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Microemulsions are of growing interest to the food industry as vehicles for delivering and enhancing
solubilization of natural food supplements with nutritional and health benefits. The incorporation of
molecular phytosterols, cholesterol-lowering agents, in food products is of great interest to the food
industry. In this work is demonstrated the use of water dilutable food-grade microemulsions consisting
of ethoxylated sorbitan ester (Tween 60), water, R-(+)-limonene, ethanol, and propylene glycol as
vehicles for enhancing the phytosterols solubilization. Phytosterols were solubilized up to 12 times
more than the dissolution capacity of the oil [R-(+)-limonene] for the same compounds. The
solubilization capacity of phytosterols and cholesterol along a dilution line in a pseudo-ternary phase
diagram [on this dilution line the weight ratio of R-(+)-limonene/ethanol/Tween 60 is constant at 1:1:
3] was correlated to the microstructure transitions along the dilution line. Structural aspects were
studied by self-diffusion NMR spectroscopy. The ability of phytosterols to compete with cholesterol
for penetration into bile salt micelles in the gut may be limited to rich aqueous systems (O/W
microemulsion).

KEYWORDS: Cholesterol; ethoxylated sorbitan esters; food microemulsion; nonionic surfactants;
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INTRODUCTION

Improving the bioavailability of natural food supplements
with nutritional and health benefits (nutraceuticals) is of a great c,

interest to the food industry.

The growing interest in microemulsions as vehicles for food °°
formulations arises mainly from the advantages of their phys- 09
icochemical propertiesl. Microemulsions can solubilize large o
amounts of lipophilic and hydrophilic food additives, and they
can serve as microreactors that enhance reaction efficiency and9uré 1. Molecular structure of cholesterol and some abundant
allow selective extraction. This has attracted the attention of Phosterols (R = H — cholesterol; R = CH,CH; — f-sitosterol; R =
scientists and technologists, (2). Oil-in-water (O/W) micro-  CH2CHs and additional double bond at Cz, — stigamsterol; R = CH; ~
emulsions open the prospect of enhancing the solubility of campesterol; R = CH; and additional double bond at C,, — brassicasterol).
hydrophobic vitamins, other nutrients, and flavors. This is of serum cholesterol require dietary restrictions or the use of drugs.
particular interest, as it can provide a well-controlled way for The prospect of lowering cholesterol levels by consuming foods
incorporating active ingredients and may protect the solubilized fortified with natural phytonutrients is considered to be much
components from undesired degradative reactions (1). more attractive (3).

An elevated serum cholesterol level is a well-known risk Phytosterols (plant sterols) are steroid alcohols. Their chemi-
factor for coronary heart diseas®).(Most strategies for lowering  cal structure resembles human cholesterol, as can be seen in

Figure 1. Sterols are made up of a tetracyclic cyclopeaita]
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This allows for multiple hydrophobic interactions between the R(+)-limonene / ethanol (1/1)
rigid sterol nucleus (the polycyclic component) and the mem-
brane matrix4, 6, 7). Only the side chains of the various sterols
are different. These minor differences result in major differences
in their biological functions.

Growing interest in phytosterols as important food ingredients
started after Peterson et &) (feported that the addition of soy
sterols to a cholesterol-enriched diet prevented an increase of
the plasma cholesterol level. This effect significantly reduced
the incidence of atherosclerotic plaque in chick aoB)a $ince
then, numerous clinical investigations have indicated that
administration of phytosterols to human subjects reduces the
total plasma cholesterol and low-density lipoprotein (LDL)
cholesterol levels (910). Because of their poor solubility and
limited bioavailability, high doses (up to 25 g/day) were required Figure 2. Pseudo-ternary phase diagram (25 °C) of water/PG/R-(+)-
to have a noticeable effect. For this reason, and also after thelimonene/ethanol/Tween 60 system with a constant weight ratio of water/
appearance of “statin” drugs, phytosterols were abandoned asPG (1:1) and a constant weight ratio of R-(+)-imonene/ethanol (1:1).
cholesterol-lowering agents (3). Solubilization of sterols was studied along dilution line T64 [on this dilution

The renewed interest in phytosterols as cholesterol-reducingline the weight ratio of R-(+)-limonene:ethanol:Tween 60 is constant at
agents came after Miettinen et alll) discovered that phy-  1:1:3].
tostanols (hydrogenated phytosterols), fatty acyl ester derivatives
(stanol esters), could be readily incorporated into fatty foods, Israel). Propylene glycol (PG; 1,2-propanediol) was purchased from
such as margarines. The major drawbacks of these products ar&DH (Poole, U.K.). Cholesterol was purchased from Sigma Chemical
derived from the fact that they are esterified with fatty acids, Co. Phytosterols were obtained _from ADM Nutr:.at_:eut_icals (Decatur,
their ballast groups double their molecular weights, and they IL). All components were used without further purification. The water

- : . f . was double distilled.
have to be dissolved in a fatty matrix (margarine or oil). The Phase Diagram.The five-component system was constructed (at
consumption of 2350 g/day of triglyceride is needed to obtain '

2 25°C) as recently reported4). This system was described on pseudo-
the recommended daily intake of phytosterols (12). Recently, ternazy phase di);grgms (F?g)gure 2)'y P

Ostlund et al. 12) showed that 300 mg/day of stanols Solubilization Measurements The solubilized material ang-(+)-
administered in lecithin micelles can reduce cholesterol levels limonene were heated at 12C for 15 min. The water, PG, EtOH,

by 37%. This possibility of introducing phytosterols is applicable and surfactant were then added dropwise to obtain a single-phase clear
only in capsules and cannot be used in water-based foodsmicroemulsion with the desired composition. Finally, the samples were
because the phospholipid micelles are not dilutable with water cooled and stored at 2. Samples that remained transparent for at
in water-continuous systems. least 10 days were considered to be microemulsions.
. . it Self-Diffusion MeasurementsNMR measurements were performed
The exact mechanism by which phytosterols inhibit the uptake . i .
of dietary and endogenous cholesterol is not completely at 25°C on a Bruker DRX-400 spectrometer with BAU gradient

. amplifier unit and a 5 mm BBprobe equipped with a-gradient caoil,
understood. One theory suggests that cholesterol in the presencg, oy iding a z-gradient strengthgj of up to 55 G cmt. The self-

of phytosterols precipitates in a nonabsorbable staje A diffusion coefficients were determined using bipolar-pulsed field
second theory suggests that cholesterol is displaced by phy-gradient stimulated spirecho (BPFG-SSE). This work utilized bipolar-
tosterols in the bile salt and phospholipid-containing mixed gradient pulses as described by Wu et 85) for reduced eddy current
micelles, preventing its absorption (3). ring down.

The enhanced phytosterols solubilization in O/W microemul-  Experiments were carried out by varyiggand keeping all other
sions is believed to enhance its bioavailability and to maximize iming parameters constant. The self-diffusion coeffici@)ti¢ given
its absorption in human tissues. This is due to the fact that the by
droplet size is in the range of several nanometers.

As was demonstrated in our previous studg); the solu- | = I_Oe—R(t)—(yGri)zD(A—éla 1)
bilization capacity and efficiency of lycopene are affected by 2
microstructure transitions from water-in-oil (W/O) to bicon- ) ) ) o ) ) )
tinuous and from bicontinuous to oil-in-water (O/W). In the wherel is the measured S|gnal '|ntenS|Iys,|s the S|gn_al |ntenS|ty_ for
present study we are report these effects on the solubilization® = -7 IS the gyro magnetic ratio for thiéi nucleus is the gradient

. . pulse lengthA is the time between the two gradients in the pulse
capacity and efficiency of phytosterols and cholesterol. sequence (and hence defines the diffusion time),Rytiis a constant

The objectives of the present study are to explore the ability tht takes into account nuclear relaxation. Because in our experiments
of our unique dilutable food-grade microemulsions to solubilize R(t) is constant, we do not consider it further. Typical experiments

phytosterols, to investigate the correlation between solubilization used aA of 100 ms, a of 8 ms, andy values from 1.7 to 32.3 G cth
capacity of the phytosterols and the microemulsion microstruc- in 32 steps.

ture transitions, and to study the influence of solubilized

phytosterols compared to cholesterol on the microemulsion RESULTS AND DISCUSSION

microstructure.

Water / PG (1/1) Tween 60

Dilution of a micellar solution consisting ¢&-(+)-limonene
plus EtOH as the oil phase and polyoxyethylene (20) sorbitan
MATERIALS AND METHODS monostearate (Tween 60) as the surfactant with an aqueous

Materials. Tween 60 [polyoxyethylene (20) sorbitan monostearate] Phase composed of water and PG caused gradual microstructure
was of commercial grade and purchased from Sigma Chemical Co. transitions, as we demonstrated in our previous stdgy.(The
(St. Louis, MO).R-(+)-limonene (98%) was also supplied by Sigma solubilization capacity (SC) and solubilization efficiency (a)
Chemical Co. Ethanol (EtOH) was obtained from Frutarom (Haifa, of phytosterols and cholesterol along dilution line T64 were
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Figure 3. Solubilization capacity (SC) curve of phytosterols along the
dilution line T64 at 25 °C. The three regions along the curve are (I) W/O
microstructure, (II) bicontinuous microstructure, and (III) O/W micro-
structure.

determined (seEigure 2). On this dilution line the weight ratio
of R-(+)-limonene/ethanol/Tween 60 is constant at 1:1:3.

A. Phytosterol Solubilization. The SC of phytosterols in a
micellar solution containing surfactant and oil phase (at a 6:4
weight ratio, respectively) is 60000 ppm (6 wt %). As can be
seen fromFigure 3, the SC of phytosterols decreases as the
aqueous phase concentration increases. In a microemulsion
containing 90 wt % aqueous phase, the SC is only 2400 ppm,
that is, a decrease of 96% in the SC of phytosterols.

A possible explanation for these dramatic decreases in the
SC of phytosterols could be related to the locus of solubilization.
In systems free of water the locus of solubilization is at the
micelle interface. As an aqueous phase is introduced, water-
in-oil (W/O) swollen micelles are formed, and the hydrophilic
OH groups of the phytosterols are oriented toward the aqueous
phase, thus causing the molecules to insert themselves betwee

the surfactant hydrophobic chains. This change in the locus of ¥as measured in a sol
be 55.5 x 1071 m?

solubilization causes a decrease in solubilization at the interface.
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Figure 4. Relative diffusion coefficient of water (O) and R-(+)-limonene
(A) in microemulsions without (a) and with (b) phytosterols, as calculated
°C. Dy, the diffusion coefficient of water,
ution containing water/PG (1:1) and determined to
s~1. D, the diffusion coefficient of pure R-(+)-

Suratkar and Mahapatra (16) observed a similar change in themonene, was determined to be 38.3 x 107 m? s™*.

locus of solubilization of phenolic compounds in SDS micelles. f the D/D, of the oil and water are of the same order of
The decrease in solubilization capacity as the aqueous phasenagnitude, a bicontinuous structure is suggested.

concentration increases may be also attributed to microstructure  Figure 4 shows the relative diffusion coefficients of water

transformations. The structural transformation from W/O via

and R-(+)-limonene in “empty” microemulsions (a) and mi-

bicontinuous to O/W microstructure forces the phytosterols to croemulsions solubilizing phytosterols (referred to as phytoster-

solubilize between the hydrophobic amphiphilic chains, which

ols microemulsion) (b), as a function of the aqueous phase

is a less preferable location, thus causing a decrease in the SCeoncentration (w/w). One can clearly see that the absence or

Closer examination of the solubilization patternsFigure
3 reveals three regions of solubilization. The regions differ by
their slope K). A sharp slopel{ = 1250) can be seen in the

presence of phytosterols makes little difference. It can also be
seen that in phytosterol microemulsions the value is easily
interpreted, whereas the behavior of empty microemulsions is

first region (0—20 wt % aqueous phase). In the second region somewhat more difficult to explain because gradual changes
(20—60 wt % aqueous phase) a more moderate slope is observedake place. The formation of discrete particles is more pro-

(k = 600) that reflects a decrease®50% compared with the
slope of the first region. In the third regiorr 60 wt % of
aqueous phase) the slope is very modetate 860), a decrease
of 40% compared to the slope in the second region.

In our previous study13) we correlated the changes in SC
of lycopene along dilution line T64 to the microstructure

nounced in the water-diluted systems in the presence of
phytosterols than in the empty microemulsions.

Systems solubilizing phytosterolBi§ure 4b) containing up
to 20 wt % aqueous phase probably have a discrete W/O
microstructure, because the relative diffusion coefficients of
water andR-(+)-limonene differ by>1 order of magnitude.

transformation. Changes in the microstructure were detected byphytosterol microemulsions containing-260 wt % aqueous

monitoring the diffusion coefficient of the water and d#(+)-

limonene]. The same technique was applied in this study.
To evaluate the self-diffusion data in terms of microstructure,

the relative diffusion coefficient/Do) of the two solvents was

calculated (17). Relative diffusion coefficients were obtained

by dividing the water and oil diffusion coefficient®\’ and

D° , respectively) in the microemulsion by the diffusion

coefficient of water in the pure aqueous phd§§’x and of oil

in the neat phaseD@). It is well documented7) that if the

D/Dg values of water and oil differ by ~1 order of magnitude,

phase seem to have a bicontinuous microstructure, as the relative
diffusion coefficients of water an&-(+)-limonene are of the
same order of magnitude. Finally, phytosterol microemulsions
containing >60 wt % of aqueous phase exhibit an O/W
microstructure, as the relative diffusion coefficients of water
andR-(+)-limonene differ by>1 order of magnitude.

It seems that the borders between the three different regions
in the SC curveKigure 3) are an indication of the microstruc-
ture transition along the dilution line. The three regions in the
SC curve correspond to the microstructure transformations as

discrete particles of the slowly diffusing solvent exist, whereas indicated by the relative diffusion coefficient cunkdure 4b).
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Table 1. Phytosterol Solubility at 25 °C __ 300000 1
£
medium phytosterol solubility (ppm) E 250000
R-(+)-imonene 25000 £
Tween 60 25000 z 200000
ethanol <10 =z
water <10 & 150000
propylene glycol (PG) <10 M
R-(+)-limonene/Tween 60 (4:6) 150000 100000

0 20 40 60 80 100
. X ) L. A Aqueous phase(wt%)
The general behavior trend of the diffusion coefficients is o . o
similar for microemulsions with or without phytosterols, but Eigure 5. Solubilization efficiency (q) of phytosterols along the dilution
the transition points from one microstructure to the other are e T64 at 25 °C. The three regions along the curve are (I) W/O
different. Figure 4 indicates that the phytosterol solubilization microstructure, (IT) bicontinuous microstructure, and (III) O/W micro-
influences the transition from W/O to bicontinuous to O/w Structure.
microstructure. In empty microemulsions a distinct region of . ) . o ]
W/O microstructure is formed between 0 and 30 wtBig(re not prgcﬂcal for oil-continuous phase applications as well. It is
4a) of aqueous phase, whereas in phytosterol microemulsionsesser_‘t'aL _theref_ore, to construct micellar concentrates capable
the formation of such a region is more diffusive. In phytosterol Of being diluted in both oil and water phases. The microemul-
microemulsions containing 20 wt % of aqueous phasgure sions described in this paper are unique in those properties.
4b) the relative diffusion coefficients of water arR-(+)- Figure 5 and Table 1 showa values as a function of the
limonene are within the limit of 1 order of magnitude. This adueous phase content. Thevalue of phytosterols in micro-
implies that in phytosterol microemulsions containing 20 wt % €mulsion is much higher than that of phytosterolsR#(+)-
of aqueous phase the microstructure is gradually transformedlimonene. The increase of solubilization efficiency suggests that
from W/O to a bicontinuous microstructure. Discrete W/O Phytosterols are incorporated at the interface. One should note
droplets will be formed only in a system containin@0 wt % that theot value of phytosterols microemulsions containing0
of aqueous phase. In empty microemulsions the formation of a Wt % of aqueous phase is lower than thevalue of reverse
true bicontinuous microstructure occurs at a much later stageMicellar systems. The advantage of these microemulsions is
when it contains a minimum 30 wt % of aqueous pha&sgu(re revealed by their dilution capability by the aqueous phase. The
4a). In the phytosterol microemulsions the bicontinuous mi- Solubilization efficiency ¢) curve can be divided into three
crostructure exists over a wide region of aqueous phase contenfegions as was shown for the SC curve. Changes in the slope
(20—60 wt % of aqueous phasdjigure 4b). Antalek et al. of the a curve are better seen than changes in the SC curve.
(18) have also detected a transformation from W/O to bicon-  In the first region (6-20 wt % of aqueous phase) the curve
tinuous microstructure by a self-diffusion (SD)-NMR technique. slope &) is 4060. In the second region (260 wt % of aqueous
The point of the formation of a bicontinuous microstructure in Phase) the slopek] is only half the slope of the first region
our empty microemulsion (30 wt % of aqueous phase) seems(k = 2030). In the third region (>60 wt % of aqueous phase)
to correspond to the “brake point” found by Antalek et al. in the slope is 3.5 times smaller than the slope of the second region
AOT-based microemulsions, which seem to be completely (k= 583).
different. The regions on thex curve Figure 5) correspond to the
The transition from bicontinuous to O/W microstructure in regions on the relative diffusion coefficient curve, with transi-
phytosterol microemulsions is sharp. It occurs when the systemtions occurring in the microstructure along the dilution line
contains 60 wt % of aqueous phadeigure 4b). In empty  (Figure 4b).
microemulsions this transition occurs more graduafflig(re B. Solubilization of Cholesterol versus PhytosterolsOne
4a). of the mechanisms suggested for the ability of phytosterols to
It seems that the phytosterols have a strong effect on thelower cholesterol absorption is that of competitive solubilization.
spontaneous curvature of the micelles. As a result, the interfaceThe phytosterols compete with the cholesterol on the solubili-
curvature decreases at lower water concentration. This effect iszation location in the bile salt micelles, which transfer them
more pronounced in the presence of phytosterols than in emptythrough the gut membrane to the blood stre@n (
micelles or in the presence of lycopene as demonstrated in our The study of the solubilization of cholesterol versus phy-
previous study (13). tosterols in these model systems may shed light on this theory.
Solubilization Efficiencyd). To compare the solubility of Solubilization CapacityThe SC of cholesterol in a micellar
phytosterols inR-(+)-limonene to their solubilization in a  solution containing surfactant and oil phase at a 6:4 weight ratio
microemulsion, one must normalize the amount of phytosterols is 80000 ppm (8%). The SC of cholesterol decreases with
to the amount oR-(+)-limonene in the microemulsion (solu- increasing aqueous phase concentratiigure 6) like that of
bilization efficiency designated). phytosterols. Again, we can distinguish three different regions
Table 1 shows the solubility of phytosterols in the micro- along the SC curve. In the first region (0—30 wt % of aqueous
emulsion components. Note that the phytosterol solubilization phase) (Figure 6) the SC of cholesterol remains almost
efficiency in a reverse micelle system is 6 times (150000 ppm) unchanged (a decrease of 12%). In the second region530
higher than the solubility of phytosterols R-(+)-limonene wt % of aqueous phase), a sharp decrease from 68000 to 15000
(25000 ppm). This enhanced solubilization is remarkable, yet ppm in SC occurs. In the third region (50—90 wt % of aqueous
swollen micelles have no practical value without the capability phase), a more moderate decrease from 15000 to 1700 ppm is
of being diluted by water without decomposition, because many observed.
of the final food applications will be in aqueous environments.  As we have demonstrated, these different regions of the SC
Moreover, such micellar mixtures cannot be diluted with any curve are also detected by SD-NMR. In the first regiBig(re
type of oil phase [including-(+)-limonene] and, therefore, are  7a, 0—30 wt % of aqueous phase), the microstructure is of a
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_ 100000 Table 2. Expected Solubilization in Microemulsion as a Result of
£ 80000 3 Cholesterol Dissolution in R-(+)-Limonene versus Experimental Results
3 - 1
_-g é 60000 b aqueous expected dissolution phytosterol
%" 40000 phase wt % of cholesterol (ppm) solubilization (ppm)
S 20000 n 0 140 790
0 al * 10 126 760
0 10 20 30 40 50 60 70 80 90 58 1;; Zgg
Aqueous phase (wt%) 40 84 380
. e . A 50 70 150
Figure 6. Solubilization capacity (SC) of cholesterol along the dilution 60 56 80
line T64 at 25 °C. The three regions along the curve are (I) W/O 70 42 50
microstructure, (IT) bicontinuous microstructure, and (ITII) O/W micro- 80 28 30
structure. 90 14 15
(a) 1.000 + 1.000
o ©°° (2)
A A A 3 100000
A g g 80000 2 X
= oA X
ES e} c s = 0.
Q o 8 22 40000 g X
x> o CQ Iy D,
a o A 1) 20000 O
10 20 30 40 50 60 70 80 90
Aqueous phase (wt%)
0.001 0.001
0 20 40 60 80 100 ®) 17000 | o
2 X
Aqueous phase (wt%) g 14000
£ Z 11000 o)
. . =
(b) 1000 40000 1.000 3
A A O OO < 8000 X 0
o A A % 5000 e}
0.100 A + 0.100 2000 X o
& o & 5 5 65 75 85 95
= A a Aqueous phase (wt%)
0.010 7 ADA 1 o010 Figure 8. Solubilization capacity (SC) of cholesterol (x) and phytosterols
A (O) along the dilution line T64 at 25 °C: (a) 0-90 wt % of agueous
phase; (b) 50—-90 wt % of aqueous phase.
0.001 ‘ ‘ T 0.001 N
0 20 40 60 80 100 The cholesterol molecules are forced to solubilize between the
Aqueous phase (W% ) hydrophobic parts of the surfactant close to the oil phase, as

the polar headgroups of the surfactant fully interact with the
water molecules. Thus, a sharp decrease in SC of cholesterol
occurs.

Cholesterol dissolution ifR-(+)-limonene is 7 wt %. The
SC of cholesterol in O/W microemulsion containir@0 wt %
of aqueous phase is mostly due to cholesterol dissolution in
R-(+)-limonene, as can be seenTiable 2. Thus, changes in
W/O nature. In the second region (380 wt % of aqueous  the SC of O/W microemulsions that contain cholesterol are
phase) a bicontinuous microstructure is formed, whereas in dependent on the amount of oil.
systems containing>50 wt % of aqueous phase an O/W When comparing the solubilization capacity of phytosterols
microstructure is obtained. and cholesterol, one can easily see the difference, especially in

Changes in behavior along the dilution line can be associatedthe W/O and bicontinuous microemulsions. The SC of choles-
with the interactions between the cholesterol and the hydrophilic terol is 25-55% higher than phytosterols’ SC in systems
headgroups. In the reverse micellar system, the cholesterolcontaining up to 40 wt % of aqueous phadég(re 8a).
molecules are solubilized between the surfactant hydrophobic Increasing the aqueous phase concentratiorns® wt % causes
chains, close to the hydrophilic parts of the surfactant. The OH an inversion in the SC behavior of cholesterol and phytosteraols.
group of cholesterol has a good interaction with the hydrophilic The phytosterols’ SC is higher by @5% than that of
part of the surfactant. A W/O microstructure is being formed cholesterol in microemulsions containirgh0 wt % of aqueous
as water is being added to the system. The water interacts withphase Figure 8b). Thus, in order for phytosterols to block
the polar parts of surfactant molecule; thus, fewer cholesterol cholesterol incorporation (by competition mechanism) into bile
molecules can interact with the polar part of the surfactant salt micelles effectively, one can use O/W microemulsions.
molecule. As more water is added to the syster8q wt % of These results also suggest that the direct incorporation of
aqueous phase) a bicontinuous microstructure is being formed.phytosterols into oil-based foods (such as margarine) will be

Figure 7. Relative diffusion coefficient of water (O) and R-(+)-limonene
(&) in cholesterol-containing microemulsions (a) and phytosterol micro-
emulsions (b) as calculated from SD-NMR results at 25 °C. D‘éV was
measured in a solution containing water/PG (1:1) and determined to be
55.5 x 10~ m2 5%, DY, the diffusion coefficient of pure R-(+)-limonene,
was determined to be 38.3 x 1071 m2 s71,
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less effective than if used in microemulsion as a vehicle orin  (4)
water-based systems.

Comparing the relative diffusion coefficient of water and
R-(+)-limonene in cholesterol and phytosterols containing
microemulsions along the T64 dilution line reveals a different
influence on the microstructure.

The presence of phytosterols induces the formation of a
bicontinuous microstructure (20 wt % of aqueous phase),
indicating that phytosterol solubilization affects the spontaneous
curvature of the amphiphilic filmKigure 7b). On the other
hand, cholesterol solubilization does not affect the spontaneous @
curvature of the interface, thus forming a bicontinuous micro-
structure at 40 wt % aqueous phase concentration as in the empty (8)
microemulsion (Figure 7a).

Conclusions.We have demonstrated the use of food-grade
microemulsions as vehicles for solubilizing phytosterols.

Phytosterols were solubilized in the microemulsions up to
12 times more than their solubility iR-(+)-limonene.

Phytosterols solubilization along any dilution line is micro-
structure-dependent. Solubilized phytosterols influenced both
the microstructure and the compositions at which the transfor-
mations from W/O to bicontinuous to O/W microstructures
occurred. The presence of phytosterols increases the spontaneous 1)
curvature of the interface.

Phytosterols and cholesterol influence the microstructure of
the microemulsion differently. In contrast to phytosterols,
cholesterol does not have any influence on the spontaneous 1
curvature of the interface. It seems that the preferable locus of
phytosterols solubilization is at the interface of the micelles,
whereas the preferable locus of cholesterol is between the
hydrophobic chains of the surfactant molecule but closer to the
hydrophilic heads. This difference in the locus of solubilization
may be the cause for the differences in the microemulsion (14)
microstructure.

The solubilization capacity of phytosterols is higher than that
of cholesterol only in microemulsion systems containing0
wt % of aqueous phase. Thus, it seems that phytosterols may
successfully compete with cholesterol on the entrance into bile
salt micelles in the gut only if they are introduced in a water-
based microemulsion.
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