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Saturated alkyl esters play an important role in determining the functional properties of

the vegetable waxes used in the formulations of natural cosmetics and edible oleogels.

We studied the relationship between the thermo-mechanical properties and crystal

microstructure developed by saturated symmetrical (SE: 14:14, 16:16, 18:18, 20:20, and

22:22) and asymmetrical (AE: 18:14, 18:16, 18:20, 18:22) esters in the neat state and in

oleogels. Additionally, we evaluated the effect of 1-stearoyl-glycerol (MSG; 0.5 and 1%)

in the development of SE and AE oleogels. The X-ray and microscopy analysis in the neat

state showed that SE self-assembled developing plate-like crystals, while AE developed

acicular-like crystals. Microscopy analysis indicated that AE and SE followed similar

crystallization behavior in the oleogels. The AE oleogels had higher elasticity (G′) than the

SE oleogels. In both types of oleogels as the ester carbon number increased the oleogels’

G′ decreased and crystal size increased. The addition of just 0.5% MSG, particularly

in the AE oleogels, limited the decrease in G′ as the ester carbon number increased,

mainly because MSG decreased crystal size. The calorimetry results suggested that

during cooling the MSG and the alkyl esters developed a co-crystal. Nevertheless, part of

the MSG did not interact with the ester molecules and crystallized independently. These

MSG crystals acted as active fillers of the microstructure formed by the co-crystals. The

overall effect was that in comparison with the alkyl ester oleogels the alkyl ester oleogels

with 0.5 and 1% MSG had higher G′ with frequency independent rheological behavior.

This rheological behavior was particularly evident with the AE oleogels. Therefore, ester

composition and molecular structure (i.e., symmetry or asymmetry) greatly influence its

molecular self-assembly and subsequently the oleogels’ thermo-mechanical properties.

Studies using molecular mechanics modeling are underway to establish the mechanism

for AE and SE self-assembly with and without MSG. The overall goal is to understand

and control the crystallization of vegetable waxes for the development of functional

edible oleogels.
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FIGURE 6 | Polarized light microscopy (−5◦C) for the 3% (wt/wt) oleogels in high oleic safflower oil formulated with the symmetric alkyl esters indicated and 0% MSG.

Nevertheless, in all cases the AE oleogels had higher G′ than the
SE oleogels, particularly in the presence of MSG (Figures 5B,C).
Hwang et al. (2012) reported that wax esters with longer alkyl
chains esters required lower quantity to achieve gelation that
waxes with shorter alkyl chains. The results in Figure 5A showed
that the esters’ gelation capability in vegetable oils depends
not only on the alkyl chain length, but also on the symmetry
or asymmetry of the alkyl chains respect to the ester bond.
However, it is important to note that, in contrast with the study
of Hwang et al. (2012) that used native waxes (i.e., mixtures
of wax esters) containing other additional minor components,
the present study used pure saturated alkyl esters. The PLM
for the oleogels with 0% MSG showed that, overall, the AE

crystals were larger (Figure 9) than those developed by the SE
(Figure 6). Additionally, the AE crystallized in acicular shaped
crystals while the SE crystallized mainly as plate-like shaped
crystals. This was evident when comparing the PLM of oleogels
developed by esters with the same carbon number, i.e., 18:14 and
16:16, and particularly the 18:22 and 20:20 esters (Figures 6, 9).
These observations agreed with themicroestructure developed by
the alkyl esters in the 60% ester solutions previously discussed
(Figures 1, 2). For the SE oleogels with 0% MSG the crystals’
size increased from the ester with 28 carbons (i.e., 14:14) up to
40 carbons ester (i.e., 20:20). The increase in crystal size resulted
in lower extent of crystal-crystal interaction, and therefore in the
crystal network’s strength. The overall effect was a reduction in
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FIGURE 7 | Polarized light microscopy (−5◦C) for the 3% (wt/wt) oleogels in high oleic safflower oil formulated with the symmetric alkyl esters indicated and

0.5% MSG.

the elasticity of the SE oleogels as the carbon number increased
from 32 (16:16) up to 40 (20:20) (Figures 5A, 6). In contrast,
the 22:22 oleogel was structured by smaller crystals (Figure 6)
that resulted in an increase in G′. However, the increase in

G′ was not statistically different from the elasticity provided
by the 20:20 oleogels (Figures 5A, 6). The AE oleogels with
0% MSG also showed an increase in crystal size as the carbon
number increased, a behavior associated with the decrease in
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FIGURE 8 | Polarized light microscopy (−5◦C) for the 3% (wt/wt) oleogels in high oleic safflower oil formulated with the symmetric alkyl esters indicated and 1% MSG.

the oleogels’ elasticity (Figures 5A, 9). The results showed in
Figures 5A, 6, 9 indicated that the AE oleogels structured by
large acicular crystals (18:14, 18:16, 18:20, and 18:22, Figure 9)

resulted in gels with higher G′ when compared with the SE
oleogels structured by smaller plate-like crystals (16:16, 18:18,
20:20, and 22:22, Figure 6). Thus, crystal shape in addition to
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FIGURE 9 | Polarized light microscopy (−5◦C) for the 3% (wt/wt) oleogels in high oleic safflower oil formulated with the asymmetric alkyl esters indicated and 0% MSG.

size determined the oleogels rheology. These results agreed with
those obtained previously with low molecular weight gelators
in the neat state and in oleogels (Toro-Vazquez et al., 2013b).
In particular, the 18:22 oleogel was structured by bundles of
large fibers (Figure 9) that would increase the crystal-crystal
interaction resulting in higher oleogel elasticity than the one
achieved by the 20:20 oleogel (Figures 5A, 6). It is important
to note that cooling thermograms of the vegetable oil showed
that its crystallization onset (i.e., development of a solid phase)
occurred between −15◦C and −20◦C. Additionally, rheological
measurements of the vegetable oil under the time-temperature
conditions to develop and measure the AE and SE oleogels,
showed that G" was always greater of G′. These results showed
that vegetable oil remained liquid at −5◦C and therefore its
contribution to the oleogels’ elasticity was negligible.

Regarding the effect of MSG we noted that the addition of
MSG increased the oleogels’ elasticity independent of the type
of ester and the ester carbon number (Figure 5). However, the
MSG effect was higher in the AE oleogels than in the SE oleogels
(Figures 5B,C). In particular, the addition of just 0.5% of MSG
limited the decrease in G′ observed in the oleogels without
MSG as the carbon number increased (Figure 5). The addition
of MSG had a dramatic effect in the ester’s crystal size and
shape (Figures 7, 8 for SE; Figures 10, 11 for the AE). This
effect was particularly evident in the AE oleogels (compare the
photographs of Figure 9 with those in Figures 10, 11). Thus, in
comparison with the microstructure of the AE oleogels with 0%

MSG (Figure 9), the addition of just 0.5% MSG to AE oleogels
modified the crystal shape and, particularly, decreased the crystal
size (Figure 10). However, based on the microphotographs of
the oleogels we considered that higher MSG concentrations (i.e.,
1% MSG) had no additional effect in the crystal shape and
size of the AE (Figure 11). It is important to note that, in
comparison with the oleogels with 0% MSG, the addition of
MSG ought to result in approximately 0.5 or 1% increase in
the oleogels’ solid content. Rheological measurements of 0.5 and
1% MSG vegetable oil solutions at −5◦C provided G′ values of
just around 40 Pa or lower, i.e., the solid phase developed by
the MSG was not sufficient to form an oleogel. Nevertheless, the
increase in the crystal mass (i.e., solid content) and decrease in
the crystal size associated with the addition of MSG would result
in higher crystal-crystal interaction, and subsequently in higher
oleogels’ elasticity, particularly in the AE with 38 and 40 carbons
(Figure 5).

We did a more detailed rheological analysis of the oleogels
by plotting, for the SE and AE oleogels at the different MSG
concentrations, the phase angle (δ) as a function ofω (Figures 12,
13). The δ parameter, defined as tan−1(G′′/G′), is used to evaluate
in a sensitive way the viscoelastic changes occurring in complex
systems. Thus, in pure viscous systems, like the vegetable oil,
δ = 90◦ since G′′ completely dominates G′. In contrast, δ =

0◦ in fully structured systems with ideal elastic behavior since
G′ completely dominates G′′. When the viscous and elastic
behavior are exactly balanced G′ = G′′ and, therefore, δ = 45◦
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FIGURE 10 | Polarized light microscopy (−5◦C) for the 3% (wt/wt) oleogels in high oleic safflower oil formulated with the asymmetric alkyl esters indicated and

0.5% MSG.

(Mezger, 2014). Consequently, in gelled systems (i.e., oleogels)
where G′ > G′′ the δ values would be lower than 45◦ and the
smaller the δ value the larger the gel’s elasticity. The use of δ

sweeps as a function of ω was particularly useful because allows
the study of viscoelastic changes occurring as a function of a
timescale in complex systems like crystallization of triglycerides
or phosphatidylcholine in vegetable ormineral oil (Toro-Vazquez
et al., 2005; Martínez-Ávila et al., 2019). Within this context,
in solid-like materials δ would have values lower than 45◦ with
a rheological behavior nearly independent of δ (i.e., true gels).
In contrast, the more δ behaves ω dependent showing values
above 45◦ the more fluid like is the material (i.e., a sol or a gel-
like material). Thus, except the 16:16 oleogel, the ω sweeps of

the SE oleogels with 0% MSG showed δ values above 20◦. In
particular, the 14:14 and 18:18 oleogels with 0% MSG observed
a frequency independent rheological behavior at a ω < 15Hz
with δ values between 30◦ and 40◦. However, at higher ω the δ

values increased up to values between 75◦ and 80◦ (Figure 12A).
In contrast, below 1.5Hz the 20:20 oleogel with 0%MSG showed
δ values that varied between 20◦ and 50◦, while the 22:22 oleogel
had δ values between 20◦ and 35◦. Thus, below 1.5Hz the 20:20
and 22:22 oleogels with 0% MSG showed frequency dependent
rheological behavior that further continued at higher ω until
δ achieved values around 50◦ to 55◦. These results showed
that the 14:14, 18:18, 20:20 and the 22:22 oleogels with 0%
MSG were weak gels that would go through phase separation
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FIGURE 11 | Polarized light microscopy (−5◦C) for the 3% (wt/wt) oleogels in high oleic safflower oil formulated with the asymmetric alkyl esters indicated and

1% MSG.

during storage. In fact these oleogels showed some visual phase
separation after about four to six weeks of storage at −5◦C.
The exception to this behavior was the 16:16 oleogel with 0%
MSG. This oleogel showed essentially a frequency independent
rheological behavior in most of the ω interval, providing δ values
around 16◦ (Figure 12A). Thus, the 16:16 oleogels with 0%MSG
showed the rheological behavior of a true gel. However, the 16:16
oleogels’ rheological behavior could not be explained considering
just the oleogels’ microstructure (Figure 6). In contrast, the AE
oleogels with 0% MSG had δ values well below 35◦ showing
essentially a frequency independent rheological behavior. At ω

higher than 0.3Hz the AE oleogels with 0% MSG had a tendency
of achieving lower δ values (i.e., higher elasticity) as the carbon

number decreased from 18:22 (δ ≈ 20◦ to 29◦) to 18:14 (δ ≈ 6◦

to 10◦) (Figure 13A). Thus, in contrast with the SE oleogels with
0%MSG all the AE oleogels with 0%MSG showed the rheological
behavior of a true gel. Within this context it is important to point
out that for the same carbon number, the AE oleogels (i.e., 18:14,
18:22) had significantly lower δ values (i.e., higher elasticity) than
the corresponding SE oleogels (i.e., 16:16, 20:20) (Figures 12A,
13A). The difference in rheological behavior between the SE and
AE oleogels with 0%MSGwas explained considering the oleogels
microstructure previously discussed (Figures 6, 9) and its effect
in the crystal-crystal interaction and therefore in the oleogels
elasticity. Nevertheless, as previously indicated, the 16:16 oleogel
with 0% MSG was the only SE that showed a ω independent

Frontiers in Sustainable Food Systems | www.frontiersin.org 16 September 2020 | Volume 4 | Article 132

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Avendaño-Vásquez et al. Self-Assambly of Symmetrical and Asymetrical Alkyl Esters

FIGURE 12 | Frequency sweeps (−5◦C) for the 3% (wt/wt) oleogels in high oleic safflower oil formulated with the symmetric alkyl esters indicated and: 0% MSG

(A), 0.5% MSG (B), and 1% MSG (C).

rheological behavior as the AE oleogels (Figures 12A, 13A). The
16:16 oleogel had amicrostructure closer to that developed by the
AE oleogels (Figures 6, 9), and possible this was the reason the

16:16 oleogel showed similarω independent rheological behavior
as the AE oleogels. Within this context, as previously noted, the
neat 16:16 was the only SE that showed a similar X-ray diffraction
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FIGURE 13 | Frequency sweeps (−5◦C) for the 3% (wt/wt) oleogels in high oleic safflower oil formulated with the asymmetric alkyl esters indicated and: 0% MSG

(A), 0.5% MSG (B), and 1% MSG (C).

pattern to neat AE. Thus, like the neat AE the X-ray diffraction
for 16:16 showed a lower diffraction signal in the WAXS region
than in the SAXS region. Unfortunately, we could not find

the reasons why the particular crystallization and rheological
behavior of the 16:16 ester in the neat state and the oleogel. We
did not consider that the rheological behavior showed by the AE
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and SE oleogels with 0% MSG was associated with differences
in the oleogels’ solid content. As already discussed, at the gel
setting temperature used for rheological measurements (−5◦C),
we assured the complete crystallization of all the alkyl esters
(i.e., 3%). Thus, cooling thermograms of the 3% alkyl esters
solutions in the vegetable oil showed that the corresponding
crystallization exotherm ended at a temperature well above the
gel setting temperature (from −1.7◦C for the 14:14 oleogel up to
37.2◦C for the 22:22 oleogel). Unfortunately, due to the limited
amount of pure esters available we could not determine the
oleogels’ solid content. Therefore, the rheological behavior of the
SE and AE oleogels with 0%MSG was mainly associated with the
microestructural organization of the alkyl esters in the oleogels
(Figures 6, 9).

On the other hand, independent of the type of ester, the
addition of 0.5% MSG and particularly 1% MSG resulted in
gels that provided lower δ values (Figures 12B,C, 13B,C) and,
therefore, better structured than the oleogels with 0% MSG
(Figures 12A, 13A). Except the δ behavior observed by the
18:20 and 20:20 oleogels with 1% MSG at ω lower than 0.30Hz
(Figures 12C, 13C), and the 14:14 oleogel with 0.5% MSG
at ω above 50Hz (Figure 12B), all the AE and SE oleogels
with 0.5% or 1% MSG showed δ values lower than 30◦ with
ω independent rheological behavior (Figures 12B,C, 13B,C).
In contrast with the oleogels with 0% MSG, we considered
that the rheological behaviors of the SE and AE oleogels with
0.5% and 1% MSG were associated with the microestructural
organization of the oleogels previously discussed (Figures 7, 8
for the SE, and Figures 10, 11 for the AE), but also with the
higher solid content associated with the MSG crystallization.
Other studies had shown that the presence of minor components
of vegetable oils (i.e., tripalmitin) have a profound effect in the
gelation capability and the molecular self-assembly mechanism
of the hentriacontane (i.e., n-alkane with 31 carbons) present
in candelilla wax (Morales-Rueda et al., 2009; Chopin-Doroteo
et al., 2011). As previously discussed, we observed that a
small amount of MSG modified the crystal habit of neat
alkyl esters (Figures 7, 8), developing oleogels with higher
elasticity than the ester oleogels (Figures 5B,C). As examples, the
Figures 8SM, 9SM of the Supplementary Material show cooling
and heating thermograms for a symmetrical (i.e., 18:18) and
asymmetrical (i.e., 18:16) oleogels with 0.5 and 1% MSG, in
comparison with the corresponding independent systems, i.e.,
the 3% alkyl ester oleogel and the corresponding 0.5 and 1%
MSG solution in the vegetable oil. The photographs for these
oleogels obtained at −5◦C through PLM are included in the
Figures 8SM, 9SM. We noted than the crystallization and further
melting of the MSG in the corresponding 0.5 and 1% solutions
were modified when occurred in the alkyl ester-MSG oleogels.
Thus, during cooling and further melting of the independent
systems the 3% alkyl esters, the 0.5 and 1% MSG showed
exotherms and endotherms of different shapes, TCr and TM.
However, during cooling of the alkyl ester-0.5% MSG and alkyl
ester-1% MSG systems both gelators crystallized showing just
one exotherm. Upon heating the oleogels melted showing just
one exotherm that, except the 18:18 and 18:22 alkyl esters, had

a TM statistically equal to the TM of the corresponding 3% alkyl
ester-0% MSG oleogel (see Table 2SM of the Supplementary
Material). Within this context, the DSC results of alkyl esters-
MSG oleogels suggested that the alkyl ester and the MSG
crystallized as one entity, i.e., a co-crystal. It is important to point
out that during melting of some of the alkyl ester-MSG oleogels
we observed a small shoulder of the major melting endotherm
(see arrow in the heating thermogram for the 3%18:18-1%
MSG oleogel, Figure 8SM panel D). We associated this thermal
behavior with the melting of MSG that apparently did not co-
crystallize with the alkyl ester during cooling. This might be
the reason why the 18:18 and 18:22 alkyl esters oleogels with
0.5 and 1% MSG showed an endotherm with a higher TM than
the corresponding alkyl esters oleogels with 0% MSG (P < 0.05;
Table 2SM of the Supplementary Material).

The tentative alkyl esters-MSG co-crystals might develop
through van deer Walls forces established between the
hydrocarbon chain of the stearic acid esterified to the MSG
and the alkyl chains of the AE or SE. This would result
in a modification of the original ester self-assembly and,
subsequently, in the crystal size and shape. The calorimetry
results also showed that in alkyl ester-MSG oleogels, particularly
developed with 1% MSG, part of the MSG did not interact
with the ester molecules and crystallized independently of the
co-crystals. These MSG crystals might act as active fillers of
the major microstructure developed by the alkyl ester-MSG co-
crystals. The overall effect was that the alkyl ester-MSG oleogels
had higher G′ with a δ frequency independent rheological
behavior in comparison with the alkyl ester oleogels with 0%
(Figures 5, 12, 13).

The results of this study showed that alkyl ester composition
and structure (i.e., symmetry or asymmetry) greatly influences
its molecular self-assembly, with the consequent effect in
the oleogel’s thermo-mechanical properties. Additionally,
MSG commonly used in the development of organogelled
emulsions (Toro-Vazquez et al., 2013a), affected the alkyl
ester crystallization resulting in oleogels with higher elastic
properties with frequency independent rheological behavior.
The rheological properties of the alkyl esters-MSG oleogels
were associated with the development of co-crystals between
the ester and the monoglyceride. Additionally, part of the
MSG that did not interact with the ester molecules and
crystallized independently, acted as an active filler of the three-
dimensional microstructure formed by the co-crystals. The
relevance of these results resides in the major role that alkyl
esters play in establishing the functional properties of vegetable
wax’s oleogels used in food systems and cosmetics. Ongoing
studies using molecular mechanics modeling are underway to
establish the mechanism for AE and SE self-assembly with and
without MSG.
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