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Abstract Mixtures of y-oryzanol and f-sitosterol are able
to form transparent organogels in edible oils. Small-angle
X-ray scattering was used to elucidate the microstructure of
the building blocks of these organogels in sunflower oil. It
was found that the plant sterol(ester)s form hollow tubes
with a diameter of 7.2 £ 0.1 nm. Tubes prepared with y-
oryzanol-rich structurant show the least bundle aggrega-
tion, and can be supercooled during formation most easily.
The tubes melt at elevated temperatures, in agreement with
the loss of structuring capacity as observed in earlier
experiments.

Keywords Organogel - Phytosterol - Self assembly -
Fibril - X-ray diffraction (XRD) -

Small-angle X-ray scattering (SAXS) -

Wide-angle X-ray scattering (WAXS) -

Differential scanning calorimetry (DSC)

Introduction

Low molecular weight structuring agents that can serve as
an alternative to crystallising triglycerides in edible oils
have raised considerable interest in recent years [1]. The
requirement that potential structurants should at least hold
the promise to be allowed in food applications is a severe
limitation. Nevertheless, several systems have been iden-
tified, which can be grouped in two classes: single
components and mixed systems.
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Examples of single components that are capable of
structuring edible oils are diglycerides, monoglycerides
and fatty acids [1-7], wax esters, sorbitan monostearates,
ceramides, waxes, fatty alcohols, dicarboxylic acids and
derivatised fatty acids [8—16]. Examples of mixed systems
are fatty acids + fatty alcohols [16—18], lecithin + sorbi-
tan tristearate [19] and phytosterols + y-oryzanol [20].

Despite having a similar functionality, the structuring
mechanism of these systems is rather diverse. Many systems
are based on the well-known crystallisation behaviour of the
saturated fatty acid chains that also plays a role in regular
triglyceride crystallisation [21, 22]. In some cases, this type
of crystallisation leads to the formation of interesting crystal
morphologies, such as fibre-like crystals [6, 7]. In the
plethora of diversity, however, one system stands out as
rather different: mixtures of plant sterols with y-oryzanol
[1, 20]. The systems are quite transparent up to high con-
centrations, and the components do not contain any of the
saturated fatty acids that are responsible for crystallisation
in most other systems. In fact, their chemical characteristics
correspond much more with those of a number of choles-
terol-derived systems investigated extensively by other
groups in non-triglyceride solvents [23-27]. Those systems
are known to form thin fibrils. Thin fibrils would explain the
transparency of the mixed plant sterol(ester) systems.

Because direct microscopic assessment of systems in
triglyceride oil was considered to be fraught with difficul-
ties as a result of the similarity between solvent and
structurant (but note recent advances by Rogers et al. [15] in
this area), small-angle scattering was identified as the most
straightforward technique to establish the microstructure
of the building blocks in the pf-sitosterol + y-oryzanol
organogels [28-31]. This paper reports on small-angle
X-ray scattering (SAXS) experiments performed at the
small-angle X-ray facility at the Grenoble synchrotron.
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Experimental Procedures
Sample Preparation

In the present experiments py-oryzanol ([11042-64-1],
45.9% 24-methylene cycloartenyl ferulate, 26.8% cyclo-
artenyl ferulate, 13.1% campesteryl ferulate, 7.1%
sitosteryl ferulate, 1.4% A’ -avenasteryl ferulate, 1.3%
stigmasteryl ferulate, 1.0% campestanyl ferulate, ex Tsuno
Rice Fine Chemicals Co, Wakayama, Japan) and f-sitos-
terol ([83-46-5], 78.5% [-sitosterol, 10.3% [-sitostanol,
8.7% campesterol, 0.9% campestanol, ex Acros) were used
in combination with refined sunflower oil (6.4% C16:0,
34% C18:0, 20.2% Cl18:1cis, 67.7% C18:2cis, 0.1%
C18:3cis, 0.2% C20:0, 0.6% C22:0; 0% MAG, 1.7% DAG,
98.3% TAG, ex Cargill). The chemical structures of the
main components in y-oryzanol and f-sitosterol are given
in Fig. 1, and one should note that the chemical structures
of the minor components in either ingredient are very
similar to the main component. Earlier work confirmed that
most closely related sterols show comparable gelling
behaviour in edible oils [20]. Sitosterol is a minor com-
ponent of many vegetable oils, including soy bean oil [32].
Oryzanol is a minor component of rice bran oil, and is an
ester of ferulic acid with a range of closely related plant
sterols [33].

Warm, clear stock solutions of 16% f-sitosterol and y-
oryzanol in sunflower oil were prepared, and similar 8%
stock solutions were prepared by diluting part of the 16%
stock solutions in an equal amount of warm sunflower oil.
By mixing appropriate ratios of the stock solutions, sam-
ples were made with f-sitosterol:y-oryzanol ratios of
100:0, 80:20, 60:40, 40:60, 20:80 and 0:100 at 8% or 16%
total sterol + sterol ester concentration. The samples were
cooled and stored overnight at 5 °C and stored for 1 week
at 20 °C.

[-sitosterol

y-oryzanol

Me Me
Fig. 1 Molecular structure of the main components of y-oryzanol and

p-sitosterol; the main component of y-oryzanol is 24-methylene
cycloartenyl ferulate
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X-ray Scattering

Small-angle and wide-angle X-ray scattering (SAXS and
WAXS, respectively) experiments were performed at the
high-brilliance ID2 beamline of the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France [34]. The
incident X-ray wavelength 4 was 0.0996 nm for all
experiments. The sample to detector distance was 1.50 m
(SAXS) and 0.110 m (WAXS), allowing collection of
SAXS data in the range 0.06 < g/nm~'< 4.5 and WAXS
data in the range 3.8 < g/nm™~'< 37.8, where g = 47-sin0/
A is the wave vector (and 0 the scattering angle).

The samples were 2.2 mm thick, and were held in an
aluminium cell with thin mica windows. Temperature
(20 or 50 °C) was controlled by Peltier elements.

Data were acquired using a chip charge-coupled device
camera detector. The incident and transmitted X-ray beam
intensities were recorded with each SAXS pattern, and
used to normalise the measured SAXS intensities. The
normalized two-dimensional SAXS patterns were azi-
muthally averaged to obtain the scattered intensity as a
function of g. The corresponding background intensity was
subtracted, and the resulting corrected scattered intensity is
denoted by 1(g).

Differential Scanning Calorimetry

Differential Scanning Calorimetric (DSC) experiments
were performed using a Perkin-Elmer Pyris 1. Aluminum
sample pans were filled with 15-30 mg organogel, and
sealed and loaded in the DSC machine. DSC traces were
obtained using a scanning rate of 10 °C/min applying a
heating—cooling-heating cycle.

Results and Discussion
Diffraction Patterns of Powder and Dispersions in Oil

Figure 2 shows the diffractograms for [-sitosterol (top
curve) and y-oryzanol powder (bottom curve), featuring
pronounced Bragg peaks. For f-sitosterol these can be
found at d = 2n/q; = 3.76, 3.57, 1.88, 1.78, 1.19, 0.90,
0.59, 0.52 and 0.48 nm. The slope of the scattering inten-
sity I(g) of the powders at low angles is proportional
to q74.

A comparison of the powder data with results by
Christiansen et al. [35] indicates that the compound is a
mixture of anhydrous [-sitosterol (pronounced Bragg
peaks at d = 1.76, 1.17, 0.88, 0.59, 0.52 nm) and f-sitos-
terol hemihydrate (peaks at d = 1.88 and 0.48 nm). The
p-sitosterol hydrate would have shown an additional peak
atd = 0.50 nm. The SAXS peaks at d = 3.76 and 3.57 nm
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Fig. 2 Uncorrected SAXS and XRD diffractograms at 20 °C from
top to bottom: f-sitosterol powder; f-sitosterol in sunflower oil (16%
solid line, 8% dashed line, 0% grey line); y-oryzanol in sunflower oil
(16% solid line, 8% dashed line, 0% grey line); y-oryzanol powder.
The diffractograms are the superposition of results for a SAXS and
WAXS experiment, and the data were not corrected for the presence
of sunflower oil. The diffractograms were shifted vertically for clarity

in the present experiment fall outside the range that was
accessible to Christiansen et al.

Bragg peaks for y-oryzanol appear at d = 4.95, 2.50,
2.34, 0.99, 0.90, 0.77, 0.65, 0.58, 0.56, 0.52 and 0.40 nm.
No comparable data on the diffraction patterns of y-oryz-
anol was found in the literature.

Dispersion of the powder in warm oil leads upon cooling
to solutions or dispersions of the plant sterol(ester). The
system is liquid and does not form a gel (cf. [20]). Figure 2
also shows the diffraction patterns for f-sitosterol (top-
middle set of three curves) and y-oryzanol (bottom-middle
set of three curves) in sunflower oil at three concentrations
(0, 8 and 16%). Note that some sedimentation of crystals in
the supersaturated solution is expected to occur during the
experiment, and that the diffractograms of the solutions of
the pure components should not be expected to be com-
pletely quantitative in terms of peak intensities. For the
present purpose, the qualitative changes due dispersion of
the plant sterol(ester)s is more important, however.

It can be seen that most of the y-oryzanol remains dis-
solved in the oil at 20 °C, with only a small, relatively
broad weak peak at 1.61 nm™" as a new feature. This peak
was not investigated further because it occurs only in the
diffractograms of the (non-gelling) sterol—esters in oil and
not in the gelling mixed sterol + sterol ester systems that
are the centre of focus for most of the remainder of this

paper. Sitosterol at high concentrations is not completely
soluble in the oil at room temperature and Bragg reflections
can be detected which coincide with the reflections iden-
tified in the powder spectrum, next to a weak broad feature
at 1.35 nm ™. This peak was not further identified for the
same reasons as the weak feature in the y-oryzanol solu-
tions. Generally, the scattered intensity at small wave
vectors increases upon addition of the plant sterol(ester)s to
the oil. For the concentrated f-sitosterol dispersion, this
reflects the presence of a large number of particles.

Organogel Formation

In this study, organogels were prepared at relatively high
total sterol concentrations (8 and 16%) to ensure a high
signal-to-noise ratio in the X-ray scattering experiment. For
gel formation only, concentrations down to ~4% total
sterols can be used [20].

Figure 3 captures the appearance of the mixtures of 8%
y-oryzanol + f-sitosterol in sunflower oil. The solutions/
dispersions of the pure f-sitosterol or pure y-oryzanol are
liquid, the solutions of a mixture of sterol and sterol ester
are gelled. Gels rich in y-oryzanol are transparent; those
rich in f-sitosterol are more turbid. Visual observation
indicates that 20:80 and 80:20 f-sitosterol:y-oryzanol
samples show a few minor macroscopic inclusions, prob-
ably due to the separate crystallisation of very small
amounts of the most abundant structurant in the system, but
overall very little material is involved in this phenomenon.
The situation for the 16% organogels is similar, albeit that
the samples are more turbid overall. The higher transpar-
ency of y-oryzanol-rich gels points towards either bigger
building blocks in the more turbid gel, or towards

Fig. 3 Mixtures of 8% f-sitosterol + y-oryzanol in sunflower oil in
various sterol(ester) ratios. The f-sitosterol:y-oryzanol ratio from left
to right: 100:0; 80:20; 60:40; 40:60; 20:80; 0:100. Both single
sterol(ester) systems in sunflower oil are liquid, the binary ste-
rol(ester) systems in sunflower oil are gelled. The firm gelled samples
were scooped near to the cap, leaving a distinct fracture pattern
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aggregation of the building blocks (without change in the
size of the building blocks themselves).

A limited number of DSC experiments were performed
to demonstrate that the formation of the firm organogels
does require some form of molecular ordering, since pre-
liminary WAXS experiments on these organogels did not
show any clear Bragg peaks. Confirmation of the occur-
rence of crystallisation constitutes complementary data
only, since earlier rheological experiments did already
provide indirect evidence for solidification of the struc-
turant [20].

Figure 4 features a set of DSC curves for 16% sterol
gels at diverse f3-sitosterol:y-oryzanol ratios during heating
and cooling at relatively high scanning rates, indeed
showing melting and crystallisation peaks. The curves
show a pronounced asymmetric peak with a long tail
towards lower temperatures, indicating that the dissolution
process of the structurant starts at relatively low tempera-
tures compared to the peak temperature. A small effect of
phytosterol(ester) composition on melting temperature can
be seen, 60:40 f-sitosterol:y-oryzanol systems having the
highest temperature for completion of melting. A much
bigger difference can be seen between the heating and
melting curves, in which the onset temperature for crys-
tallisation dramatically decreases with increasing 7-
oryzanol content. The effect is shown more explicitly in
Fig. 5a. Note that the absolute transition temperature dur-
ing cooling and heating are not expected to be exactly the
same for any system at finite cooling/heating rates (tem-
peratures obtained during heating are too high, during
cooling too low). However, it is obvious that the gap
between the temperature of complete melting obtained
during heating and the onset temperature of crystallisation
obtained during cooling increases with increasing y-oryz-
anol content in the structurant mixture, which indicates that
the organogels can be supercooled more easily at lower f3-
sitosterol:y-oryzanol ratios. As was to be expected, it is
even easier to supercool these systems at 8% structurant
concentration (data not shown).

Typical melting enthalpies for systems containing 16%
plant sterol(ester)s are plotted in Fig. 5b. The values range
between 18 and 24 kJ/mol, with the maximum value found
for 60:40 f-sitosterol:y-oryzanol systems. The maximum
value agrees well with the 26 =+ 4 kJ/mol obtained by an
indirect rheological method for a 50:50 f-sitosterol:y-
oryzanol organogel [20].

Small-Angle X-ray Scattering from Organogels
Next, the organogels were subjected to an X-ray scattering
experiment, resulting in overlapping SAXS and WAXS

patterns. Figure 6a and b show the results after subtraction
of the contribution due to the sunflower oil. The first
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Fig. 4 Effect of f-sitosterol:y-oryzanol ratio on the melting temper-
ature of 16% organogels as obtained by DSC at a heating/cooling rate
10 °C/min. Curves were shifted for clarity. Top panel shows the
heating stage, from top to bottom for 80:20, 60:40, 40:60 and 20:80 f3-
sitosterol:y-oryzanol samples. Bottom panel shows the cooling stage
with curves in inverted order (80:20 f3-sitosterol:y-oryzanol sample is
the bottom curve)

obvious observation is the qualitative difference between
the scattering patterns of the pure solutions/dispersions and
the mixed systems. This correlates to the gelling behaviour
of the mixtures (cf Fig. 3). The second observation is the
absence of clear crystallographic order in the mixed sys-
tems (especially in the WAXS section of the diffraction
pattern), except from some relatively weak peaks which
should be associated with the small inclusions in the gel.
On the other hand, a very pronounced interference pattern
can be observed, with broad maxima at 0.99, 1.96 and
2.75 nm™'. The intensity of the pattern is the highest for
the 40:60 f-sitosterol:y-oryzanol sample in the 8% total
sterol sample, and for 40:60 and 60:40 in the 16% total
sterol sample. The position of the maxima is not affected
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by total sterol(ester) concentration or the [-sitosterol:y-
oryzanol ratio. The depth of the interference minima sug-
gest that the responsible structure is rather monodisperse
(finite instrumental resolution being another factor capable
of blurring sharp features). In the 8% samples the depth of
the interference minima is most pronounced in the
p-sitosterol-rich sample, in the 16% sample this effect is
not present.

The obvious interpretation of the scattering data based
on earlier rheological studies [20] would be in terms
of solid cylinders, with I(q) ~ J,%(gro)lg® (with J, the

wave vector q (nm™)

Fig. 6 SAXS and WAXS diffractograms for f-sitosterol + y-oryz-
anol in sunflower oil at 20 °C in various sterol(ester) ratios: a 8% total
sterol(ester)s; b 16% total sterol(ester)s. The f-sitosterol:y-oryzanol
ratio from top to bottom: 100:0; 80:20; 60:40; 40:60; 20:80; 0:100.
The curves were shifted for clarity: each curve in the series 60:40,
40:60 and 20:80 was shifted by an additional factor of 10 relative to
the 80:20 curve; the 100:0 curve is shifted by a factor 100,000 relative
to 0:100

first-order Bessel function, ¢ the wave vector and r. the
radius of the cylinder) [36]. However, the data suggest that
the maxima of the interference peaks decrease proportional
to ¢, whereas the model for solid cylinders would require
a decrease proportional to ¢~ *. Confronted with a similar
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situation for organogels based on cholesterol-derivatives,
Sakurai et al. [23] proposed the use of the hollow cylinder
model.

1(q) ~J3(qre)/q (1)

with J, the zeroth-order Bessel function [36], which does
indeed show the required g-dependence and fits the data
very well (see Fig. 7 for a fit to the data for the 60:40
p-sitosterol:y-oryzanol gel with 8% total sterol(ester)s).
The model implies that the plant sterol(ester)s form a thin
cylindrical shell with vegetable oil on the inside and out-
side of the shell. The diameter of the cylinder 2r. is
7.2 £ 0.1 nm.

In principle, the model can be improved upon by
introducing a finite wall thickness (i.e. a nanotube),
1q) ~ (FourT1(@row) — FinJ1(qrin)) (@ - (rou” — rin)?) with
rout and ry, the outer and inner wall radius [37, 38]. The first
maximum in the interference pattern remains at the same
position compared to Eq. (1) provided that one chooses r;,
and rq,; (With ry, < r, < roy) such that the same amount of
nanotube wall material can be found in a cylinder with
inner and outer wall at r;, and r, as in a cylinder with walls
at r. and ry,. It is found that peak intensities do not change
much for the first three interference peaks as long as the
wall thickness remains below ~ 1.0 nm. The peak posi-
tions starts to change qualitatively beyond a wall thickness
of 2 nm. An analysis of the experimental ratio of the
interference peak intensities even suggests a thickness
smaller than 0.6 nm, but this number is unfortunately rel-
atively sensitive to small errors in background corrections.
Therefore, it was concluded that the use of the more
advanced model does not bring bigger benefits than a
confirmation that the hollow cylinder model captures the

intensity
(=]

0.01 A

0.001 T T
0.01 0.1 1 10

wave vector q (nm™)

Fig. 7 SAXS pattern for f-sitosterol + y-oryzanol in sunflower oil
for a 8% total sterol(ester)s organogel with a f3-sitosterol:y-oryzanol
ratio of 60:40 at 20 °C. The dashed curve is a fit according to the
hollow cylinder model with a radius of 7.2 nm
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essential elements of the structure, and that wall thickness
seems small compared to the cylinder diameter.

The WAXS section of the diffractograms does not show
pronounced sharp peaks, as mentioned above. However, it
does show a broad peak at a similar position as for the
sunflower oil peak, but apparently slightly shifted towards
smaller q¢ (~13-14 nm™"). The shape of the peak is
sometimes slightly distorted by apparently small errors in
the background correction (due to the liquid oil peak). The
data hint at a weak second broad feature at lower g (~2-
3 nmfl), in line with the minor features for the single
component solutions in Fig. 2. This peak could possibly be
partly responsible for the smaller apparent depth of the
interference minima for some of the curves, especially
those for samples rich in y-oryzanol.

The interpretation of this WAXS part of the diffraction
pattern is more complicated. The breadth of the features
would favour an interpretation as a liquid-like ordering of
the plant sterol(ester)s in the hollow cylinder. Such a ran-
dom conformation would be difficult to reconcile with the
rather monodisperse nature of the nanotubes as inferred
from the depth of the interference minima. Therefore, the
width of the peaks is interpreted here as being due to
wedged stacking of the molecules, leading to a curvature in
the molecular assembly. Such wedged stacking was pro-
posed before for this system, based on crude molecular
modelling [1]. The curvature prevents the system having
the type of long-range translational order required for sharp
reflections. This interpretation suggests that the main dis-
tance between molecules in the nanotube wall is
~0.45 nm, similar to typical distances between TAG
molecules in liquid oil [39].

The changes in scattering pattern with temperature are
shown in Fig. 8 (after correction for the contribution of
sunflower oil). It shows four pairs of diffractograms of
curves obtained at 20 and 50 °C. The data shows that the
effect of temperature is minor for the structure of the 16%
total sterol organogels, whereas a clear loss of structure is
observed for the 8% organogels. The loss in structure is
bigger for the 8% 20:80 sitosterol:oryzanol mixture than
for the 40:60 mixture.

Interestingly, the 8% organogels have been observed to
lose their structuring potential at around 50 °C (see Fig. 9
in Ref. [20]). The results indicate that the nanotube does
not persist above the melting temperature, suggesting that
structuring is not caused by a mesophase (e.g. a tubular
micelle) crystallising below a critical temperature, as was
proposed as a possibility earlier [1]. The data support direct
formation of the nanotube.

The small-angle X-ray scattering data on f-sitos-
terol + y-oryzanol in sunflower oil can be interpreted in
terms of the formation of nanotubes, 7.2 nm in diameter
and with a wall thickness of less than 1.0 nm. The most
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Fig. 8 Pairs of SAXS and WAXS diffractograms for p-sitos-
terol + y-oryzanol in sunflower oil at 20 °C (grey line) and 50 °C
(black line) at various sterol(ester) ratios. From top to bottom: 16%
total sterol(ester)s, f-sitosterol:y-oryzanol ratio 20:80; 16%, ratio
40:60; 8%, ratio 80:20; 8%, ratio 40:60. Each pair of curves was
shifted by a factor 10 for clarity

likely growth mechanism for this nanotube would be via a
helical ribbon, in which the wall spirals along the central
axis [40], but experimental data to support this hypothesis
directly is lacking as for now. Details concerning the
molecular orientation of the sterol(ester)s in the wall of the
nanotube are lacking too. Molecular modelling studies
would be useful to develop further understanding here.
Furthermore, an independent microscopic conformation of
the microstructure of these fibres would be desirable.

The increase in turbidity of the plant sterol gels for
mixtures rich in f-sitosterol (see Fig. 3) may indicate that
interfibre aggregation is more likely to occur, whereas
systems rich in y-oryzanol suffer less from bundle forma-
tion. This would support an earlier hypothesis [1] that the
ferulic acid moieties in y-oryzanol help to keep the nano-
tubes apart and work as a spacer. Nanotubes prepared with
y-oryzanol-rich structurant are also found to be supercooled
more easily during formation.

The properties of the f-sitosterol + y-oryzanol organo-
gels in edible oils place the systems clearly into the much
wider category of organogels in other solvents (e.g. [28-31,
41-44]). As such, the present results may provide addi-
tional help in the identification of the critical requirements
to achieve gel formation in non-aqueous liquids.
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