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Abstract

The development of oleogels is currently at the stage of searching for optimal methods of structure formation to obtain the
specified product properties. One of the approaches is to optimize the composition of the gelator. The current problem is the
lack of information about the role of gelators in their combination in oleogel formation process. The study aimed to deter-
mine the effect of combining individual fractions from beeswax on the properties of oleogels. For this purpose, differential
scanning calorimetry, polarized light microscopy, texture analysis, and oil-binding capacity measuring methods were used to
study sunflower oil-based oleogels with the addition of a 6 wt. % gelator. Beeswax or combinations of its fractions obtained
by preparative liquid chromatography were used as different gelators. A close linear correlation was shown between the onset
temperature of crystallization and the content of hydrocarbons (r=-0.804, p <0.001) and wax esters (r=0.925, p <0.001). It
was found that the strongest gels were formed when the content of wax esters was from 64.74% to 89.36% with the addition
of 7.86% to 20.64% of a mixture of free fatty acids and alcohols. The onset temperature of crystallization can be corrected
by varying the content of hydrocarbons in the system up to 80.18% while maintaining firmness higher than that of beeswax

oleogel. The obtained data are useful for directed regulation of oleogels properties by varying the gelator composition.
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Introduction

Fats and oils are a source of essential fatty acids in the
human diet and play an important role in food texture for-
mation. At the same time, solid fats traditionally used to
form the texture of a product are a source of saturated and
trans-isomeric fatty acids, excessive consumption of which
is associated with the risk of cardiovascular disease. In this
regard, finding promising ways to replace such fats becomes
relevant [1]. Oleogels can act as such an alternative, rep-
resenting one of the most developing areas of research in
solid fat replacement to reduce saturated and trans-isomeric
fatty acids in the diet [2]. Oleogels may include various gel-
ling agents (usually less than 10%) dissolved in oil when
heated and, upon cooling, forming a thermally reversible
three-dimensional network of crystals in which the liquid
oil is encased [3].
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Generally, low molecular weight compounds such as
waxes [4] or high molecular weight compounds such as
ethylcellulose [5] are used as a gelator. Among many natural
waxes, beeswax is one of the most studied gelling agents due
to its multi-component nature [6, 7] and low cost [8]. The
main components of beeswax that can be used as structur-
ing agents [7, 9] are hydrocarbons (HC), wax esters (WE),
free fatty acids (FFA), and free fatty alcohols (FAl) [6, 10].
According to [6, 11] beeswax hydrocarbons are represented
mainly by C27, C29, C31, and C33 compounds. The wax
esters are a mixture of mono-, di-, and triesters. Monoesters
are esters consisting of long-chain alcohols: C24, C26, C28,
C30 and C32 and long-chain fatty acids: C16, C18 and C24.
Di- and tri- esters also consist of diols: C24, C26, C28 and
C30 and hydroxy acids: C16, C18 and C24.

A big step in the field of wax oleogels was made thanks
to the study [6], where the component composition of some
natural waxes was analyzed and their different effects on the
gelation process in oils were shown. It was found that liquid
oils structured by waxes with a large amount of WEs in their
composition form hard but brittle oleogels, and the presence
of HC and FFA contribute to the formation of firm oleogels.
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For a more detailed understanding of the role of individual
components in the gelling process and the creation of the
properties of oleogels, the authors [7] first developed and
subsequently modified [12] the method for beeswax frac-
tionation by preparative flash chromatography using solvents
approved for use in the food industry. Individual fractions
of beeswax with different component compositions were
obtained. The fractionation of beeswax made it possible to
analyze its components and identify differences in the con-
tent of volatile substances, chemical composition, thermal
properties, and morphological features. In addition, this
made it possible to evaluate their gel-forming properties in
structuring oils, either individually or in combinations [7].
By using individual wax components, it was shown that the
statement reported in [13] that faster cooling rates increase
the firmness of wax oleogels is true for oleogels structured
with beeswax, but the contrary effect was shown for samples
structured with HC [14].

Oleogels have some disadvantages, i. e. they can release
oil during storage due to syneresis, which at the moment
does not allow us to consider them a complete substitute for
solid fats [15]. Technological features of the oleogels pro-
duction process include heating of the dispersion medium
(oil) up to 90-100 °C, which, in turn, can lead to the devel-
opment of oxidative processes. In the aspect of sensory
properties of oleogels, an increase in the concentration of
wax gelators is accompanied by the formation of a waxy
mouthfeel [16]. In the study [17] on the example of cookies
it is shown that when using oleogels structured by individual
fractions of beeswax, it is possible to obtain a food product
that does not differ from the solid fat-based product. Despite
this, research on ways to improve oleogels and search for
modifications of gelling agents, including for reducing their
concentration in the oleogel, is constantly continuing.

There is evidence that the nature of vegetable oil influ-
ences the properties of oleogels structured both by multi-
component gelators [18, 19] and by pure alcohols and acids
[20, 21]. As is known that oleogels structured with native
wax and beeswax HCs cooled at different rates [14] can have
diametrically opposite properties. To better understand the
effect of combining beeswax fractions on the properties of
oleogels, it is also necessary to study these combinations in
different oils under various processing conditions, such as
different cooling rates.

By combining several components, lower melting tem-
peratures of their mixtures relative to the initial compounds
can be obtained [22]. This also makes it possible to produce
oleogels with higher textural properties. [23]. The authors
[7] show that HCs, when interacting with other wax compo-
nents, form eutectics—mixtures with a lower melting point,
which, in turn, makes it possible to avoid waxy mouthfeel.
There are also works associated with the combination of
several oils [24, 25] however the effects of such interactions

are less significant in comparison with the combination of
several gelators. In [9] the role of wax esters and their com-
binations in gel formation were investigated. It’s shown that
by mixing several WEs it is possible to achieve a modifica-
tion of the thermal effects and improved structuring action.
However, there is a lack of systematic studies on the effects
of combining all the major classes of compounds that con-
stitute the waxes.

The study aimed to determine the effect of combining
individual fractions from beeswax on the properties of
oleogels.

Materials and Methods
Materials

Beeswax (BW) was purchased from a local apiary (Dom
Voska, Russia) and was fractionated using preparative
flash chromatography according to the method [12]. Three
fractions of gelators (A—hydrocarbons >99%, B—wax
monoesters > 95%, and C—66% wax di- and triesters, > 29%
free fatty acids and < 5% free fatty alcohols) were used, the
component composition of which is given in Table 1 (10:0:0,
0:10:0, and 0:0:10, respectively) and corresponds to [12],
in which the composition analysis was performed by thin-
layer chromatography (TLC) and high-performance liquid
chromatography with evaporative light-scattering detector
(HPLC-ELSD). The composition of combinations 4-21
were calculated. Analytical grade solvents were used for
the separations, including hexane, acetone, and isopropyl
alcohol (Component-Reactiv, Russia). Refined deodorized
sunflower oil was purchased from (EFKO, Russia) for the
preparation of oleogels.

Oleogel Preparation

The concentration of the gelator was 6 wt. % in the sunflower
oil. The choice of concentration was based on a previous
study [18] in which it was shown that a this concentration
of beeswax forms an oleogel with characteristic mechanical
properties (firmness, oil-binding capacity). To prepare oleo-
gels, a structure-forming agent ( individual fractions or their
combinations) was added to heated oil at 90 °C. The com-
binations of fractions were prepared from three individual
fractions of beeswax, so that their total content was equal
to 6 wt. %. The samples were mixed on a magnetic stirrer
at 300 rpm for 20 min. For structuring, the samples were
cooled to 20+ 1 °C at a rate of 1 °C/min and then incubated
for 24 h before testing. The temperature and cooling rate
were controlled in the climatic chamber KK240 (Pol-Eko-
Aparatura, Poland). A total of 21 samples of oleogels were

@ Springer



264

Food Biophysics (2023) 18:262-272

Table 1 Composition of

Oleogel Fractions ratio  Composition of the gelator
oleogels’ gelators sample (A:B:C)
Hydrocarbons, % Wax esters, % Free fatty Free fatty
alcohols, % acids, %

1 10:0:0 99.30 0.70 0.00 0.00
2 0:10:0 3.70 95.10 1.20 0.00
3 0:0:10 0.00 66.40 4.40 29.20
4 8:2:0 80.18 19.58 0.24 0.00
5 2:8:0 22.82 76.22 0.96 0.00
6 0:2:8 0.74 72.14 3.76 23.36
7 0:8:2 2.96 89.36 1.84 5.84
8 8:0:2 79.44 13.84 0.88 5.84
9 2:0:8 19.86 53.26 3.52 23.36
10 6:2:2 60.32 32.72 1.12 5.84
11 2:6:2 22.08 70.48 1.60 5.84
12 2:2:6 20.60 59.00 2.88 17.52
13 4:6:0 41.94 57.34 0.72 0.00
14 0:6:4 2.22 83.62 2.48 11.68
15 6:4:0 61.06 38.46 0.48 0.00
16 6:0:4 59.58 26.98 1.76 11.68
17 4:0:6 39.72 40.12 2.64 17.52
18 0:4:6 1.48 77.88 3.12 17.52
19 2:4:4 21.34 64.74 2.24 11.68
20 4:4:2 41.20 51.60 1.36 5.84
21 4:2:4 40.46 45.86 2.00 11.68

A, B, C — beeswax fractions. Wax esters include mono-, di-, and trimesters. A—hydrocarbons >99%, B—
wax monoesters > 95%, and C—66% wax di- and triesters, >29% free fatty acids and <5% free fatty alco-

hols

prepared and analyzed, with different compositions of the
gelators used to obtain the oleogel.

Fractions A, B, and C were added to the oil in various
proportions with 20% increments. The content of each
fraction in the sample was marked as a ratio (A:B:C). For
example, a sample containing 20% of fraction A, 20% of
fraction B, and 60% of fraction C was marked as (2:2:6). The
numbering and chemical composition of the gelling agent
mixture are shown in Table 1.

It is worth noting that usually the wax esters are a mixture
of mono-, di-, and triesters [11], but by fractionation we
were able to separate monoesters, from di- and triesters [12]
into the B fraction.

Analysis of Oleogels

Characteristics of Crystal Morphology

Studies of the crystal morphology were performed using a
Zeiss Axio Imager Z1 microscope in polarized light mode
(Carl Zeiss Microimaging GmbH. Jena, Germany) equipped

with a digital camera AxioCam (Zeiss). The procedure of
the specimen preparation was described in [24], with a slight
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difference. Specimens were cooled to 20 C with 1 °C/min
cooling rate. Crystal size in the oleogels was determined
using microphotographs made in two replicates using JMi-
croVision software.

0Oil-Binding Capacity (OBC)

Studies of oil-binding capacity were carried out by centrifu-
gation according to the method [18]. Before the study, tubes
with oleogels were thermostatted at 20+ 1 °C for 24 h. The
analysis was performed in two replicates.

Qualitative Phase Diagrams

Three mililiters of oleogels prepared according to the tech-
nology described in “Oleogel preparation” section were
poured into 5 mL tubes (inner diameter 19 mm). The sam-
ples of oleogels were cooled to 20 °C at 1 °C/min and incu-
bated for 24 h. The samples were stored at a constant tem-
perature from 20 to 50 °C, increasing the temperature by
5 °C at arate of 1 °C/min every 24 h to prepare qualitative
phase diagram. Gel formation was confirmed visually by
evaluating the inability of the samples to flow after turning
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the test tube. The test tube was held upside down for 1 min.
Samples were characterized as "gel", "thickened liquids",
or "liquid" (non-viscous solution) based on the inability of
samples to flow after turning over [26].

Differential Scanning Calorimetry (DSC)

The crystallization and melting temperatures of the oleo-
gels were studied using a Mettler-Toledo DSC 3 differential
scanning calorimeter (Switzerland) equipped with a TC45
cooling module (Huber, Germany). Samples (6—8 mg) were
placed in aluminum pans and sealed. The measuring cycle
consisted of 5 sections: cooling, stabilization, heating, sta-
bilization, and cooling. First, the samples were cooled to
-15 °C, then stabilized at this temperature for 3 min and
heated to 90 °C. The samples were then stabilized at 90 °C
4 min and cooled to 10 °C. The heating and cooling rate for
all steps was 10 °C/min.

Firmness Determination

The firmness of the oleogels was measured by a texture ana-
lyzer using EZ Test SX machine (Shimadzu, Japan) with
a cylindrical probe (12 mm diameter, Perspex). Oleogels
for this study were prepared under standard conditions and
poured by 3 ml into 5 ml cylindrical tubes with an inner
diameter of 14 mm. All the samples were incubated for
24 h at 20 °C in the climatic chamber KK240 (Pol-Eko-
Aparatura, Poland) to determine the firmness of the oleo-
gel samples. The room temperature during the analysis was
2042 °C, maintained by a climate control system. Then the
samples were compressed by the cylindrical probe, moving
at a speed of 5 mm/min over a distance of 6 mm into the
sample. Firmness was measured automatically by Trapezium
X (Shimadzu, Japan) software.

Statistical Analysis

Statistical data analysis and plotting of triple diagrams were
performed using OriginPro 2018 software [27]. Multiple
Correspondence Analysis was performed using RStudio
software package (version 1.1.463) with FactoMineR and
factoextra modules [28, 29], R package version 1.0.5. The
significance level was p <0.05 with a 95% confidence level.

Results
Microscopy
One of the most important parameters characterizing the

morphology of crystals is their shape and average crys-
tal length (Lc) [30]. Figure 1 shows microphotographs of

oleogel crystals structured by combinations of beeswax frac-
tions at a concentration of 6%. Oleogels prepared on the
individual fractions A—1 (10:0:0), B—2 (0:10:0) and C—3
(0:0:10) are placed in the vertices of the triangle.

Among the samples studied, the crystal length varied sig-
nificantly, varying from a minimum value of 7.55 +1.97 pm
for the oleogel crystals of sample 3 (0:0:10) to a maximum
of 69.54 +18.44 pum for the crystals of sample 1 (10:0:0).
The crystals of the oleogels of sample 2 (0:10:0) had a
length equal to 46.43 +11.53 pm. Crystals in the form of
large polygonal plates were formed in oleogels structured by
fraction A (sample 1 (10:0:0)), which is typical for hydrocar-
bon crystals [31]. Similar platelet-like crystals were formed
in oleogels in fraction B (sample 2 (0:10:0)), which is con-
sistent with earlier studies of oleogel crystals structured by
beeswax monoesters [7] and pure WEs [9]. Substantial dif-
ferences in oleogel crystals were found in sample 3 (0:0:10)
in fraction C characterized by small crystal size (Fig. 2) but
similar in shape to oleogel crystals in the beeswax [18].

For oleogels on binary and triple combinations of
these fractions, crystals also differed significantly in size
depending on the used ratios. Overall, the crystal size of
the binary and ternary mixtures also varied considerably
from 5.23 +1.84 um to 63.93 +22.62 pm. Oleogel crystals
on mixtures of fractions A and C the smallest values of aver-
age length (Fig. 2) and, conversely, when combining frac-
tions A and B, large crystals were formed, on average more
than 30 pm. When fractions B and C were combined, both
large crystals (at high concentration of fraction B) and small
crystals (at high concentration of fraction C) were formed.
When all three fractions were combined in oleogels, both
large crystals (sample 11 (2:6:2)) and small crystals (sam-
ple 12 (2:2:6)) were formed. Crystals of sample 20 (4:4:2)
were represented by aggregated plates. This is also typical
of sample 21 (4:2:4), but its crystals were much smaller,
probably due to higher amount of FFAs and FAls (Table 1).

A study of the morphology of oleogel crystals on the
initial wax containing a large amount of hydrocarbons and
oleogels structured by pure hydrocarbons (dotriacontane)
was previously described in [32]. The authors showed that
the crystals of oleogels structured by hydrocarbons were
much larger compared to the crystals of wax-based oleogels.
The authors concluded that such a tendency can be observed
due to the multi-component composition of the wax, lead-
ing to the development of the mixed systems with a less
developed three-dimensional structure and smaller crystals
as compared to the pure substance.

Depending on the combination used and the fractions
chemical composition, we observed both large and small
crystals, mostly platelet-like in shape. Some samples with
high concentration of fractions A and C (e.g., 3 (0:0:10),
6 (0:2:8), 9 (2:0:8), 12 (2:2:6), 16 (6:0:4), and 17 (4:0:6))
were characterized as needle-like. However, according to the

@ Springer



266

Food Biophysics (2023) 18:262-272

..

Fig. 1 Polarized light microscopy of oleogels based on fractions A,
B, C and their combinations (Plan-Neofluar 20X objective. The hori-
zontal scale corresponds to 100 um. On the upper right is the sample
number. On the upper left are mass fractions of individual fractions in

publication [33], this visual effect was caused by the orienta-
tion of crystals perpendicular to the surface of the slides, but
it is reported that their real shape is platelet-like [3, 14, 34].

Oil-Binding Capacity

The structure's ability to holding oil after centrifugation
indicates the stability of the oleogel and the efficiency of
oil structuring [33]. Structuring ability is one of the critical
factors in the practical application of oleogels and depends
on their microstructure [35]. Data were obtained on the OBC
of oleogels structured by individual beeswax fractions and
their double and triple combinations (Fig. 3).

A result of the analysis (Fig. 3) is shown that using sepa-
rate fractions of beeswax (samples 1 (10:0:0), 2 (0:10:0),
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A (HC)

the format A:B:C). A hydrocarbons >99%, B wax monoesters > 95%,
and C 66% wax di- and triesters, >29% free fatty acids and <5% free
fatty alcohols

and 3 (0:0:10) and their combination in various ratios (sam-
ples 4-21), the OBC of oleogels based on them ranges from
49.2 to 100%. The lowest OBC value is characteristic of
oleogels structured with hydrocarbons (sample 1 (10:0:0)).
Thus, for example, when combining fractions A (hydrocar-
bons) and B (monoesters), samples (4 (8:0:2), 15 (6:0:4),
13 (4:0:6), 5 (2:8:0)) were characterized by an OBC index
from 68.6% to 94.5%, while increasing the hydrocarbon con-
tent in combination with monoesters leads to an increase in
OBC. A similar tendency to increase OBC with an increase
in hydrocarbon content was observed in samples 8 (8:0:2),
9 (2:0:8), 16 (6:0:4), and 17 (4:0:6) when combining frac-
tion A with fraction C (wax esters, fatty alcohols, free fatty
acids). At the same time, binary combinations of fractions B
and C (samples 7 (0:8:2), 14 (0:6:4), 18 (0:4:6)) had 100%
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Fig. 2 Indicator of the average crystal length of oleogels. A hydro-
carbons >99%, B wax monoesters >95%, and C 66% wax di- and tri-
esters, > 29% free fatty acids and < 5% free fatty alcohols

100
7 0
0 25 50 75 100
A (HC), %
OBC, %

]

4920 5555 6190 6825 7460 8095 8730 9365 1000

Fig. 3 Oil-binding capacity (OBC) of oleogels structured by beeswax
fractions. A hydrocarbons>99%, B wax monoesters>95%, and C
66% wax di- and triesters,>29% free fatty acids and <5% free fatty
alcohols

OBC. The exception is sample 6 (0:2:8) (93.6%), in which a
minor separation of the oil phase is observed. Based on the
obtained data, we shown that the use of binary compositions
of beeswax fractions gelators in oleogels generally leads to
an increase in OBC as compared to pure fractions. Studies
of the effect of triple combinations of fractions A, B, and C
(samples 10 (6:2:2), 11 (2:6:2), 12 (2:2:6), 19 (2:4:4), 20
(4:4:2), 21 (4:2:4)) showed that their use allows obtaining
oleogels with high OBC from 96.3% to 100%.

Qualitative Phase Diagrams of Oleogels

The ability to structure liquid oils is due to the component
composition of beeswax. Fractionation of beeswax makes
it possible to evaluate the contribution of each of them to
the gelling process. Since we conducted studies at the same
concentration of gelators, it is possible to assess the effect
of individual fractions and their combinations on gelation at
different temperatures (Fig. 4).

Figure 4 shows that sample 1 (10:0:0) is the most low-
melting oleogel, and samples 2 (0:10:0), 6 (0:2:8), 7 (0:8:2),
11 (2:6:2), 12 (2:2:6), 14 (0:6:4), 18 (0:4:6), and 19 (2:4:4)
were the most high-melting due to their component compo-
sition. Hydrocarbons were the main component of sample
1 (10:0:0) (Table 1). Oleogels structured with beeswax and
its individual fractions belong to physical (thermally revers-
ible) gels, in connection with which the melting temperature
of oleogels will be lower than the melting temperature of
pure gelator during structuring. In this case, the tendency
"the most high-melting gelator forms the most high-melting
oleogel and contrary" can remain.

The results of the investigation of binary combinations
of beeswax fractions (samples 4-9, 13—18) for gel-forming
ability at different temperatures established that oleogels
containing fraction A in different ratios with B fractions
(samples 4 (8:2:0), 13 (4:6:0), 15 (6:4:0) and C (samples 8
(8:0:2), 9 (2:0:8), 16 (6:0:4), 17 (4:0:6)) retain gel-forming
ability at temperature increase to 35 °C. The exception is
sample 5 (2:8:0), which retains the gelatinous state at 40 °C.
At the same time, binary combinations based on fractions B
and C (samples 6 (0:2:8), 7 (0:8:2), 14 (0:6:4), 18 (0:4:6))
allow obtaining more high-melting oleogels preserving their
gel state at 45 °C. Also, in the investigated compositions no
transition state characterized by a fluid liquid was revealed.
Thus, the content of the most low-melting fraction A (mix-
ture of hydrocarbons) in the composition leads to obtaining
low-melting oleogels. At the same time, in the case of the
combination of hydrocarbons and monoesters (samples 4
(8:2:0), 5 (2:8:0), 13 (4:6:0), 15 (6:4:0)), an increase in the
content of monoesters to 60 and 80% (samples 13 (4:6:0)
and 5 (2:8:0), respectively) increases the temperature of the
gel state.
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Fig.4 Phase diagram of the

Temperature °C

investigated oleogel composi- .
tions at different temperatures: Sample | A:B:C
gel (black zone), viscous liquid 2 0:10:0
(gray zone) and liquid (white 6 0:2:8
zone). A hydrocarbons >99%, 7 0:-82
B wax monoesters >95%, and C 5 6;
66% wax di- and triesters, >29% 11 et
free fatty acids and < 5% free 12 2:2:6
fatty alcohols 14 0:6:4
18 0:4:6
19 2:4:4
20 4:4:2
21 4:2:4
3 0:0:10
5 2:8:0
13 4:6:0
16 6:0:4
17 4:0:6
8 8:0:2
10 6:2:2
9 2:0:8
4 8:2:0
15 6:4:0
1 10:0:0

The study of the influence of triple combinations includ-
ing A, B, and C fractions on the gel-formation ability at
different temperatures revealed that a decrease in the con-
tent of the most low-melting hydrocarbon fraction leads to
an increase in the phase transition temperature. The most
high-melting point (45 °C) was characterized by samples of
oleogels (11 (2:6:2), 12 (2:2:6), and 19 (2:4:4)) with high
monoesters or WEs content.

Differential Scanning Calorimetry

Phase transition temperatures of the oleogels structured with
individual beeswax fractions or their combinations were
studied using DSC. The experiment revealed that oleogels
based on individual fractions A and B were characterized
by a single crystallization peak at 34.53 °C and 51.38 °C,
respectively. The crystallization isotherm of oleogel based
on fraction C is characterized by two peaks at 33.01 °C and
45.18 °C. However, in binary combinations 4 (8:2:0), 8
(8:0:2), and 16 (6:0:4) simultaneous crystallization of both
components (presence of only one crystallization peak) was
observed (Figure S1 in the supplementary materials), which
indicate the formation of eutectic mixtures [7]. Information
about the crystallization onset temperature (Tc ) of all
studied samples shown in Fig. 5.

Figure 5 shows the distribution map of the crystallization
initiation temperatures, which represents the liquidus surface
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Fig.5 Temperature of the onset crystallization (Tc,,,) of oleo-
gels structured by beeswax fractions. A hydrocarbons>99%, B wax
monoesters >95%, and C 66% wax di- and triesters,>29% free fatty
acids and < 5% free fatty alcohols
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for the three-component system. The lowest temperatures of
the onset crystallization were characteristic of the combina-
tions with high content of fraction A. The temperatures of
the beginning of crystallization decrease smoothly for all
combinations with increasing concentration of fraction A,
except for binary combinations containing 60% of fraction
C and 80% of fraction B.

Thermograms of sample melting were studied in the same
way (Figure S2 in the supplementary materials). The lowest
melting point has the oleogel based on fraction A (38.17 °C,
sample 1 (10:0:0)), and the highest—is based on fraction B
(55.47 °C, sample 2 (0:10:0)). Melting temperature of oleo-
gel based on fraction C is 50.31 °C (sample 3 (0:0:10)). The
melting thermograms were characterized by the presence
of a greater number of melting peaks compared with the
crystallization thermograms. It can be associated with pres-
ence of polymorphic transformations in the studied samples
during melting [36].

Texture Analysis

The mechanical strength of oleogels is an important fac-
tor in their practical application in food products [35]. The
mechanical strength was determined as the firmness of the
oleogels. Samples were characterized at 20 °C in a “gel”
state, according to Fig. 4. The firmness of the investigated
oleogels ranged from 0.18 +0.01 N to 3.98 +0.49 N. The
obtained results are shown in Fig. 6, where the dark and
light areas correspond to the lower and higher firmness of
the oleogel, respectively.

According to Fig. 6, the oleogel samples structured
by fractions A, B, and C show the lowest firmness. The
decrease of this parameter was observed in the range: sample
2 (0:10:0) > sample 3 (0:0:10) > sample 1 (10:0:0). Most of
the investigated oleogels on combinations of fractions had
higher firmness than oleogels on individual fractions. The
exceptions were samples 5 (2:8:0) and 9 (2:0:8).

A significant increase in firmness of oleogels on binary
combinations of fractions A and C was found in samples
8 (8:0:2), 16 (6:0:4) and 17 (4:0:6). Also, the increase of
firmness parameter is typical when combining fractions A
and B in samples 4 (8:2:0), 13 (4:6:0) and 15 (6:4:0), in
which the firmness increases by more than 2 times, rela-
tive to samples 1 (10:0:0) and 2 (0:10:0). Analysis of binary
combinations of fractions B and C showed that samples 7
(0:8:2), 14 (0:6:4), 18 (0:4:6) and 6 (0:2:8) had higher firm-
ness compared to samples 2 (0:10:0) and 3 (0:0:10). The
effect of combining all three fractions on the texture of the
oleogels was further evaluated, showing a positive influence
of their combination. All the triple combination samples
(10 (6:2:2), 11 (2:6:2), 12 (2:2:6), 19 (2:4:4), 20 (4:4:2), 21
(4:2:4)) show increased firmness relative to oleogels struc-
tured with fractions A, B, and C.

0 20 40 60 0 100
A (HC), %

Firmness, N

3 T T T
0,1800 0,6563 1,132 1,609 2,085 2,561 3,038 3514 3,990

Fig.6 Firmness of oleogels structured with beeswax fractions. A
hydrocarbons >99%, B wax monoesters >95%, and C 66% wax di-
and triesters, > 29% free fatty acids and < 5% free fatty alcohols

In our study, oleogels with different crystal morphologies
had the greatest strength (OBC and firmness). For example,
sample 19 (2:4:4), which had large crystals (Fig. 2), had the
highest firmness (Fig. 6). In contrast, some oleogels with
large crystals had lower firmness and OBC (e.g., sample 1
(10:0:0)).

We found that most triple combinations of fractions had
better gelling properties relative to the initial fractions (A—
hydrocarbons; B—monoesters; C—wax esters, fatty alco-
hols, and free fatty acids). It agrees to the study [7], which
shows high gelling properties of hydrocarbons in combina-
tion with WEs and FFAs. At the same time, the present study
found that it is also possible to obtain solid gels with a high
T, Crystallization without the use of hydrocarbons. The
analysis of the OBC of the samples shows that by combin-
ing the gelators (6 wt. %), we can achieve high values of
this parameter.

Statistical analysis of the data was performed to analyze
the relationship between the studied parameters.

Statistical Analysis
Using the data obtained in this work the analysis of cor-

relations between the studied indicators was carried out
(Table 2).
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Table2 Results of correlation OBC  Firmness  Lc T,  HC WE FFA +FAl
analysis
OBC, % — 0.631%* -0.352 0.070 -0.278 0.191 0.337
Firmness, N — 0.152 0.254 -0.249 0.263 0.066
Le, — 0.270 0.129 0.096 -0.626%*
TConset — -0.804% 0.925% 0.025
HC — -0.945% -0.555%
WE — 0.251
FFA +FAl —

*p<0.01, ¥* p<0.001; OBC oil-binding capacity; Lc average crystal length; Tc,,.,, Temperature of onset
crystallization; HC, WE, FFA, FAIl concentrations of hydrocarbons, wax esters, free fatty acids, and free

fatty alcohols

As shown in Table 2, Firmness and OBC values had sta-
tistically significant correlation only between each other
(r=0.631, p<0.01). Thus, in firmer samples, the oil-binding
capacity was predominantly higher, which is consistent with
the work [37]. However, there were samples that did not fol-
low this pattern. According to [38] the oil-binding capacity
of wax oleogels is affected by many factors, including the
crystal structure in the solid state, crystal size and shape,
as well as their spatial distribution and order. Interactions
responsive to gel formation are generally considered to have
a significant influence on the oil-binding capacity. Accord-
ing to [39] such interactions include hydrogen bonding,
n-n-stacking, electrostatic and van der Waals interactions.
The authors [40] also state that the crystal network struc-
ture responsible for the mechanical properties of the gel is
strongly influenced by the type of molecular interactions and
the orientation of the gel-forming molecules.

Firmness also depends on different factors, such as the
influence of the dispersion medium [18, 41] and the dis-
persed phase [6, 42]. According to [43] firmness also
depends on the polymorphic transformations of the struc-
ture-forming crystals during storage. The firmness depends
on the technological methods used, such as sintering [43],
cooling rate [13, 14, 44, 45], shear rate during preparation
[45] or the application of ultrasound [46]. The presence of
different mechanisms affecting the firmness and oil-binding
capacity of oleogels explains the low degree of linear rela-
tionship between these parameters with statistical signifi-
cance of their dependence.

The closest correlations (p <0.001) between composition
and Tonset of crystallization were observed for HC fractions
(r=-0.804) and WEs (r=0.925). This is connected to the
fact that during the mixing of beeswax fractions the sys-
tems without congruent melting point were formed, that is,
the crystallization Tonset of the mixture never exceeds the
crystallization Tonset of its most high-melting component
(Figure S1 in supplementary materials). This corresponds
to previously obtained data on crystallization of various
binary combinations of beeswax fractions [7]. In the studied
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systems the highest Tonset of crystallization had sample 2
(0:10:0), containing mainly WEs, and the lowest—sample
1(10:0:0), containing only HCs. In this regard, increasing
the fraction of WEs leads to an increase in Tonset of crys-
tallization, and increasing the fraction of HCs leads to its
decrease. The slightly lower values of the correlation coef-
ficient between Tonset of crystallization and HCs content
were due to combinations 4 (8:2:0), 8 (8:0:2), and 16 (6:0:4),
containing large amounts of HCs, were eutectics and their
Tonset of crystallization decreases non-linearly.

Crystal length in oleogel shows a close negative correla-
tion with the content of FFAs and FAls (r=-0.626, p <0.01),
therefore, an increase in their content leads to a decrease in
crystal length. This relationship is due to the fact that FFAs
with FAl form mixed crystals as a result of co-crystalliza-
tion, which leads to the formation of a small crystals [35].
Therefore, more FFA and FAl in the oleogel leads to more
small-sized crystals, which reduces the average size of crys-
tals in the oleogel.

In this work, the concentration of the gelling agent in
all the investigated oleogels were equal; therefore, a change
in the amount of one of the fractions resulted in a propor-
tional change in the amount of another fractions. This is the
reason of the observed negative correlations between HC
content and WE content (r=-0.945, p <0.001) as well as
with FFA 4+ FAL content (r=-0.555, p<0.01).

No correlation (r=0.152, p>0.05) was found between
firmness and average crystal length. It indicates that the size
of crystals, is not the key factor influencing on firmness of
oleogels based on different gelators.

The values of OBC, firmness and Tonset crystallization of
oleogels structured with combinations of wax fractions were
then compared with the values measured for oleogel based
on beeswax (OBC=100%, Firmness=1.7 N, Tonset of crys-
tallization =48.14 °C). Two groups parameter (higher or
lower than that of beeswax oleogels) were distinguished and
examined by Multiple Correspondence Analysis (Fig. 7).

Figure 7 shows that the first two dimensions describe
84.6% of the variation between the samples studied,
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Fig.7 Multiple Correspondence Analysis plot ("+" and "-" indicate
areas where Tc ., Firmness, and OBC values are higher or lower
than those of beeswax oleogels, respectively)

indicating the representativeness of the data presented. The
first dimension (Dim1) mainly describes the variation in
Firmness and OBC. To the right are the oleogel samples
with higher values than the beeswax-based oleogel. On
the left are those with lower values. The second dimension
(Dim2) mainly describes the difference in the T, crystal-
lization index. At the top are samples of oleogels with higher
T, CTystallization than that of beeswax oleogels, and at
the bottom, on the contrary, lower. Onset temperature of
crystallization is positively correlated with concentration of
WE and negatively with HC. Concentration of FFA +FAL is
positively correlated with Firmness and OBC.

We can distinguish four main groups of samples depend-
ing on the intensity of their parameters. The first group
includes oleogels with high T, crystallization, Firm-
ness and OBC (samples 7 (0:8:2), 14 (0:6:4), 18 (0:4:6),
19 (2:4:4)). These samples contain predominantly wax
esters (64.74-89.36% WE) and free fatty acids and alcohols
(7.86-20.64% FFA +FAl).

The second group consists of samples with low T
crystallization but high Firmness and OBC (samples 8
(8:0:2), 10 (6:2:2), 12 (2:2:6)). This group mainly contains
samples containing high amounts of hydrocarbons. Among
them, sample Ne 8 (8:0:2) is a eutectic mixture of predomi-
nantly hydrocarbons with WEs, FFAs, and FAls. Among the
samples obtained from the combination of the three fractions
in this group, sample 12 (2:2:6) stands out with the highest
OBC and firmness.

The third group includes oleogels with low T, crystal-
lization, Firmness and OBC (samples 1 (10:0:0), 3 (0:0:10),
4 (8:2:0), 6 (0:2:8), 9 (2:0:8), and 15 (6:4:0). This group
includes samples with a low content of refractory B fraction
(monoesters).

The fourth group includes oleogels with high T, crys-
tallization but low Firmness and OBC (samples 2 (0:10:0),
5 (2:8:0), 13 (4:6:0)), which contain mainly wax esters
(57.34-95.10% WE) and hydrocarbons (22.82-41.94% HC).

The sample 11 (2:6:2) with high Firmness, T crystal-
lization, and low OBC, as well as oleogels with low Tc .,
having low OBC with high Firmness (samples 17 (4:0:6),
21(4:2:4)), and high OBC with a low Firmness (samples 16
(6:0:4), and 20 (4:4:2)) stand out separately.

Reducing the T, crystallization may be preferable from
an organoleptic point of view as a way to reduce the waxy
mouthfeel described in [16, 47]. The most preferable in this
context were samples from the second group with low T,
crystallization and high Firmness and OBC.

All samples of oleogels obtained using individual bees-
wax fractions fell into the groups with reduced firmness and
OBC. In this regard, their individual use for structuring sun-
flower oil is inappropriate.

Conclusion

We evaluated the possibility of structuring sunflower oil by
binary and triple combinations of beeswax fractions (A, B,
and C) in different ratios. Studies of crystal morphology,
phase diagrams, oil-binding capacity, the temperature of
phase transitions, and textural properties of oleogels were
carried out. As a result of the study, the influence of beeswax
fractions and their combinations on the gelling of sunflower
oil was established. It was shown that the ratio between
the studied fractions predominantly affects the properties
of oleogel in a non-linear way. The exception is the T
crystallization, which is in a close positive linear correlation
with the WE content and in a negative correlation with the
HC content.

Conditions for obtaining stronger gels with either high
or low T, crystallization was identified. It was shown
that WEs (64.74-89.36%) with the addition of FFAs and
FAls (7.86-20.64% FFA + FAl) form oleogels with high
Tonser Crystallization, Firmness and OBC. To reduce T,
crystallization it is necessary to increase hydrocarbon con-
tent (up to 80.18%) at the expense of WEs content. These
results can be used for directed correction of wax gela-
tors composition to regulate the oleogel properties. In this
case, the correction can be carried out both by fractionation
and by combining individual types of waxes with different
chemical compositions.
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