl gallate,
butyl gallate, octyl gallate, p-hydroxybenzoic acid methyl
ester (PHBME), and p-hydroxybenzoic acid ethyl ester
(PHBEE) were purchased from Fluka (Buchs, Switzerland).
3,4-Dihydroxybenzoic acid ethyl ester (DHBEE) and 3,4-di-
hydroxybenzoic acid (DHB) were obtained from Aldrich
(Steinheim, Germany). Sudan red B and ferrous (1) chloride-
hexahydrate were obtained from Merck (Darmstadt, Ger-
many). p-Hydroxybenzoic acid (PHB), ethanol, n-hexane,
isopropanol, ethyl acetate, and acetic acid were of analytical
grade from Carl Roth (Karlsruhe, Germany). Partially hy-
drolyzed soybean lecithin (PHLC; Emultop®, 27-30% hy-
drolyzed) was a gift from Lucas Meyer (Hamburg, Germany).
Barium chloride dihydrate and ammonium thiocyanate were
obtained from Riedel-de Haén (Hannover, Germany). Com-
mercial corn oil was used for partitioning studies, and corn
oil stripped of tocopherol (Acros, Gelnhausen, Germany) was
used for oxidation experiments. The water used was deion-
ized with a conductivity of <5 uS.

Preparation of O/W emulsions for oxidation. Emulsifiers
were dissolved in 20 mL of acetate buffer (0.2 M, pH 5).
After addition of the oil, emulsification was carried out by
sonication with a Sonoplus HD 200 from Bandelin (Berlin,
Germany) equipped with an MS73 probe (90% pulse, 200 W,
20 kHz, 40%). After 60 s of sonication, the remaining acetate
buffer was added in portions of 5 mL to afinal volume of 50
mL. The antioxidants were added from stock solutionsto a
final concentration of 100 pmol kg related to the oil. After-
ward, the emulsion was sonicated for 30 s resulting in 2 min
of sonication time in total. For Brij 58 emulsions, a small
amount of the buffer containing the emulsifier was heated to
approximately 70°C to solubilize the emulsifier. After cool-
ing to room temperature, the emulsions were prepared as de-
scribed previously.

Oxidation. The emulsions were stored at 37°C in sealed
glassvessdlsfor 3—4 wk in the dark. The oxidation process was
monitored by measuring the concentration of conjugated di-
enes, hydroperoxides, and hexanal at regular intervals.

Hydrogen donation ability. The absorbance at 516 nm of
2470 uL 0.1 mM ethanol solution of DPPH was measured be-
fore and 15 min after adding 30 uL of a1 mM ethanolic an-
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tioxidant solution. The decrease in absorbance is stoichiomet-
ric with respect to the number of electrons taken up (19,20).

Determination of hydroperoxides. The concentration of hy-
droperoxides was determined by measuring the concentration
of conjugated dienes (CD) and by color reaction with thio-
cyanate and ferrous (I1). CD were measured at 234 nm in iso-
propanol and hydroperoxide concentration was calculated
using a molar extinction coefficient for methyl linoleate hy-
droperoxides of 26,000 (21). Determination of the hydroperox-
ide content by color reaction with thiocyanate and ferrous(I1)
was carried out according to Pardun (22) but used isopropanol
instead of a benzene/methanol mixture as the solvent.

Determination of hexanal. The formation of hexanal was
measured by static headspace gas chromatography (HSGC)
using the same parameters as described by Frankel et al. (23).
Before injection, the samples were incubated for 15 min at 60°C.

Particle size determination. Physical stability of the emul-
sions was tested by particle size measurement based on dy-
namic light scattering (Zetaplus; Brookhaven, Holtsville, NY).

Zeta potential. The emulsionswere diluted 1:5000 with ac-
etate buffer (1 mM, pH 5) prior to determination of the zeta
potential (Zetaplus, Brookhaven).

Partitioning behavior. The details are described elsewhere
(18). The partitioning behavior was determined using ultrafil-
tration (SDS-, CTAB-, and Brij 58-containing systems) and
dialysis (PHLC systems). A small proportion of the aqueous
phase was separated from emulsions, emulsifier solutions, or
biphasic water-oil systems by ultrafiltration. The antioxidant
concentration of the filtrate was measured by high-perfor-
mance liquid chromatography (HPLC). After dialysis, the
concentration in the aqueous phase was determined by the
difference in hydroxybenzoic acid concentration between the
two compartments separated by a membrane. The proportions
of the antioxidant solubilized by the oil and by the emulsifier
in the lipid phase of the emulsion were computed with a
mathematical model (18).

Satistical analysis. All oxidation experiments were carried
out at least twice, and sampleswere analyzed in triplicate. Each
oxidation experiment showed the same trend and the standard
deviations (SD) are within-run SD. One-way analysis of vari-
ance and Fisher’s comparison tests, at asignificance level of
0.05, were calculated using a Minitab software program (Addi-
son-Wesley Publishing Company, Reading, MA).

RESULTS AND DISCUSSION

Our study demonstrates the influence of different emulsifiers
on the partitioning behavior and antioxidant activity of hy-
droxybenzoic acids and their esters in emulsions. The oil-
water interface appears to be particularly relevant as antioxi-
dants functioning as effective chain-breakers are considered
to exert their activity near or at the oil droplet surface (4). Due
to their amphiphilic properties, emulsifiers accumulate at the
oil-water interface in emulsions and thus are considered to
dominate the properties of the interface in terms of solubiliza-
tion capacity for antioxidants.



THE INFLUENCE OF VARIOUS EMULSIFIERS

Surface properties and droplet size of emulsions. The
charge at the surface, formed by the emulsifier surrounding
the il droplets, is characterized by the zeta potential (24,25).
For emulsions containing 20% oil and 1% emulsifier, the zeta
potential was, as expected, negative for SDS (-57 mV),
dlightly negative for Brij 58 emulsions (-13 mV), and posi-
tive for CTAB emulsions (+54 mV). For PHLC emulsions a
negative potential (-57 mV) was obtained, which may be at-
tributable to partial hydrolysis (27—30%) of the phospholipids
(soybean lecithin). The addition of gallates did not change the
zeta potential. The mean oil droplet diameter was around 580
nm for SDS and CTAB, 650 nm for Brij 58, and 1,200 nm for
PHL C emulsions and remained unchanged during storage for
3wk at 37°C.

Partitioning behavior of hydroxybenzoic acid derivatives.
The partitioning behavior of hydroxybenzoic acids was in-
vestigated in emulsions containing 1% SDS and 20% oil
(Table 1). The proportion of antioxidant solubilized in the
lipid phase ([S], i gm) Of SDS emulsions was smaller than
the sum of that solubilized in the oil phase ([§];) of the
biphasic water-oil system and that incorporated into SDS mi-
celles ([S]yy;.) of the SDS solution. Provided that the emulsi-
fier is predominantly localized at the oil-water interface and
that there is only asmall amount of SDS micellesin the aque-
ous phase, most of the hydroxybenzoic acid derivatives asso-
ciated with the emulsifier are located at or near the oil-water
interface. The partition behavior strongly depends on the po-
larity of the antioxidant, which is governed by its structural
properties. The aromatic ring and the alkyl chain cause a de-
crease in polarity whereas the hydroxyl and carboxyl groups
exert an opposite effect (26). Consequently, with an increas-

TABLE 1

Partitioning of Hydroxybenzoic Acid Derivatives in 1% SDS Solution,
Biphasic Water-Oil Systems (20% oil), and O/W Emulsions

(20% oil, 1% SDS)?

Proportion [% + SD]°

Antioxidant [Slyic. [Slo [Sliipiagm.
Gallic acid <1 <05 <1
Methyl gallate 30.1+0.91 2.8+0.76 31.6 +0.96
Ethyl gallate 49.8 £ 0.66 59+1.26 50.4 +£0.79
Propyl gallate 67.6 £1.17 24.1 +0.69 71.5+0.39
Butyl gallate 82.4+0.34 49.6 £ 0.70 86.2+0.24
DHB <1 <0.5 <1
DHBEE 66.6 + 0.39 53.1+£0.79 76.0 £0.32
PHB 5.0 £ 0.52 0.7 +0.49 1.4+1.06
PHBME 58.3 £ 0.50 69.5 + 0.27 78.9+0.33
PHBEE 75.2+0.35 85.6 £ 0.23 91.7 £0.16

a[S],, proportion [%] of antioxidant in the oil phase of water—oil sys-
tem; [S], i, en: Proportion [%)] of antioxidant in the lipid phase of O/W
emulsion; [S]y., Proportion [%] of antioxidant in the micellar
pseudophase of SDS solution. Concentration of the micellar pseudophase
([SDS]) = SDS concentration total ([SDS],,,,) — SDS concentration at crit-
ical micellar concentration (CMC, [SDS],,.); SDS concentration at CMC
corresponds to 0.02%; DHB, 3,4-dihydroxybenzoic acid; DHBEE, 3,4-
dihydroxybenzoic acid ethyl ester; PHB, p-hydroxybenzoic acid;
PHBME, p-hydroxybenzoic acid methyl ester; PHBEE, p-hydroxyben-
zoic acid ethyl ester; SDS, sodium dodecyl sulfate; O/W, oil-in-water.
bn = 4; SD = standard deviation.
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ing number of hydroxyl groups the proportion of hydroxy-
benzoic acid derivatives in the aqueous phase of biphasic
water-oil systems increases. When the alkyl chain increases,
the compounds become more lipophilic, resulting in an in-
crease in the proportion solubilized in the oil phase. The an-
tioxidant proportion in the lipid phase in all three systems
(i.e., biphasic water-oil systems, emulsifier solutions, and
emulsions) was in the same order. Thisindicates that in SDS
emulsions the partitioning behavior is largely determined by
the polarity of the antioxidant and particularly by the length
of the alkyl chain. Fewer hydroxybenzoic acid derivatives
were solubilized in the lipid phase of emulsions compared to
the sum of the proportion solubilized in oil and by the emul-
sifier in the two-component systems (Table 1). Thisis because
of the equilibrium of hydrophobic interactions between oil
and emulsifier with the antioxidant. Thus, the driving force
for transferring the antioxidant from the aqueous phase into
the lipid phase is reduced. It is interesting that the proportion
of butyl gallate and DHBEE solubilized in the oil phase of
biphasic water-oil system was in the same range. However,
the proportion of butyl gallate associated with SDS micelles
was higher than that of DHBEE (Table 1). This may be due
to stronger hydrophobic interactions of SDS with increasing
akyl chain length of the gallates.

Partition behavior of gallatesin SDSemulsions. Table 2
shows the partitioning behavior of gallatesin SDS emulsions.
The lipid phase of SDS emulsionsis represented by the oil
phase and the emulsifier. To differentiate between gallate sol-
ubilized by each component, a mathematical model was ap-
plied (18) that considers the mutual influence of oil and emul-
sifier on the solubilization capacity of the emulsion. With in-
creasing chain length, the amounts of gallate solubilized by
the oil and by SDS increased. The greater increase in solubi-
lization of propyl gallate compared to ethyl gallate in the il
phase of the emulsion (Table 2) can be related to the higher
solubilization capacity of oil compared to SDS in biphasic
water-oil systems and SDS solutions (Table 1). Gallic acid
was almost completely solubilized in the agueous phasg, i.e.,
the proportion solubilized by SDS or oil can be ignored.

Effect of different emulsifiers on the partitioning behavior.
To cover awide range of emulsifiers, the partitioning behav-
ior of ethyl gallate and gallic acid was investigated in four dif-

TABLE 2

Influence of the Alkyl Chain on the Partitioning of Gallates Between
the SDS Emulsifier Environment, Aqueous and Oil Phases

in O/W Emulsions (1% SDS, 20% oil)

Proportion of antioxidant
in the (pseudo)phase [% * SD]?

Antioxidant SDS emulsifier Qil Aqueous
Gallic acid <1 Trace >99
Methyl gallate 29.4 +£0.37 2.1+0.23 68.5+0.44
Ethyl gallate 48.9 £1.27 2.1+0.44 49.0+1.34
Propyl gallate 65.0 + 0.58 7.0+0.68 28.0 £ 0.89
Butyl gallate 76.2 £ 0.53 10.2 +£0.70 13.6 + 0.88

an = 24. For abbreviations see Table 1.
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TABLE 3
Influence of Different Emulsifiers on the Partitioning of Ethyl Gallate or Gallic Acid Between
Emulsifier Environment, Aqueous and Oil Phase in O/W Emulsions (1% emulsifier, 20% oil)

Proportion of antioxidant
in the (pseudo)phase [% + SD]?

(Pseudo)phase PHLCP SDsP Brij 58° CTAB
Ethyl gallate
Emulsifier 39.5+0.81 48.9 +1.27 66.0 £ 0.44 95.4 £ 4.72
Oil 55+0.31 2.1+0.44 5.2+0.47 0.1+4.78
Aqueous 55.0 £ 0.86 49.0+1.34 28.8+0.64 4.6+6.73
Gallic acid
Emulsifier 59+0.71 <1 21.8+0.54 54.5 +0.87
Oil Trace Trace Trace Trace
Aqueous 94.1+0.71 >99 78.2+0.54 455+ 0.87

an = 24, SD = standard deviation

PPHLC, partially hydrolyzed soybean lecithin;

Brij 58, polyoxyethylene 20 cetyl ether; CTAB,

cetyltrimethylammonium bromide; see Table 1 for other abbreviations.

ferent emulsions containing SDS, CTAB, Brij 58, and PHLC
(Table 3). The proportion of ethyl gallate in the lipid phase
increased in the order PHLC < SDS < Brij 58 < CTAB. Con-
versely, the concentration in the aqueous phase decreased in
the same order.

The proportion of ethyl gallate solubilized in the oil phase
was highest in PHLC emulsions and decreased with increasing
solubilization capacity of the emulsifier, except for Brij 58.

Less than 1% of gallic acid was solubilized in the lipid
phase of SDS emulsions while the solubilization capacity of
the emulsifiers increased in the order PHLC < Brij 58 <
CTAB (same as for ethyl gallate). Only traces of the gallic
acid were solubilized in the oil phase of biphasic water-oil
systems, and thus it was ignored when computing the propor-
tion of gallic acid in emulsions.

The effect of emulsifier concentration on the partitioning be-
havior of ethyl gallate was examined (Table 4). Increasing the
SDS and PHL C concentration from 1 to 2% increased the pro-
portion of ethyl gallate associated with the emulsifier. In con-
trast, the proportion of ethyl gallate in the oil phase decreased
when the amount of SDS increased, but no effect was found in
PHLC emulsions. The differences are clearly related to the
ability of the emulsifier to solubilize the antioxidant (18).

Hydrophobic interactions and hydrogen bonds are consid-
ered to contribute strongly to the solubilization capacity of
the emulsifier. Hydrophobic interactions are likely to con-
tribute to the same extent in the case of SDS, CTAB, and Brij

TABLE 4

58. Differences in the hydrogen bond basicity, compared to
water, give rise to the observed discrepancies in the solubi-
lization capacity of the emulsifier (11-13).

The high concentration of gallates associated with CTAB
compared to SDS (Table 3) can be attributed to the negative
counter-ion (i.e., bromide) of CTAB. Unlike CTAB, the
counter-ion in SDS (i.e., sodium) is positively charged, thus,
the basicity follows the order CTAB > water > SDS. Interac-
tions of the gallates with CTAB negative counter-ions are
possible via hydrogen bonds with the hydroxyl groups of the
gallates, as counter-ions of CTAB may act as hydrogen bond
acceptors (10).

Interactions of CTAB with aromatic rings are weak for
substituted aromatic compounds (27) and may contribute lit-
tle to the observed solubilization capacity. The acidity of the
solute does not appear to influence solubilizationin SDS, i.e.,
the hydrophobic interaction between SDS and antioxidants is
the main driving force for antioxidant incorporation (11).

The hydrophilic moiety of the nonionic Brij 58 is consti-
tuted by bulky polyoxyethylene chains providing a polar en-
vironment (28) due to the free electron doublets of oxygen.
Therefore, Brij 58 has a higher solubilization capacity than
SDS (Table 3). The polyoxyethylene chains of Brij 58 form a
palisade layer, which constitutes a diffuse polar microenvi-
ronment. Quina et al. (11) suggested that the distinctive solu-
bilization properties of Brij 58 are due to the polarizability of
the micellar solubilization site. In addition, oxygen atoms of

Influence of Emulsifier Concentration on the Partitioning Behavior of Ethyl Gallate in SDS and PHLC Emulsions®

Proportion of ethyl gallate

in the (pseudo)phase [% + SD]?

(Pseudo)phase 1% SDS 2% SDS 1% PHLC 2% PHLC
Emulsifier 48.9 +1.27 65.9+1.13 39.5+0.81 56.1 + 0.55
Qil 2.1+0.44 0.8 +£0.22 55+0.31 5.4 +£0.80
Aqueous 49.0+1.34 33.3x1.15 55.0 = 0.86 38.5+0.97
an = 24.

bSee Tables 1 and 3 for abbreviations.

JAOCS, Vol. 77, no. 5 (2000)



THE INFLUENCE OF VARIOUS EMULSIFIERS

1400 T SDS

1200 + ——Control
——QGallic acid
1000 + —-x—Methyl gallate
—o—Ethyl gallate
800 - —e—Propyl gallate
' —a—Butyl gallate

600 1 —+—Octyl gallate

Hydroperoxides (mmol/kg oil)

200 +

Time (d)

FIG. 1. Antioxidant activity of gallates in sodium dodecyl sulfate (SDS)
emulsions (1% SDS; 20% stripped corn oil) at 37°C.

the polyoxyethylene chain are considered to take part in the
formation of hydrogen bonds, as shown by enhanced hydro-
gen bond basicity (11,29).

PHL C showed the lowest solubilization capacity for ethyl
gallate and higher solubilization capacity for gallic acid than
SDS (Table 3). Water sheaths can be incorporated between
the layers of lamellar structures formed by phospholipids (30)
and may thus contribute to the solubilization of gallic acid de-
spiteits low lipid solubility. The zeta potential determination
indicated a negative charge at the oil droplet surface, which
may account for the low tendency to build hydrogen bonds
with the antioxidant.

The type of emulsifier affected the solubilization capacity
of the ail in the lipid phase of emulsions. The markedly lower
solubilization capacity of oil for ethyl gallatein CTAB and
SDS emulsions compared to biphasic water-oil systems may
be due to competition between the hydrophobic interaction,
which causes solubilization of ethyl gallatein oil and in the

1200 T Brij 58

1000 - ——Control
——Gallic acid
—x—Methyl gallate

-o—Ethyl gallate

800 -+

—s—Propyl gallate
600 - ——Butyl gallate
—+—Octyl gallate

400 1

200 +

Hydroperoxides [mmolkg Oil]

0 5 10 15 20 25 30
Time [Days]

FIG. 2. Antioxidant activity of gallates in Brij 58 (polyoxyethylene 20
cetyl ether) emulsions (1% Brij 58; 20% stripped corn oil) at 37°C

539

800 — PHL.C

700 — Control

—a—Gallic acid
—x-Methyl gallate
—o—Ethyl gallate

600 1+

500 4
—e—Propyl gallate
400 +

—~—Butyl gallate
300 4 —o—Octyl gallate

200 4

Hydroperoxides (mmol/kg oil)

100 +

0 10 20 30 40
Time (d)

FIG. 3. Antioxidant activity of gallates in partially hydrolyzed soybean
lecithin (PHLC) emulsions (1% PHLC; 20% stripped corn oil) at 37°C.

emulsifier environments (Table 3). By contrast, a slight de-
crease in solubility was observed in Brij 58 emulsions, which
may be attributable to the polarizability of the solubilization
site. In the case of PHLC, the lower solubilization capacity
explains the relatively low decrease in the proportion solubi-
lized by the oil compared to biphasic water-oil systems.

Antioxidant activity of gallates in emulsion. The antioxi-
dant activity was investigated by monitoring the evolution of
hydroperoxides and hexanal. The formation of hydroperox-
ides was determined by measuring the concentration of CD
and by color reaction in the presence of thiocyanate and Fe?*.
Only datafor the latter method are shown, as both methods
showed the same results with respect to the order of antioxi-
dant activity. It is worth noting that the hydroperoxide con-
centrations, as determined by thiocyanate-ferric ion color re-
action shown in Figures 1-3, were four times higher than
those determined by CD.

Antioxidant activity of ethyl gallate and gallic acid. The
inhibition of hydroperoxide and hexanal formation by ethyl
gallate increased in the following order: Brij 58 < PHLC <
SDS (Table 5), and no activity was observed for CTAB (data
not shown). Gallic acid showed antioxidant activity in the
PHL C emulsion but not in the other emulsions. With respect
to the partitioning behavior (Table 3), areversed order of ac-
tivity would have been expected, as several studies have sug-
gested that the attracting forces of the emulsifier head groups
for the antioxidant result in an improved activity (4,5). Hy-
drogen bonds, which contribute to the increased partitioning
of the gallates into the lipid phase (emulsifier + oil phase),
may counteract the hydrogen-donating ability and, thereby,
lower the antioxidant activity. The marked effect of hydrogen
bonds on the kinetics of hydrogen abstraction was evidenced
by Avilaet al. (14) and MacFaul et al. (16). As demonstrated
by these authors, the solvent acting as a L ewis base (hydro-
gen bond acceptor) can interact with the antioxidant and the
strength of these interactions determines the hydrogen-donat-
ing activity of the antioxidant. This mechanism may also

JAOCS, Vol. 77, no. 5 (2000)
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Inhibition of Hydroperoxide and Hexanal Formation by Gallates in SDS, PHLC, and Brij 58 Emulsions

(20% stripped corn oil and 1% emulsifier) After 24 d at 37°C

Inhibition [% + SD]P

PHLC SDS Brij 58

Antioxidant Hexanal Hydroperoxide Hexanal Hydroperoxide Hexanal Hydroperoxide
Gallic acid 36.3+1.91° 40.4 + 1.649 -7.4+0.254 -14.1 +0.44° 25.1 +0.14¢ 7.2+1.13°
Methyl gallate 90.7 + 0.65° 72.5 + 1.64° 95.8 + 0.152 96.0 + 0.122 77.3 +0.872 85.7 +0.212
Ethyl gallate 91.8 + 0.04° 73.9 +0.59¢ 95.3+0.372 95.6 + 0.152 61.3+0.57° 69.8 +0.18°
Propyl gallate 95.7 + 0.362 78.6 +0.822 89.2 +0.06° 92.0 +0.06° 61.1 + 0.45° 56.8 + 0.28¢
Butyl gallate 96.8 + 0.162 79.0 +0.142 73.2 +£0.10° 55.7 + 0.08° 60.6 + 0.57° 72.9+0.32°
Octyl gallate 97.3 + 0.062 76.7 +0.49° 70.8 + 0.98° 12.6 + 2.149 67.0 £ 0.34° 72.5 +0.04°

8values in the same column followed by different superscript letters are significantly different (P < 0.05).

Pn = 4. See Table 1 and 3 for abbreviations.

apply for CTAB and Brij 58 where the bromide counter-ion
and the ether oxygen may act as hydrogen bond acceptors
(11,13). Also, in particular with CTAB, the bromide is
“naked” becauseit iswell separated from the ammonium pos-
itive charge, and its basicity is thus enhanced. As a conse-
guence, its interaction by hydrogen bonding with the hy-
droxyl group of ethyl gallate might result in the formation of
hydrogen bromide in minute amounts. Hydrogen bromide
actsasaradical scavenger and can generate bromide radicals.
These may promote and propagate oxidation by radical mech-
anism, and thus explain the prooxidant behavior of gallatesin
CTAB emulsions. Bromide and chloride, but not fluoride and
iodide salts of alkali and alkaline earth metals were reported
to exhibit prooxidative effects (31,32).

Antioxidant activity with increasing emulsifier concentra-
tion. The importance of the amounts of antioxidant solubi-
lized by the emulsifier was demonstrated by increasing the
SDS concentration in emulsions. Increasing the emulsifier
concentration resultsin an increase of the antioxidant concen-
tration associated with the emulsifier. The emulsifier accumu-
lates at the water-oil interface where the lipid oxidation oc-
curs. In the SDS emulsion, the activity of ethyl gallate in-
creased from 76.4 to 89.0% inhibition of hydroperoxide
formation as the SDS concentration increased from 1 to 2%,
respectively. Since the proportion of ethyl gallate solubilized
by SDSis enhanced, the proportion solubilized in the aque-
ous phase and oil is decreased (Table 4). A significant de-
crease in antioxidant activity from 52.4% inhibition of hy-
droperoxide formation, at a PHLC concentration of 1%, to
41.7% inhibition, for PHL C at 2%, was observed in the PHLC
emulsions. Thisis probably because PHL C exerts some an-
tioxidant activity itself, and therefore lowers the extent to
which ethyl gallate can reduce hydroperoxides.

Antioxidant activity of gallates. The hydrogen donation ac-
tivity of gallic acid and its esters toward a stable radical
(DPPH) was measured in ethanol solution. The number of
radicals reduced by one molecule of gallate ranged from 3.7
to 4.1. No significant differences were observed between the
activities of the individual compounds, i.e., differencesin the
activity observed in emulsions can be related to characteristic
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parameters of the system. The course of oxidation in SDS,
Brij 58, and PHLC emulsions in the presence of different es-
ters of gallic acid with increasing chain length is shown in
Figures 1-3. Table 5 compares the inhibition of hydroperox-
ide and hexanal formation after 24 d, whereas Table 6 demon-
strates the inhibition of hydroperoxide formation due to gal-
lates when controls were at the same degree of oxidation.
Several studies (1,2,17,23,33) suggested that a decreasein an-
tioxidant polarity would result in solubilization of a higher
proportion in the lipid phase and, thereby, improve antioxi-
dant activity in dispersed lipid systems. However, except for
the increase from gallic acid to methyl gallate, the order of
the antioxidant activity of gallates followed markedly differ-
ent trendsin SDS, CTAB, Brij 58, and PHL C emulsions (data
for CTAB not shown). In SDS emulsions, all gallates except
gdlic acid inhibited the formation of hydroperoxides (Fig. 1).
The activity increased as follows: gallic acid < octyl gallate <
butyl gallate < propy! gallate < ethyl gallate = methyl gallate.
In contrast, no antioxidant activity, or aslight prooxidant ac-
tivity, was observed for gallatesin CTAB emulsions (data not
shown). In Brij 58 emulsions, the antioxidant activity de-
creased from methyl gallate to propyl gallate, but increased
again for butyl gallate and octyl gallate (Fig. 2). By contrast,
in PHLC emulsions the order of activity increased with in-
creasing alkyl chain length, except for octyl gallate, which
was less active than propyl and butyl gallates (Fig. 3).

The order of antioxidant activity after 24 d (Table 5) was
similar to the order of activity when all controls reached an
oxidation level of 213 mmol hydroperoxides/kg oil (Table 6).
At thislevel of oxidation, the difference between the activity
of the individual antioxidants was less pronounced than after
24 d. The inhibition of hexanal formation (Table 5) measured
after 24 d followed the same trends as found for inhibition of
hydroperoxides.

There was anonlinear relationship between decreasing po-
larity of the gallates and antioxidant activity in SDS, Brij 58,
and PHLC emulsions (Table 6), indicating that different pa-
rameters influence the antioxidant action. However, it is
rather difficult to relate these trends to specific interactions.
Interphase transport rates may limit antioxidant activity as po-
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TABLE 6

Inhibition of Hydroperoxide Formation by Gallates in SDS, PHLC,
and Brij 58 Emulsions at an Oxidation Level of 213 mmol
Hydroperoxides per kg Oil Related to the Controls at 37°C

(20% stripped corn oil and 1% emulsifier)?

Inhibition of hydroperoxide formation® [%]

Antioxidant PHLC SDS Brij 58
Gallic acid 40.4 -14.1 -94
Methyl gallate 72.5 94.7 81.4
Ethyl gallate 73.5 94.7 59.5
Propyl gallate 78.4 93.1 48.5
Butyl gallate 78.9 54.0 70.4
Octyl gallate 76.8 7.0 70.4

aSee Tables 1 and 3 for abbreviations.
bvalues were derived by interpolation from the oxidation data shown in Fig-
ures 1-3.

larity decreases (34). Castle and Perkins (35) suggested that
this effect determines the low activity of the lipophilic a-to-
copherol in SDS-linoleic acid mixed micelles. However, only
small differences were observed between Trolox and its
C,—C,o hydrocarbon esters.

In SDS emulsions, methyl and ethyl gallates are the most
efficient antioxidants among alkylgallates (Fig. 1), although
they were the least soluble in the il phase (Table 2). Several
hypotheses could explain this apparent contradiction: (i) It is
possible that increased hydrophobic interactions may lower
the diffusion of gallates into the SDS-enriched environment
resulting in a reduced antioxidant activity. According to
Fendler (36), the mobility of the hydrocarbon chainisreduced
with increasing hydrocarbon chain length. Therefore, the
lower activity of propyl, butyl, and octyl gallates may be at-
tributable to an increase in hydrophobic interactions with
SDS. Thisis supported by the increased proportion of butyl
gallate in SDS solution compared to DHBEE, in spite of their
similar partitioning behavior in biphasic water-oil systems
(Table 1). Asthe hydration of the SDS micellesis suggested
for the first two methylene groups of SDS (13,36), it can be
assumed that gallic acid requires at least a C4 hydrocarbon
ester to penetrate into the palisade layer. This would explain
the highest activity observed for methyl and ethyl gallates.

(ii) Another explanation might be an interaction between
the headgroup of SDS and the antioxidant, as solubilization
in the hydrated part of the micellesis associated with replace-
ment of water molecules (37). This may cause formation of
hydrogen bonds between the negatively charged headgroup
and the antioxidant, which may explain the decreasing activ-
ity with increasing alkyl chain length of the gallates.

(iii) On the other hand, it might be speculated that in-
tramolecular interactions between the hydrogen atoms of the
first methylene group of the alkyl ester chain and the oxygen
atom of the hydroxyl group in the meta position of the gallate
can occur by forming an eight-member ring transition. This
may increase the hydrogen donor capacity of the hydroxyl
group by stabilizing the resulting phenoxy radical and thus
increasing the antioxidant capacity of alkyl gallates. Thisin-
tramolecular interaction is possible with the bending of the
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alkyl ester chain toward the hydroxyl group. With increasing
length of the alkyl ester chain of gallates, this bending capac-
ity could be reduced because alonger alkyl chain will pene-
trate more easily into the hydrocarbon region of SDS-en-
riched environments through hydrophobic interactions.

By contrast, in PHL C-containing emulsions antioxidant
activity continuously increased from methyl gallate to butyl
gallate, but activity for octyl gallate was lower (Table 6). Sev-
eral mechanisms may account for the different behavior com-
pared to SDS. First, PHLC themselves may contribute to the
inhibition of lipid oxidation (38) thereby altering the antioxi-
dant mechanism and hence the effect of different polarity.
Second, the unsaturated fatty acid residues may account for
higher lateral diffusion in the phospholipid bilayers compared
to the saturated alkyl chains of SDS. Aranda et al. (39)
showed that nonpolar a-tocopherol preferentially partitions
into the most fluid domains, i.e., most unsaturated regions, of
model phospholipid membranes. The stronger antioxidant ef-
fect of gallic acid in PHLC emulsions compared to the other
emulsifiersis probably related to solubilization of gallic acid
in water sheaths, which are incorporated between phospho-
lipid bilayers and thus are located close to the interface (30).
The solubilization of noncharged antioxidants is not influ-
enced by the nature of the head group of the emulsifier (10,
27), i.e., thereis no direct interaction between the head group
and the antioxidant. However, via the hydrating water mole-
cules near the head group, we may expect an influence as the
water molecules are increasingly replaced by lipophilic an-
tioxidants. This indirect effect may in turn differ between
SDS and PHLC emulsifier.

In Brij 58 emulsions, the antioxidant activity decreased from
methyl gallate to propyl gallate; gallates with longer alkyl
chains had higher antioxidant activitiesin Brij 58 emulsions
(Fig. 2). In contrast to SDS emulsions, gallates are attracted by
the diffuse environments constructed of the oxygen atoms of
the polyoxyethylene chainsin Brij 58. Phenols are solubilized
inthe palisade layers of the SDS aggregates with their hydroxyl
groups closely oriented to the polar head groups. Solutesin
ethoxylated emulsifiers are considered to penetrate deeper into
the polyoxyethylene environment as their solubility in ether in-
creases, thus altering their antioxidant activity.

The results for the PHLC emulsions were in agreement
with the study of Porter et al. (33) on gallates in soybean
lecithin dispersions. However, the results for SDS and Brij 58
emulsions were quite unexpected in view of the polar para-
dox, which states, according to Porter et al. (33), that the effi-
ciency of an antioxidant increases with decreasing polarity in
dispersed lipid systems and decreases with decreasing polar-
ity in bulk oils. These results could mean that the polar para-
dox islimited to emulsions containing emulsifiers with prop-
erties similar to phospholipids.
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