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Encapsulation-stucturing of edible oil attenuates acute elevation of

blood lipids and insulin in humansT
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Blood triglyceride, free fatty acid and insulin levels are lower
after acute intake of an oil-water-monoglyceride gel versus an
oil-water mixture, demonstrating that food matrix nanostruc-
ture and microstructure can be engineered to modulate the
physiological response. Oil emulsification by the monoglyceride
L, liquid-crystalline lamellar phase, followed by droplet wall
crystallization, encapsulates oil and creates a material with the
functionality and properties of a fat. This novel phase is devoid
of trans fatty acids and can be manufactured with as little as 4%
added saturated monoglyceride.

Obesity has reached epidemic proportions throughout the world.
The problem is not restricted to developed nations, with the
incidence of obesity increasing at alarming rates throughout the
developing world as well." Obesity affects all ages and socio-
economic groups, and is mainly a consequence of reduced physical
activity in combination with increased consumption of energy-rich,
nutrient-poor foods. Increases in obesity and overweight condi-
tions in adults, and particularly children, are alarming since they
are strongly correlated with an increased incidence of cardiovas-
cular disease, type-2 diabetes, hypertension and stroke, and some
forms of cancer.! As part of a strategy to decrease risk factors for
these diseases in the population, two important diet-related recom-
mendations have been made. The first is the achievement of energy
balance and a healthy weight. The second recommendation is to
limit energy intake from fats while also shifting fat consumption
from saturated fats to unsaturated oils, and eliminating trans-fatty
acids from the diet completely. Consumption of fats containing
high amounts of #rans and saturated fatty acids have been clearly
shown to increase the risk of coronary heart disease.”

One way of contributing towards these goals, and to make a
significant difference to the health of a population, is to improve
on the nutritional profile of manufactured food products. This,
however, represents a technological challenge to the food industry.
Many of the food products that we traditionally consume contain
fat as a structuring material, while providing the texture, flavor
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and mouthfeel that we have evolved to associate with survival. At
the core of the problem is the ability to transform oil, which is
liquid at room temperature, to fat, which is solid at room
temperature. Oils and fats are mostly composed of triacylglycerol
molecules (Fig. 1A): three fatty acids esterified onto a glycerol
backbone. Whether such material is solid or liquid at a particular
temperature will depend on the chemical nature of the constituent

Fig. 1 Composition of the monoglyceride gel. Schematics of the
chemical structure of a typical triglyceride (A), sodium stearoyl lactylate
(B), and monostearin (C) which is the dominant component of HS K-A.
(D) Photograph of the monoglyceride gel which had a texture and
appearance similar to that of commercial spreads. (E) Phase diagram of
binary mixtures of monoglyceride HS K-A in oil (given in weight percent)
and water, where triangles represent compositions in the gel phase. The
solid circles represent a coagulated, or curdled, phase and the vertical line
at 0% water denotes a yellow colored phase composed of fat crystals in the
vegetable oil (FCN).
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fatty acids. Solid fats are structured by using either saturated
animal or vegetable fats such as lard, milk fat, coconut oil or palm
fat, or by using oils which have been subjected to hydrogenation.
The “hydrogenation” process converts naturally occurring cis
unsaturated fatty acids to their trans and/or saturated counter-
parts, resulting in an increase in the melting point of some of the
constituent triacylglycerol molecules. An edible fat is therefore a
semisolid plastic material structured as a gel-like network of fat
crystal aggregates with liquid oil trapped within.”'® Traditionally,
the only way to structure oil, and thus convert it to fat, is by the
addition of high-melting point saturated or trans fats. Thus, in
order to satisfy the growing health concerns associated with trans
and saturated fats, a new strategy for structuring edible oils is
required. These solid fat replacements should ideally be composed
of unsaturated vegetable oils, be devoid of added trans and
saturated fats, and also have a reduced fat content.

One of the most promising strategies to achieve the structuring
of oil is by exploiting the properties of lyotropic liquid crystalline
phases of long-chain saturated monoglycerides.'"'> The phase
behavior of saturated monoglyceride-water systems is well under-
stood,"*” and the material is available commercially in relatively
high purity (>98%). In the presence of an anionic co-surfactant,
long-chain saturated monoglycerides form a highly hydrated
lamellar L, phase in the presence of water at temperatures above
the Krafft (chain-melting) temperature of the monoglyceride.'®!”
When the material is cooled below this Krafft temperature, a
highly hydrated Lg mesomorphic phase (the “alpha gel”) appears,
which eventually transforms to an anhydrous crystalline phase (the
“coagel”). This dynamic is sensitive to environmental factors
such as water-monoglyceride ratio, pH, type and amount of
co-surfactant used, storage time and temperature, among others.!!
Even though the behavior of monoglyceride-water systems is
relatively well-understood and several commercial applications
have been proposed,'*!? very-little to no information exists on the
ternary phase behavior of oil-monoglyceride-water systems. Of
particular interest to our work was to exploit the properties
of these monoglyceride gel phases (alpha gel and coagel) to
encapsulate liquid oil, create a mesoscopic network structure, and
convert a simple oil-water mixture into a fat-like material with
desirable functional properties. Here, we report on the discovery of
a new oil-water gel structure stabilized by crystalline multilamellar
monoglyceride multilayers which encapsulate high volume frac-
tions of liquid oil within a water matrix.

The gel is produced by vigorously mixing a hot oil-
monoglyceride solution with alkaline deionized water (0.05 N
NaOH) at a temperature of 70 °C with an electric hand mixer until
a macroscopically homogeneous white paste is obtained. Canola
oil was used in these studies, although any edible oil is suitable.
The monoglyceride used was commercially available HSK-A (10%
monopalmitin, 90% monostearin, Fig. 1C) distilled monoglyceride,
and cosurfactants such as sodium stearoyl lactylate (SSL, Fig. 1B),
or stearic acid, in a 20 : 1 (w/w) ratio. The mixture had to contain
at least 4% (w/w) distilled monoglyceride for proper gel formation
and stability. The resulting gel was firm and spreadable, as shown
in Fig. 1D.

The gel is stable for water contents ranging from 27 to
70% (vIv), corresponding to an oil content of ~66 to 27% by
volume, as shown by the triangles in the phase diagram (Fig. 1E).
The gel is characterized by a bright white color and a smooth

texture. The gel continuously transforms into a pastier, drier
substance, ultimately with the texture of a slightly wet paste at
higher concentrations of monoglyceride in the oil. As seen in the
Figure, two other phases were found, one consisting of a yellow
jelly-like solid at very low water concentration, and the other
resembling a curdled liquid. The resulting material was phase
separated at all other concentrations.

The incorporation of the charged co-surfactant SSL into the
material was necessary to ensure stability. The addition of salt
destabilized the structure, indicating that the material is at least
partially charge stabilized. The degree of mixing had an impact,
with extreme mixing resulting in a stiffer, more stable gel. Dynamic
rheological measurements shown in Fig. 2A indicate that the
material is a gel over a wide range of water dilution, with the
storage modulus (G') consistently larger than the loss modulus
(G"). Moreover, a decrease in the elastic moduli and an increase in
the G’ : G’ ratio as a function of increasing water concentration
indicated a loss in the solid-like character of the material.

Confocal laser scanning microscope images of the gel are shown
in Fig. 2B and C, where a close-packed arrangement of globules
can be seen in a structure that resembles a cellular network or
foam. Fig. 2B represents the monoglyceride gel stained with the
lipid soluble dye Nile Red, while Fig. 2C represents the gel stained
with the water-soluble dye, coumarin. These micrographs clearly
indicate that the structure consists of a dense distribution of oil
globules in a water-continuous phase. More vigorous mixing
yielded materials with smaller globules. To determine if this
structure was similar to mayonnaise, which is simply emulsified oil
in water, X-ray diffraction measurements were conducted using
our in-house facility.'® Broad diffraction peaks corresponding to
bulk oil and water were detected as seen in Fig. 3A. In addition,
there are several sharp diffraction peaks corresponding to a
crystalline structure, which are not present in mayonnaise. These
peaks, at ¢ = 0.115 and 1.52 A~ do not change position with
increasing water content in the gel. In addition, the intensity of the
crystalline diffraction peaks (and the bulk oil peaks) decrease with
increasing water concentration (or decreasing oil and MAG
fraction), while the water peak intensity grows. The gel structure
thus consists of oil encapsulated within a crystalline multilamellar
monoglyceride shells, with the shells incorporating the charged
cosurfactant, as shown in Fig. 3B.

The monoglycerides used in the gel are amphiphilic, with a polar
head group and an aliphatic tail. In general, this type of molecule
can readily form a lyotropic liquid crystalline phase and can be
expected to self-assemble in an oil-water mixture. In order to
confirm that this was also the case in our system, and propose
a possible mechanism for the formation of this oil-water—
monoglyceride gel, synchrotron X-ray diffraction studies of
monoglyceride-water mixtures in the presence of 0.05 N NaOH,
both above and below the Krafft (chain melting) temperature were
carried out as shown in Fig. 4A. The first peak indicated in
the small-angle region of the spectrum corresponds to the (001)
reflection of the phase, while subsequent diffraction peaks
correspond to higher order reflections of the same repeating
distance, indicating the formation of a lamellar phase. The large
001 repeating distance represents the width of the monoglyceride
bilayers, which in this case are swollen with water. At wide angles,
the single peak at ¢ = 1.503 A™! (4.18 A) is indicative of in-plane
chain ordering in the Lg phase which is absent in the L, phase.
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Fig. 2 (A) Effect of water content on the storage and loss dynamic shear
moduli of the monoglyceride gels. (B) Confocal laser scanning (CLS)
micrograph of the gels stained with the lipid soluble dye Nile Red. (C)
CLS micrograph of the gels stained with the water soluble dye coumarin
blue. A high fluorescence intensity is shown here as the bright areas. The
scale bars represents 25 microns.

In the case of oil-water—-monglyceride gels (MAG gels), as
stated above, only a single small-angle reflection was detected,

Fig. 3 (A) Powder X-ray diffraction spectra of the MAG gels taken for
three different water concentrations (30, 50 and 70% from highest to
lowest scattering intensity profile) and constant MAG-oil ratio of 10%
plotted as a function of reciprocal lattice spacing ¢, where ¢ = 2n/d =
(4n/2)sinf and d is the lattice spacing, A is the X-ray wavelength and 26 is
the Bragg scattering angle. The Kapton peak comes from the windows
enclosing the gel. (B) Schematic of the cell walls surrounding the oil phase
demonstrating that they are composed of stacked crystalline mono-
glyceride and water bilayers.

which was indistinguishable from the MAG crystalline powder
shown in Fig. 4B. Thus, the monoglyceride bilayers in the MAG
gel are dehydrated. In the wide-angle region (inset) of the MAG
gel, we noticed the presence of both the characteristic ¢ = 1.503 A~
peak from the Lg phase of hydrated MAGs (black), as well as
several other peaks arising from the crystalline MAG phase
(black). Thus, both the wide-angle patterns from the MAG-water
Lg and MAG crystal phases can be observed in the MAG gel
pattern (grey). This provides evidence for the initial dehydration of
the Lg phase, which then slowly transforms to the crystalline phase.

This evidence allows us to propose a mechanism for MAG gel
formation, which is depicted in Fig. 5: upon addition of water and
vigorous mixing, the monoglycerides and charged cosurfactant
dissolved in the oil phase will emulsify the oil and self-assemble to
form a highly hydrated, multilamellar L, phase at temperatures
slightly above the Krafft (chain melting) temperature of the
monoglycerides. Upon cooling, the monoglyceride—cosurfactant
bilayers transform to the Lg phase. The Ly lamellae dehydrate and
eventually crystallize, forming crystalline multilayer shells around
the oil droplets. This rapid dehydration process upon formation of
the Ly phase in the presence of oil explains the apparent lack of
sensitivity of the X-ray spectra (reflections at ¢ = 0.115 and
1.52 A7) to water content in the MAG gels. Any evidence of
lamellar swelling induced by higher water contents would
disappear upon gelation and crystallization of the bilayers.

Upon initial emulsification, the droplets interact and form a
network which causes the material to gel, and upon monoglyceride
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Fig. 4 (A) Synchrotron powder X-ray diffraction pattern of 20% monoglyceride in water mixture in the L, phase at 70 °C, and in the Ly phase at 45 °C
both in the presence of 0.05 N NaOH. (B) Powder X-ray diffraction patterns of the HSKA powder, the MAG in water and the MAG gel (containing oil) at

small and wide angles (inset).

Fig. 5 Mechanism of formation of the crystalline monoglyceride emulsion droplet walls, from the hydrated lamellar (L,) phase above the Kraftt (i.e.,
chain-melting) temperature of the monoglyceride, to an Lg phase (the “a-gel”), to a dehydrated Lg phase, and eventually to an anhydrous crystalline phase
(B-gel or coagel). For the MAG gel to form, the monoglyceride must crystallize from the liquid crystalline L,, phase. The transition to the crystalline phase

is enhanced by the presence of oil.

gelation and crystallization then adopts the consistency of a fat.
Melting studies of the gel using optical microscopy indicate that
the globules initially separate, before fusing into larger globules
with increasing temperature, indicating the structure is stabilized
through relatively weak inter-globular forces.

Saturated monglycerides have been previously used to structure
vegetable oils at relatively high concentrations of 10% (w/w) or
higher.’® In this case, however, the crystalline monoglyceride
is used as a traditional ‘hardstock’ in the absence of water. The
structure of these non-aqueous monoglyceride—oil mixtures is
similar to that of traditional edible fats, and bears no resemblance
to the structure described in this study.

From a nutritional point of view, besides the obvious potential
of novel materials such as the one described in this report to reduce
the amount of saturated and #rans fats in our diets, very interesting
additional physiological effects were evident upon consumption of
this MAG-oil-water gel (Fig. 6). The blood lipid response after
acute ingestion of the gels included attenuated increases in
triglyceride (P = 0.0052) and free fatty acid (P = 0.0379) levels
(Fig. 6A and 6B) relative to the acute response to compositionally
equivalent oil-water mixtures in the absence of the mono-
glycerides. Interestingly, plasma insulin levels were also lower after

consumption of the MAG-oil-water gel (P = 0.0216), while
no significant differences (P > 0.05) were detected in glucose
concentration between the accumulated responses to oil-water
mixture vs. MAG gel ingestion (Fig. 6C and 6D). Baseline/fasting
triglyceride levels for the MAG gel vs. oil-water mixture trials were
1.28 (SEM = 0.25) and 1.49 (SEM = 0.39) mmol L', respectively,
while baseline/fasting free fatty acid levels for the MAG gel vs. oil-
water mixture trials were 0.51 (SEM = 0.060) and 0.34 (SEM =
0.055) mmol L', respectively.

These results suggest that ingestion of this microencapsulated oil
resulted in lower post-prandial triglyceride and free fatty acid levels
in the blood, which in turn resulted in a lower insulin levels,
at similar glucose levels, in healthy young men and women.
Moreover, this effect, which was strictly achieved by modulation of
the physical structure of the food matrix, is interesting since it has
been previously shown that a chronic high fat intake induces
insulin resistance in humans, which has been associated with
cardiovascular risk factors such as hypertension, abnormal
blood coagulation, fibrinolysis and dyslipidaemia via activation
of pro-inflammatory and pro-atherogenic pathways.*>* There
were no significant differences in the cholesterol LDL, HDL, or
cholesterol-HDL ratio responses between the two trials.
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Fig. 6 Average physiological response of five male and four female subjects (mean age, 24 years; mean body mass index, 25.2 kg m ™) to acute ingestion

of an oil-water mixture or the microencapsulated oil water-mixture (MAG

gel). For all panels, the main graph shows the metabolite dynamic in time,

while the inset represents the accumulated response (net area under the curve). (A) Change in serum triglyceride levels, (B) change in plasma free fatty acid
levels, (C) plasma glucose levels, (D) plasma insulin levels. All values represent the averages and standard errors of the subjects’ responses.

In conclusion, this work suggests a strategy that can be
employed for the gelation of liquid oils into a fat-like material in
the absence of saturated and trans fats by encapsulation in
multilamellar crystalline monoglyceride vesicles. This oil gel could
be a viable alternative to traditional fats used in food manufactur-
ing operations (shortening, spreads, icing), which contain high
concentrations of saturated or frans fats. Moreover, this oil-
structuring results in a controlled release of the lipids into the
blood, which in turn attenuates the post-prandial increases in
triglycerides, free fatty acid and insulin levels induced by acute
ingestion of fat. This work suggests a strategy that can be
employed for the controlled release of food macronutrients.
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