Chapter 7 ®)
Direct Oil Structuring Using Ethylcellulose i

Andrew J. Gravelle

Abbreviations

CGC Critical gelation concentration
DCS Differential scanning calorimetry
EC Ethylcellulose

G* Complex modulus

G’ Elastic modulus

G" Viscous modulus

LMOG Low-molecular-weight oleogelator
MG Monoglyceride
MW Molecular weight

T, Glass transition temperature
Ty Gel point temperature
T Melting temperature

7.1 General Properties of EC

Cellulose is an unbranched linear homopolymeric carbohydrate made up of repeat-
ing p(1—4)-linked p-glucose residues. The highly linear conformation allows cel-
lulose to form extensive inter- and intramolecular hydrogen bonds and assemble into
hierarchical structures known as microfibrils, which provide structural support in the
cell walls of plants. Ethylcellulose (EC) is a chemically modified derivative of
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Fig. 7.1 Ethylcellulose (EC) representative chemical structure (a) and thermal behavior with
varying molecular weight (b). T, —glass transition temperature; 7;,, —melting temperature

cellulose used in a wide range of applications across numerous industries, including
manufacturing, pharmaceuticals, cosmetics, and agriculture [1, 2]. It possesses
excellent flexibility, extensibility, film forming and water-barrier properties and is
considered physiologically inert. As such, EC finds uses in tablet coatings and
binders, drug delivery and controlled release applications, food-printable inks, and
as a component of barrier coatings [3—6]. It has also been explored for several
biomedical [7] and drug delivery applications [8].

Industrially, EC is produced by reacting alkalized cellulosic biomass with ethyl
chloride gas in the presence of a catalyst, inducing the formation of ethyl ether bonds
at the hydroxyl moieties of carbons C2, C3, and C6 (Fig. 7.1a). The alkaline
treatment opens the cellulose crystal structure, increasing accessibility to the
hydroxyl groups, and causes the formation of alkoxide ions [9]. The extent of
ethoxylation will impact the polymer’s physical properties and technical perfor-
mance. Common commercial grades are prepared with an ethoxy content of
~48-49.5% [10], corresponding to a degree of substitution of ~2.4-2.5 [11]. This
level of substitution renders the polymer insoluble in water, but soluble in a variety
of organic solvents, and produces a minimum in the glass transition temperature (7),
occurring in the range of 125-140 °C [11].

EC is commercially classified according to its viscosity, measured as a 5 wt%
solution in an 80/20 mixture of toluene and ethanol at 25 °C. These values are
reported in units of centipoise, and will be abbreviated to denote this classification
(e.g., 10 cP EC; EC'?). It has been shown that EC viscosity is positively correlated to
the average molecular weight (MW) of the polymer [12, 13], which has a direct
impact on the performance of EC as an oleogelator. Figure 7.1b demonstrates that
viscosity is also positively correlated to T, which progressively increases from ~125
to ~140 °C for 10, 45, and 100 cP varieties [12]. It has also been shown that
microcrystalline domains remain in the EC polymer, which are expected to be
unsubstituted. Both differential scanning calorimetry (DSC) [14] and X-ray scatter-
ing [12] approaches have confirmed there is a reduction in the extent of crystallinity
after heating the polymer above its melting temperature (7},; ~180—190 °C). This
suggests a greater number of unsubstituted hydroxyl groups would be available for
gel formation upon melting, and firmer oleogels have been reported when heating to
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T, as compared to those heated slightly above T, (190 and 140 °C, respectively)
[15]. However, standard protocols for producing EC oleogels generally restrict
heating to <160 °C to minimize thermally induced lipid oxidation and EC depoly-
merization [16—18]. It is thus expected that the crystalline regions would remain in
EC-based oleogels, and the breakdown in crystallinity is not expected to influence
gel properties.

7.2 Structuring Edible Oils

7.2.1 EC as a Single-Component Gelator

Commercial-grade ethylcellulose is known to be compatible with various lipid-
based compounds, including natural waxes, fatty acids, fatty alcohols, and triglyc-
eride oils [11]. The concept of using EC to structure liquid vegetable oils was first
explored by Aiache and coworkers for cosmetic applications [19]. In this study, a
triglyceride oil was reacted with polyoxyethylene glycol to obtain a mixture of both
ethoxylated mono- and diglycerides, and mono-, di-, and triglycerides. It was
reported that heating mixtures of EC powder (2-9 wt%) in the ethoxylated oil to
the polymer’s T, formed clarified dispersions. Upon cooling, these mixtures pro-
duced viscous solutions to paste-like suspensions, depending on the polymer
concentration.

The use of EC in lipid-based systems was expanded to edible vegetable oils by
Laredo et al. [20], who demonstrated that self-supporting gels could be produced
using an equivalent heating/cooling procedure. It was proposed that heating above
the T, facilitated dissolution of the polymer due to an increase in molecular flexi-
bility. Upon cooling, the individual chains return to a more rigid state, promoting the
formation of inter- and intramolecular hydrogen bonds between the unsubstituted
hydroxyl groups. At sufficiently high concentrations, a system-spanning, self-
supporting network will form, entrapping the liquid oil. The physical nature of the
polymer-polymer junction zones was demonstrated through a shift in the
OH-stretching band of EC by Fourier transform infrared (FTIR) spectroscopy
[20]. The mechanical strength of these gels has also been shown to decrease with
increasing temperature [15], providing further indirect evidence for the physical
nature of the polymer network. In general, the minimum polymer concentration to
form a self-supporting gel is ~4—6 wt% EC, depending on the polymer MW and
composition of the oil phase [21, 22]. The mechanical strength of vegetable oil—
based EC oleogels has been extensively characterized and depends on a variety of
factors, including EC viscosity and concentration, oil type, processing conditions,
and the presence of small MW surfactants. These are discussed in greater detail
below.
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7.2.1.1 Polymer MW and Processing Conditions

Commercial grades of EC are available in viscosities ranging from 4 to 300 cP, but
the practical range for structuring triglyceride oils is generally accepted to be those
ranging from 10 to 45 cP [21, 23]. Lower viscosity varieties form a less entangled
network with fewer intermolecular junction zones and thus require higher concen-
trations to form self-supporting gels. Higher MW versions form stronger gels, but
the corresponding increase in T, (Fig. 7.1b) means they must be heated to a higher
temperature to sufficiently disperse the polymer for gel formation [16, 24]. This
process can contribute to both thermal oxidation of the oil phase and also result in
depolymerization and browning of the polysaccharide when heated above 160 °C
due to caramelization reactions.

As a potential strategy to reduce the T, and expand the utility of EC oleogels,
Mashhadi and coworkers [25] subjected EC'® to an acid hydrolysis process. Partial
hydrolysis was achieved using ethanol and acetic acid in varying ratios and under
different heating conditions. They reported a reduction in 7, of ~10-30 °C, with an
additional thermal event at lower temperatures, which was attributed to smaller
polymer fragments. Firmer oleogels resulted for all hydrolysis conditions, but varied
in the extent of this increase. It is noteworthy that the observed reinforcement may
have been in part due to the improved dispersibility of lower MW chains when
following the same heating protocol required to fully disperse EC'°’ [21]. Therefore,
further investigation would be required to fully characterize the MW distribution of
the hydrolysates and explore the potential benefits of this approach relative to using
existing commercially available varieties of EC with lower MW.

The mechanical strength of EC oleogels is also positively correlated to polymer
concentration and has been shown to follow a power-law scaling behavior
[21]. However, the scaling relation depends on numerous factors, including oil
type, polymer MW, and the presence of surfactant molecules in the oil phase [21—
23]. In general, gel strength is positively correlated with the viscosity grade (i.e.,
MW) [21, 23, 24]. The effect of oil type has been shown to be more complex, as
development of thermally induced oxidative byproducts and the presence of polar
compounds can dramatically alter solvent/polymer interactions [16, 18, 22]. These
factors are discussed in greater detail in the following section.

Processing conditions and gel-setting temperature have also been shown to
impact gel strength. Davidovich-Pinhas and coworkers [15] demonstrated that
canola oil oleogels prepared with 15 wt% EC?® had a gel strength of ~50 N when
allowed to set at temperatures ranging from —20 to 50 °C, while this increased to
~120 N when gelation was allowed to occur at 80—-100 °C. A similar trend was seen
when incorporating the surfactants sorbitan monostearate and glycerol monooleate,
but produced a less dramatic increase in gel strength, with a maximum occurring
when gels were allowed to equilibrate at 50—80 °C. An increase in gel strength has
also been noted when gels were subjected to a thermal annealing procedure; i.e.,
initially setting a gel at 20 °C and subsequently reheating to 80 °C for 1 h produced
an equivalent enhancement in gel strength to that achieved by initially gelling at 80 °
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C (unpublished data). These effects were attributed to a temperature-induced weak-
ening and rearrangement of the hydrogen-bonding network supporting the gel.
Maintaining the gels at a temperature slightly below their gel point temperature
(Tge1) may have provided more opportunity for the polymer chains to take on more
extended conformations and establish new interchain interactions, ultimately
increasing crosslink density [15]. Therefore, controlling the gelation conditions
may provide an effective approach to manipulate the mechanical performance of
EC oleogels; however, the impact of thermal history should also be considered if
applications require heating/cooling cycles, such as the melting and recrystallization
of fats.

7.2.1.2 Solvent Composition

Oil composition has been widely recognized as having a major impact on the
mechanical and textural properties of EC oleogels. Laredo and coworkers [20] first
reported an increase in gel strength for oleogels produced using canola, soybean, and
flaxseed oils, respectively. Due to the lack of polymer-solvent interactions observed
by (FTIR) spectroscopy, these differences were attributed to a moderate increase in
density of the lipid phase due to the higher degree of acyl chain unsaturation
(canola > soy > flaxseed) [20, 21]. While this conclusion was supported by
microstructural analysis (i.e., decreased pore size) [26], subsequent work suggested
this phenomenon resulted from the build-up of thermally induced polar oxidation
by-products [16, 27]. The observed trend in gel strength was therefore associated
with a greater susceptibility of the oil phase to undergo oxidative rancidity during the
polymer dissolution process. To minimize the impact of the heating procedure,
antioxidants and highly controlled and reproducible heating protocols are generally
employed.

The polarity of the oil phase and the presence of additional polar compounds have
also been shown to have a dramatic impact on both the mechanical and textural
properties of EC oleogels. Gravelle and coworkers [22] evaluated the effect of bulk
solvent polarity by supplementing soybean oil-based oleogels (11 wt% EC*’) with
either mineral oil or castor oil. The former is a mixture of alkane hydrocarbons with
no dipole moment. In contrast, castor oil is a triglyceride oil consisting primarily of
ricinoleic acid (>85%), a derivative of oleic acid with a hydroxyl functional group at
carbon 12. While both solvents are miscible in triglyceride oils, only the latter would
contribute to hydrogen bonding with the polymer network. Mineral oil reduced the
bulk solvent polarity and weakened the resulting gels, which could not be formed
above 10 wt% supplementation (Fig. 7.2a).

The addition of castor oil caused a linear increase in gel strength up to ~10 wt%
supplementation, above which a plateau was observed (Fig. 7.2a). Increasing solvent
polarity also improved the functional performance of these oleogels. When prepared
exclusively with refined, bleached, and deodorized vegetable oils, the resulting
oleogels exhibit highly brittle fracture behavior and exude liquid oil at the site of
fracture due to the weak solvent-polymer interactions (Fig. 7.2c). The presence of
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Fig. 7.2 Mechanical properties of ethylcellulose oleogels supplemented with either castor oil (open
circles) or mineral oil (filled diamonds) at varying wt% (¢s). Relative gel strength determined by
texture profile analysis (a) and macroscopic deformation for oleogels supplemented with 20 wt%

castor oil (b) or no supplementation (c). (Panel (a) reproduced from [22], with permission from
Elsevier)

castor oil dramatically increased the gel elasticity and eliminated the occurrence of
syneresis (Fig. 7.2b). This suggested the hydroxyl groups in the lipid phase directly
interacted with EC, improving solvent-polymer interactions, producing an increase
in gel strength and enhanced oil binding. This interpretation was supported by
applying the formalism of Hansen solubility parameters to the dose-response effect
on molten oleogel viscosity. Optimal solvent-polymer interactions (i.e., maximum
viscosity) occurred at ~80 wt% castor oil, corresponding to a maximum in hydrogen
bonding interactions, while intermolecular and dispersive forces had little impact on
EC solubility and gelation behavior. Similar conclusions have been drawn for EC in
other solvents, such as mixtures of vegetable oils and glycerol monooleate [28].

The microstructure of EC oleogels has been visualized using both cryo-scanning
electron microscopy (Fig. 7.3a) [26] and atomic force microscopy (Fig. 7.3b—d)
[18, 29]. The internal polymeric network appears as a 2-dimensional porous mat or
3-dimensional closed-cell foam with porous walls, depending on the extent of oil
removal. Wall thickness has been reported to change based on extraction conditions,
but may also be influenced by the composition of the oil phase. Giacintucci and
coworkers observed thicker walls in oleogels prepared with extra virgin olive oil
(Fig. 7.3b), while these became thinner after deodorization (Fig. 7.3c) and neutral-
ization and bleaching (Fig. 7.3d), which removed naturally present, polar minor
compounds. Thicker walls and variations in pore size were proposed to be correlated
to higher gel strength; however, variability in the partial solvent extraction procedure
should not be dismissed. In spite of this, the thicker pore walls in oleogels prepared
with less refined oils (which contain polar minor compounds) may again be indic-
ative of stronger solvent-polymer interactions, which would contribute to enhanced
gel strength, as discussed above.
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Fig. 7.3 Microstructure of partially de-oiled ethylcellulose oleogels: (a) Scanning electron micro-
graph of soybean oil-based oleogel (reproduced from [26], with permission from Elsevier); (b—d)
atomic force micrographs of an oleogel prepared with extra virgin olive oil (adapted from [18], with
permission from Elsevier), which were untreated (b), degummed (c), or degummed, neutralized,
and bleached (d)

7.2.1.3 Low-Molecular-Weight Additives

In addition to direct interactions with the bulk solvent, various amphiphilic small
molecules with polar functional groups can also have a positive effect on gel
strength. These additives generally produced a more dramatic change in gel strength
at low concentrations, due to their inherent surface activity. However, their impact is
generally dependent on the particular chemical structure [23, 30]. The common
food-grade surfactants glycerol monooleate, sorbitan monooleate, and sorbitan
monostearate were shown to have a similar effect on the gelation behavior and
rheological and mechanical properties of EC oleogels [15]. When incorporated at a
3:1 EC-surfactant molar ratio, both molecules produced an equivalent increase in gel
strength and corresponding depression in the gel point temperature (Fig. 7.4a).

The addition of oleic acid and oleyl alcohol has also been shown to elicit a
dramatic increase in gel strength and elasticity at low concentrations (<1 wt%;
Fig. 7.4b) in soybean oil-based oleogels prepared with 11 wt% EC*. This
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Fig. 7.4 (a) Gel strength (filled bars) and crossover temperature (patterned bars) of ethylcellulose
(EC) oleogels prepared with 11 wt% 45 cP EC, and a 3:1 EC/surfactant mass ratio in canola oil
(adapted from [30], with permission from Elsevier). (b) Normalized gel strength of EC oleogels
prepared with canola oil and supplemented with oleic acid (open diamonds) or oleyl alcohol (filled
diamonds). X-axis indicates the mass fraction additive supplemented in the oil phase (adapted from
[22], with permission from Elsevier)

pronounced effect was attributed to the migration of the polar headgroups to the
hydrophilic regions of the EC backbone, enhancing oil-polymer interactions at much
lower concentrations than that seen with increasing bulk solvent polarity. The
plateau and subsequent decrease in gel strength at high surfactant concentrations
(=10 wt%) can be attributed to further plasticization of the polymer [11]. These
formulations also displayed a high level of elasticity and complete lack of syneresis
upon deformation, analogous to the gels prepared with castor oil [22]. Fatty acid
derivatives such as glycol esters are also commonly employed as plasticizing agents
in products formulated with EC to reduce brittleness and improve suppleness and
thermoplasticity (e.g., in film and coating applications) [9]. It has been further shown
that removing free fatty acids from cold-pressed flaxseed oil caused a significant
decrease in the strength of the resulting gel [22]. Taken together, these findings
demonstrate that in addition to elevated solvent polarity (e.g., due to thermal
oxidation), polar minor compounds can enhance oil-polymer interactions, and serve
as effective plasticizers, which can have a dramatic impact on the mechanical and
textural properties of EC oleogels.

Incorporating surfactants into EC oleogels may also expand their utility in
applications beyond food systems, such as lipid-based printable inks. Kavimughill
and coworkers [31] evaluated the gelation properties and hot-melt extrusion perfor-
mance of EC oleogels (11 wt% EC'®) prepared with medium-chain triglycerides
and the nonionic surfactant polyethylene glycol monostearate (PGMS40; 40 poly-
ethylene glycol units per stearic acid molecule). The addition of surfactant (0-5 wt
%) was positively correlated to gel strength and viscosity, and imparted greater
plasticity, which improved printability. Optimum printing and multilayer stacking
were achieved with 5 wt% surfactant extruded at 45 °C. The formation of a
surfactant crystal network also contributed to the improved printing characteristics.

Taken together, these results demonstrate both the bulk polarity of the lipid phase
and presence of surface-active minor components play a strong role in determining
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the mechanical, rheological, and functional behavior of EC oleogels. Building on
this approach, the following section discusses relevant studies which have combined
EC with surface-active small molecules that structure oil via the formation of lipid-
based crystalline networks.

7.2.2  Multicomponent Oleogels Based on EC

Traditional fats provide a broad range of desirable technofunctional properties in
foods. These traits arise through a complex interplay between their chemical com-
position and processing conditions, which ultimately determines the structural
characteristics of the underlying hierarchical fat crystal network and its associated
macroscopic performance [32]. Single-component oleogelator systems may be able
to replicate certain attributes (e.g., firmness, melting behavior, and fracture stress),
but often lack the ability to mimic the full range of behaviors provided by even a
single fat source [33]. To expand the functional properties of oleogels and develop
improved fat mimetics, the use of binary or ternary oil structuring systems has
become an increasingly popular approach. Those systems which produce coopera-
tive networks that synergistically enhance desirable attributes are of particular
interest [34, 35].

The ability of EC to directly disperse in edible oil and form an extended polymer
network makes it uniquely compatible with other lipid-soluble oleogelators, the
majority of which are high-melting point lipid-based compounds [36, 37]. These
low-molecular-weight oleogelators (LMOGs) are most commonly incorporated in
the oil phase by heating above their melting point. Upon cooling, they assemble into
a 3-dimensional crystalline network which entraps the liquid oil phase, analogous to
traditional triglyceride fats [32]. Direct oil structuring by crystalline networks has
been extensively investigated using gelators such as natural waxes, monoglycerides,
and fatty acids, fatty alcohols, and their mixtures [37]. Furthermore, interactions
between the polar regions of these crystalline gelators and EC may produce syner-
gistic binary networks. Therefore, introducing a secondary crystalline oil-structuring
network could provide functional benefits to EC oleogels, such as promoting
favorable melting behavior and plastic flow characteristics. Additionally, EC has
been incorporated in some LMOG-based oleogels below its critical gelation con-
centration (CGC), providing an alternative route to modulate crystallization behavior
and performance of the resulting oleogel.

7.2.2.1 Monoglycerides (MGs)

MG-based oleogels have been extensively studied and can impart many of the
desirable properties associated with traditional fats [38]. The performance of these
LMOG:s is intrinsically linked to the polymorphic form and microstructural arrange-
ment of the crystal network, which are largely dictated by the chemical composition
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of the MGs and processing conditions used during gelation. Incorporating EC has
been explored as an alternate route to modulate the rheological and mechanical
performance of MG-based oleogels. Lopez-Martinez and coworkers [39] were the
first to investigate the impact of EC on crystalline gelator interactions. This group
evaluated oleogels using two varieties of MG (~80% palmitic or 50/50 palmitic-
stearic) prepared with 2 wt% or 8 wt% MG, either as the sole oleogelator or with 6 wt
% EC*. While the authors noted the latter was below the CGC of EC based on
previous reports, control gels prepared with EC alone had a complex modulus
(G*) of >5000 Pa, suggesting a system-spanning polymer network was able to
form. In all cases, the addition of EC caused a dramatic increase in G*. The effect
was particularly pronounced for the 8 wt% MG gels, which saw a two-decade
increase in G* with EC addition. This was attributed to the formation of a synergistic
binary network resulting from a combination of polymer-crystalline gelator interac-
tions and the formation of a crystalline network in the bulk liquid oil entrapped
within the EC polymer matrix. During a 2-week storage period, the authors noted the
combined system delayed the transition of MG from the sub-« to the p-polymorph
[39]. This transition has been shown to cause deleterious effects on MG oleogel
performance, including syneresis and the formation of larger crystals, which pro-
mote brittleness [40, 41]. Introducing an EC polymer network could therefore
potentially be used to modulate the structural properties of crystalline oleogelators
at varying length scales to improve the stability and performance of the
multicomponent system.

7.2.2.2 Fatty Acid/Fatty Alcohol Mixtures

Both fatty acids [42, 43] and fatty alcohols [44, 45] have been independently
explored as single-component crystalline oleogelators. When used in appropriate
ratios, these two classes of molecules are also able to co-crystallize, allowing such
combinations to serve as a distinct oleogelator system [46]. The acid/alcohol ratio
plays a major role in determining the crystal morphology and associated oil binding,
mechanical, and rheological properties [47, 48]. It has generally been reported that a
1:3 acid/alcohol ratio minimizes interfacial tension in the crystal unit cell, and the
resulting crystal network has been shown to provide improved oil binding and
enhanced gel strength [47, 49].

Considering the strong interaction between EC and these low molecular weight
amphiphilic molecules (e.g., Fig. 7.4b), multicomponent oleogels combining mix-
tures of stearic acid and stearyl alcohol with EC have also been explored. Using a 3:7
acid/alcohol ratio, Gravelle and coworkers [50] reported evidence of a direct inter-
action between the crystalline and polymer networks for oleogels structured with
6 wt% EC* and 5 wt% small molecules. The addition of EC had a dramatic impact
on the microstructural arrangement of these mixed crystals, which appeared smaller
and assembled into fan-like structures (Fig. 7.5a). It was proposed this morphology
was caused by crystal nucleation along the polymer backbone. However, these
interactions did not impact the polymorphic form of the mixed acid/alcohol crystals.
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Fig. 7.5 Physical properties of oleogels prepared from a 3:7 mixture of stearic acid/stearyl alcohol
(StA/StO). (a) Microstructure of StA/StO oleogels without (Panel a, leff) or with (Panel a, right)
6 wWt% 45 cP ethylcellulose (EC); (b) DSC thermogram of StA/StO crystallization; (c) rheological
characterization of EC crossover temperature; (d) large deformation flow behavior evaluated by
back extrusion. *CGC—critical gelation concentration. (Adapted from [50], with permission from
Elsevier)

The presence of EC also produced an increase in the onset of crystallization for these
mixed crystals (Fig. 7.5b). The LMOG mixture similarly caused a ~20 °C reduction
in the polymer’s crossover temperature during cooling (i.e., the temperature where
the shear elastic modulus and shear storage modulus are equal; G’ = G”), which is
commonly taken as a measure of the gel point temperature (Fig. 7.5c). Thermal
analysis also demonstrated a dose-response reduction in the 7, of EC with increasing
content of the small molecules. This lends further support to the hypothesis that
direct polymer-small molecule interactions contributed to the observed mechanical
response. Finally, the combined system produced a synergistic enhancement in gel
strength, while the change in crystal morphology also reduced brittle flow behavior
associated with larger crystals that undergo catastrophic failure during mechanical
deformation (Fig. 7.5d). In contrast, when EC was incorporated below its CGC
(~4 wt%), the gels were softer, and displayed no brittle fracture during penetration.
Subsequent work by the same group further explored the effect of acid/alcohol ratio
[51]. Both the crystal type and composition were reported to have a dramatic impact
on the resulting crystal morphology and associated performance of these
multicomponent oleogelator systems.
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7.2.2.3 Free Fatty Acids

Lauric acid is a 12-carbon medium-chain saturated fatty acid found in high quantities
in coconut 0il (~50%), and contributes to its desirable melting properties. Lauric acid
has also been explored as a secondary structuring agent used in combination with
EC?° to produce canola oil-based oleogels [52]. When combined, these gelators
produced a synergistic enhancement in gel strength. While the polymorphic form of
lauric acid was not impacted by the addition of EC, the peak crystallization and
melting temperature was depressed as EC concentration increased. This trend was
hypothesized to result from steric hinderance induced by EC/lauric acid interactions.
Further, the presence of lauric acid dramatically reduced the crossover temperature
of EC, consistent with that observed for mixtures of fatty acids and fatty alcohols
(noted above). The latter was attributed to EC plasticization and enhanced solvent-
polymer interactions promoted by lauric acid. The combined polymer-fatty acid
system also showed improved thixotropy relative to oleogels independently struc-
tured with EC or lauric acid. Oleogels prepared with a combination of stearic acid
and EC have also been shown to produce a synergistic increase in gel strength and
high oil-binding capacity [51]. The use of medium- or long-chain fatty acids may
thus be a promising way to both modulate the rheological properties of EC oleogels
and impart desirable textural characteristics and melting behavior.

EC has also been used to produce oleogels in combination with behenic acid, a
22-carbon saturated fatty acid commonly used in cosmetic and lubrication applica-
tions. Ahmadi and coworkers [53] evaluated soybean oil-based oleogels prepared
with 6 wt% total structurant at varying EC**/behenic acid ratios. While the addition
of EC below its CGC enhanced the rheological response of oleogels predominantly
structured by behenic acid, no synergistic enhancement in gel strength was observed
for those gels supported primarily by the EC polymer network. Further studies
would be required to evaluate the direct impact of behenic acid on EC, such as by
fixing EC concentration and varying the content of fatty acid. This work further
demonstrated that a 1:5 EC/behenic acid ratio was able to produce stable water-in-
oleogel emulsions (545 wt% water) without the need for an additional surfactant. In
contrast, stable emulsions could not be formed using oleogels structured with
behenic acid alone. This suggests EC may modify the crystallization behavior of
behenic acid to enhance emulsification activity, and/or directly contribute to the
emulsification properties. Further studies will also be needed to explore the emulsi-
fication properties of these multicomponent oleogels.

7.2.2.4 Lecithin

Food-grade soy lecithin is a complex mixture of phospholipids and has been shown
to form oleogels via spontaneous assembly of tubular reverse micelles in the
presence of small amounts of water (~0.2-2.0 wt%) [54]. Multicomponent oleogels
have also been produced by combining 10 wt% EC?° with soy lecithin
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predominantly composed of either unsaturated (18:2) or saturated (18:0) fatty acid
acyl chains [55]. The combined systems were reported to produce up to a tenfold
increase in G'. Interestingly, this synergistic enhancement was most pronounced at
the lowest lecithin concentrations evaluated (1 wt%), while higher concentrations
diminished the viscoelastic response. The stress-strain response and yield stress of
both EC and EC/lecithin hybrid gels (10 wt% EC, 1 wt% lecithin) were comparable
to a commercial lard shortening, but exhibited a higher stress overshoot. This effect
was attributed to the polymer network’s ability to withstand higher loading or
undergo greater deformation prior to yielding compared to a fat crystal network.
Large amplitude oscillatory shear analysis further indicated the solid- to fluid-like
response of the binary oleogels was similar to those structured with EC alone,
indicating the polymer network dominated the nonlinear viscoelastic response.
Both oleogel systems underwent fluidization at higher strain than the commercial
shortening. This further indicated the polymer network dominated the rheological
behavior and may require a high degree of plasticization or lower crosslink density to
accurately mimic the rheological performance of a fat crystal network. Additional
studies will be required to confirm the molecular interactions responsible for the
dynamic viscoelastic behavior of the EC/lecithin gelator system.

7.3 EC-Based Oleogels as Shortening Mimetics

The development of multicomponent oleogels capable of mimicking the perfor-
mance of commercial fats has been a particular area of interest across the field of
edible oleogels [56, 57]. Several studies have undertaken screening of
multicomponent oleogelator systems incorporating EC as an approach to develop
edible shortenings with reduced saturated fat and satisfactory rheological and
technofunctional behavior. Naeli and coworkers [58] used a response surface meth-
odology to evaluate the rheological performance of oleogels having EC and MG as a
base structuring system. The linear viscoelastic behavior was optimized to mimic
commercial shortenings using various combinations of palm stearin (as a fat
hardstock), hydroxypropyl methylcellulose, and gum arabic (as a thickener). All
oleogels were prepared in a laboratory-scale scraped-surface heat exchanger to more
accurately mimic the production of commercial shortenings. The optimized oleogels
displayed comparable rheological behavior to the commercial standards with only
~16% saturated fatty acids, as compared to ~50-60% in the controls.
Rodriguez-Herndndez and coworkers [59] also explored the rheological behavior
of EC used in combination with MG and candelilla wax as a potential shortening
replacement. Both the binary EC/MG and ternary systems exhibited a similar sharp
increase in the complex modulus (G*) during cooling due to the formation of the
MG crystal network. Although no distinct rheological response could be attributable
to the wax crystallization, the ternary system produced stiffer oleogels (i.e., higher
G*). The presence of EC in both the binary and ternary gelator systems dramatically
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improved the shear recovery, with select formulations displaying a comparable
response to commercial shortenings.

The direct formation of water-in-oleogel emulsions structured with EC and MG
has also been reported using a hot emulsification approach [60]. Emulsions
containing 20 wt% water were prepared by separately forming concentrated glycerol
monostearate emulsions and a hot EC*/oil dispersion. The two systems were then
combined under shear at 70 °C to produce the final emulsion. Stable emulsions with
solid-like rheological properties were achieved with 1 wt% glycerol monostearate
and 7 wt% EC* in high oleic safflower oil. These gels also remained stable after
freeze-thaw cycling, which can encourage surfactant desorption and droplet desta-
bilization [61]. It was concluded that EC promoted emulsion stability by enhancing
the oil viscosity and/or through direct interaction with the interfacial glycerol
monostearate crystals. Although these emulsions had a lower G’ than commercial
low-fat spreads, this could potentially be addressed by optimizing the oleogel
formulation and processing conditions (e.g., to reduce water droplet size). Thus,
various approaches using EC in combination with additional structuring agents have
shown considerable potential for developing accurate fat mimetics, and these could
be further expanded and optimized for specific applications.

7.4 Conclusion

There has been growing interest in EC as an oleogelator due to its unique ability to be
directly dispersed in edible oils and form a physically crosslinked polymer network.
The free hydroxyl groups along the polymer backbone also provide a means of
forming synergistic interactions with a variety of directly dispersible oleogelators,
including monoglycerides, mixtures of fatty acids and fatty alcohols, and inverse
lecithin micelles. Due to their unique structuring properties, both single- and
multicomponent EC-based oleogels have been incorporated into numerous food
systems. EC has been used in chocolate to confer heat resistance [62, 63], modify
viscosity and flow behavior [64], and serve as a cocoa butter substitute for saturated
fat reduction [65, 66]. Single- and multicomponent EC oleogels have been incorpo-
rated into a wide variety of meat products, including frankfurters [21, 67, 68], salami
[69], breakfast sausages [70], burgers [71, 72], and liver paté [73—75]. They have
also been explored as a milk fat substitute in cream cheese [76], and to develop
shortening mimetics for use in baked goods such as cakes [72], breads [77], and
biscuits [78, 79].

Beyond direct fat substitution, EC oleogels may serve as a means of modulating
lipid digestion and serve as delivery vehicles for lipid-soluble nutraceuticals.
O’Sullivan and coworkers [80] demonstrated EC oleogel strength can directly
impact both the rate and extent of lipolysis, as well as the bioavailability of a
model lipid-soluble nutraceutical (p-carotene) using a static in vitro digestion
model. Ashkar and coworkers [81, 82] similarly reported that lipid bioaccessibility
is restricted by the EC polymer network and the rate of lipolysis is negatively
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correlated to gel firmness, which could serve as a means of regulating digestion
behavior. Human in vivo trials have also shown that EC-based oleogels may provide
an effective means of moderating the elevation of plasma triglycerides in response to
a carbohydrate-rich meal [83, 84]. The ability of EC to regulate accessibility to the
entrapped lipid phase could also be harnessed for drug delivery applications [8]. The
wide adaptability of EC to be combined with complementary gelators thus provides
considerable opportunity to further develop EC-based multicomponent oleogels for
use as fat mimetics, delivery vehicles for nutraceuticals, and controlled-release
applications in both the food and pharmaceutical industries.
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