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Abstract: Olive oil has recognized health benefits but lacks structural resilience to act in a similar
fashion as do the typically used triglycerides (TAGs) when applied in food manufacturing. Therefore,
olive oil structuring is critical to widening its use as a healthier alternative in spreadable products.
Foreseeing the development of an application for the food industry, three types of natural waxes were
used as organogelators, generating olive oil organogels with distinct properties. Retail-simulated
storage conditions were used to mimic real-life industrial and commercial use. Organogel systems
were evaluated according to their oxidation stability and textural and rheological properties. Textural
and rheological parameters increased in response to increasing gelator concentration, while oxida-
tion values (below 1.5 meq O,-kg~!) remained within legal limits. Organogels displayed similar
textural properties to those of commercially available spreadable products, while displaying a low
critical gelation concentration. In short, it was shown that tailoring the physicochemical properties
of organogels towards specific applications is possible. The produced organogels showed similar
properties to the ones of commercially available spreadable products, revealing favourable oxida-
tive profiles. Therefore, an industrial application can be easily foreseen, building on the natural
characteristics of olive oil as a healthier alternative to current spreadable products.
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1. Introduction

Polyunsaturated natural vegetable or fruit oils are known to have several benefits
when compared to saturated and/or trans fats, which are associated to negative effects
such as oxidative stress, cancer onset, cardiovascular diseases, increased body weight
and insulin resistance [1]. Despite that, such saturated and/or trans fats are generally
applied in food products as texture modifiers due to their convenient physical properties,
while healthier edible oils are generally found in a liquid state, limiting their applicability.
Therefore, modulating the physicochemical properties, by conferring structure to edible oils
without changing lipid profile and chemical composition, could overcome this drawback
and allow for a greater range of applications [2,3]. Efforts are in place to promote the
replacement of saturated fats in foods with healthier unsaturated fats, and because of that,
organogel technology has drawn interest as a promising alternative.

Organogelation is considered an advantageous technique to structure liquid oils at
room temperature without increasing trans fatty acid content [2-6]. Organogels or oleogels
are defined as semi-solid dynamic materials that usually result from the immobilization
of an organic liquid in a three-dimensional network formed by a gelling agent that self-
assemblies into fibre or plate-like structures either by physical or chemical interactions
that prevent solvent flow [7]. In order to provide a three-dimensional structure to these
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edible natural oils, different groups of gelators can be used, namely, low-molecular-weight
organogelators (LMOGs) and polymers [8,9]. Several LMOGs have been explored as
gelling agents for vegetable oils [10-12]. Polymeric organogels are mainly formed through
the cross-linked networks established by covalent interactions, while LMOGs are based
mainly on non-covalent interactions (e.g., van der Waals interactions, H-bonding, 7-7t
stacking) [13-15].

Natural waxes are some of the most valuable materials for this function due to their
excellent oil binding properties, economical value and gelling ability at low concentrations.
Additionally, a great number of waxes are approved for use in food products, which is of
course a binding condition in the present case in order to allow their application in the
food industry [2,16].

Physical properties of organogels are dependent on the molecular structure of both oil
and gelling agent used, and on the interaction between them. The use of different oil phases
and waxes with different structures may allow for the modulation of such characteristics
and development of specifically designed products for food and pharmaceutical industries,
namely, products that can act as alternatives to saturated and/or trans fats.

Research regarding organogels is typically conducted with controlled temperature and
light exposure, shielding the produced organogels (namely during storage) from both these
variables. However, in an industrial setting (both in production and in commercialization),
the same type of strict control might not exist, and as such, it is essential to assess how
these structured oils might behave in industrial and commercial sets of conditions, with
less control over temperature and light exposure during storage [5,11].

Waxes are natural products obtained from animal (e.g., beeswax) or plant sources (e.g.,
candelilla and carnauba waxes). Beeswax is mainly composed of palmitate, palmitoleate,
hydroxypalmitate and oleate esters of long-chain alcohols (C30-32), which amount to
roughly 70 to 80% of its total weight. Ethyl esters, aliphatic, unsaturated hydrocarbons,
pheromones and terpenoids are also present. Beeswax composition varies according to
its source and origin but is roughly estimated to have around 70-71% total esters, 1-1.5%
free alcohols, 9-11% free acids and 12-15% of hydrocarbons. Carnauba wax is secreted
by the leaves of a Brazilian palm tree (Copernicia prunifera cerifera) and contains mainly
fatty esters (80-85%), free alcohols (10-15%), acids (3—6%) and hydrocarbons (1-3%),
while candelilla wax is produced by small shrubs from Mexico, Euphorbia cerifera and
E. antisyphilitica (Euphorbiaceae), and is mainly constituted by hydrocarbons (about 50%
of C29 to C33, mainly C31), esters (28-29%), alcohols, free fatty acids (7—9%) and resins
(12-14% triterpenoid esters), displaying different physicochemical properties, which will
in turn lead to different functional properties [17-21].

Extra virgin olive oil is mostly composed of long-chain triglycerides (LCT) that have
been reported to have several important biological properties due to high concentrations
(about 70%) of monounsaturated fatty acids (C18:1 oleic acid), also having around 14%
saturated fatty acids (12% C16:0 palmitic acid, 2% C18:0 stearic acid) and 8% polyunsatu-
rated fatty acids (C18:2 linoleic acid), among other constituents. In addition, the presence
of phenolic compounds also carries benefits to human health [22].

Despite several works assessing the gelling properties of natural waxes, this work
assessed the impact of different natural waxes as well as the impact of changes in con-
centration on the physicochemical properties of olive oil (a commercial LCT) organogels,
which were evaluated by phase-contrast microscopy, non-isothermal oscillatory and flow
rheology, mechanical properties and oxidative stability. In addition, and most importantly,
for the first time, processing and storage conditions close to those seen in industrial and
commercial settings (samples prepared and stored at room temperature and subject to
light exposure during) are used, and the developed organogels’ resilience to oxidation and
storage is tested upon production and subsequently during storage.
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2. Results and Discussion
2.1. Visual Observation and Morphological Analysis

Beeswax organogels (BO) were able to self-stand, when inverted, for gelator concentra-
tions higher than 2% (w/w), while candelilla organogels (CO), did so above 1% (w/w). On
the other hand, carnauba organogels (CTO) showed self-supported gels above 3% (w/w)
concentration (Figure 1). For all gelators, the critical gelation concentration values are in the
same range of those found in previous studies, around 3% [5,11,12]. The observed changes
in this variable were possibly caused due to the use of extra virgin olive oil exhibiting a
long carbon chain, instead of the medium chain triglyceride (MCT) used in the mentioned
works. The use of an oil phase with longer chain triglycerides (LCT), in conjugation with
lower polarity and higher degree of unsaturation, may have steered to lower gelation
concentrations when compared to reports using MCT oils [10,16,23].

Figure 1. Inversion tests for beeswax (top), candelilla (middle) and carnauba (bottom) organogels.
Samples are shown after production (left) and after two months of storage (right).

After a 2-month period, changes were observed, mainly for carnauba organogels
(CTO), which initially showed self-standing ability at 3% (w/w) and, in the end period,
exhibited loss of structure, presenting self-standing ability at 5% (w/w). BO and CO
organogels had a similar behaviour, with self-standing ability at 3 and 2% (w/w), respec-
tively, diverging to the initial values at 2 and 1% (w/w), respectively).

After achieving gelation, organogels were also evaluated through phase-contrast
microscopy to assess the effects of using different waxes and distinct concentrations on the
organogel microstructure. These micrographs can be seen in Figure 2. For all organogels,
an increase in crystal content with increasing organogelator concentration was observed. A
more organized and, thus, stronger 3D structure, which can be observed in the self-standing
ability of the organogels, results from higher amounts of crystal agglomerates present when
the organogels show self-standing ability. It is known that at lower concentrations, the
gelator organogel structure is stabilized through weak interactions such as H-H bonding
and polar—polar interactions between components with polar moieties, in addition to
weak intermolecular interactions, namely, London dispersion forces, between nonpolar
components; while at higher concentrations, above the gelling point of the organogels, the
crystal aggregates start to overlap and an interconnect 3D network is formed, leading to
the creation of a physical gel [24]. The ability of some of the waxes to create self-standing
organogels at lower concentrations might derive from their chemical composition, as well
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as the morphology of the crystals formed, as waxes with higher hydrocarbon content (HCC)
were able to form self-standing organogels at lower concentrations than those with a lower
HCC in their composition.

Figure 2. Phase contrast micrographs for all organogels after organogelation.

The carbon chain length of the waxes’ chemical components will also influence their
gelling ability, with higher chain lengths leading to waxes with a gelling ability at lower
concentrations [24]. It is possible to see (Figure 2) that carnauba wax organogels tend
to form more crystal clusters, typically with smaller crystals, instead of a more uniform
3D crystal network; as such, higher gelator concentrations are needed to develop a self-
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standing organogel, and consequently, a higher crystalline mass fraction is needed for
gelation to occur [24]. The need for a higher crystalline mass might also be due to carnauba
wax’s higher polarity, when compared to other natural waxes. In fact, lower polarities of
both waxes and liquids have been linked to better crystallization properties, and other
studies have reported on the ability of molecules to arrange in such a fashion to minimize
the exposure of their polar groups to the interface of the apolar solvent and its importance
in the formation of a stable nucleus [21,25-27].

Nevertheless, the chemical composition of waxes also plays a strong role in organogel
gelation, with reports of higher wax esters, free fatty acids and HCC leading to stronger,
stabler and more consistent (but sometimes more brittle) gels, namely, when a higher wax
ester content is present [28,29]. Regarding morphology, beeswax organogels have been
described with a “sea urchin”-like morphology, while candelilla organogels tend to form
“platelet-like” structures, and carnauba organogels, as previously mentioned, tend to form
larger aggregates of small crystals that eventually lead to network formation as a result
of overlapping aggregates. The crystal morphology of candelilla and beeswax are more
adapted to forming well-defined, self-standing gels, at lower gelator concentrations, as
shown in this work [24].

2.2. Oxidative Stability

Given the use of temperature to produce the organogels and the real-life possible use
of these products (both at the industry and consumer levels), an analysis of the oxidative
stability was necessary. For this reason, samples were stored at room temperature and
exposed to light. Peroxide values (PV) were measured upon preparation and after 2 months
of storage, to assess the oxidative stability of the samples. These results are shown in
Figure 3. According to Tukey’s test, the gelator type, concentration and storage time
exerted significant effect (p < 0.05) on the PV.
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Figure 3. Peroxide analysis results for all organogel and control samples for both times of assessment TO (0 days) and

T1 (2 months). Different small letters indicate statistically significant differences between different concentration within
the same organogelator, while different capital letters indicate statistically significant differences between different time
assessments of the same organogel (p < 0.05).

All organogels showed lower PV in comparison to pure olive oil at TO (after prepa-
ration). The organogelation process (high temperatures needed for the solubilization
of the natural waxes and to simulate the future use by industry and consumers) ap-
parently did not degrade the antioxidant compounds present in the extra virgin olive
oil (0.948 meq Oz-kg’l). Additionally, the increase in soluble solids content (i.e., waxes)
helped prevent oxidation, showing lower PV with higher concentrations, except for can-
delilla organogels, which have a lower PV at 5%. The low PV found could be related to
the microcomponents (tocols, polyphenols and sterols) present in the extra virgin olive oil
used to prepare the organogels.

During the storage time, there was an increase in PV for all samples used in this
work. The pure olive oil after 2 months showed a PV of 1.468 meq O,-kg ™! that agrees
with previous studies [30]. Nevertheless, this result is also well below the defined limit
in the European Union for PV of extra virgin olive oil (<20 meq O,-kg™') and the limit
for peroxide value in edible fats (<10 meq O,-kg~!), indicating a good oxidative stability
of the organogels, considering both the production method and storage conditions of the
developed organogels [31,32]. Considering that no external antioxidant was added, we
can claim that these products exhibit oxidative stability, due to the olive oil natural proper-
ties, during a considerable period of time, allowing their use in commercial applications
within the food industry, with no special storage requirements (i.e., shielded from light or
refrigerated) needed [3,12].

2.3. Mechanical Properties

Mechanical properties” results showed that with an increase in organogelator con-
centration, all the parameters (firmness, spreadability, adhesiveness) increased as well
(Figure 4).

At low concentrations, the carnauba wax organogelator was statistically similar
(p > 0.05) to the control sample of extra virgin olive oil, while at concentrations higher
than 3% (w/w), all organogel samples were statistically different (p < 0.05) from the extra
virgin olive oil control sample (0.104 N of firmness, 0.006 N-s of spreadability and 0.02 N-s
of adhesiveness), indicating a clear difference between structured olive oil (organogels)
and normal olive oil. For the beeswax and candelilla waxes, all samples were statistically
different (p < 0.05) from the control. The values obtained for firmness, spreadability and ad-
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hesiveness showed that candelilla organogels had the highest values for all the parameters
assessed, followed by the beeswax organogels and carnauba organogels, respectively.

This trend is linked to the hydrocarbon composition of each of the waxes, with can-
delilla displaying the higher HCC (around 50%), followed by beeswax (12-15%) and
carnauba (1-3%), and the importance of HCC on oil gelation has been previously re-
ported [29]. Such a wide range of results, observable in Figure 4, further highlights the
possibility of modulation of the desired characteristics of the final product using different
organogelators, or by combining different organogelators, which is of particular importance
to producing a wide range of possible organogels products for industrial and commercial
applications. These results are also in accordance with what was seen in the microscopical
analysis (Figure 2), in which a more defined 3D network of crystals was present at higher
concentrations of gelator.

A commercial butter was also tested to compare the obtained results to those from a
commercially available product and yielded values of 17.76 N for firmness, 18.98 N's for
spreadability and 3.37 N-s for adhesiveness. A control sample of extra virgin olive oil ob-
tained values of 0.1035 N, 0.0061 N-s and 0.0199 N-s for the same parameters, respectively.
According to Figure 4, it is possible to observe that CO6 showed similar values to those
of butter and, thus, presents itself as a possible healthier alternative, in terms of textural
properties, to commercial butter. Some of the more important properties regarding sensory
perception of spreadable products are firmness and spreadability, which were found to have
a wide range of values, showing tailoring potential for a wide range of spreadable products,
including, as seen above, butter [2,3,11,12]. It is important to notice that this result does not
exclude the other samples from being used for other food applications, as different products
will have different functional needs and properties [30,33-36]. Alvarez et al. (2011) deter-
mined the firmness of mashed potatoes to be around 6 N, Sanders et al. (2014) determined
a value of around 9 N for peanut butter, while Hadnadev et al. (2011) found the firmness of
edible vegetable fat to be as low as 5 N, and Nikoli¢ et al. (2014) analysed the spreadability
of low-fat food spreads made from hull-less pumpkin seed flour and reported values in
the same range as those described in this work, thus demonstrating the potential for the
applicability of different organogels in the food industry [34-37].

20

I so [l co CTO Control Butter| e
18
16
14 -
< 12
$ -
@ 10+
C B
E &
(. |
6 -
4 bB
bcA]
27 abA abA
1 aAaAB aB = 2B acC
0 s
% 2% 3% 4% 5% 6%

Figure 4. Cont.



Gels 2021, 7,12

8 of 18

25 -
I BO CO| ]cTO Control Butter| .

20
w
=
=15 -
=
.-E
©
2
S 10
—
o
[%2)

5 —
0 aAaABaB A A o
1
1% 2% 3% 4% 5% 6%

3.5 - I soOl co[_JcTOo Control Butter|

3.0
— 2.5
st
<
®2 2.0
[¢b}
=
@
= 1.5
[72]
@
=
<C 1.0

0.5

4 aA aA
aAaAB aB
0.0 -—
1°/o 2%

Figure 4. Texture analysis results for firmness (top), spreadability (middle) and adhesiveness
(bottom). Different small letters indicate statistically significant differences between different concen-
trations within the same organogelator, while different capital letters indicate statistically significant
differences between different organogels (p < 0.05). Extra virgin olive oil obtained values of 0.1035 N,
0.0061 N-s and 0.0199 N:-s for firmness, spreadability and adhesiveness, respectively.

2.4. Rheological Analyses

Flow curves for all organogels” samples can be seen in Figure 5. Results showed the
behaviour of the samples without prior shearing at the transient state and at the steady
state. It is possible to see that with an increase in gelator concentration there was an
increase in shear stress throughout the shear rate interval (and, consequently, in viscosity)
for all the different gelators tested. Such an increase can be related to the well-organized
structure (that is stronger and more well organized the higher the concentration of wax).
Static yield stress behaviour was also observed from stress vs. shear rate data of the 1st
curve and measured as the initial stress required for the sample to flow (Table S1). These
values also increased with wax concentration, not dependent on the gelator. Higher values
could be related to more organized networks and/or stronger structures. This structure
was broken with shear, reflecting a higher thixotropy. Table 1 shows the values of initial
viscosity (low shear rate (0.05 s~!) and thixotropy. It is possible to see that the same trend
as seen regarding initial viscosity and thixotropy is also found for yield stress, as samples
reach higher yield stress values at higher concentrations.
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Table 1. Thixotropy and initial viscosity of all organogel samples. Different small letters indicate
statistically significant differences between different concentrations within the same organogelator,
while different capital letters indicate statistically significant differences between different organogels
(p <0.05).

Sample Thixotropy (Pa/s) Initial Viscosity (Pa-s)
BO1 769.7 + 107.4 24 26.75 + 1.81 2A
BO2 1913 + 161.9 2A 195.2 + 35.92 aA
BO3 3290 + 192.1 2A 525.8 + 93.70 abA
BO4 7909 + 2553 a4 930.3 + 233.1 bea
BO5 11,470 + 1000 24 1154 + 214.8 A
BO6 44,491 + 8722 bA 1208 =+ 215.2 <A
CO1 839.8 + 58.40 24 33.60 + 5.21 24
CcO2 3963 + 1417 abA 268.9 + 147.2 24
CO3 14,224 + 1393 abB 2703 + 611.3 bB
CO4 16,516 + 5553 abA 4722 + 857.4 B
CO5 28,613 4 23,177 abA 5945 + 610.0 <dB
CO6 34,104 + 121.3bA 6785 + 403.0 9B

CTO1 427.5 + 11.80 2B 12.78 + 1.51 2B
CTO2 1264 + 36.16 2B 132.2 4 9.40 abA
CTO3 2324 + 20.00 24 345.1 + 51.57 abA
CTO4 3444 + 2992 aB 1095 =+ 4.26 bA
CTO5 6238 + 2625 A 2510 + 459.4 <A
CTO6 12,219 =+ 5390 bB 2504 4 542.8 <C

Thixotropy, yield stress and initial viscosity were used as an indirect measure of
strength and structure build-up of the organogel samples. For increasing gelator concen-
trations, stronger three-dimensional networks are formed by aggregation of the gelator
crystals, and thus, stronger structures are expected, which is confirmed by the results seen
in Table 1 [7,38]. Rheological results are also in agreement with textural measurements
(Figure 4), where higher values for all mechanical properties were obtained for higher
gelators’ concentration. For these tests, CO organogels displayed the highest values, thus
being the one with the most well-defined structure and higher 3D network strength.

Organogels with higher concentrations of gelator, in part due to a stronger structure,
exhibited higher standard deviations. Despite these high standard deviations, it was still
possible to obtain the desired information on how the increase in concentration would
affect the structure and, consequently, the thixotropy and initial viscosity. The same trend
seen in the textural analyses was found in these thixotropy, viscosity and yield stress
measurements, as candelilla produced the highest results (i.e., strongest gels) followed by
beeswax and carnauba gels, indicating the same trend of higher HCC waxes producing
organogels with stronger 3D structures. These trends were also seen in the microscopical
and textural analysis of the organogels.

Non-isothermal rheology provided information on how gelator concentration affects
the crystallization and melting processes of olive oil organogels. Samples were analysed
between the regions of 90 and 5 °C, where it is possible to see at least two plateaus and at
least one abrupt transition. Some samples displayed a second transition, of a lower slope,
corresponding to a second phase transition of the organogels. The abrupt transition, seen in
Figure 6, signals the rapid structural changes occurring during cooling or heating processes
from liquid to solid organogel (or vice-versa) and represents the main crystallization or
melting event, while a second transition of a lower slope (a second crystallization or melting
event) signals the crystal network rearrangement to their final state, as seen previously in
the DSC results (Table S2). Some samples showed more than two melting or crystallization
processes but can easily be grouped within two major events. This is the case for some CTO
organogels, where four melting events can be seen, two of them between 78.74-62.67 °C,
and the other two between 44.30-20.78 °C. In these cases, only the major events were
considered when comparing results between samples.
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This multi-stage crystallization and melting process can be explained by the hetero-
geneous composition of the gelators, as well as the fact that these types of processes are
time-dependent and happen stepwise (crystallization and melting, subsequently).

These results are also substantiated by the results seen in Table S2, where it is possible
to see multiple melting and crystallization peaks. The multi-composition is related to
the variation of the chemical composition between different waxes (mainly hydrocarbon,
wax ester, fatty acid and fatty alcohol content), and as such, the gelation mechanism is a
complicated dynamic that is reliant on a multi-composition containing multi-gelators.

Wax-based organogels’ melting and crystallization events are typically broader and
occur shifted to lower temperature values than those of the corresponding neat waxes
(please see Table S2). This is a result of the dilution of neat wax that occurs to form
organogels at low gelator concentrations [29]. This dilution effect also results in having the
predominant components present in the neat waxes govern the melting and crystallization
behaviour of the organogels. For waxes with multiple components, this will lead to
co-crystallization events [29].

Beeswax organogels (as seen in Table S2) have two main crystallization events, one
more intense event around 40 °C, due to the wax esters, which are the main chemical
component in beeswax (70% of its composition, mainly C16:0 for the fatty acid moieties,
while the fatty alcohol moieties of the wax esters is constituted mostly by C16 to C32),
and a second event of lower intensity around 25 °C, due to the HCC, the second major
chemical component present in beeswax (around 15%, composed mainly by C27, C29 and
C31). Candelilla wax has a more balanced composition between hydrocarbons (around
50%, mainly C31) and wax esters (around 40%, with fatty acids moieties composed mainly
by C16, C18 and C22, and fatty alcohols moieties composed mainly of C18, C28 and C30)
and displays one major crystallization event around 35 °C (probably due to its HCC), with
another crystallization event at slightly higher temperatures, c.a. 40 °C, probably due to
its wax ester content. Carnauba wax is mostly constituted by wax esters (around 60%,
fatty acids moieties composed of C16 to C24, and the fatty alcohol moieties composed
mostly of C18, C30 and C32) and free fatty alcohols (around 30%, mostly composed of
(C32), resulting in one major crystallization event around 55 °C due to the wax esters, and
one smaller crystallization event around 45 °C due to the presence of free fatty alcohols.
Crystallization events are typically influenced by the polarity of the groups present in
the waxes’ chemical composition, while regarding the melting events, they are mainly
influenced by the non-covalent interactions (e.g., such as London dispersion forces) that are
formed during the molecular self-assembly of the organogels during gel formation [29,39].
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Figure 6. Temperature sweeps, heating and cooling stages are shown for all organogel samples. G'—Storage Modulus,

G”—Loss Modulus.

From Figure 6 and from Table S2, it is possible to see that gelator concentration is the
main factor responsible for the differences in the onset temperatures and state transition in
the organogel samples for both the crystallization and melting stages events. By analysing
these events, it is possible to see that temperatures increase with gelator concentration.
Higher G’ values are typically associated with stronger three-dimensional networks, which
are formed by aggregation of the gelator crystals when the concentration of gelator is
increased. A stronger three-dimensional network will need higher temperatures in order to
be disentangled; therefore, higher melting points for organogels with higher concentrations
of gelator are obtained [7,38].

It is also possible to compare the obtained data from rheological analyses with DSC
measurements (Table S2). There are some differences between the two tables, which is
to be expected given the different nature of the assessment. In DSC, thermal analyses
data are obtained through measurements of energy changes at the molecular level, while
in the non-isothermal oscillatory rheology, data are measured through changes in the
bulk structure. In addition, in DSC analyses, organogel samples are already structured
before analysis, while in the rheological analyses, samples undergo the crystallization
process followed by the melting process during analysis. Results showed that organogels
above their gelling point evidenced similar temperatures (except for the CO organogels),
when compared to ones produced below the gelling point for each organogel (2, 1 and
3% (w/w), respectively, for BO, CO, and CTO). From Table S2, it is possible to see that
melting temperature values obtained by DSC measurements are in the same range as those
obtained from the rheological tests. As mentioned before, in some samples, melting and
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crystallization events occurred at different stages, which can be grouped into major events
(typically of higher enthalpies and melting/crystallization temperatures).

These major events were used to compare the results obtained through DSC (peak
melting and crystallization temperatures) and rheology techniques (sol-gel transition
temperatures, determined through the derivation of the complex viscosity data).

A comparison between the obtained values for DSC and rheological analyses can
be seen in Table S3. As shown by these results, the same behaviour can be seen in both
measurements, and they typically occur within the same ranges. An increase in the
values of assessed parameters is noticeable, for all organogels, as gelator concentration
increases, showing the same behaviour in both measurements. Overall, for both heating
and cooling stages, the evaluated rheological and thermal parameters are the highest
for carnauba organogels, followed by candelilla and beeswax organogels, respectively,
which is in accordance with suppliers” information regarding melting temperature for the
natural waxes.

Nevertheless, regarding G” and G” values, candelilla organogels displayed the highest
values, followed by beeswax and carnauba organogels, which can be related to lower
mobility of gelator leading to a strengthened crystal network formed during the crystal-
lization process. These results are in agreement with those seen from both the textural,
flow rheology analysis and likely related to the HCC of the produced organogels, as can-
delilla organogels have the highest HCC, followed by beeswax and carnauba; the same
trend is seen regarding both the G" and G” values and the textural analysis results of the
organogel samples.

3. Conclusions

Organogels showed changes in their properties when gelator concentration was
increased, and when gelator type was changed. Oxidative stability was constant across all
samples and well below both the values of both control samples and legal limits and, thus,
is proper for use, even after a two-month storage period at industrial and/or commercial
conditions. By comparing DSC and non-isothermal rheologic results, a clear tendency
between melting and crystallization peaks and the increase in gelator concentration across
the different types of gelators was shown.

Flow rheology assessed how the concentration of gelator and gelator type influenced
the final characteristics of the organogel. Trends remained similar over different gelators,
but overall, an increase in gelator concentration led to an increase in viscosity and in the
force needed to disrupt the organogel structure. Information regarding the strength of the
structure of the organogels was obtained through measurements of thixotropy and initial
viscosity. It was clear that an increase in gelator concentration increased both the initial
viscosity and thixotropy of the samples and, thus, created a stronger 3D network in the
organogel, resulting in stronger structures. Beeswax organogels’ thixotropy increased from
770 to 44,491 Pa/s (1% to 6%), while initial viscosity increased from 26.75 to 1208 Pa-s (1%
to 6%), while candelilla organogels increased from 840 to 34,104 Pa/s regarding thixotropy,
and from 33.50 to 6785 Pa-s regarding initial viscosity, as concentration increased from 1 to
6%. Carnauba organogels followed the same tendency, increasing from 428 to 12,219 Pa/s
and from 13 to 2504 Pa-s, regarding thixotropy and initial viscosity, respectively, from 1 to
6%. These data and conclusions are supported both by the microscopic analysis, where
a more defined 3D crystal network is seen with the increase in gelator concentration, as
well as by the textural results, which revealed a constant escalation in organogel firmness,
spreadability and adhesiveness, as well as by the non-isothermal rheology results, with
an increase in G’ and G” values for organogels of higher concentrations. It was also
possible to observe that in these characterizations, candelilla organogels displayed superior
strength values, followed by the beeswax and carnauba organogels. For example, regarding
firmness, beeswax organogels displayed a maximum firmness of 5 N, while candelilla
organogels displayed a maximum value of 17 N and carnauba organogels a maximum
value of 4 N. Such results are indicative of a more organized 3D crystal network, possibly
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related to higher contents of hydrocarbons present in the natural composition. These
changes in chemical composition (as well as the chain length of its components) of the
natural waxes influenced the final characteristics of the developed organogels, as was
shown mainly regarding the HCC of the natural waxes and how it correlated with the
thermal, textural and rheological parameters analysed.

In all, these results show that by varying the gelator concentration and the gelator
type, it is possible to obtain organogels with different characteristics and modulate said
characteristics and produce organogels that are within oxidation legal limits, even when
exposed to light and room temperature.

4. Materials and Methods
4.1. Materials

Gelator compounds (different waxes) were kindly donated by Ceras Marti (Barcelona,
Spain), and their main properties are shown in Table 2. The extra virgin olive oil used was of
commercial origin (Azeite Gallo, Lisbon, Portugal) and was purchased at a local supermarket.

Table 2. Gelator properties.

Natural Waxes Melting Point Acidity Value Saponification Value Ester Content
Q) (mg KOH/g) (mg KOH/g) (mg KOH/g)
Beeswax 61-65 14-24 82-104 70-80
Candelilla Wax 69-73 12-22 43-63 3143
Carnauba Wax 80-86 02-07 78-95 71-88

4.2. Organogel Preparation

Beeswax, candelilla wax and carnauba wax were used as organogelators to produce,
respectively, BO, CO and CTO organogels. Organogels were prepared by solubilizing
the waxes (1 up to 6% (w/w)) in extra virgin olive oil at 90 °C for 30 min to ensure full
solubilization. Then, the mixture was left to cool to room temperature (=21 °C £ 2 °C),
overnight, before sample use for characterization.

Samples were named according to waxes and concentration used (e.g., BO1 means 1%
(w/w) beeswax), while pure extra virgin olive oil was used as control sample and identified
as OOC.

Preliminary visual evaluation was used to identify the formation of organogels as
self-supported structures. Tubes containing the produced samples were inverted, and the
samples that did not flow under gravity were called organogels. The same evaluation was
carried out after two months to confirm the structure’s stability.

4.3. Phase-Contrast Microscopy

Phase-contrast micrographs were obtained using an inverted microscope (Leica DMI
3000B), with phase-contrast illumination coupled with a high-sensitivity camera LEICA
DFC450C (Leica Microsistemas Lda., Lisbon, Portugal). All images were acquired using
the LAS 4.7 software (Leica Microsistemas Lda., Lisbon, Portugal). Organogel samples
were prepared, and after settling at room temperature, they were placed directly in the
support with a cover glass and then observed under the microscope.

4.4. Oxidative Stability

The oxidative stability (peroxide value—PV) was assessed spectrophotometrically
according to the International Dairy Federation (IDF) standard method with some modi-
fications [40—42]. The calibration curve for the IDF standard method was determined as
suggested by Shantha and Decker (1994). The PV of the organogels was evaluated for
2 months of storage at room temperature and exposed to light to mimic real-life storage
conditions. Pure extra virgin olive oil was stored in the same conditions and used as control.

Initially the oil was extracted from the organogels through the addition of 0.2 mL
of organogel to 1.5 mL of isooctane/isopropanol (3:2, v/v) solution, in triplicate. These
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samples were then vortexed three times for 10 s each and left to stand for 30 min. After
standing, 0.2 mL of the upper solvent layer was collected and mixed with 2.8 mL of chloro-
form/methanol solution (7:3, v/v) in a glass tube and vortexed again (4 s). Ammonium
thiocyanate solution (15 pL) was added, and samples were vortexed for a further 4 s. After
the addition of 15 pL Iron (II) solution, samples were once again vortexed for 4 s, and
after 5 min incubation at room temperature in dim light conditions, the absorbance of the
samples was measured at 500 nm using a JASCO V-650 UV / VIS Spectrophotometer (Jasco,
Pfungstadt, Germany), in a glass cuvette, against a blank containing all the reagents except
for the sample.

4.5. Mechanical Properties

All textural experiments were performed using a double axis texture analyser (Stable
Microsystems, Surrey, UK) with a TTC Spreadability Rig (HDP/SR) probe consisting of
a set of conical male (positive) and female (negative) acrylic 90° cones. All samples were
placed into the sample holders and left to set at room temperature overnight. The positive
cone was positioned 25 mm over the bottom of the lower cone and moved down 23 mm at
3 mm/s. Then, the probe returned to the initial position at 10 mm/s. Three samples from
each formulation were evaluated at room temperature (23 °C). Firmness, adhesiveness and
spreadability (maximum force (first maximum peak), negative work of shear (negative
area) and positive work of shear (second positive area), respectively) were evaluated using
the Texture Exponent v.6.1.1.0 software by Stable Microsystems (Surrey, UK). Each sample
was assessed in triplicate. Pure extra virgin olive oil and commercial butter were used as
control samples.

4.6. Thermal Analysis

Calorimetric studies were performed in a Perkin Elmer DSC 4000 differential scan-
ning calorimeter (Perkin Elmer, Waltham, MA, USA). A DSC aluminium pan (B0143016)
containing the organogel sample (ca. 5 mg) was placed in the DSC oven. An empty pan
was used as reference. Samples were placed inside the DSC oven at room temperature,
cooled to 5 °C (holding time of 1 min) and then analysed at 10 °C/min from 5 to 90 °C
followed by a cooling curve to 5 °C at the same rate, under a nitrogen atmosphere. Melting
and crystallization temperature peaks (Tm, Tc), their onset temperatures (Onset Tm, Onset
Tc) and enthalpy changes (AHm, AHc) were calculated using Pyris software version 11.1
(Perkin Elmer, Waltham, MA, USA).

AG = AHc — TcAS 1)

The entropy change (AS) can be calculated from Equation (1), assuming that at the
crystallization temperature, the Gibb’s free energy tends to zero [27], where AG is the Gibb’s
free energy change, and AS is the entropy change during crystallization, and AHc is the
enthalpy change during crystallization, and Tc is the peak temperature during crystallization.

4.7. Rheological Analysis

Rheological measurements were carried out using a Discovery Hybrid Rheometer
(DHR) (TA Instruments, NewCastle, DE, USA) and a stainless-steel plate geometry (40 mm
diameter, 500 um gap). Flow curves were obtained at 25 °C by an up (1st curve)-down
(2nd curve)-up (3rd curve) step program with shear rate ranging from 0.01 to 300 s—!. The
apparent viscosity at low shear rate (0.05 s~!—n0.05) was evaluated from unsteady-state
(1st curve) to assess the less disturbed condition. Thixotropy was evaluated from hysteresis
area between unsteady-state and steady-state flow curves (first and third, respectively).
The area beneath the first and third curves was calculated using the equipment software
(Trios v4.1.1.33073, New Castle, DE, USA), and qualitative thixotropy (Pa-s) was calculated
subtracting the area under the first and third curves.

Non-isothermal oscillatory measurements were performed within the linear viscoelas-
ticity region (0.1% strain, previously tested by strain sweep and not shown). The samples
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were transferred onto the rheometer plate, which was preheated at 90 °C. A cooling ramp
was carried out between 90 and 5 °C at 10 °C min~! with a fixed frequency of 1 Hz, fol-
lowed by a heating ramp in the same conditions. Storage modulus G’ (elastic) and the loss
modulus G” (viscous) were evaluated. Changes in the slope of complex viscosity (n*) as a
function of temperature were evaluated from the derivatives of the data and used to better
visualize and determine the sol-gel thermal transitions for both cooling and melting steps.
Three replicates of each organogel sample were recorded for every rheological test.

4.8. Statistical Analyses

Statistical analyses were performed using analysis of variance, Tukey’s mean compari-
son test (p < 0.05) from results and conveyed as an average and standard deviation, using
STATISTICA version 12.5 (StatSoft Inc., Tulsa, OK, USA, 2014).

Supplementary Materials: The following are available online at https://www.mdpi.com/2310-2
861/7/1/12/s1, Table S1: Yield stress of all organogel samples; Table S2: Thermal properties of
organogels (temperature of melting—T),;; enthalpy of melting—AH,;;; temperature of crystallization—
T,; enthalpy of crystallization—AH,; entropy of crystallization—AS,; sol-gel temperature transition
during the melting—Tg ;eiting; SOl-gel temperature transition during the cooling—Ty cing); Table S3:
Comparison of melting and crystallization temperatures obtained in DSC and rheological analysis.

Author Contributions: Conceptualization, PM.S., AJ.M., LH.F. and A.A.V.; methodology, PM.S.,
A.J.M. and L. H.F; investigation, PM.S., AJ.M., LH.F. and A.A.V,; data curation, PM.S.; writing—
original draft preparation, PM.S.; writing—review and editing, PM.S., A.J.M., LH.F. and A.A.V. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Portuguese Foundation for Science and Technology
(FCT) under the scope of the strategic funding of UID/BIO/04469/2019 unit and BioTecNorte
operation (NORTE-01-0145-FEDER-000004) funded by the European Regional Development Fund
under the scope of Norte2020—Programa Operacional Regional do Norte. The author Pedro Silva is
the recipient of a fellowship (SFRD/BD/130247/2017) supported by Fundagao para a Ciéncia e a
Tecnologia, (FCT, Portugal). Artur Martins is the recipient of a fellowship supported by a doctoral
advanced training (call NORTE-69-2015-15) funded by the European Social Fund under the scope of
Norte2020—Programa Operacional Regional do Norte.

Data Availability Statement: Data is contained within the article or supplementary material.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gebauer, SK.; Psota, T.L.; Kris-Etherton, PM. The diversity of health effects of individual trans fatty acid isomers. Lipids 2007, 42,
787-799. [CrossRef] [PubMed]

2. Lim,]J.; Hwang, H.S,; Lee, S. Oil-structuring characterization of natural waxes in canola oil oleogels: Rheological, thermal, and
oxidative properties. Appl. Biol. Chem. 2017, 60, 17-22. [CrossRef]

3. Ogﬁtcﬁ, M.; Arifoglu, N.; Yilmaz, E. Preparation and characterization of virgin olive oil-beeswax oleogel emulsion products.
JAOCS J. Am. Oil Chem. Soc. 2015, 92, 459-471. [CrossRef]

4. Stortz, T.A.; Zetzl, AK,; Barbut, S.; Cattaruzza, A.; Marangoni, A.G. Edible oleogels in food products to help maximize health
benefits and improve nutritional profiles. Lipid Technol. 2012, 24, 151-154. [CrossRef]

5. YIlmaz, E.; C)giitcﬂ, M. Properties and stability of hazelnut oil organogels with beeswax and monoglyceride. JAOCS J. Am. Oil
Chem. Soc. 2014, 91, 1007-1017. [CrossRef]

6. Marangoni, A.G.; Garti, N. Edible Oleogels: Structure and Health Implications; American Oil Chemists Society: Urbana, IL, USA,
2011; ISBN 978-0-9830791-1-8.

7. Martins, A.].; Cerqueira, M. A ; Fasolin, L.H.; Cunha, R.L.; Vicente, A.A. Beeswax organogels: Influence of gelator concentration
and oil type in the gelation process. Food Res. Int. 2016, 84, 170-179. [CrossRef]

8. Takeno, H.; Yanagita, M.; Motegi, Y.; Kondo, S. Relationship between helical aggregates and polymorphs in a 12-hydroxystearic
acid gel: Their thermal stability and formation kinetics. Colloid Polym. Sci. 2015, 293, 199-207. [CrossRef]

9.  Vintiloiu, A.; Leroux, ].-C. Organogels and their use in drug delivery—A review. J. Control. Release 2008, 125, 179-192. [CrossRef]

10. Fasolin, L.H.; Cerqueira, M.A.; Pastrana, L.M.; Vicente, A.A.; Cunha, R.L. Thermodynamic, rheological and structural properties

of edible oils structured with LMOGs: Influence of gelator and oil phase. Food Struct. 2018, 16, 50-58. [CrossRef]


https://www.mdpi.com/2310-2861/7/1/12/s1
https://www.mdpi.com/2310-2861/7/1/12/s1
http://doi.org/10.1007/s11745-007-3095-8
http://www.ncbi.nlm.nih.gov/pubmed/17694343
http://doi.org/10.1007/s13765-016-0243-y
http://doi.org/10.1007/s11746-015-2615-6
http://doi.org/10.1002/lite.201200205
http://doi.org/10.1007/s11746-014-2434-1
http://doi.org/10.1016/j.foodres.2016.03.035
http://doi.org/10.1007/s00396-014-3404-8
http://doi.org/10.1016/j.jconrel.2007.09.014
http://doi.org/10.1016/j.foostr.2018.03.003

Gels 2021, 7,12 17 of 18

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

C)gﬁtcii, M.; Yilmaz, E. Characterization of Hazelnut Oil Oleogels Prepared with Sunflower and Carnauba Waxes. Int. J. Food
Prop. 2015, 18, 1741-1755. [CrossRef]

Ogiitcii, M.; Yilmaz, E. Oleogels of virgin olive oil with carnauba wax and monoglyceride as spreadable products. Grasas y Aceites
2014, 65, e040. [CrossRef]

Sagiri, S.S.; Singh, V.K,; Pal, K.; Banerjee, I.; Basak, P. Stearic acid based oleogels: A study on the molecular, thermal and
mechanical properties. Mater. Sci. Eng. C 2015, 48, 688—699. [CrossRef]

George, M.; Weiss, R.G. Molecular organogels. Soft matter comprised of low-molecular-mass organic gelators and organic liquids.
Acc. Chem. Res. 2006, 39, 489-497. [CrossRef] [PubMed]

Marangoni, A.G.; Marangoni, A.G. Organogels: An Alternative Edible Oil-Structuring Method. J. Am. Oil Chem. Soc. 2012, 89,
749-780. [CrossRef]

Patel, A.R. Natural Waxes as Oil Structurants. In Alternative Routes to Oil Structuring; Patel, A.R., Ed.; Springer International
Publishing: Cham, Switzerland, 2015; pp. 15-28. ISBN 978-3-319-19137-9. [CrossRef]

Kuznesof, PM.; Whitehouse, B. Chemical and Technical Assessment 65th JECFA—Beeswax. 2005. Available online: http:
//www.fao.org/3/a-at978e.pdf (accessed on 26 December 2020).

Kuznesof, PM.; Whitehouse, B. Chemical and Technical Assessment 65th [JECEA—Candelilla Wax; National Academies Press:
Washington, DC, USA, 2005; Volume 7. Available online: http:/ /www.fao.org/fileadmin/templates/agns/pdf/jecfa/cta/65
/candelillla_wax.pdf (accessed on 26 December 2020).

Joint FAO/WHO Expert Committee on Food Additives. Evaluations of the Joint FAO/WHO Expert Committee on Food
Additives (JECFA)—Carnauba Wax. 1998. Available online: http://www.fao.org/fileadmin/user_upload/jecfa_additives/docs/
Monographl/Additive-109.pdf (accessed on 26 December 2020).

Tulloch, A.P. Beeswax: Structure of the esters and their component hydroxy acids and diols. Chem. Phys. Lipids 1971, 6, 235-265.
[CrossRef]

Doan, C.D.; Van De Walle, D.; Dewettinck, K.; Patel, A.R. Evaluating the oil-gelling properties of natural waxes in rice bran oil:
Rheological, thermal, and microstructural study. JAOCS J. Am. Oil Chem. Soc. 2015, 92, 801-811. [CrossRef]

Baroni, N.A.F. Avaliacao Do Potencial Antioxidante In Vitro de Azeites de Oliva Identificados Como Extra Virgem Produzidos no
Brasil, [s.n.], 2015. Available online: http:/ /repositorio.unicamp.br/jspui/handle/REPOSIP /254636 (accessed on 26 December
2020).

Daniel, J.; Rajasekharan, R. Organogelation of plant oils and hydrocarbons by long-chain saturated FA, fatty alcohols, wax esters,
and dicarboxylic acids. JAOCS J. Am. Oil Chem. Soc. 2003, 80, 417-421. [CrossRef]

Patel, A.R.; Babaahmadi, M.; Lesaffer, A.; Dewettinck, K. Rheological Profiling of Organogels Prepared at Critical Gelling
Concentrations of Natural Waxes in a Triacylglycerol Solvent. J. Agric. Food Chem. 2015, 63, 4862-4869. [CrossRef]

Burkhardt, M.; Kinzel, S.; Gradzielski, M. Macroscopic properties and microstructure of HSA based organogels: Sensitivity to
polar additives. J. Colloid Interface Sci. 2009, 331, 514-521. [CrossRef]

Dassanayake, L.S.K.; Kodali, D.R.; Ueno, S.; Sato, K. Crystallization kinetics of organogels prepared by rice bran wax and
vegetable oils. J. Oleo Sci. 2012, 61, 1-9. [CrossRef]

Lam, R.S.H.; Rogers, M.A. Activation energy of crystallization for trihydroxystearin, stearic acid, and 12-hydroxystearic acid
under nonisothermal cooling conditions. Cryst. Growth Des. 2011, 11, 3593-3599. [CrossRef]

Doan, C.D.; Tavernier, I.; Okuro, PK.; Dewettinck, K. Internal and external factors affecting the crystallization, gelation and
applicability of wax-based oleogels in food industry. Innov. Food Sci. Emerg. Technol. 2018, 45, 42-52. [CrossRef]

Doan, C.D.; To, C.M.; De Vrieze, M.; Lynen, F; Danthine, S.; Brown, A.; Dewettinck, K.; Patel, A.R. Chemical profiling of the major
components in natural waxes to elucidate their role in liquid oil structuring. Food Chem. 2017, 214, 717-725. [CrossRef] [PubMed]
Aydemir, O.; Atalar, 1. Functionality of chestnut and fat/oil contents in cocoa chestnut cream production—A new product
development. J. Food Process Eng. 2019, 42. [CrossRef]

FAO/WHO Food Standards Programme Report of the fourteenth session of the Codex Committee on Fats and Oils. Codex
Aliment. Comm. 1997, 1-10. [CrossRef]

Commission of the European Communities. Commission Regulation (EEC) No 2568/91 of 11 July 1991 on the characteristics
of olive oil and olive-residue o0il and on the relevant methods of analysis. Off. J. Eur. Communities 1991. Available online:
http:/ /data.europa.eu/eli/reg/1991/2568/0j (accessed on 26 December 2020).

Lucan, M.; Ranilovi¢, J.; Slac¢anac, V.; Cvetkovi¢, T.; Primorac, L.; Gajari, D.; Obrdalj, H.T.; Juki¢, M.; Caci¢, J.L. Physico-chemical
properties, spreadability and consumer acceptance of low-sodium cream cheese. Mljekarstvo 2020, 70, 13-27. [CrossRef]
Hadnadev, M.; Doki¢, L.; Hadnadev, T.D.; Pajin, B.; Krstonosi¢, V. The impact of maltodextrin-based fat mimetics on rheological
and textural characteristics of edible vegetable fat. J. Texture Stud. 2011, 42, 404—411. [CrossRef]

Alvarez, M.D.; Fernandez, C.; Jiménez, M.].; Canet, W. Texture of extra virgin olive oil-enriched mashed potatoes: Sensory,
instrumental and structural relationships. J. Texture Stud. 2011, 42, 413-429. [CrossRef]

Sanders, C.T.; DeMasie, C.L.; Kerr, W.L.; Hargrove, J.L.; Pegg, R.B.; Swanson, R.B. Peanut skins-fortified peanut butters: Effects
on consumer acceptability and quality characteristics. LWT-Food Sci. Technol. 2014, 59, 222-228. [CrossRef]

Nikoli¢, I; Doki¢, L.; Krstonosi¢, V.; Seres, Z.; goronja—Simovié, D. Possibility of the production of functional low-fat food spread
of hull-less pumpkin seed flour from rheological and textural aspect. J. Texture Stud. 2014, 45, 324-333. [CrossRef]


http://doi.org/10.1080/10942912.2014.933352
http://doi.org/10.3989/gya.0349141
http://doi.org/10.1016/j.msec.2014.12.018
http://doi.org/10.1021/ar0500923
http://www.ncbi.nlm.nih.gov/pubmed/16906745
http://doi.org/10.1007/s11746-012-2049-3
http://doi.org/10.1007/978-3-319-19138-6
http://www.fao.org/3/a-at978e.pdf
http://www.fao.org/3/a-at978e.pdf
http://www.fao.org/fileadmin/templates/agns/pdf/jecfa/cta/65/candelillla_wax.pdf
http://www.fao.org/fileadmin/templates/agns/pdf/jecfa/cta/65/candelillla_wax.pdf
http://www.fao.org/fileadmin/user_upload/jecfa_additives/docs/Monograph1/Additive-109.pdf
http://www.fao.org/fileadmin/user_upload/jecfa_additives/docs/Monograph1/Additive-109.pdf
http://doi.org/10.1016/0009-3084(71)90063-6
http://doi.org/10.1007/s11746-015-2645-0
http://repositorio.unicamp.br/jspui/handle/REPOSIP/254636
http://doi.org/10.1007/s11746-003-0714-0
http://doi.org/10.1021/acs.jafc.5b01548
http://doi.org/10.1016/j.jcis.2008.11.078
http://doi.org/10.5650/jos.61.1
http://doi.org/10.1021/cg200553t
http://doi.org/10.1016/j.ifset.2017.09.023
http://doi.org/10.1016/j.foodchem.2016.07.123
http://www.ncbi.nlm.nih.gov/pubmed/27507530
http://doi.org/10.1111/jfpe.13222
http://doi.org/10.1007/BF02582346
http://data.europa.eu/eli/reg/1991/2568/oj
http://doi.org/10.15567/mljekarstvo.2020.0101
http://doi.org/10.1111/j.1745-4603.2011.00302.x
http://doi.org/10.1111/j.1745-4603.2011.00301.x
http://doi.org/10.1016/j.lwt.2014.04.001
http://doi.org/10.1111/jtxs.12078

Gels 2021, 7,12 18 of 18

38.

39.

40.

41.

42.

Martins, A.J.; Cerqueira, M.A.; Cunha, R.L.; Vicente, A.A. Fortified beeswax oleogels: Effect of 3-carotene on the gel structure and
oxidative stability. Food Funct. 2017, 8, 4241-4250. [CrossRef] [PubMed]

Toro-Vazquez, ].F; Morales-Rueda, ].; Torres-Martinez, A.; Charé-Alonso, M.A.; Mallia, V.A.; Weiss, R.G. Cooling rate effects
on the microstructure, solid content, and rheological properties of organogels of amides derived from stearic and (R)-12-
hydroxystearic acid in vegetable oil. Langmuir 2013, 29, 7642-7654. [CrossRef] [PubMed]

Karthik, P.; Anandharamakrishnan, C. Enhancing omega-3 fatty acids nanoemulsion stability and in-vitro digestibility through
emulsifiers. J. Food Eng. 2016, 187, 92-105. [CrossRef]

Kuhn, K.R.; Cunha, R.L. Flaxseed oil—Whey protein isolate emulsions: Effect of high pressure homogenization. J. Food Eng. 2012,
111, 449-457. [CrossRef]

Shantha, N.C.; Decker, E.A. Rapid, Sensitive, Iron-Based Spectrophotometric Methods for Determination of Peroxides Values of
Food Lipids. J. AOAC Int. 1994, 77, 421-424. [CrossRef] [PubMed]


http://doi.org/10.1039/C7FO00953D
http://www.ncbi.nlm.nih.gov/pubmed/29051941
http://doi.org/10.1021/la400809a
http://www.ncbi.nlm.nih.gov/pubmed/23697446
http://doi.org/10.1016/j.jfoodeng.2016.05.003
http://doi.org/10.1016/j.jfoodeng.2012.01.016
http://doi.org/10.1093/jaoac/77.2.421
http://www.ncbi.nlm.nih.gov/pubmed/8199478

	Introduction 
	Results and Discussion 
	Visual Observation and Morphological Analysis 
	Oxidative Stability 
	Mechanical Properties 
	Rheological Analyses 

	Conclusions 
	Materials and Methods 
	Materials 
	Organogel Preparation 
	Phase-Contrast Microscopy 
	Oxidative Stability 
	Mechanical Properties 
	Thermal Analysis 
	Rheological Analysis 
	Statistical Analyses 

	References

