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The preparation of nonaqueous microemulsions using food-acceptable components is reported. The
effect of oil on the formation of microemulsions stabilized by lecithin (Epikuron 200) and containing
propylene glycol as immiscible solvent was investigated. When the triglycerides were used as oil,
three types of phase behavior were noted, namely, a two-phase cloudy region (occurring at low lecithin
concentrations), a liquid crystalline (LC) phase (occurring at high surfactant and low oil concentrations),
and a clear monophasic microemulsion region. The extent of this clear one-phase region was found
to be dependent upon the molecular volume of the oil being solubilized. Large molecular volume
oils, such as soybean and sunflower oils, produced a small microemulsion region, whereas the smallest
molecular volume triglyceride, tributyrin, produced a large, clear monophasic region. Use of the ethyl
ester, ethyl oleate, as oil produced a clear, monophasic region of a size comparable to that seen
with tributyrin. Substitution of some of the propylene glycol with water greatly reduced the extent of
the clear one-phase region and increased the extent of the liquid crystalline region. In contrast, ethanol
enhanced the clear, monophasic region by decreasing the LC phase. Replacement of some of the
lecithin with the micelle-forming nonionic surfactant Tween 80 to produce mixed lecithin/Tween 80
mixtures of weight ratios (Km) 1:2 and 1:3 did not significantly alter the phase behavior, although
there was a marginal increase in the area of the two-phase, cloudy region of the phase diagram. The
use of the lower phosphatidylcholine content lecithin, Epikuron 170, in place of Epikuron 200 resulted
in a reduction in the LC region for all of the systems investigated. In conclusion, these studies show
that it is possible to prepare one-phase, clear lecithin-based microemulsions over a wide range of
compositions using components that are food-acceptable.
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INTRODUCTION

Functional foods, nutraceuticals, pharmaconutrients, and
dietary integrators are all terms used to describe nutrients or
nutrient-enriched foods that can prevent or treat disease. The
term functional food, which originated in Japan in the 1980s,
is defined as “any food or ingredient that has a positive impact
on an individual’s health, physical performance, or state of mind,
in addition to its nutritive value” (1). The criteria that a food or
ingredient must satisfy to be classified as functional are that it
should be naturally occurring, be consumed as part of the daily
diet, and exert a pharmacological action to prevent or control a
specific disease (1, 2). It should be noted, however, that
functional foods are not medicines.

Examples of ingredients considered to be “functional” include
â-carotene, lutein, fiber, fatty acids, flavonoids, probiotics, plant
stanols, and phytoestrogens. Unfortunately, however, a number
of the aforementioned ingredients are water-insoluble; it is

frequently difficult to formulate them in a manner that is both
convenient and palatable for oral administration. Fortunately,
however, as most of these water-insoluble functional materials
display some affinity for oil, it may be feasible for them to be
formulated in an oil-water dispersion such as an emulsion or
a microemulsion. Although there is much information in the
literature regarding the formulation of food emulsions (3-5),
in comparison there are far fewer data available on the
preparation of microemulsions suitable for use in food products
(5-7).

This is despite the fact that microemulsions offer several
advantages over emulsions, such as the fact that they are
transparent (due to their small domain size), form spontaneously,
and are thermodynamically stable. Microemulsions are com-
posed of an oil, water, surfactant(s), and usually a cosurfactant,
typically a short-chain alcohol. The microstructure of these
systems can be described as being oil-in-water (o/w), bicon-
tinuous, or water-in-oil (w/o), depending upon the relative
amounts of each component present. The ability of a micro-
emulsion to solubilize large quantities of lipophilic and hydro-
philic materials (simultaneously if necessary) make microemul-
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sions excellent vehicles for a wide variety of uses. For example,
microemulsions have been utilized as solubilizers for flavors
(8), phytosterols (9), vitamin and minerals (6), antioxidants (7),
and drugs (10, 11). In addition, microemulsions have been used
as microreactors (12) and in food beverages (13).

Among the disadvantages of a microemulsion are the
relatively high concentrations of surfactant needed (and the
toxicity issues that this raises), the requirement for the presence
of a cosurfactant (most of which are not food-acceptable), and
the fact that most oils suitable for food use are both large (in
terms of their molecular volume) and semipolar in nature,
making them difficult to solubilize in a microemulsion.

The aim of this work was to prepare microemulsions using
only food-acceptable surfactants, a (predominately) nonaqueous
polar phase, and oil. In the present study soybean lecithin, a
crude mixture of phospholipids, was chosen as the primary
surfactant because it is a naturally occurring, widely used food
emulsifier/surfactant (number E322). Unfortunately, however,
phospholipids when used as sole surfactant do not generally
form microemulsions when the two immiscible phases are water
and oil, preferring instead to form liquid crystalline (LC) phases
(14,15). For microemulsion formation in aqueous systems using
a phospholipid as the primary surfactant, a cosurfactant (16,
17) or a hydrotrope (18) the function of which it is to destabilize
the LC phases, is normally required. However, it is possible,
and indeed more beneficial, to use a second surfactant in the
place of a cosurfactant. In the present study it was decided to
use a micelle-forming nonionic ethoxylated sorbitan ester,
Tween 80 [polyoxyethylene (20) sorbitan monooleate], as
second surfactant.

In addition, it was decided to investigate whether it is possible
to replace the aqueous phase with another polar solvent and
obtain a microemulsion.Although there is some work investi-
gating the replacement of water in self-assembling systems with
other nonaqueous polar solvents such as ethanediol, glycerol,
and propylene glycol (20), this approach is not widely inves-
tigated. In the present study it was decided to use propylene
glycol as the nonaqueous polar solvent because it has been
classified by the U.S. Food and Drug Administration (FDA) as
an additive that is “generally recognized as safe” for food use
and as a solvent for food colors and flavors. However, as
propylene glycol is unfavorable in large quantities (the limit in
human food is 1 g/kg) for food purposes (21), its partial
substitution of the aqueous phase may be desirable.

One of the most commonly used classes of oil suitable for
food use is the triglycerides, most of which are large and
semipolar in nature. Because of their large molecular volume,
triglycerides do not readily lend themselves to microemulsion
formation (22). Triglycerides instead tend to promote LC phase
formation in mixtures of surfactant and water (23). By way of
contrast, smaller molecular volume oils, such as the ethyl ester
ethyl oleate, do not so readily promote LC phases (24). In the
present study a range of food-acceptable triglyceride and ethyl
ester oils were examined for their ability to form microemul-
sions. Of the oils tested, only the triglyceride tributyrin possessed
unknown food acceptability.

MATERIALS AND METHODS

The lecithin used in the present study, Epikuron 200, was from
soybean and was obtained from Lucas Meyer. According to the
manufacturer, Epikuron 200 contains 97 wt % phosphatidylcholine and
has a fatty acyl chain composition of C16:0 ) 13.3 wt %, C18:1 ) 3.0
wt %, C18:2 ) 66.9 wt %, and C18:3 ) 6.6 wt %. A lower grade soy-
bean lecithin, namely, Epikuron 170, 68-72 wt % phosphatidylcho-
line (manufacturer’s information), which contained less phosphatidyl-

choline and more phosphatidylethanolamine, was also used. Tween 80,
propylene glycol, soybean oil (a triglyceride reported by the manufac-
turer to contain 50-57 wt % linoelic acid, 5-10 wt % linolenic acid,
17-26 wt % oleic acid, 9-13 wt % palmitic acid, and 3-6 wt %
stearic acid; all other acids present in trace quantities), isopropyl
myristate (IPM), and tributyrin were purchased from Sigma Chemicals.
Miglyol 812N (MCT, a triglyceride reported by the manufacturer to
contain between 50 and 65.0 wt % caprylic acid and 30.0-45.0 wt %
capric acid; caproic, lauric, and myristic acids were each present at
<2 wt %) was supplied by Hüls and ethyl oleate by Croda Chemicals.
Deionized water was used throughout the study sourced from an Elga
Option 3 water purifier.

Phase Behavior.Existence of a clear, one-phase microemulsion
region in a three- or four-component mixture was determined by the
construction of ternary and pseudo-ternary phase diagrams, respectively.
Initial mixtures of surfactant and polar solvent were prepared by the
addition of a known amount of surfactant, and when applicable Tween
80 as second surfactant, and a polar solvent into screw-capped vials.
Note that when a mixture of surfactants was used, the symbolKm

denotes the weight ratio of the (primary) surfactant and (secondary)
surfactant used. The concentration of surfactant used (and when
applicable, the second surfactant) ranged from 10 to 90 wt % in 10 wt
% intervals, making a total of nine initial surfactant and polar oil
mixtures for titration. Nine samples was the number previously
determined to be necessary to determine phase behavior with reasonable
precision using this methodology (25). Although when a phase boundary
needed further clarification, additional samples with intermediate
surfactant concentrations were made. The mixtures of surfactant (and
second surfactant) and polar solvent were allowed to stand over-
night before being checked for clarity and for signs of birefring-
ence by visual inspection through cross-polaroids. The presence of
birefringence was taken to indicate the presence of a LC phase (25).
Oil was then added dropwise by weight and with stirring to the sur-
factant and polar phase mixture. The appearance of the resultant mix-
ture was checked for clarity and for the absence of birefringence. Only
one-phase, clear, non-birefringent phases were classified as micro-
emulsions. In most cases the limit of the region of microemulsion
existence was signaled by the appearance of a cloudy solution. In
cases when the three-component mixture exhibited birefringence, the
sample was classified as liquid crystalline, although the type and
stability of these phases were not established. Phase diagrams were
constructed from the experimental data obtained using weight per-
cent (wt %) of the components. The extent of microemulsion forma-
tion was calculated as a percentage of the total area by drawing the
phase diagrams on graph paper of an appropriate grid size, cutting out
the various areas, and weighing them on an accurate three-decimal
place balance. This process was repeated on three occasions, and the
values thus obtained were estimated to be accurate to within a few
percent.

It should be noted that, in a number of instances, more than one
batch of oil was investigated for its phase behavior. In no case was
any significant difference observed in the phase behavior upon changing
the batch of the oil, suggesting that slight variations in oil composition
do not have much influence on phase behavior.

RESULTS AND DISCUSSION

Three-Component Systems.Medium-Chain Triglycerides.
Figure 1 shows the results obtained for the phase behavior of
the systems composed of Epikuron 200, propylene glycol, and,
respectively, one of the four triglyceride oils examined. The
most significant observation is that, regardless of the nature of
the oil present, it is possible to form three-component lecithin-
based microemulsions by replacing water with propylene glycol.
By way of contrast it is not possible to form lecithin-based
microemulsions using water and the same oils without the
addition of a cosurfactant (26), typically a short-chain alcohol.
Unfortunately, short-chain alcohols are not suitable in foods due
to toxicity considerations, although the use of ethanol is
permitted for food use in certain parts of the world.
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It is clear fromFigure 1 and fromTables 1 and 2, which
list, respectively, the volume and molecular masses of the oils
studied and the percent area of the phase diagram that was a
clear, one-phase “microemulsion” region, that there is a definite

inverse relationship between the volume/molecular mass of the
triglyceride oil and the extent of the formation of the one-phase,
clear microemulsion region. The very large molecular volume
of the triglycerides, soybean and sunflower oils, is due to their
possession of three long (ranging in length from 16 to 22
carbons) acyl chains attached to a glycerol backbone. In terms
of their phase behavior, there is little difference between the
extents of the clear, one-phase regions, with both sunflower and
soybean oils showing predominately large LC and two-phase
cloudy regions.Figure 1A shows that the system containing
tributyrin, the smallest triglyceride, contained a very large clear,
one-phase region and exhibited only a very small LC region,
occurring at between 55 and 65 wt % Epikuron 200. This result
is in direct contrast with that obtained with the large chain
triglycerides, soybean and sunflower oils, with which only very
small clear regions were seen (Table 2; Figure 1C,D), presum-
ably because these large-volume oils cannot readily penetrate
the hydrophobic acyl chains of the Epikuron 200 monolayer.

Figure 1. Ternary phase diagrams of lecithin (Epikuron 200), propylene glycol, and triglyceride oil (A) tributyrin, (B) Miglyol 812N, (C) soybean, or (D)
sunflower (dotted line represents estimated phase boundary).

Table 1. Molecular Masses and Volumes of Triglyceride and Ethyl
Ester Oils

oil
mol mass
(g mol-1)

mol vola at
298 ± 5 K (Å3)

soybean oil 881 1592
Miglyol 812N 554 1019
tributyrin 302 486
ethyl oleate 310 592
isopropyl myristate 270

a Molecular volumes were obtained from Malcolmson et al. (37). Molecular
masses and molecular volumes for soybean oil and Miglyol 812N were determined
by assuming an average composition based on manufacturer’s available composition
data.
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In place of an extensive microemulsion region, large LC regions
were formed at high surfactant (i.e., 60-90 wt %), low oil
concentrations, together with very large, cloudy multiphase
regions. Interestingly, it is well-known that triglyceride oils (such
as soybean) are incorporated at only very low levels into
phospholipid bilayers (27).

In the system containing the medium-chain triglyceride,
Miglyol 812N (Figure 1B), the extent of microemulsion
existence was intermediate to that of the other triglycerides as
both the LC and multiphase regions were smaller than those
observed when using soybean and sunflower oil, but the clear
region was not as great as that seen with tributyrin. The
observation that increasing the size of the oil from tributyrin to
sunflower oil reduces the ability of the system to form a
microemulsion is in accordance with that found by other workers
when using water as the polar phase (24, 26). Interestingly,
however, it has not been established beyond doubt that the same
sequence of phase behavior would be expected upon replace-
ment of water with an alternative polar solvent.

To our knowledge this is the first time that microemulsions
containing large molecular volume oils have been formed using
phospholipids as sole surfactant. Usually, phospholipids do not
form microemulsions in the presence of water without the
addition of a cosurfactant such as a short-chain alcohol (e.g.,
butanol or propanol).

Ethyl Esters.The effect of replacing the triglyceride oil with
an ethyl ester is shown inFigure 2. In agreement with the results
obtained with the triglycerides, IPM (Figure 2A), the slightly
smaller ethyl ester oil in terms of volume and molecular mass
(Table 1) produced the largest clear, one-phase region (Figure
2B; Table 2). Interestingly, the system containing IPM exhibits
no LC region. This observation is in contrast to that seen with
the triglycerides, when even tributyrin produced an, albeit small,
LC region and suggests that it may be of benefit to use IPM as
oil when lecithin-based microemulsions are prepared. Unfor-
tunately, however, no safety data are available on the suitability
of IPM for food use, although it has been used as a flavoring
agent (28). In contrast, ethyl oleate, which has been shown to

have a good safety profile for food (29), produced a relatively
large LC region and a microemulsion region comparable to that
observed when using the medium-chain trigylceride as oil
(Figure 1B).

Lecithin Purity.It has been previously reported using water-
based systems that using a less pure lecithin may have an
advantage in the preparation of microemulsions, primarily
because of a reduced tendency to form LC phases (30). In the
present study the effect of lecithin purity was examined by
replacing Epikuron 200 in the systems prepared with MCT
(Miglyol 812N) and ethyl oleate with the less pure lipid,
Epikuron 170. The results of this study can be seen inFigure
3. First, it is clear that the results obtained using the two types
of lecithin are comparable with the exception that the extent of
the LC region was greatly reduced when Epikuron 170 was used.
This beneficial effect possibly arises because of the higher

Table 2. Percentages of Clear, One-Phase Microemulsion Region for
the Multicomponent Systems Tested

system
% of clear,

one-phase regiona

Epikuron 200/propylene glycol
tributyrin 83
Miglyol 812N 58
soybean 34
sunflower 36

Epikuron 200/propylene glycol
isopropyl myristate 73
ethyl oleate 62

Epikuron 170/propylene glycol
Miglyol 812N 60
ethyl oleate 66

Epikuron 200/Miglyol 812N
propylene glycol/water (9:1 w/w) 32
propylene glycol/water (8:2 w/w) 10
propylene glycol/ethanol (9:1 w/w) 72

Epikuron 200:Tween 80/propylene glycol/ethyl oleate
Km 1:2 68
Km 1:3 65

Epikuron 200:Tween 80/propylene glycol/Miglyol 812N
Km 1:2 53

Epikuron 170:Tween 80/propylene glycol/ethyl oleate
Km 1:2 74
Km 1:3 61

a Estimated to be accurate to a few percent.

Figure 2. Ternary phase diagrams of lecithin (Epikuron 200), pro-
pylene glycol, and ethyl ester oil (A) isopropyl myristate (IPM) or (B) ethyl
oleate.
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proportion of non-bilayer-forming lipids, such as phosphati-
dylethanolamine (10-13 wt %), present in Epikuron 170. These
lipids may be thought of as acting as cosurfactants, destroying
the extent of the LC phase and promoting the formation of a
microemulsion region. It may be beneficial, therefore, in the
formulation of microemulsions for food use to use the lower
grade lecithin, in terms of both cost and reduction of the LC
phase.

Four-Component Systems.Partial Replacement of Propyl-
ene Glycol.In this study it is clear that the use of propylene
glycol as polar solvent, in most cases, negates the requirement
for a cosurfactant in the production of lecithin-based micro-
emulsions. However, in an attempt to reduce the amount of
propylene glycol present in the formulation, a study was
performed to determine how much water could be added to the
propylene glycol and still produce a large clear, one-phase
microemulsion region. As can be seen fromFigure 4, which
shows the effect of replacing 10 and 20 wt % of the propylene

Figure 3. Ternary phase diagrams of low-grade lecithin (Epikuron 170),
propylene glycol, and (A) Miglyol 812N or (B) ethyl oleate.

Figure 4. Pseudo-ternary phase diagrams of lecithin (Epikuron 200) and
Miglyol 812N with (A) propylene glycol/water (9:1 w/w), (B) propylene
glycol/water (8:2 w/w), and (C) propylene glycol/ethanol (9:1 w/w).
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glycol with water, that even as little as 10 wt % water
significantly reduced the extent of the clear region and increased
the LC region (Figure 4A; Table 2). Interestingly, the addition
of water did not greatly alter the extent of the cloudy one-phase
region. The increase in the extent of the LC phase was, however,
expected due to the natural tendency of phosphatidylcholines,
the main component of Epikuron 200, to rearrange themselves
into the form of bilayers in the presence of water.

By way of contrast, the replacement of 10 wt % of the
propylene glycol by ethanol (Figure 4C; Table 2) was shown
to totally abolish the LC phase, although, again, the cloudy
multiphase region remained largely unaltered. The reduction of
the LC phase was undoubtedly due to a destruction of the
packing of the lecithin molecules caused by the penetration of
the ethanol molecules into the lecithin monolayer. However, in
addition, ethanol may be acting as a cosolvent, reducing the

likelihood of microemulsions being present over a wide range
of compositions (31).

Partial Replacement of Epikuron 200 with Tween 80.The
addition of a second surfactant has been reported in some cases
to promote microemulsion formation (32). The main benefit in
using a second surfactant as cosurfactant derives from the fact
that the resultant microemulsion can be diluted without altering
or destroying the microemulsion (8). In the present study the
food-acceptable, micelle-forming surfactant Tween 80 (HLB 15)
was used to replace some of the primary surfactant, Epikuron
200, primarily in an attempt to reduce the extent of the LC
phases formed in the three-component systems investigated.
Epikuron 200/Tween 80 weight mixing ratios (Km) of 1:2 and
1:3 were used. The results of this study can be seen inFigures
5-7 andTable 2. PartsA andB of Figure 5 show the phase
diagrams obtained for a system prepared from propylene glycol,
ethyl oleate, and Epikuron 200/Tween mixtures atKm of 1:2
and 1:3, respectively. Although there was no LC region observed
in either of these systems, the extents of the cloudy, multiphase
region were slightly enhanced compared to the system prepared
in the absence of Tween 80. Interestingly, there was little
difference in the phase diagram produced with the twoKm

studied, with the exception of a slight increase in the extent of
the cloudy, multiphase region when the amount of Tween
present was increased from 66 to 75 wt %. The phase diagram
obtained upon substitution of MCT (Miglyol 812N) for ethyl
oleate is shown inFigure 6. When ethyl oleate was used, no
LC region was observed, although the extent of the cloudy,
multiphase region had increased.

PartsA andB of Figure 7 show the phase diagrams obtained
for a system prepared from propylene glycol, ethyl oleate, and
Epikuron 170/Tween mixtures atKm of 1:2 and 1:3, respectively.
The results obtained for these systems were very similar to those
obtained for the equivalent system prepared using Epikuron 200
(Figure 5A,B). The only slight advantage of using the less pure
Epikuron 170 was a slight reduction in the extent of the cloudy,
multiphase region.

It appears from this limited study that the replacement of some
of the lecithin with Tween 80 is beneficial in reducing the extent

Figure 5. Pseudo-ternary phase diagrams of propylene glycol, ethyl oleate,
and lecithin (Epikuron 200)/Tween 80 mixture (A) Km of 1:2 or (B) Km of
1:3.

Figure 6. Pseudo-ternary phase diagrams of propylene glycol, Miglyol
812N, and lecithin (Epikuron 200)/Tween 80 at a Km of 1:2.
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of the LC phase, which is present when no nonionic surfactant
is used. There is also an increase, albeit not great, in the extent
of the microemulsion region. The perceived benefits of replacing
some of the lecithin with Tween 80 may become more obvious
in systems in which water is used as the polar phase. However,
with the expense involved in using pure lipid, using a mixture
may also serve as a more economical approach.

Microemulsion Formation.From the phase behavior studies
reported above it appears to be a relatively trivial task to form
lecithin-based microemulsions suitable for use in food products
in the presence of the nonaqueous solvent propylene glycol.
Although the concept of microemulsions as vehicles in the food
industry is not a new one, many of the microemulsions reported
as being suitable for food use are complex five-component
systems (9, 33). Perhaps not surprisingly, therefore, little success

has been achieved in the commercial exploitation of micro-
emulsions as vehicles in the food industry.

It is not possible, however, to unambiguously establish the
existence of a microemulsion solely from visual studies such
as those reported here. To definitively confirm the existence of
a microemulsion, other studies such as light and neutron
scattering and NMR self-diffusion measurements need to be
made (34,35). Unfortunately, the similarity of the refractive
indices of lecithin (1.456 at 488 nm), propylene glycol (1.431
at 488 nm), and oil (e.g., ethyl oleate, 1.455 at 488 nm) (values
determined in-house with the method outlined in ref36) coupled
with the fact that lecithin exhibits some solubility in propylene
glycol makes light-scattering experiments extremely difficult
to perform. Indeed, preliminary light-scattering experiments on
a number of three-component Epikuron 200/propylene glycol/
oil systems, at an arbitrary lecithin concentration of 25 wt %,
did not show the presence of droplets or any significant change
in the scattering of the sample upon altered composition. As it
was not possible to draw any conclusion from this light-
scattering study, preliminary neutron-scattering studies have
been performed on the Epikuron 200/propylene glycol/ethyl
oleate system using fully deuterated propylene glycol in place
of (protonated) propylene glycol. These studies clearly dem-
onstrate the existence of microemulsions over a wide range of
propylene glycol/ethyl oleate concentrations when Epikuron 200
concentrations ofe25 wt % were used (higher concentrations
were not studied). This preliminary study supports the use of
the term “microemulsion” for the description of the clear, one-
phase systems observed in the present study, although it should
be acknowledged that further research is needed to determine
the range over which microemulsions rather than cosolvent
systems are formed. Further work also needs to be performed
to establish the ability of the microemulsions to incorporate
ingredients known to be functional.

LITERATURE CITED

(1) Hardy, G. Nutraceuticals and functional foods: introduction and
meaning.Nutrition 2000,16, 688-689.

(2) Buttriss, J.; Saltmarsh, J.Functional Foods II: Claims and
EVidence; Mistry, J., Kennedy, J., Eds.; The Royal Society of
Chemistry; Cambridge, U.K., 2000; xx+ 244 pp.

(3) Becher, P. Food emulsionssan introduction.ACS Symp. Ser.
1991,No. 448, 1-6.

(4) Bergenstahl, B.; Robins, M. Food colloids, emulsions, gels and
foamssdesirable entanglementssfood polymers and product
stability. Curr. Opin. Colloid Interface Sci.1998,3, 625-626.

(5) Friberg, S. E.; Kayali, I. Surfactant association structures,
microemulsions, and emulsions in foodssan overview.ACS
Symp. Ser.1991,No. 448, 7-24.

(6) El-Nokaly, M.; Hiler, G. D.; McGrady, J.Food Microemul-
sions; The Procter and Gamble Co.: Cincinnati, OH, 511,154-
[5,045,337]; 91 A.D. 19-4-0090.

(7) Spernath, A.; Yaghmur, A.; Aserin, A.; Hoffman, R. E.; Garti,
N. Food-grade microemulsions based on nonionic emulsifiers:
media to enhance lycopene solubilization.J. Agric. Food Chem.
2002,50, 6917-6922.

(8) Spernath, A.; Yaghmur, A.; Aserin, A.; Hoffman, R. E.; Garti,
N. Self-diffusion nuclear magnetic resonance, microstructure
transitions, and solubilization capacity of phytosterols and
cholesterol in Winsor IV food-grade microemulsions.J. Agric.
Food Chem.2003,51, 2359-2364.

(9) Yaghmur, A.; Aserin, A.; Garti, N. Furfural-cysteine model
reaction in food grade nonionic oil/water microemulsions for
selective flavor formation.J. Agric. Food Chem.2002,50, 2878-
2883.

Figure 7. Pseudo-ternary phase diagrams of propylene glycol, ethyl oleate,
and lecithin (Epikuron 170)/Tween 80 mixture (A) Km of 1:2 or (B) Km of
1:3.

Phospholipid-Based Microemulsions J. Agric. Food Chem., Vol. 54, No. 20, 2006 7823



(10) Kawakami, K.; Yoshikawa, T.; Moroto, Y.; Kanaoka, E.;
Takahashi, K.; Nishihara, Y.; Masuda, K. Microemulsion
formulation for enhanced absorption of poorly soluble drugss
I. Prescription design.J. Controlled Release2002,81, 65-74.

(11) Lawrence, M. J. Microemulsions as drug delivery vehicles.Curr.
Opin. Colloid Interface Sci.1996,1, 826-832.

(12) Garti, N. Microemulsions as microreactors for food applications.
Curr. Opin. Colloid Interface Sci.2003,8, 197-211.

(13) Wolf, P. A.; Havekotte, M. J. Microemulsions of oil in water
and alcohol. 071923[4,835,002]. 89 A. D. USA. 10-7-0087.

(14) Bergenstahl, B.; Fontell, K. Phase-equilibria in the system
soybean lecithin water.Prog. Colloid Polym. Sci.1983, 68, 48-
52.

(15) Leser, M. E.; van Evert, W. C.; Agterof, W. G. M. Phase
behaviour of lecithin-water-alcohol-triacylglycerol mixtures.
Colloids Surf., A1996,116, 293-308.

(16) Shinoda, K.; Arak, M.; Sadaghiani, A.; Khan, A.; Lindman, B.
Lecithin-based microemulsions; phase behaviour and micro-
structure.J. Phys. Chem.1991,95, 989-993.

(17) Binks, B. P.; Meunier, J.; Langevin, D. Characteristic sizes, film
rigidity and interfacial tensions in microemulsion systems.Prog.
Colloid Polym. Sci.1989,79, 208-213.

(18) Friberg, S. E.; Lochhead, R. V.; Blute, I.; Warnheim, T.
Hydrotropessperformance chemicals.J. Disp. Sci. Technol.
2004,25, 243-251.

(19) Martino, A.; Kaler, E. W. The stability of lamellar phases in
water, propylene-glycol, and surfactant mixtures.Colloids Surf.,
A 1995,99, 91-99.

(20) Dorfler, H. D.; Grosse, A. Phase diagrams and interfacial tensions
of mixed-aqueous and non-aqueous microemulsions in multi-
component systems.Tenside, Surfactants, Deterg.1998, 35,
200-206.

(21) European Parliament. European Parliament and Council Directive
on food additives other than colours and sweeteners; 95/2/EC,
1-53; 18-3-0095.

(22) Alander, J.; Warnheim, T. Model microemulsions containing
vegetable oils. 1. Nonionic surfactant systems.J. Am. Oil Chem.
Soc.1989,66, 1656-1660.

(23) Parris, N.; Joubran, R. F.; Lu, D. P. Triglyceride microemulsionss
effect of nonionic surfactants and the nature of the oil.J. Agric.
Food Chem.1994,42, 1295-1299.

(24) Aboofazeli, R.; Patel, N.; Thomas, M.; Lawrence, M. J.
Investigations into the formation and characterization of phos-
pholipid microemulsions. IV. Pseudo-ternary phase diagrams of
systems containing water-lecithin-alcohol and oil; the influence
of oil. Int. J. Pharm.1995,125, 107-116.

(25) Aboofazeli, R.; Lawrence, M. J. Investigations into the formation
and characterization of phospholipid microemulsions. I. Pseudo-
ternary phase diagrams of systems containing water-lecithin-
alcohol-isopropyl myristate.Int. J. Pharm.1993, 93, 161-175.

(26) Schurtenberger, P.; Peng, Q.; Leser, M. E.; Luisi, P.-L. Structure
and phase behaviour of lecithin-based microemulsions: a study

of the chain length dependence.J. Colloid Interface Sci.1993,
156, 43-51.

(27) von Corswant, C.; Engstrom, S.; Soderman, O. Microemulsions
based oil soybean phosphatidylcholine and triglycerides. Phase
behaviour and microstructure.Langmuir1997,13, 5061-5070.

(28) Joint FAO/WHO Expert Committee on Food Additives (JECFA).
Compendium of Food AdditiVe Specifications; IPCS, World
Health Organisation: Geneva, Switzerland, 2004; p 52.

(29) Bookstaff, R. C.; PaiBir, S.; Bharaj, S. S.; Kelm, G. R.; Kulick,
R. M.; Balm, T. K.; Murray, J. V. The safety of the use of ethyl
oleate in food is supported by metabolism data in rats and clinical
safety data in humans.Regul. Toxicol. Pharmacol.2003, 37,
133-48.

(30) Aboofazeli, R.; Lawrence, M. J. Investigations into the formation
and characterization of phospholipid microemulsions. II. Pseudo-
ternary phase diagrams of systems containing water-lecithin-
isopropyl myristate and alcohol: influence of purity of lecithin.
Int. J. Pharm.1994,106, 51-61.

(31) Attwood, D.; Mallon, C.; Taylor, C. J. Phase studies on oil-in-
water phospholipid microemulsions.Int. J. Pharm.1992, 84,
R5-R8.

(32) Aboofazeli, R.; Lawrence, C. B.; Wicks, S. R.; Lawrence, M. J.
Investigations into the formation and characterization of phos-
pholipid microemulsions. III. Pseudo-ternary phase diagrams of
systems containing water-lecithin-isopropyl myristate and either
an alkanoic acid, amine, alkanediol, polyethylene glycol alkyl
ether or alcohol as cosurfactant.Int. J. Pharm.1994,111, 63-
72.

(33) de Campo, L.; Yaghmur, A.; Garti, N.; Leser, M. E.; Folmer,
B.; Glatter, O. Five-component food-grade microemulsions:
structural characterization by SANS.J. Colloid Interface Sci.
2004,274, 251-267.

(34) Lisy, V.; Brutovsky, B.; Zatovsky, A. V.; Zvelindovsky, A. V.
On the theory of light and neutron scattering from droplet
microemulsions.J. Mol. Liq. 2001,93, 113-118.

(35) Soderman, O.; Nyden, M. NMR in microemulsions. NMR
translational diffusion studies of a model microemulsion.Colloids
Surf.1999,158, 273-280.

(36) Malcolmson, C.; Barlow, D. J.; Lawrence, M. J. Light-scattering
studies of testosterone enthanthate containing soybean oil/C18:

1E10/water oil-in-water microemulsions.J. Pharm. Sci. 2002,91,
2317-2331.

(37) Malcolmson, C.; Satra, C.; Kantaria, S.; Sidhu, A.; Lawrence,
M. J. Effect of oil on the level of solubilization of testosterone
propionate into nonionic oil-in-water microemulsions.J. Pharm.
Sci.1998,87, 109-116.

Received for review June 1, 2005. Revised manuscript received
February 3, 2006. Accepted February 13, 2006.

JF051288K

7824 J. Agric. Food Chem., Vol. 54, No. 20, 2006 Patel and Lawrence


