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The influence of co-oleogelators like lecithin or hydrogenated lecithin together with the addition of dis-
persed water droplets to modulate the microstructure and thus the physical properties of glyceryl stearate
(GS)-corn oil oleogels was investigated by thermal profile, microstructure, hardness, and oil binding
capacity (OBC). The addition of pB-carotene (BC) was also assessed. With lecithin, crystallization and
melting temperatures were reduced, resulting in less-ordered crystal networks with a lower hardness and
OBC, while with hydrogenated lecithin, the opposite effect was observed. In the presence of water, oleo-
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gels became harder but more brittle. Finally, pC acted as a crystal modifier increasing the hardness and
OBC in the presence of lecithin, but decreased these parameters in hydrogenated lecithin-containing and
water-filled oleogels. This study provides a better understanding on how the composition of GS-based
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1. Introduction

Oleogelation is a relatively new method of structuring edible
liquid oils. Recent attention has been drawn to oleogelation
due to its versatility and ease of processing. Oleogels are a
class of soft, solid or solid-like materials obtained by adding
an oleogelator to a liquid oil under the appropriate processing
conditions. It is known that oleogelators with a crystalline
phase simultaneously assemble into supramolecular structures
with a highly asymmetric morphology resembling fibers or
platelets. The asymmetric morphology increases the contact
area between self-assembled structures, eventually leading to
oleogelation.” Despite having a liquid oil bulk, oleogels are
solid-like because the liquid oil is immobilized in a 3D
network of self-assembling molecules.” The glyceryl stearate
(GS) is a monoglyceride (MAG) that has been used for the for-
mation of oleogels and generally recognized as safe (GRAS).
One of the objectives of developing such an oleogel is to use it
as a fat substitute in food products® because negative health
impact, ethical issues and veganism have raised the concerns
of consumers and food regulatory legislations towards finding
fat substitutes.* A key benefit of using GS in oleogels is that it
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oleogels can affect their physical properties.

is compatible with almost all vegetable oils, forms oleogels
with low quantities and creates a smooth and homogeneous
texture.” This is because GS can act as an interfacial active
agent, helping to disperse the oil phase throughout the solid
network. This can result in a more uniform distribution of the
oil phase, which can improve the sensory properties of the
oleogel. The use of GS-oleogels as fat-replacers can result in
sensory-acceptable food products.® In a recent research, it has
also been reported that adding GS to oleogels strengthened
their gel network, enhancing the solubility of B-carotene (BC).°
However, replacing saturated fats by GS-oleogels remains a
challenge due to their typical physical and technological
characteristics that might lead to food products harder and
brittler than those formulated with saturated fats, which limit
their use in some food and medicinal applications despite
their many advantages.

As a result, researchers and food manufacturers are trying
to control the micro- and thus macro-structure of oleogels, as
well as the variables influencing their ultimate physico-
chemical characteristics. For modulating the techno-functional
features of oleogels, some strategies can be followed such as
the use co-oleogelators or the incorporation of water into the
lipid substance. Co-oleogelators can act as crystal habit modi-
fiers, regulating the oleogels’ macroscopic properties.” Despite
multiple studies utilizing co-oleogelators,™”° altering the
physicochemical properties of an oleogel using a plant-derived
and economically efficient co-oleogelator has yet to be investi-
gated. Lecithin from soya and its derivatives may be the most
promising among those obtained from plants for meeting
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current consumer$ demands. Lecithin is composed of biocom-
patible glycerophospholipid molecules with hydrophobic tails
of fatty acids esterified to C; and C, of the glycerol backbone,
and a polar head esterified to C; of the glycerol backbone and
is known as an interfacial active agent. Research on the self-
assembly of lecithin in organic solvents in the presence of
trace amounts of water has a long history."™"" However,
studies on its effect as a co-oleogelator are limited. Not only
lecithin, but also its derivatives, exhibit interfacial active pro-
perties and could be used as co-oleogelators. When lecithin
undergoes controlled hydrogenation, the double bonds in fatty
acids are saturated, resulting in hydrogenated lecithin. Aside
from a few studies on the phase behavior of hydrogenated
lecithin in the presence of sitosteryl sulfate,'* and stability and
release performance of bioactive-enriched liposomes with
varied hydrogenated lecithin content,"® no study on the use of
hydrogenated lecithin in oleogels has been undertaken.

Another strategy for modulating the techno-functional fea-
tures of oleogels is the incorporation of water inside."
Evidence exists that the macroscopic properties of oleogel can
change significantly upon dispersion of water into the matrix.
The crystals generated by the oleogelator can be hydrated and
their crystalline state can change in the presence of water
molecules. In an oleogel created by thermal treatment at elev-
ated temperatures of MAGs and water mixtures, MAGs first
form a lamellar phase, that is followed by the swelling of water
molecules into the continuous lamellar phase. In this pro-
cedure, the MAG is hydrated to form a swollen, space-filling
system of lamellar liquid-crystalline phase. When this lamellar
liquid crystalline phase is cooled to undergo crystalline phase
transformation, the lamellar structure involving the swelling
water phase is preserved, generating a very viscous phase
known as a-gel phase. Further cooling results in the formation
of a rheologically hard phase, which is used in low-fat
spreads.'® Nevertheless, water-filled oleogels, where water (1%
w/w) is physically dispersed in the system, should not be con-
fused with oleogel-emulsions generally with water content
above 10% (w/w).>'®

Despite aforementioned, the use of oleogels in food
systems does not end with the replacement of fats; they can
also protect and transport lipophilic bioactive compounds into
the gastrointestinal tract, where they can exert their benefits.
The p-carotene (BC) is a lipophilic bioactive compound found
in fruits and vegetables, which is a precursor of vitamin A,°
and has other beneficial properties like preventing certain
cancers.'” By utilizing enriched oleogels, we may obtain not
only the nutritional qualities of vegetable oils, but also the
beneficial effects of bioactive compounds. There are two major
advantages of employing oleogels as bioactive carriers: (i) oleo-
gels can accommodate higher dosage (up to 10% w/w oleogel)
of bioactive compounds than their oil or nanoemulsion
counterparts, and (ii) due to their quasi-solid texture, they can
hinder the degradation of the bioactive substances better than
the other systems such as nanoemulsions. However, the
addition of a lipophilic material such as bioactive compounds
could lead to further changes in the microstructure of the
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oleogel network, thereby changing their physicochemical
characteristics.'® Therefore, this should also be investigated in
greater detail to understand how the incorporation of pC into
oleogels impacts their ultimate physicochemical properties,
which is largely unknown to this date. The obtained infor-
mation may allow to increase the bioactive compound’s shelf
life while simultaneously boosting the nutritional and physico-
chemical properties of the final oleogel.

Thus, the aim of this research was to study the relationship
between the oleogel microstructural characteristics and their
technological and functional properties as influenced by their
composition. Hence, oleogels with GS 20% (w/w), as main
oleogelator, and incorporating lecithin or hydrogenated
lecithin (0 to 2.5% w/w), as co-oleogelators, were formulated
and their microstructural features were evaluated. In addition,
water-filled oleogels were formed by dispersing water (1% w/w)
into previously formulated oleogels and then characterized.
Lastly, to study the feasibility of using oleogels as carriers of
BC, the effect of adding BC (0.1% w/w) on their physical pro-
perties was also assessed.

2. Materials and methods

2.1. Materials

Corn oil (Koipe Asua, Spain) was obtained from local market
and lecithin (soybean phospholipids with 70% phosphatidyl-
choline (non-genetically modified); phospholipid composition:
phosphatidylcholine + lysophosphatidylcholine 68-73%, lyso-
phosphatidylcholine <10%; fatty acid composition in % of
total fatty acids: palmitic acid 12-17%, stearic acid 2-5%, oleic
acid 8-12%, linoleic acid 58-65%, linolenic acid 5-9%), and
hydrogenated lecithin (hydrogenated phospholipids from
soybean about 70% phosphatidylcholine (non-genetically
modified); phospholipid composition: hydrogenated phospha-
tidylcholine >62%, hydrogenated lysophosphatidylcholine
<5%) from Lipoid GMBH (Germany). GS (purity >90%) was
purchased from IOI Oleochemical (Germany) and BC from
Sigma Aldrich (USA). All analyses were performed using ultra-
pure water attained by Synergy® UV, Millipore (France).

2.2. Methods

2.2.1. Oleogel preparation. In order to make the oleogels,
GS and the appropriate amount of lecithin or hydrogenated
lecithin were weighed and added to the corn oil or the corn
0il-BC solution. A corn 0il-fC solution was prepared by adding
0.1% (w/w) BC (based on prior studies)'® into corn oil. The
corn 0il-pC mixture was heated to 65 °C and until complete
dissolution of BC stirred with a magnetic stir bar in an alumi-
num foil-covered beaker to shield light oxidation.

GS concentration remained constant at 20% (w/w) based on
preliminary test, and because it demonstrated the most
effective preservative impact on BC stability,® but lecithin and
hydrogenated lecithin content varied up to 2.5% (w/w). The
maximum concentration of both lecithin and hydrogenated
lecithin was limited to 2.5% to ensure that it remains well

This journal is © The Royal Society of Chemistry 2024
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below the threshold at which they function as oleogelators.>
The corn oil-oleogelators mixture was heated to 65 °C in an
aluminum foil-covered beaker on a hot plate with magnetic
stirring until the oleogelators were fully dissolved. After
heating water to 65 °C, it was added to the oleogelators
formula to form water-filled oleogels (1% w/w).> Once cooling
down to ambient temperature, oleogels readily formed and no
flow was observed after inverting the containers after approxi-
mately 10 minutes. All oleogels were stored at 25 °C for
24 hours before analysis. A detailed description of the formu-
lation of the oleogels is included in Table S1.}

2.2.2. Differential scanning calorimetry (DSC). The
thermal properties of the neat GS, lecithin, hydrogenated
lecithin, corn oil and oleogels were measured by DSC (Mettler-
Toledo, STARe SYSTEM DSC 3+, Barcelona, Spain) from —25 to
80 °C at a rate of 1 °C min~". An aliquot of oleogel (~10 mg)
was placed in 40 pl aluminium pan, and experiments were
carried out under an inert N, atmosphere. Using this tech-
nique, it is possible to identify the melting or crystallizing
temperature with an accuracy of 0.1 °C and to quantify the
thermal energy (enthalpy) involved with an accuracy of +3 ]
g

2.2.3. Microstructure. The microstructure of oleogels was
observed using Olympus Spectral Confocal Microscope
(Olympus FV1000, Melville, NY) with x10 objective lens. In
order to carry out the microscopy, approximately 5 mg of
oleogel was placed on microscopic slide and gently covered
with glass coverslips for analysis and image was acquired and
processed using the instrument software program (Olympus
FV10-ASW viewer, Melville, NY).

2.2.4. Texture. The oleogel texture was assessed by a
mechanical analysis®> and was performed using a Texture
Analyzer TA.XT Plus (Stable Micro System, England) equipped
with Texture Exponent Software V. 5.1.1.0. An aliquot of 15 g of
molten oleogels were placed into a cylindrical plastic container
with 30 mm diameter and 42 mm height and the penetration
force was measured in situ after 24 hours of their preparation.
The penetration test was performed at 25 °C and the maximal
penetration force along 10 mm was defined as maximum hard-
ness of oleogels.

2.2.5. Oil binding capacity (OBC). An Eppendorf tube con-
taining approximately 1.0 g of oleogel was centrifuged at 25 °C
and 9000 rpm for 30 minutes and the released oil was dec-
anted into cotton wool while the tube was upside-down verti-
cally for 1 hour. OBC (%) of oleogel was calculated as follows:

my — my

OBC = [1—m

} x 100 (1)

where m is the mass (g) of an empty container, m, is the mass
(g) of the tube with the oleogel added, m, is the mass (g) of
the tube with the oleogel after centrifugation, minus the excess
oil released; X (%) is the corn oil percentage used in the
oleogel formulation.

2.2.6. Statistical analysis. All treatments subjected to stat-
istical analysis were performed at least in duplicate and all
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measurements were conducted at least twice. JMP Pro 15 stat-
istical software (SAS Institute Inc.) was used to conduct ana-
lysis of variance (ANOVA) to compare treatments and least sig-
nificant difference (LSD) Student’s ¢-test to detect significant
differences between means at a 5% significance level (p <
0.05). All measurements were conducted at least twice.

3. Results & discussion

The influence of the composition on the physical and func-
tional properties of the oleogels was evaluated through their
thermal characteristics, microstructure, visual properties,
hardness, and OBC. For the sake of clarity, first, the results
will be discussed for the (i) influence of adding lecithin or
hydrogenated lecithin at different concentrations to the GS
oleogels; (ii) influence of dispersing water into the oleogels to
form water-filled oleogels; and (iii) influence of incorporating
BC into the previously formed oleogels.

3.1. Differential scanning calorimetry profile

Thermograms revealed a melting peak of corn oil, which was
found in all oleogels, between —15 °C and —19 °C (Table S37
and Fig. 1). The melting peak matched with the findings of
Tan and Che Man*' where melting curve of corn oil consisted
of an endotherm peak at —18.49 °C. In corn oil, unsaturated
fatty acids (mono- and polyunsaturated fatty acids) account for
around 84% of total fatty acid content, with saturated fatty
acids accounting for the remaining 16%. Because of the large
amounts of unsaturated fatty acids in corn oil, there were no
melting or crystallization peaks above 0 °C.>* Lecithin did not
exhibit any thermal peaks in the heating and cooling cycles
ranging from —25 to 80 °C. In contrast, hydrogenated lecithin
displayed a melting peak at 81.23 °C and a crystallization peak
at 78.25 °C, aligning with the findings of Martinez-Avila."*

In the second heating cycle of GS (Fig. 1), three melting
peaks exhibited at 41.11 °C, 71.54 °C, and 76.13 °C. Starting
from the second cooling cycle onward, two crystallization
peaks emerged at 70.25 °C and 38.04 °C. The DSC thermo-
grams for the first heating cycle (Fig. S1, ESI{) of neat GS indi-
cated a singular melting peak at 77.48 °C, with subsequent
cooling displaying two peaks at 70.32 °C and 38.02 °C. This
observation supports the conclusion that the peaks observed
for GS corresponds to the GS polymorphism. In a study by
Loépez-Martinez et al., 2014,>® the crystallization thermogram
for neat GS revealed two main melting peaks at 47 °C and
72 °C, corresponding to temperatures for the sub-al < La
transitions and melting of the La (inverse lamellar «) state.

The melting points of GS-oleogel were —17.99 °C (Tm,),
42.22 °C (Tmy), and 71.67 °C (Tms) where Tm, denoted the
existence of liquid corn oil in its structure, while Tm; and Tmj;
meant the presence of GS, associated with various GS poly-
morphs.”* Similarly, two melting peaks of GS at 55 °C
(primary peak) and 31 °C (secondary peak) were observed in a
study by Li et al, 2021.>°> They inferred that in the GS-oil
system, the primary peak was associated with the melting of
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Fig. 1 DSC profiles of the neat lecithin (L), neat hydrogenated lecithin (HL), neat glyceryl stearate (GS), liquid corn oil and corn oil-based oleogels
containing GS, lecithin or hydrogenated lecithin at concentrations of 0.5, 1.5 and 2.5% (w/w) with second heating cycles for lecithin-containing
oleogels (A) and hydrogenated lecithin-containing oleogels (C), and cooling cycles for lecithin-containing oleogels (B) and hydrogenated lecithin-

containing oleogels (D).

the Lo phase, and the secondary peak with La < sub-a.
However, the melting and crystallization temperatures of GS
crystals did not remain the same with the addition of lecithin
or hydrogenated lecithin molecules.

In general, melting temperatures and enthalpies were
reduced when lecithin molecules were added to GS-oleogel. In
this context, Tm; was lowered by lecithin addition to ~41 °C
(Fig. 1A), which was not directly proportional to lecithin con-
centration. Moreover, Tm; (at 71.67 °C) began to diminish and
Tm, (at ~62 °C) began to emerge when lecithin molecules
were added to oleogels. As the Tm; designates one of the key

666 | Food Funct, 2024, 15, 663-675

melting temperatures of GS crystals and Tm, was not seen in
GS-oleogels, this occurred most likely as a result of the
effective co-assembly of lecithin molecules and GS.
Nevertheless, Tm, steadily decreased to 61.03 °C as lecithin
content rose, demonstrating the softening effect of lecithin
molecules. Ghan and colleagues® also asserted that the
melting point of GS-palm oil oleogel was decreased by the
addition of lecithin. In fact, the lower melting temperatures
point to a less ordered, easier to melt crystalline structure,
which may be connected to the microstructural characteristics
of the oleogels (discussed in the section 3.2). Further evidence

This journal is © The Royal Society of Chemistry 2024
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can be found in the crystallization thermograms (Fig. 1B). The
GS oleogels’ crystallization temperatures are lowered by the
addition of lecithin, with the major peaks’ values falling
between 38 and 60 °C. Moreover, the shoulder-less crystalliza-
tion peak at ~60 °C (Tc,) in the case of the lecithin containing
oleogels suggest that crystallization was probably a one-step
process since the lecithin molecules most likely attached GS
molecules thanks to their polar moieties. According to Hu
et al.,”® it is likely that oleogelators co-assemble during crystal-
lization. The co-assembly of lecithin and GS in the oleogel
carried out via hydrogen bonds and van der Waals forces,*
indicating that the lecithin molecules can affect the GS archi-
tecture. Moreover, compared to GS-oleogels, lecithin-contain-
ing oleogels showed lower intensity and broader exothermic
peaks at their respective crystallization temperatures of 60 °C
(Tc,), suggesting the formation of a weaker bilayer structure
that may promote the ease of melting at lower temperatures.
However, lecithin molecules had completely different effects
than hydrogenated lecithin molecules on GS-oleogels’ thermal
properties.

In the oleogel with GS and hydrogenated lecithin, crystals
were melted at higher temperatures. The preservation of GS
crystals with Tms (at 71 °C), as well as the existence of a Tm,
with steadily rising enthalpies and temperatures (from 62.7 °C
to 65.48 °C) in response to hydrogenated lecithin concen-
tration, demonstrated that the crystalline structure of GS-oleo-
gels is preserved or even improved after the addition of hydro-
genated lecithin (Fig. 1C). The melting of GS occurred at
higher temperatures as the hydrogenated lecithin concen-
tration increased. The results showed that hydrogenated
lecithin was beneficial to the thermal stability of GS, resulting
in a delayed commencement of the phase transition of GS.
The results agreed with those of Martins et al.,"® who observed
that increasing the concentration of oleogelator elevated the
Tm and Tc. Moreover, the presence of a shoulder on the crys-
tallization peaks of hydrogenated lecithin-containing oleogels
suggests that the GS crystals were retained to a large extent
that could be due to the lack of interactions with hydrogenated
lecithin molecules. According to crystallization thermograms
(Fig. 1D), the addition of hydrogenated lecithin raised the crys-
tallization temperatures of GS oleogels from 61.87 °C to
63.21 °C (Tc,). As compared to GS-oleogels, hydrogenated
lecithin-containing oleogels exhibited greater intensity and
narrower exothermic peaks at their respective crystallization
temperatures, implying that crystallization proceeded quicker
and at higher temperatures.

According to the thermographs, adding lecithin resulted in
less ordered and structured lipid molecules, whereas adding
hydrogenated lecithin led to better structured and more crys-
talline oleogels.

3.2. Macro- and microstructure

All of the formed oleogels were self-standing, thermoreversi-
ble, and optically opaque (Fig. 2). Gel opacity is dictated by
crystallinity, since diffracting units in the network contribute
to light scattering.”” Oleogels containing lecithin were yel-

This journal is © The Royal Society of Chemistry 2024
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GS-L (0.5%)
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GS-L (1.5%)

GS-L 2%)

TYFITT

GS-L (2.5%)

GS-HL (0.5%)

GS-HL (1%)

GS-HL (1.5%)

GS-HL 2%)

GS-HL (2.5%)

Fig. 2 Photos and polarized light microscopic images of corn oil oleo-
gels at 25 °C (left column) and their water-filled counterparts (right
column) for glyceryl stearate (GS) oleogels, lecithin (L)-containing oleo-
gels, and hydrogenated lecithin (HL)-containing oleogels. The scale bar
corresponds to 100 pm.

lower, whereas those containing hydrogenated lecithin were
whiter than GS-oleogels. Visual differences suggest that color
is determined by the type and concentration of oleogelators, as
well as other factors such as color and type of the oil used for
the oleogel preparation.”®

The compositions of oleogels, on the other hand, had a
considerable impact on their microstructures (Fig. 2). GS crys-
tals were rod-like and homogenously distributed throughout
the system, which was consistent with the findings of
Kesselman and Shimoni.”® The rod-like shape of GS crystals
was associated with their great efficiency in the formation of
oleogels. For the same quantity of oleogelator mass, a rod-like
shape has a substantially larger surface area than spheres or
platelets. High surface areas enable more interactions between
oleogelator molecules and the solvent, as well as greater
contact between the microstructural elements that contribute
to an oleogel’s elastic and solid-like properties.*®
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The addition of lecithin changed the compactness and
shape of the crystals dramatically, which differed from mono-
component crystal structure (GS-oleogel), indicating co-crystal-
lization of GS and lecithin. The acicular crystals in GS-lecithin
oleogels were bigger than those in GS oleogels, but there were
more void spaces between them. It is possible that the lecithin
and GS molecules took longer to diffuse and were instead
added preferentially to a nucleated crystallite surface. Crystal
growth of already nucleated species was favoured over sub-
sequent nucleation events, yielding fewer but bigger crystals.
However, when lecithin concentration increased, the GS-
lecithin crystal became smaller and the morphology altered to
spherulites (e.g., fan-shaped).”® Nonetheless, when the concen-
tration of lecithin molecules increased, the number of crystals
multiplied as they became more tightly packed. This implies
that the extra lecithin molecules acted as additional nuclei,
increasing the total number of nuclei, therefore, crystals were
abundant, albeit smaller.

When oleogels made with GS and hydrogenated lecithin
were compared to oleogels made exclusively with GS, the
crystal compactness and shape altered. They appeared to have
smaller crystals than those found in GS-lecithin oleogels. In
addition, GS-hydrogenated lecithin oleogels possessed a
denser crystalline structure with less void spaces between
them. This was consistent with the findings of Martins et al.,'®
who observed that increasing the concentration of oleogelator
boosted crystal compactness. Individual crystal structures were
not clearly visible after hydrogenated lecithin addition due to
crystal stacking, which was particularly true as concentrations
rose. Higher hydrogenated lecithin concentrations resulted in
a more linked and denser network, as well as a substantial
bulk of crystals, which may be responsible for the gel struc-
ture’s strengthening.

When the microscopic images of the oleogels were com-
pared to those of their water-filled counterparts, no substantial
variations were found. The only changes were the physically
entrapped water droplets inside the matrix and the fluffier
crystals.

3.3. Texture

3.3.1. Oleogels without water and p-carotene. GS built a
hard corn oil-based oleogel with a maximum hardness of 1.43
+ 0.07 N (Fig. 3 and Table S4%). This high hardness of GS-
oleogel was attributed to the strong network formed by GS
crystals when the GS-corn oil mixture was cooled below its
melting point. It was previously stated that hard GS-oleogels
can be made from a variety plant oils.>*' However, when GS
was used as the sole oleogelator, an oscillating force-distance
profile was seen (Fig. 4). The pattern indicates that the GS
molecules formed a brittle network with low deformability.**

The inclusion of lecithin drastically reduced the hardness
of oleogels by more than 75% when compared to oleogels
made only with GS (Fig. 3A and 4A). Adding lecithin to the
oleogel mixture resulted in a substantial drop in hardness
values even at low lecithin concentrations (i.e., GS-lecithin
0.5% w/w). However, it should be noted that adding lecithin to
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oleogel enhanced their smoothness and effectively eliminated
the oscillatory pattern found in the GS-based oleogel. The
hardness of oleogel was not proportional to lecithin content.
Increasing the lecithin content initially decreased but even-
tually enhanced oleogel hardness. As a consequence, the
lowest measured oleogel hardness was 0.17 + 0.01 N for 1%
(w/w) lecithin.

The effect of lecithin as a co-oleogelator might be explained
by several reasons. First, the presence of lecithin in a lipid
matrix might increase its polarity®® thus favoring lecithin-oil
interaction. If such interactions prevail, GS may have lesser
interactions with oil, resulting in softer structures. Second,
lecithin might modify the crystal morphology through hydro-
gen bonding with the main oleogelator, in this case GS.** The
development of new oleogelator-oleogelator interactions, as
well as oil-oleogelator has been reported previously.*
Londarevi¢ et al®® found that adding lecithin from 0.3% to
0.5% (w/w) to a hard vegetable fat reduced its hardness signifi-
cantly, while increasing its concentration to 0.7% (w/w), made
the vegetable fat harder. In contrast, Pernetti et al.*® found
that increasing lecithin concentration when sorbitan tri-stea-
rate was added as a second oleogelator initially raised, but
then decreased the oleogel’s hardness. Besides its role as a
crystal morphology modifier, lecithin also stimulated the for-
mation of weak junctions between sorbitan tri-stearate crystals,
which were responsible for structuring the network that
entraps the oil. Nonetheless, after reaching a critical concen-
tration, those weak junctions and self-aggregation from
lecithin became dominant, reducing overall network
strength.?® Generally speaking, once lecithin molecules reach
the critical concentration, they align with each other to form
micelles and lamellae (or multilayers),?” because the lipophilic
ends of one monolayer lecithin can bind to the lipophilic ends
of another layer,” which contributes to the network’s robust-
ness. This can also explain their profile’s lower oscillatory
pattern, demonstrating that lecithin addition lowered brittle-
ness through altering GS crystals. Adding lecithin to oleogel in
combination with GS weakened and simultaneously smoothed
it in this way.

In contrast to the softening effect observed in the lecithin-
containing oleogels, the addition of hydrogenated lecithin to
the oleogels gradually increased their hardness (Fig. 3A and
4B). In this regard, compared to GS-oleogels, lower concen-
trations of hydrogenated lecithin added to oleogels (e.g., 0.5%
and 1% (w/w)) led to reduced oleogel hardness. Increasing the
hydrogenated lecithin concentration gradually raised their
hardness in a way that the maximum hydrogenated lecithin
concentration resulted in the hardest oleogel (2.10 + 0.02 N).
All GS-hydrogenated lecithin-oleogels showed less oscillatory
pattern thus less brittleness and more smoothness compared
to GS- or GS-lecithin-oleogel systems. Aguilar-Zarate et al.*?
observed similar pattern after adding hydrogenated lecithin or
lecithin to cellulose-canola oil oleogels, hydrogenated lecithin
has a higher lipophilicity of alkyl chains than lecithin, allow-
ing it to interact with lipids more effectively. This may explain
the superior hardness of hydrogenated lecithin-containing

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Maximum hardness (N) for corn oil oleogels (A), water-filled oleogels (B), p-carotene (BC)-enriched oleogels (C), and BC-enriched water-
filled oleogels (D). Lecithin (L) and hydrogenated lecithin (HL) are added at rates ranging from 0% to 2.5% (w/w), water is added at 1% (w/w), and C
is added at 0.1% (w/w). The maximum hardness values of lecithin-containing oleogels are displayed in black bars, while hydrogenated lecithin-con-
taining oleogels are presented in gray bars. Upper and lower case letters represent hardness variations between and among groups based on co-

oleogelator type, respectively.

oleogels. Additionally, this may be due to the composition of
hydrogenated lecithin, which contains abundant saturated
triacylglycerides (TAGs). Saturated TAGs in hydrogenated
lecithin lack double bonds, resulting in enhanced level of
organization and hence strengthening of the oleogel structure.

3.3.2. Water-filled oleogels. When water was added to the
formulation, the hardness of the resulting oleogels (water-
filled oleogels) increased significantly (p < 0.05) compared to
the corresponding oleogels without water (Fig. 3B and 5A, B).
For instance, the water-filled GS-corn oil oleogels (W-GS = 2.00

This journal is © The Royal Society of Chemistry 2024

+ 0.53 N) were harder (p < 0.05) than their counterparts
without water (GS = 1.43 + 0.07 N), indicating that water had a
hardening effect on texture. The inclusion of one water mole-
cule per GS molecule is claimed to modify the phase behavior
of the water-GS-oil system.>' Within the bilayer of GS mole-
cules, hydrogen bonds connect the main and secondary
hydroxyl (OH) groups. Water molecules form hydrogen bonds
with the free OH groups of GS molecules and fit within the
reverse bilayer created by GS molecules.>” Water has a widen-
ing effect when it is present in the middle of the lamellar
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phase. The formation of these expanded bilayers in the pres-
ence of water may contribute to the oleogel’s increased hard-
ness. However, the resulting penetration force-distance curves
(Fig. 5A) showed that the water-filled oleogels had greater
degrees of oscillation, hence brittleness, when compared to
the similar oleogels to which water molecules were not added.
It might be caused by the water droplets physically entangled
in the gel matrix, causing the gel matrix to lose its consistency.

The hardness of lecithin-containing oleogels was markedly
increased by water molecules as well as GS-based oleogels.
Various water/lecithin molecular ratios (hereafter referred to as
Wy) have been found to affect the structural properties of
lecithin in the oleogel systems.'® Scartazzini and Luisi'® found
that deviating W, by even one unit from its critical point pre-
vents the gel from forming, indicating that water molecules
play a critical role in the formation or modification of the
lecithin-based structure. Despite this, Scartazzini and Luisi®
used lecithin as a sole oleogelator that can only form supramo-
lecular structures, whereas, in this study, lecithin was used as
a co-oleogelator in systems where the building blocks of the
gel were already formed by GS. According to Mezzasalma
et al.,’® when W, = 4, the polymer-like micelles of lecithin
form a temporal 3D network that can entrap the n-decane.
Instead, when W, = 3, the lecithin is in the form of reverse
micelles. Accordingly, even trace amounts of water alter the
physical properties of a system.’ Gaudino et al.” also observed
that adding 1% (w/w) water to various lecithin/stearic acid
ratios resulted in the development of reverse micelles formed
by lecithin molecules, which were able to interact with stearic
acid via their nonpolar moieties and produce a hybrid oleogel.
When water was introduced to GS-lecithin, the same scenario
might occur; in the presence of water molecules, lecithin mole-
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cules may form reverse micelles, with GS molecules incorpor-
ated via their esterified stearic acids. It is also possible to
assume that GS molecules established the foundation of a
network in which lecithin molecules interacted with interior
glycerol molecules and exterior esterified stearic acids via their
polar heads and non-polar tails, respectively, therefore enhan-
cing the complexity of the 3D network. In this circumstance,
water molecules interacted with OH groups in GS molecules as
well as polar moieties in lecithin molecules. Using lecithin
and ceramide as oleogelators, Guo et al.*® found that adding
water entirely changed the crystal shape of the oleogel. In the
presence of water in the oleogel system, they noticed that the
large 3D crystals transformed into 2D crystals with smaller
sizes and larger surface area, resulting in a harder structure.
The 0.5% (w/w) lecithin concentration had the highest (p <
0.05) maximum hardness (1.93 + 0.06 N), followed by the 1%
(w/w) lecithin concentration (1.08 = 0.11 N), and then the
higher concentrations (1.5%, 2%, and 2.5% w/w) with no sig-
nificant differences (p < 0.05). The elasticity and hardness of
the system diminished as the concentration of lecithin rose.
However, the effect of water molecules on network strengthen-
ing in oleogels with lower concentrations of lecithin plus GS is
superior to that of single GS, which may be due to its signifi-
cant effect on the degree of connectivity of lecithin molecules.
Hydrogenated lecithin-oleogels, on the other hand, showed
a negative influence of hydrogenated lecithin content on
water-filled oleogel hardness (Fig. 5B). Increasing the hydro-
genated lecithin concentration resulted in a decrease in
oleogel hardness, which might be attributed to the hydro-
phobic nature of hydrogenated lecithin. Water-filled oleogels
had a higher oscillation in the penetration force-distance pro-
files, which was associated with a more brittle structure than

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Penetration force (N) of water (W)-filled (1% w/w) and B-carotene (8C) (0.1% w/w)-enriched corn oil oleogels over 10 mm of distance and at
25.0 + 0.1 °C for mixed systems with glyceryl stearate (GS) 20% (w/w) and varying concentrations of lecithin (L) or hydrogenated lecithin (HL) (0 to
2.5% w/w): water-filled lecithin-containing oleogels (A), water-filled hydrogenated lecithin-containing oleogels (B), enriched oleogels with fC (C),

and water-filled oleogels enriched with C (D).

the corresponding oleogels. This might be owing to the physi-
cal entrapment of water droplets within the oleogel structure.
Water might physically interfere with the structure of the 3D
network produced by GS and hydrogenated lecithin, but
chemical interference has to be investigated further using
other techniques.

3.3.3. p-Carotene-enriched oleogels. In general, adding pC
to oleogels enhanced their hardness (Fig. 3C and 5C). In this
context, the presence of BC into GS oleogels raised the
maximum hardness to 2.28 + 0.02 N. After 0.5% (w/w) lecithin
was added (i.e., pC-GS-L (0.5%)), the maximum hardness of

This journal is © The Royal Society of Chemistry 2024

oleogel rose to 1.93 + 0.00 N. An oleogel containing pC and
2.5% (w/w) lecithin (i.e., pC-GS-L (2.5%)) showed an increased
maximum hardness value of 0.36 + 0.00 N. In the case of
hydrogenated lecithin-containing oleogels, when 0.5% (w/w)
hydrogenated lecithin was added to the oleogel (i.e., BC-GS-HL
(0.5%)), the maximum hardness rose to 2.07 + 0.01 N, however
the oleogel containing BC and 2.5% (w/w) hydrogenated
lecithin (i.e., pC-GS-HL (2.5%)) exhibited a lower (p < 0.05)
hardness. The results were similar to those observed by
Martins et al.,'® who reported that adding 0.01% (w/w) PC to
oleogels increased their hardness. They concluded that BC,
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because of its high hydrophobicity, worked as oleogelator’s
crystal modifier, organizing their chaotic arrangement, so
enlarging their crystal size and influencing the rheological
characteristics of oleogel.®

The addition of BC to water-filled oleogels typically
decreased hardness, except for PC-W-GS-HL (2.5%), which
enhanced hardness (Fig. 3D and 5D). In this regard, pC-W-GS
oleogel exhibited a lower value of 2.09 + 0.16 N when com-
pared to its counterpart. Similarly, C-W-GS-L (0.5%), BC-W-
GS-L (2.5%), and PBC-W-GS-HL (0.5%), showed the reduced
maximum hardness values of 0.65 + 0.02 N, 0.25 + 0.01 N, and
1.45 + 0.00 N, respectively. However, BC-W-GS-HL (2.5%)
oleogel had a higher maximum hardness value (i.e., 2.43 +
0.13 N) than its counterpart. The performance of fC in the
presence of water may be explained by its high hydrophobicity,
which prevents water molecules from interfering with the
crystal structure. Cirkel et al.*® also demonstrated that a trace
quantity of BC in the presence of water (W, = 1.5) had a nega-

tive influence on the viscosity of isooctane-based
microemulsions.
3.4. Oil binding capacity

OBC indicates oleogel’s ability to retain oil.* Overall, hydro-

genated lecithin-containing oleogels had the highest OBC, fol-
lowed by sole GS-oleogel, while lecithin-containing oleogels
had the lowest OBC (Fig. 6 and Table S5%). The percentage of
OBCs ranged from 74.91 + 0.40% to 100.06 + 0.04%, which
was comparable to fat systems evaluated by Tavernier et al.**
(ranged from ~70% to 97%), Blach et al.*’ (ranged from ~85%
to 100%), Okuro et al’ (ranged from 35% to 98%), Yang
et al”*® (ranged from ~85% to 96%), and Gaudino et al.’
(ranged from 40% to 100%).

3.4.1. Oleogels without water and p-carotene. High OBC
was found in GS oleogel (99.12 + 0.75%). The static conditions
for oleogel formation produce a gel network rich in junction
zones between monoglyceride crystals, enhancing oil retention
in the matrix. In a study conducted by Da Pieve et al.,** 80%
OBC for cod liver oil-monoglyceride oleogels was lower than
that of the oleogels examined here. This difference is due to
the lower monoglyceride content (5% w/w) used in their study.

On the basis of OBC, lecithin-containing oleogels were the
weakest (Fig. 6A), with OBC of GS-lecithin (1%), GS-lecithin
(1.5%), and GS-lecithin (2.5%) having less than 90% OBC and
therefore being considered as weak oleogels,”® whereas GS-
lecithin (0.5%) and GS-lecithin (2%) oleogels expelled less oil.
It is clear that the decline in OBC percentage was not pro-
portional to the lecithin content. However, the results showed
that lecithin had a detrimental effect on the OBC of oleogels,
in contrast to Okuro et al.,’ who found that increasing lecithin
concentration had a beneficial effect on OBC. The improved
OBC was due to hydrogen bonding between lecithin and fruit
wax (ie., oleogelators), which boosted the strength and oil
retention of the oleogel. As a result, it is possible to assume
that lecithin has a favorable effect on oleogel strength and
hence OBC when utilized as a co-oleogelator in systems where
the main oleogelator does not construct the 3D network via
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hydrogen bonding. By promoting hydrogen bonding,” lecithin
strengthens the network of the resulting oleogel. In contrast,
when lecithin is introduced to an oleogel system in which the
main oleogelator (i.e., GS or stearic acid®) is capable of
forming a robust network via hydrogen bonding, the detrimen-
tal effect of lecithin may be observed through interference with
the hydrogen bonding of the building blocks.

Hydrogenated lecithin-containing oleogels efficiently held
oil inside their matrix, which was consistent with their
superior hardness (Fig. 3). It has also been reported that OBC
is related with crystal size, i.e., when the crystal size decreases,
the rate at which oil is released from the matrix reduces.’® The
crystals in hydrogenated lecithin-containing oleogels were
smaller and densely packed than those in lecithin-containing
oleogels (Fig. 2), providing greater surface area for oil mole-
cules to bind to. Simultaneously, stronger OBC could be
obtained because hydrogenated lecithin-containing oleogels
had tightly packed crystals with less void spaces for unbound
oil to accumulate. The liquid corn oil was more strongly
bound to the solid interfaces in hydrogenated lecithin-contain-
ing oleogels, but it was less bound (more physically entrapped)
in lecithin-containing oleogels, resulting in a faster exudation
from the matrix.

3.4.2. Water-filled oleogels. OBC was higher in water-filled
oleogels than in those without water (p < 0.05) (Fig. 6B).
According to Gaudino et al.,> the OBC of all water-filled oleo-
gels was higher than that of oleogels, which was due to the
different network arrangement in water-filled oleogels. In the
presence of water molecules, the network was primarily struc-
tured by stearic acid (oleogelator) crystals with some reverse-
micellar fibers of lecithin, whereas in the absence of water
molecules, the network was primarily structured by reverse
micellar fibers of lecithin that entangle into a network and
contain stearic acid crystals, resulting in a weaker network.
According to Da Silva et al.,”® the increased OBC with the
addition of water was due to water molecules reducing the
crystal size and, as a consequence, better organizing the crystal
network.

Regardless of water content, all hydrogenated lecithin-con-
taining oleogels exhibited a maximum OBC, indicating that
hydrogenated lecithin had a dominant effect on oil retention
(Fig. 6B). As a result, hydrogenated lecithin-oleogels can be
considered as firm gels with OBC more than 99%.*

3.4.3. p-Carotene-enriched oleogels. The fC enriched oleo-
gels boosted OBC in BC-GS- and PC-GS-lecithin-oleogels while
decreasing OBC in PC-GS-hydrogenated lecithin-oleogels
(Fig. 6C and A). In this regard, the OBC values for BC-GS,
BC-GS-lecithin (0.5%) and PC-GS-lecithin (2.5%) were 99.96 +
0.02%, 99.99 + 0.00%, and 94.29 + 1.23%, respectively, while
the OBC values for BC-GS-hydrogenated lecithin (0.5%) and
BC-GS-hydrogenated lecithin (2.5%) were 99.94 + 0.03%, and
99.77 + 0.11%, respectively. Furthermore, the OBC of pC-GS-
lecithin oleogels declined gradually as the lecithin content
increased, but the OBC of PC-GS-hydrogenated lecithin oleo-
gels reduced only slightly as the hydrogenated lecithin content
increased. The OBC of fC-GS-lecithin-oleogels was higher than

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Oil binding capacity of corn oil-based oleogels containing glyceryl stearate (GS) (20% w/w overall): at varying concentrations (0 to 2.5% w/w)
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BC (D). For all graphs, black bars represent lecithin-containing oleogel values and gray bars represent hydrogenated lecithin-containing oleogel
values. Depending on the type of co-oleogelator, upper and lower case letters exhibit significantly different OBC values between and within the

bars. The error bars show the variations in standard error of mean.

that of PC-W-GS-lecithin-oleogels (Fig. 6D), whereas it was
lower for PC-GS-hydrogenated lecithin-oleogels than their
water-filled counterparts.

In comparison to oleogels without fC, OBC values of fC-W-
GS (99.65 = 0.22%), PC-W-GS-L (0.5%) (97.78 + 0.25%), and
BC-W-GS-HL (2.5%) (100.03 + 0.02%) increased, but fC-W-GS-L
(2.5%) (83.22 + 0.64%), and PC-W-GS-HL (0.5%) (99.96 =+
0.01%) decreased. Similar to water-free oleogels, the OBC
gradually reduced as the lecithin content increased with the
addition of PBC. Enriching with BC, on the other hand,
improved OBC by increasing hydrogenated lecithin content

This journal is © The Royal Society of Chemistry 2024

whenever water was added to hydrogenated lecithin-containing
oleogels.

The result was highly correlated with the textural properties of
the oleogels, see Fig. 3. The effect of fC on texture, which in turn
affects OBC, is described by Martins et al,'® who found that pC
was effective in increasing the OBC of an oleogel. The authors
attributed this to the fact that pC reduces the spacing between
crystal arrangements, resulting in a more structured gel. In con-
trast, Ramirez-Carrasco et al.*' found that curcumin at varying con-
centrations had no effect on the OBC of oleogels and concluded
that curcumin did not alter the structure of the crystal network.
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4. Conclusions

The present study revealed the relationship between the micro-
structural characteristics of corn-oil oleogels and their physical
and functional properties as affected by the oleogel compo-
sition. The addition of lecithin to the glyceryl stearate (GS)-
corn oil-oleogels, rendered lipid materials with lower melting
temperatures and enthalpies, which suggests the formation of
loose structures. This was confirmed by optical microscopy,
where the addition of lecithin to the oleogels led to the for-
mation of less close-packed crystals thus with more open
spaces. This was translated to oleogels with a dramatically
softer texture, as well as with a reduced oil binding capacity
(OBC) compared to the oleogels formulated only with GS.
Oppositely, adding hydrogenated lecithin to the GS-corn oil
formulation led to the formation of lipid materials with a
compact and ordered crystalline structure as observed by elev-
ated melting temperatures. Also, they presented a microstruc-
ture with a denser crystalline structure and with low void
spaces. This explained that the hydrogenated lecithin-contain-
ing oleogels presented hard gels, with boosted OBC compared
to the lecithin-containing ones. In general, water-filled oleo-
gels presented harder gels compared to their counterparts
without the addition of water. Similarly, the addition of
f-carotene (BC) as an exemplary lipophilic bioactive compound
within the oleogel structure had a significant impact on their
physical properties, rendering harder gels in the case of the
lecithin-containing ones and softer gels in the case of the
hydrogenated lecithin-containing ones. Hence, pC plays a role
as oleogelation modifier.

In summary, using different strategies to formulate oloegels
might greatly impact their microstructural properties, which in
turn determine their physical and functional characteristics.
Using this model, it is possible to tailor oleogels with desired
physical properties by adding co-oleogelators (e.g., lecithin,
hydrogenated lecithin), enriching them with bioactives, or
decreasing the oil content in water-filled oleogels. However,
the nutritional properties of these tailored oleogels have to be
further explored.
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