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Building blocks of p-sitosterol-y-oryzanol gels
revealed by small-angle neutron scattering and
real space modelling¥
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Mixtures of p-sitosterol and y-oryzanol form gels in a range of organic solvents. Despite being widely
studied, particularly as potential oleogels for food application, details of the intrinsic gel-forming building
blocks remain unclear. Small-angle neutron scattering (SANS) combined with solvent contrast variation
has been used to evaluate potential structural models. While evidence exists that the building blocks are
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hollow cylinders (tubules), the simultaneous fitting of twelve contrast-varied SANS data sets indicates that
the previously proposed model of double walled tubules is incorrect. Predicted scattering based on real
space models provides compelling evidence that the origin of the gelling behaviour is the limited assem-
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Introduction

The structure of oil-continuous products, such as margarine or
butter, is based on a three-dimensional network of small crys-
tallites of triglycerides (also known as triacylglycerols or TAGs).
However, there is motivation to replace such lipids, that are
rich in saturated fatty acids and whose consumption is known
to raise serum low-density lipoprotein cholesterol levels, with
monounsaturated and polyunsaturated fatty acids to assist in
reducing the risk of cardiovascular disease. Any radical
alternative to TAGs in structuring oils would need to decouple
providing firmness to a product from raising blood cholesterol
levels." Plant-based oils, rich in unsaturated fatty acids, do not
provide an appropriate macroscopic structure that is essential
for many food products due to their being liquid at ambient
temperature. Partial hydrogenation of unsaturated fats has
been one approach explored; however this yields trans fats that
have the dual negative effects of both raising low-density lipo-
protein while simultaneously lowering high-density lipopro-
tein. Consequently, driven by consumer demand, as well as
government regulation, there has been a major emphasis
within the food industry to find alternative methods to replace
such trans and saturated fats with “healthier” alternatives
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bly of adjacent tubules to form a space-filling network of fibrils.

while® simultaneously maintaining consumer perception and
acceptance.

One such approach is oleogelation where non-TAG-based
gelator molecules can be incorporated into liquid oils to form
gels. Oleogelation can be achieved using natural waxes, phos-
pholipids including lecithin, mono- and di-glycerides, fatty
alcohols and fatty acids, proteins and functionalised polysac-
charides, with the molecules arranging themselves into a 3D
network that can entrap oil. Such oleogels could then be used
to form the oil phase of O/W or W/O emulsions. One of the
most studied oleogel systems is y-oryzanol (a sterol ester)
mixed with a variety of phytosterols. The consumption of
phytosterols reduces blood cholesterol which is commonly
accepted to occur due to competition between cholesterol and
phytosterols for incorporation into intestinal mixed micelles
as well as poor intestinal absorption of phytosterols. This
reduced uptake of cholesterol does not lead to a matching
increase in cholesterol synthesis but rather to an overall
decrease in blood cholesterol levels and an effective increase
in fecal excretion.® Oleogel systems based on phytosterols
therefore have the potential dual benefit of directly reducing
cholesterol as well as providing an approach to reducing the
need for saturated fats for structuring products.

While oleogels are understandably characterised by rheolo-
gical studies and texture, an understanding of the structural
basis for gel formation is critical. Information can, in prin-
ciple, be obtained from optical microscopy but this is challen-
ging if the system is transparent as is the case for y-oryzanol -
phytosterol gels. Electron microscopies (SEM and TEM) are
possible but also problematic; they are affected by the limited
contrast between the gelator molecules with respect to the
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organic solvent, require exposure of the sample to vacuum
leading to oil loss, and intense electron beams, both leading
to potential structural artefacts. As a complementary approach,
small-angle scattering methods have a number of unique
advantages. The spatial dimensions from small-angle X-ray
(SAXS) and neutron scattering (SANS) extend from the sub-
nanometre to hundreds of nanometre range; this makes them
particularly attractive to enable structural relationships to be
established between the gelling behaviour and the underlying
structures necessary for gel formation to occur. There are also
no special sample preparation requirements; the samples can
be presented to the beam at atmospheric pressure, and
without staining, enabling materials to be studied in their
‘native’ state. Opportunities in the application of SAXS and
SANS to food materials and oleogels can be found
elsewhere.*®

SAXS has shown that mixtures of f-sitosterol with
y-oryzanol self-assemble in triglyceride oil to form hollow
cylindrical structures, referred to as tubules.” ' Similar struc-
tures are observed when sitosterol is replaced with ergosterol,
stigmasterol, cholesterol and cholestanol. The tubule diameter
in the y-oryzanol - phytosterol system varies between 67 and
80 A with a greater number of sterol double bonds resulting in
a narrowing of the tubule diameter.” Wall thicknesses have
been estimated to be 8-12 A depending on phytosterol;**
the latter was claimed to be comparable in size to the length
of the long axis of the characteristic rigid four-ring system for
sterol molecules, suggesting that the flexible acid and alkyl
moieties do not leave a characteristic signature in the
SAXS (Fig. S11). Due to the additional molecular group in the
sterol ester with respect to the sterol (Fig. S1ft), the inter-
molecular packing may predispose the tubules to take the
form of helical ribbons, reminiscent of structures reported
earlier in steroid systems.?*>* Importantly the tubules formed
have structures that are unrelated to the structures of the
individual gelator molecules;” indeed, the individual mole-
cules are unable to form gels by themselves indicating some
degree of cooperativity with y-oryzanol exhibiting a far greater
affinity for oil than B-sitosterol.” Infra-red spectroscopy indi-
cates that the two molecules interact through intermolecular
hydrogen bonding with optimal gelling occurring at equimolar
ratio.”

When these oleogels form the oil phase of W/O and O/W
emulsions, larger dimension fibres are formed; this differs
from the self-assembled tubules detected in the oleogels that
are too thin to be observed by light microscopy. In addition,
SAXS shows the presence of f-sitosterol monohydrate crystals
which form in emulsions with a relatively polar organic phase
(dielectric constant >2.5) and, for W/O emulsions, a high water
activity of greater than 0.9 which can be modulated by the
presence of NaCL.'> The associated scattering patterns from
these emulsions are reminiscent of those for the oleogels in
pure triglyceride oil, except that the first broad peak in the
scattering pattern develops into a distorted or asymmetric,
possibly double, peak. The distorted peak does not allow
fitting of the data to a hollow tube model used for the pure
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oleogels but the data can be simulated (qualitatively) using a
combination of two hollow tubes of 70 and 100 A diameter.
The physical interpretation for such behaviour was not
obvious; it could either indicate that the structure of the wall
is more complicated than in the pure oleogel or the system
comprises two different types of tubules, where the second
type is formed under the influence of the presence of water.
Non-uniaxial extended structures, e.g. parallelepipeds or
hollow cylinders with elliptical cross-section, could also be
envisaged.”® In more recent work, it was noted that the use of
oils with low dielectric constant (i.e. non-edible long
chain hydrocarbons such as decane) in the oil phase decreases
the availability of water molecules in the oil phase substan-
tially, thereby eliminating the formation of monohydrate
sterol crystals. Thus, in the absence of water, and when
formed in decane, no such double peak formation would be
anticipated. However. despite this, peak distortion has been
observed to occur in oleogels themselves, the extent of
which is influenced by solvent polarity although this was not
discussed in detail."® Oil polarity may also affect tubule per-
sistence length; SEM studies of tubules in decane are observed
to be curly whereas, with increasing dielectric constant of the
oils (e.g. sunflower oil), the tubules become elongated;'®
irrespective, tubule lengths of several micrometers are
commonplace.

As a means to better understand the structure of the build-
ing blocks, SANS provides complementary structural infor-
mation to small-angle X-ray scattering (SAXS) but has the
advantage that scattering contrast can be manipulated by
varying deuterium content. While this is typically achieved in
aqueous systems by mixing H,O and D,0, it is also possible in
lipophilic systems.*®*” Bot et al. employed SANS from both
oleogel (organogel in the case of non-edible oils) and associ-
ated emulsion systems in which the solvent comprised mix-
tures of sunflower oil and either non-deuterated (ie.
normal) or deuterated decane.'” From their SANS data, they
proposed a more complex double-walled tubule structure. As
such, while the inner wall had been observed in SAXS before,
the origin of the outer wall was less clear but speculated to be
associated with ferulic acid moieties from y-oryzanol sticking
out of the tubules. The latter become observable due to differ-
ences in neutron scattering length density (SLD) between the
molecular regions which are not amenable to SAXS (Table 1).
However, within the constraints of the data available, the struc-
ture elucidation was limited to only a semi-quantitative assess-
ment. Here, SANS has been applied to investigate what was
anticipated to be a ‘simpler’ system in which gels have been
prepared in mixtures of decane and its deuterated analogue so
that variations in contrast with respect to the sitosterol - oryza-
nol structurant could be explored without changing the physi-
cal properties, i.e. polarity, of the organic phase. However, as
will be shown, the system remains complex. Global refinement
of the SANS data indicates that the scattering is inconsistent
with a double walled tubule structure; however, in combi-
nation with real space modelling details of the gel building
blocks are revealed.

This journal is © The Royal Society of Chemistry 2022
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Table 1 Chemical formulae, neutron and X-ray scattering length densities for the components used for preparing oleogels

X-raby SLD/ Neutron SLD/ Neutron contrast match
Formula 107°A72 107° A2 (C10D volume fraction)
B-Sitosterol C,oH5,0 9.52 0.168 0.0928
y-Oryzanol C40H550,4 9.32 0.721 0.171
Androsterol C1oH30,0 9.43 0.437 0.131
Ferulic acid (minus O) C10Hy03 8.94 1.71 0.311
Alkyl (1-decene) CioHao 7.15 —0.265 0.0316
Decane (non-deuterated) Cy0Hpp 7.15 —0.488 —
Decane (deuterated) C1oD2s 7.15 6.58 —

Neither sitosterol nor oryzanol are pure components. y-oryzanol data are based on oryzanol A (cycoartenyl ferulate); the alkyl formula is based on
the molecular structure of oryzanol A minus its sterane core (androsterol). Ferulic acid has the formula C,,H;,0,4. Molecular structures for the

gelators are shown in Fig. S1.7

Experimental

y-Oryzanol (Tsuno Rice Fine Chemicals, Wakayama, Japan)
and tall oil sterol (78.5% p-sitosterol, 10.3% p-sitostanol, 8.7%
campesterol and 2.5% of other minor sterols, Unilever, the
Netherlands) were used as structurants. These molecules are
shown in Fig. S1.f Each sample contained 32% w/w of the
gelator mixture, namely p-sitosterol - y-oryzanol, at 40 : 60 rela-
tive weight per cent (corresponding to an equimolar ratio) in
the organic phase comprising mixtures of n-decane (>99%,
Sigma-Aldrich, The Netherlands) and deuterated n-decane
(D-enrichment > 98.5%, Acros Organics). Twelve solvents
differing by the relative mass percentage of decane and deute-
rated decane were prepared to enable the manipulation of con-
trast in neutron SLD for subsequent SANS experiments: 0 (i.e.
decane, denoted C10H), 7.3, 14.6, 20.0, 24.2, 30.3, 34.7, 39.0,
54.1, 69.8, 83.8 and 100 (i.e. deuterated decane, denoted C10D);
by volume per cent these are 0, 6.4, 12.9, 17.8, 21.7, 27.3, 31.5,
35.6, 50.4, 66.7, 81.8 and 100. The gel samples were sub-
sequently prepared by dissolving the structurants in the sol-
vents at elevated temperature (100 °C). Chemical formulae,
physical densities and neutron and X-ray SLDs for the com-
ponents used for preparing oleogels are summarised in Table 1.
SANS experiments were performed on the QUOKKA SANS
instrument at ANSTO.?>® The gels were placed in demountable
cells with quartz windows and with 1 mm sample path length.
Solvents were placed in a Hellma quartz cuvette of the same
thickness. Three configurations were used to cover a g range of
0.004-0.7 A™' where ¢ is the magnitude of the scattering
vector = (4nt/A)sin(0), 4 is the wavelength and 26 is the scattering
angle. These configurations were: (i) source-to-sample distance
(SSD) = 20.3 m, sample-to-detector distance (SDD) = 20.1 m,
(ii) SSD = 3.96, SDD = 4.04 m, (iii) SSD = 12.0 m, SDD = 1.35 m
using a A of 5 A with 10% resolution. Source aperture and
sample aperture diameters were 50 mm and 10 mm respect-
ively. A temperature-controlled 20 position sample changer
was used operating at 25 °C. Additional measurements were
performed at 18, 35, 45 and 55 °C but showed little change
compared to 25 °C data and are therefore not discussed here.
Data were reduced using the NIST NCNR SANS reduction
macros®® modified for QUOKKA, using the Igor software

This journal is © The Royal Society of Chemistry 2022

package (Wavemetrics, Lake Oswego, OR) with data corrected
for empty cell scattering, transmission and detector sensitivity.
Data were transformed onto an absolute scale using attenuated
direct beam transmission Subsequent
reduction involved subtraction of the corresponding solvent
scattering from the oleogel scattering based on the total
solvent volume fraction. Specifically, 32% w/w in decane is
equivalent to 25.6 volume% and 28.4 volume% in the more
dense solvent; SANS data thus required the subtraction of
74.4% and 71.6% of the corresponding solvent scattering
signal from the total gel scattering.
Complementary SAXS measurements were performed on a
Bruker Nanostar instrument as described previously®® on the
non-deuterated sample. Due to the gel nature of the sample, it
was not possible to fill a standard narrow bore quartz capillary
for the SAXS measurements; instead, a quantity of the sample,
of unknown thickness, was located between two sheets of
3M™ tape.

Reciprocal space models were generated and developed in
Igor (Wavemetrics) by the author'? with some fitting also con-
ducted in SASView.>' The generation of theoretical scattering
functions from real space structures was carried out using the
Real Space modelling module of the NCNR SANS macros>®
written for Igor and cross-referenced against Singlebody* and
McSIM.*

measurements.

respectively

Results and discussion

The SANS from the p-sitosterol : y-oryzanol gels for the twelve
contrasts investigated is shown in Fig. 1 following removal of
empty cell background scattering; all data are on an absolute
scale while still containing the corresponding solvent scatter-
ing. The scattering comprises decreasing intensity at low g, fol-
lowed by a series of broad oscillations with the observable
number depending on contrast. For 100% C10D, the oscil-
lations are located at ~0.1, 0.19, 0.29 and 0.37 A™*. In previous
SAXS studies, such scattering was attributed to hollow cylindri-
cal structures, described as tubules, with finite wall thickness.
Such oscillations are rarely observed in scattering measure-
ments, typically being smeared out by a finite size distribution

Food Funct, 2022,13, 7123-7131 | 7125
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Fig. 1 SANS from solvent contrast variation series of gels. Sample cuvette scattering has been removed but data are prior to solvent-background
subtraction. The values in the legend correspond to the mass fraction of C10D in the C10H : C10D solvent mixture.

of the scattering objects; their presence here is evidence of a
high degree of monodispersity i.e. narrow size distribution.
For a solid cylinder, at g values > L' (where L is the length of
the cylinder), the scattering decays as ¢~* until ¢ > R~ where
it decays as g~* (Porod scattering) although the latter is rarely
observable due to the presence of inherent background scatter-
ing, both instrumental and, in the case of neutron scattering,
also incoherent. A hollow cylinder also follows g~ scattering
but, for increasing wall thickness, an intermediate g~> region
may be observable. This is shown in Fig. S2t where the back-
ground has been deliberately set to zero to demonstrate the
series of oscillations extending to high g. Bot and co-workers
used this knowledge to enable possible bounds for tubule wall
thickness to be obtained.™

The SANS intensity is highly dependent on the hydrogen-to-
deuterium ratio of the solvent and it is informative to plot the
intensity as a function of solvent deuterium level to enable
SLD information for the system components to be extracted.
Prior to doing so, it is important to recognise that the scatter-
ing contains contributions both from the gelators as well as
the solvent; to extract only the gelator scattering, the solvent
scattering must be subtracted. 32% w/w of gelator is equivalent
to 25.6 volume% of gelator in decane (0% C10D) and 28.4
volume% in deuterated decane (100% C10D). Consequently,
the SANS requires subtraction of 74.4% and 71.6% of the
C10H or C10D signal respectively. The same process needs to
be followed to correct the data for intermediate solvent mix-
tures that contain both C10H and C10D.

Fig. 2 shows the scattering intensity at the principal peak
position at 0.1 A~ as a function of C10D volume fraction. For
a single component system in a solvent, i.e. a uniform contrast
difference, the scattering intensity would be proportional to
the square of the scattering contrast. Thus, in a plot of inten-
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sity versus solvent SLD, the scattering would be expected to
follow a parabola and pass through zero at the contrast match
point where the solvent SLD matches that of the component. It
is apparent from Fig. 2 that while the scattering follows, as
expected, a broadly parabolic shape, it exhibits a broad
minimum centred at 17(3)% where the number in brackets in
the uncertainty in the fit. For comparison, the neutron SLDs
are 0.168 x 107° and 0.721 x 107° A~ for p-sitosterol and
y-oryzanol respectively. If these molecules, which are present
in equimolar ratio here, were intimately mixed then the struc-
tural contribution to the oleogel scattering would be contrast
matched at an SLD of 0.445 x 10™° A= corresponding to a
solvent mixture containing 13.2% C10D.

The SANS from the gels prepared in C10H and C10D is
shown in Fig. 3. It is apparent, at these extreme contrasts, that
not only has the primary peak intensity changed but there is
also a shift in g. This change is inconsistent with the existence
of a tubule of uniform composition since, as the contrast
varies, only the peak intensity would be expected to change
but not its position. This observation agrees with measure-
ments performed on gels and associated emulsions prepared
with sunflower oil/decane solvents, where the latter was either
non-deuterated or fully deuterated. While there was essentially
no difference in scattering between a 90:10 and 80:20 sun-
flower oil to decane solvent mixture, when the decane was
deuterated, the primary peak varied in position and shape.
Note also that complementary SAXS (Fig. 3) indicates a shift in
peak position with contrast with the second peak at higher g
and third peak at lower g with respect to the corresponding
SANS data from the C10D sample.

This observation provides evidence for a tubule structure
that is more complex than a simple hollow cylinder with finite
wall thickness; consequently a modification of the original

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 SANS from gels in non-deuterated and deuterated solvents demonstrating difference in peak shape and position with solvent contrast fol-
lowing solvent background subtraction. SAXS (on arbitrary scale) is also shown for comparison.

model to embrace the concept of a double walled cylinder is
justified."” The model comprises ten parameters. Four corres-
pond to distances, namely the radius of the core, the inner
wall thickness, the outer wall thickness and cylinder length.
There are four neutron scattering length densities for the core,
inner wall, outer wall and solvent. The last two parameters are
scale factor and background. This represents the minimum
number of parameters although inevitably one can conceive of
additional parameters including size distribution in radius
and thickness(es) that could also be included. While this
model was formerly employed to fit the gels and associated
emulsions, some data sets were excluded due to concern of air
being introduced into some of the firm samples thereby
affecting the absolute intensity of the SANS, particularly at

This journal is © The Royal Society of Chemistry 2022

low ¢; in addition, bounds for the associated parameters were
highly constrained. In the current study, samples have been
carefully transferred into demountable cells to minimise air
bubbles and a far greater number of multiple contrast samples
have been studied. Such an approach provides a rigorous
evaluation as to whether a double walled cylinder model is
appropriate to describe the tubule structures formed.

While the model comprises a large number of parameters,
many can be constrained from knowledge of the formulation.
The SLD of each solvent is known and can be fixed. The radius
of the core, inner and outer walls can vary but should have the
same value independent on contrast. For a hollow cylinder,
the core SLD is expected to be the same as the solvent. Since
the minimum ¢ of the measurement is much greater than L™,

Food Funct., 2022,13, 7123-7131 | 7127
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the tubule length can be constrained to an arbitrary large
value of 6000 A. Finally, if the data have been collected on an
absolute scale, as they are here, the scale factor corresponds to
the tubule volume fraction. Global refinement of all twelve
scattering patterns can thus be conducted by fixing four para-
meters and only allowing the radius of the core, the inner and
outer wall thicknesses and the inner and outer wall SLDs to
vary. However, while acceptable fits could be obtained from
individual data sets, significant correlations between fitting
parameters were present. More relevant, the model was unsuc-
cessful at describing all the scattering patterns, particularly
close to the contrast match point. If one envisages that the
inner wall in the cylinder model corresponds to the sterane
core and alkyl groups (Table 1 and Fig. S11) and the outer wall
corresponds to the ferulic acid group then, with increasing
C10D content, first the inner wall would be contrast matched
revealing the outer wall and, at higher C10D content, the oppo-
site. In actuality, no clear demarcation between the molecular
regions is apparent; the scattering from the model is far more
featured as a function of contrast than that observed
experimentally.

Global refinement of all twelve contrasts simultaneously
provides further evidence that this model is too simplistic to
describe the tubule structure as shown in Fig. 4. A summary of
the refined parameters is shown in Table 2. Note that the
fitting explicitly considers instrumental resolution effects. The
dimensions obtained are physically and chemically sensible,
consistent with previous SAXS data, with the neutron SLD
values suggesting an outer wall partially solvated by the corres-
ponding solvent (i.e. gradual increase in neutron SLD with
solvent SLD) while the inner wall SLD of 0.462 x 107 A™2 is
close to that for androsterol (Table 1). Despite this, it is appar-
ent that the model simply cannot account for the asymmetric
primary peak shape. Further evidence for the distorted shape
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in observed in complementary SAXS (arbitrary intensity) in
Fig. 3 as well as higher resolution SANS (through improvements
in angular resolution via reduced aperture size, and enhanced
wavelength resolution by tilting the velocity selector device on
QUOKKA; data not shown). This peak shape has been observed
in oleogels previously depending on the solvent used. Other
scattering functions were considered including double wall
elliptical cross-section cylinders and parallelipeds® but they
were also unable to describe the observed data.

It is known that, at only 5-10% w/w of gelator, organogels
can be formed with the mechanical properties approaching
those of a block of fat and as low as 2-4% w/w at sub-ambient
temperatures.'® However, the vast majority of studies using
SAXS and SANS have used greater concentrations of gelator;
indeed, here, 32% w/w gelator has was used. To now, no con-
sideration has been given to the extent to which the individual
tubules may interact or the possibility that structure factor
effects may therefore be operative. Inevitably some interaction
would be expected since the tubules must form a space-filling
network for gelling to occur. Unfortunately, while analytical
functions, numerical integration and mathematical closure
relationships exist to consider a range of structure factor
effects to describe the scattering from spherical particles,
there are significant challenges to developing similar relation-
ships to describe the scattering from interacting cylinders as a
result of the anisometry of the particles. However, an alterna-
tive approach is to employ real space modelling which involves
constructing scattering units in real space and transforming
the model into reciprocal space to reproduce the anticipated
scattering.

Fig. 5 shows the scattering following real space reconstruc-
tion of an array of extended hollow cylinders arranged such
that they aligned parallel to their long axes. While this could
also be done for double-walled cylinders, it is sufficient here to
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Fig. 4 Global fit to twelve solvent contrast varied data sets, following solvent background subtraction, to double wall cylinder model. Regions exhi-
biting upturn in scattering at low q as well as high g background have been excluded. Fit parameters are summarised in Table 2.
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Table 2 Fit parameters to globally refined data to double wall cylinder model
Volume fraction C10D 0 0.0642  0.129 0.178 0.217 0.273 0.315 0.356 0.504 0.667 0.818 1.000
Mass fraction C10D 0 0.0734  0.146 0.200 0.242 0.303 0.347 0.390 0.540 0.698 0.838 1.000
sf 0.256 0.258 0.259 0.261 0.262 0.263 0.265 0.266 0.270 0.275 0.279 0.284
Teore 22.19(2)
twall1 27'81(3)
twall2 16.71(6)

6000
SLDcore —0.488 —0.0345 0.420 0.771 1.05 1.44 1.74 2.03 3.07 4.23 5.29 6.58
SLDyan1 0.462(2)
SLDyyai2 —0.490(4) 1.116(9) 0.230(3) 0.890(2) 1.263(2) 1.598(2) 2.118(3) 2.405(3) 3.662(4) 5.175(6) 6.860(8) 7.72(1)
SLDgolvent —0.488 —0.0345 0.420 0.771 1.05 1.44 1.74 2.03 3.07 4.23 5.29 6.58
Background 0.509(2) 0.460(2) 0.461(2) 0.568(2) 0.249(1) 0.839(3) 0.431(2) 0.542(2) 0.654(3) 0.418(2) 0.281(2) 0.455(3)

The number in parentheses corresponds to the uncertainty in the returned value in the fit; however, its value is provided here merely for
completeness as the model fails to appropriately describe the scattering data. Values without parentheses have been fixed based on knowledge of
the formulation composition. Dimensions are in units of A; SLD values are in units of 107° A™2,

=)

Relative intensity
o
o I
PRTTT AR RTTTT AR TTTT MERAE AT M RTTT AR BRI

S
o
]

Predicted scattering from core-shell cylinder array
—— Single cylinder
— Two aligned cylinders
- Three aligned cylinders
Four cylinders (square array)
----- Five cylinders (fcc array)
----- 2D hexagonal array

AN

Fig. 5 Real space reconstruction of scattering from array of single wall cylinders (1, 2, 3, 4 in 2D square array, 5 in 2D face centred cubic array and 6

in 2D hexagonal array).

demonstrate the implications to the overall scattering from
arrangements of single-walled cylinders. For simplicity, the
inner and outer radii have been set as 25 and 50 A respectively
(i.e. 100 A diameter as reported previously) and cylinders have
been placed in real space so that they can touch. For the pur-
poses of predicting the shape of the scattering, the actual SLD
values are not relevant except that the core and solvent SLDs
are equal and different from that of the wall. Data are therefore
plotted on a relative intensity scale.

The scattering from a single-walled cylinder is, as expected,
consistent with that obtained from its analytical function in
reciprocal space. With 2 adjacent cylinders, with a centre-to-
centre separation of 100 A, i.e. two hollow cylinders just touch-
ing at their outer walls, a distortion of the primary scattering
peak is observed that is very similar to that observed here in
the SANS and SAXS as well as in previous studies of selected
oleogels and associated emulsions. An arrangement of 3 adja-
cent cylinders in a row results in greater peak distortion. A

This journal is © The Royal Society of Chemistry 2022

square array of 4 cylinders, as well 5 in a 2D face centred cubic
array and 6 in a 2D hexagonal array, not only result in more
extensive splitting of the primary scattering peak but also
other peaks at lower g that are not observed experimentally.
Interestingly, the arrangement of a limited number of tubules
is consistent with atomic force microscopy observations where
tubules of approximately 98 A diameter align to form larger
fibrils.>* Furthermore, such an arrangement is similar to that
observed in steroidal systems” and has similarities to the gel
structures formed by cellulose.*

SAXS studies of p-sitosterol : y-oryzanol gels formed in sun-
flower oil as a function of concentration (8-100% w/w gelator,
i.e. the latter being solvent free) also provides supporting evi-
dence. At 8% gelator concentration, the expected range of
peaks is observed extending to higher g. However, even at a
very high gelator concentration of 95%, these higher angle
peaks persist. It is only the primary scattering peak at 0.1 A~
that becomes increasingly distorted, with major changes

Food Funct., 2022,13, 7123-7131 | 7129
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occurring between 60% and 80% gelator concentration.'” This
is a predictable manifestation of increasing packing density,
via a structure factor effect, on the overall scattering. It seems
likely therefore that such aligned structures are the basis for
gelling in these phytosterol-based systems. As an aside, assum-
ing that values for the physical density of the individual com-
ponents are known, and unchanged on mixing, one may calcu-
late the average centre-to-centre separation, d, between the
tubules from knowledge of the mass fraction and therefore
volume fraction, vf, and tubule radius, R, via the relationship
d = (nR*/vf)"2. For example, for 50 A radius hollow tubules
with 25 A wall thickness in a square array in the C10D solvent
(mass fraction = 32%, volume fraction = 28.4%), the centre-to-
centre separation would be ~144 A. Recent atomistic molecular
dynamics simulations have also proposed that the individual
tubules can overlap, as opposed to merely touching, to form
fibrils.>® Real space modelling has been conducted to ascer-
tain the scattering from such an arrangement whereby two
50 A radius tubules have a separation of 80 A so that the walls
of the two tubules overlap by 10 A. The effect of such overlap is
shown in Fig. S3.7 As can be seen, no primary peak distortion
is observed in the predicted scattering for such a structure
although this certainly does not preclude the possibility that
such behaviour may occur within this complex system overall.

Conclusions

Contrast variation SANS, as well as SAXS, has been measured
on a series of p-sitosterol-y-oryzanol-based gels formed in non-
deuterated/deuterated decane solvents. The primary building
blocks of the gels are cylindrical tubules. However, the vari-
ation in scattering with solvent contrast cannot be reproduced
using a model comprising a single contrast (e.g. hollow walled
cylinder) as the shape and position of the primary scattering
peak changes as a function of solvent contrast. While a more
complicated model in which the tubule comprises two walls is
able to reproduce peak shifts with varying contrast, it does not
describe the scattering well for gels close to their contrast
matching condition. This has been rigorously shown from
global refinement of twelve individual solvent contrast varied
SANS data sets; this illustrates the value of neutron scattering
methods combined with the manipulation of contrast to test
structural hypotheses. Furthermore, the observed distorted
primary scattering peak shape observed here, and previously
in other related oleogel and emulsion systems, cannot be
reproduced solely with a scattering model based on the form
factor from such scattering objects. However, real space model-
ling suggests that the distorted shape could arise from the
assembly of individual tubules to form fibres; the latter is con-
sistent with AFM observations and is likely to be the basis for
the gelling mechanism in these systems whereby a connected,
space-filling network is generated. One might envisage a
system comprising both free tubules and locally aggregated
tubules, possibly overlapping, to form fibrils of varying spatial
distribution.
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It is therefore concluded that the oleogel structure com-
prises tubules composed of both p-sitosterol-y-oryzanol that,
in turn, form larger scale structures both through intertubule
aggregation as well as interconnection via junction zones to
form a network spanning arrangement. Further experiments
with neutron scattering at lower concentrations to limit struc-
ture factor effects, even far below that of the concentration at
which gelation behaviour occurs, would be valuable to eluci-
date the structure further. In addition, consideration should
be given to use of partially or selectively deuterated structur-
ants that would enable sub-structural details of these gel-
forming tubules to be revealed. For example, it may be possible
to explicitly investigate the location of alkyl and ferulic acid
groups and the extent to which they protrude into the organic
solvent. The availability of deuterated triglycerides to better
replicate the behaviour of the edible oil phase, as opposed to
decane, would also be desirable enabling greater opportunities
to exploit contrast variation.
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