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The ferulic acid (FA) / monoglyceride (MG) mixture could act as a gelator to structure sunflower oil at the gelator
concentration (¢) > 4 % and the FA/MG ratios (r) of 0:100, 25:75, 50:50 and 75:25. The rectangular FA and
needle-shaped MG crystals in the oleogel interlock with each other to form a 3D network, restricting the flow of
oil. The gel strength and rheological performance of the oleogel were positively correlated with ¢ and negatively
correlated with storage temperature (t). Its gelation temperature was determined by ¢ and r. Its B-carotene

protective ability against ultraviolet irradiation was proportional to the FA concentration. The oleogel with r =
25:75, ¢ =5 % and t = 4 °C could partially substitute cocoa butter for chocolate production. With the increasing
substitution rate (Wcgs), the appearance, texture properties and enthalpy change of chocolate gradually dete-
riorated. But when W¢ps < 40 %, the oleogel had no significant effect on the sensory characteristics.

1. Introduction

Lipids are not only an important source of energy, but also an
important carrier for nutraceuticals, which determine the functionality,
texture, and taste of food (Pinto, Martins, Pastrana, Pereira, & Cer-
queira, 2021). Oleogel is a gel-like structure formed by encapsulating
liquid oil within a 3D gel network using a certain amount of gelator, thus
possessing the characteristics of solid fat (Pehlivanoglu et al., 2018).
During the preparation process of edible oleogels, the gelator first un-
dergoes random and non-directional aggregation to form a primary
structure. Then, through self-assembly or crystallization, the gelator
forms secondary structures such as fibrous or lamellar aggregates. These
aggregates further form a three-dimensional network structure, pre-
venting the flow of oil and resulting in the gelation of the entire system
(Puscas, Muresan, & Muste, 2021). In recent years, researchers have
shown great interest in the development of oleogels due to the fact that
common plastic fats, such as lard, beef tallow, butterfat, coconut oil,
margarine, vegetable shortening, contain high levels of saturated fatty
acids and significant amounts of trans-fatty acids. Although these fats
can provide unique functional properties to food, excessive consumption
can increase the risk of coronary heart disease, cardiovascular disease,
metabolic syndrome, obesity, diabetes, and cancer (Pehlivanoglu et al.,
2018). In addition, when liquid oil is directly added to food as a sub-
stitute for plastic fats, adverse phenomena such as oil leakage and even
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shortened shelf life of the product may occur (Pakseresht & Tehrani,
2022). Since the construction of food-grade oleogels only requires the
participation of edible vegetable oil and gelators, oleogels are a new
strategy for constructing zero-trans, low-saturated fatty acid plastic fat
substitutes.

Currently, oleogels can be classified into single-component and
multi-component oleogels based on the type and quantity of gelator
used. Common single-component gelators include monoglyceride, wax,
ethyl cellulose, etc. (Davidovich-Pinhas, Gravelle, Barbut, & Marangoni,
2015). Although these gelators can form edible oleogel by themselves,
they show some limitations under shear, heating and processing con-
ditions. The mixture of various gelators can play a synergistic effect to
enhance the strength of the gel, such as monoglyceride/diglyceride
(Wang et al., 2022), stearic acid/stearol (Gravelle, Blach, Weiss, Barbut,
& Marangoni, 2017), B-sitosterol/phytosterol and y-oryzanol (Okuro,
Malfatti-Gasperini, Vicente, & Cunha, 2018), p-sitosterol/lecithin (Li,
Wan, Cheng, Liu, & Han, 2019), lecithin/tocopherol (Bin Sintang et al.,
2017), etc. In addition, the application of oleogels in food has been
gradually increasing, such as in chocolate (Espert, Hernandez, Sanz, &
Salvador, 2021), spreads (Bascuas et al., 2021), artificial cream
(Moriano & Alamprese, 2017), meat products (Wolfer, Acevedo, Prusa,
Sebranek, & Tarté, 2018), and baked goods (Jang, Bae, Hwang, Lee, &
Lee, 2015). Li and Liu used different types of corn oil-based oleogels
developed by monostearin glycerol ester, sitosterol/lecithin, ethyl

Received 22 September 2024; Received in revised form 12 November 2024; Accepted 2 December 2024

Available online 4 December 2024

2590-1575/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:liubenguo@hist.edu.cn
www.sciencedirect.com/science/journal/25901575
https://www.sciencedirect.com/journal/food-chemistry-x
https://doi.org/10.1016/j.fochx.2024.102067
https://doi.org/10.1016/j.fochx.2024.102067
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Zhang et al.

Food Chemistry: X 25 (2025) 102067

4°C

FA:MG 0:100 25:75 50:50 75:25 100:0 0:100 25:75 50:50 75:25 100:0

25°C

0:100 25:75 50:50 75:25 100:0 0:100 25:75 50:50 75:25 100:0

l“/o - 4

3%

5%

Fig. 1. Effect of gelator concentration, storage temperature and FA/MG ratio on the formation of the sunflower oil-based oleogel.

cellulose to replace cocoa butter in dark chocolate, and found that the
thermodynamic behavior and morphology of chocolate prepared with a
certain amount of oleogels were similar to traditional dark chocolate (Li
& Liu, 2019). Bascuas et al. partially or completely replaced coconut oil
with oleogels in chocolate spread, and found that partial substitution
improved the spreadability of the chocolate spread, while complete
substitution resulted in uneven spreading. Furthermore, chocolate
spreads with 50 % oleogel substitution exhibited similar sensory char-
acteristics to those made with coconut oil (Bascuas et al., 2021). Oh et al.
used the oleogel developed by hydroxypropyl methylcellulose to replace
butter in the meat patty, which significantly reduced the content of
saturated fatty acids. The addition of oleogel also reduced the cooking
loss of the meat patty, resulting in a more tender texture, while the
sensory characteristics remained unaffected (Oh, Lee, Lee, & Lee, 2019).

Ferulic acid (FA) is a phenolic compound widely found in plants,
exhibiting multiple functions such as antioxidant activity, free radical
scavenging, antitumor effects, and the maintenance of cardiovascular
and cerebrovascular health (Zhai et al., 2023). Monoglyceride (MG) is a
commonly used emulsifier in food and extensively employed in the
production of oleogels. Palla et al. used MG as a gelator to produce
oleogels with a texture similar to butter by controlling the production
conditions (Palla, Giacomozzi, Genovese, & Carrin, 2017). However,
when MG is used as a gelator alone, the internal crystals in the oleogel
rapidly transform into the p-crystalline form with prolonged storage
time, leading to a decrease in the oil-holding capacity of the crystals
(Chen, Van Damme, & Terentjev, 2009). However, the crystalline
transformation of MG can be effectively controlled and the stability of
oleogels can be improved by complexing with other gelators such as
ethyl cellulose and beeswax. In this study, the sunflower oil-based
oleogel developed by the ferulic acid/monoglyceride mixture was first
reported. The effects of the composition and amount of FA/MG mixture
and storage temperature on the formation, structure, mechanical prop-
erties and p-carotene protective capacity of oleogel were investigated,
and the feasibility of replacing cocoa butter in chocolate production was

also evaluated. The obtained results can provide reference for the
development of new oleogel and promote the application of oleogel in
food industry.

2. Materials and methods
2.1. Chemical

FA, MG and p-carotene were from Aladdin (Shanghai, China). The
sunflower oil was the product of COFCO Excel Joy Co., Ltd. (Tianjin,
China). Soybean lecithin was purchased from Sangon (Shanghai, China).
Cocoa butter was bought from Jiangsu Shengyi Cocoa Food Co., Ltd.
(Zhenjiang, China). Cocoa powder was the product of ChocZero Inc.
(Pleasanton, CA, USA).

2.2. Preparation of oleogel

The sunflower oil-based oleogel was prepared according to the
method of Gravelle et al. (Gravelle, Barbut, & Marangoni, 2012). FA and
MG were mixed and added to sunflower oil according to a certain FA/
MG ratio (0:100, 25:75, 50:50, 75:25, 100:0), so that the final concen-
tration of the mixture in sunflower oil reached 1 %, 2 %, 3 %, 4 % and 5
%, respectively. Then the oil was incubated at 120 °C, and stirred at 500
rpm for 15 min (ZNCL-BS180%180, Henan Yuhua Instrument Co.,
China). After heating, the samples were stored at 4 °C and 25 °C for 24 h,
respectively. The formation of oleogel was determined by the inverted-
tube method.

2.3. Polarizing microscopic observation

The 20 pL sample prepared at different FA/MG ratios (0:100, 25:75,
50:50, 75:25) and gelator concentration of 4 % and 5 % was dripped
onto the glass slide, covered with the cover glass, and observed with a
Hengping BH200P polarizing microscope (Shanghai, China).
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Fig. 2. Effect of gelator concentration, storage temperature and FA/MG ratio on the microstructure of oleogel.
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Fig. 3. Effect of gelator concentration, storage temperature and FA/MG ratio
on the gel strength of oleogel.
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2.4. Determination of gel strength

The gel strength values of the oleogels developed at different FA/MG
ratios (0:100, 25:75, 50:50, 75:25) and gelator concentration of 4 % and
5 % were determined by a TA-XT Plus texture analyzer (Surrey, UK). The
test temperature was consistent with the storage temperature of the
oleogel, and the analysis was carried out in the GMIA Gelation mode
using the P/0.5 probe. The probe speed was 1.0 mm/s. The insertion
distance was set at 4 mm with the trigger force of 3.0 g (Zhou et al.,
2020).

2.5. Measurement of texture properties

The texture properties of the samples were also measured by a
texture analyzer with a P/0.5R probe at storage temperature. The test
was conducted based on the TPA mode, with two compressions per-
formed on the sample. The probe speed of the probe was set at 1 mm/s. A
5-s pause was introduced between compressions, with a compression
ratio of 75 % and a trigger force of 3 g (Davidovich-Pinhas et al., 2015).

2.6. Determination of rheological properties

The rheological properties of the sample were tested using a HAAKE
MARSIII rotational rheometer (Thermo Scientific Co., Ltd., Waltham,
MA), with a P35TiL parallel plate probe and a gap of 1.000 mm. During
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Table 1

Effect of gelator concentration, storage temperature and FA/MG ratio on the texture properties of oleogel.

Food Chemistry: X 25 (2025) 102067

Storage Gelator concentration FA/MG Hardness Adhesiveness Gumminess (g) Chewiness (g)
temperature ratio ) (g.sec)
0:100 103.17 + 10.13¢ —365.58 + 57.61% 19.36 + 1.43¢ 18.48 + 1.54%
4% 25:75 156.18 + 12.45° —403.75 + 90.93% 18.88 + 0.32¢ 17.17 + 0.16%f
50:50 52.09 + 3.44° —229.54 + 30.55™ 13.40 + 1.49° 12,97 + 1.72¢
4ec 75:25 14.61 + 0.648 —46.25 + 2.07° 6.19 + 0.34f 6.13 + 0.358
0:100 239.31 + 13.78° ~596.85 + 177.69f 38.67 + 0.95° 35.57 + 6.22%
S0 25:75 226.50 + 18.02° —441.13 + 109.42° 25.38 + 6.77° 24.09 + 5.15
50:50 123.02 + 5.26° —315.59 + 12.59% 18.52 + 0.94¢ 17.67 + 0.96%f
75:25 19.55 + 1.068 ~76.14 + 6.85° 7.33 + 0.34f 7.23 + 0.358
0:100 53.48 + 2.91° —341.76 + 15.79°¢ 18.54 + 1.834 17.82 + 2.61%f
4% 25:75 63.04 + 6.19: —313.45 + 58.90:1 20.47 + 3.05% 20.20 + 3.14%¢
50:50 35.25 + 0.89 —~186.34 + 10.57 13.39 + 0.34° 13.24 + 0.36°f
95 °C 75:25 12.40 + 0.97fl —22.30 + 2.50° 5.75 + 0.32f , 5.70 + 0.32¢
0:100 97.56 + 3.65 —444.21 + 52.74° 24.36 + 3.41% 24.22 + 3.39™
S0 25:75 124.01 + 8.98° —378.42 + 63.65% 27.96 + 4.28° 26.42 + 5.78"
50:50 52.68 + 1.56° —329.45 + 14.86%%¢ 20.63 + 0.63% 20.48 + 0.62¢
75:25 16.48 + 0.65° —63.85 + 6.42° 7.26 + 0.49f 7.12 + 0.518

the measurement, a 1 g sample was placed on the temperature-
controlled test platform and allowed to equilibrate for 10 min at the
test temperature. The shear rate scanning experiment of the sample was
conducted at the shear rate range of 0.1-100 s * and shear stress of 1 Pa.
The curve depicting the variation of apparent viscosity with shear rate
was recorded, and fitted using the Ostwald equation (Zhang & Qin,
2016). Subsequently, stress scanning test was performed within a shear
stress range of 0.1-100 Pa at a frequency of 1 Hz to determine the linear
viscoelastic region (LVR) of the sample (Liu et al., 2019). Finally, the
temperature sweep test was carried out to determine the gelation tem-
perature of the sample. The sample was heated to 120 °C and held for 10
min to remove crystalline memory. It was then cooled from 120 °C to
0 °C at a cooling rate of 3 °C/min. Throughout the entire testing process,
the frequency was fixed at 1 Hz and the shear stress was set at 1 Pa
(Zhang & Qin, 2016).

2.7. Evaluation of f-carotene protective capacity

The sunflower oil-based oleogel containing 2.0 mg/mL p-carotene
was prepared according to Section 2.2 and placed in an incubator at
30 °C with a UV lamp 15 cm above it (power, 6 W). Every 48 h, 50 mg of
sample was mixed with 10 mL of ethanol/n-hexane mixture (2:1, v/v)
and centrifuged at 1000 rpm for 10 min. The absorbance of supernatant
at 450 nm was read and the p-carotene retention was calculated. Sun-
flower oil with the same p-carotene content was used as a control (Li,
Geng, Zhen, Lv, & Liu, 2022).

2.8. Preparation of chocolate

According to a previous report (Espert et al., 2021), the oleogel
developed at the FA/MG ratio of 25:75, gelator concentration of 5 %,
and storage temperature of 4 °C was used as cocoa butter substitutes in
chocolate preparation. The cocoa butter substitution rates (Wcgg) were
0 %, 20 %, 40 %, 60 %, 80 %, and 100 %, respectively. The corre-
sponding chocolates were respectively named as Chocolate-00, Choco-
late-020, Chocolate-0O40, Chocolate-O60, Chocolate-O80, and
Chocolate-0100. According to Table S1, a certain amount of cocoa
butter and oleogel were mixed and melted at 80 °C. Lecithin was added
and stirred until dispersed in the liquid fat. Gradually, cocoa powder and
sifted powdered sugar were added and mixed until a smooth consistency
was obtained. Then, the mixture was tempered in three stages (50 °C,
28 °C, and 32 °C). Finally, the resulting mixture was placed in a mold
(30 mm x 30 mm x 20 mm), chilled at 4 °C for 24 h. The obtained
chocolate was collected and reserved for the following test.

2.9. Evaluation of color of chocolate

The color of chocolate was determined by a Konica-Minolta CR-400
colorimeter (Osaka, Japan). The color difference of the sample was re-
flected by CIE-L*a*b model.

2.10. Determination of texture properties of chocolate

With reference to a previous report (Li & Liu, 2019), the texture
properties of chocolate were determined using a texture analyzer. The
chocolate of 30 mm x 30 mm x 20 mm was placed on the loading table
of the texture analyzer for TPA mode determination. The test parameters
were set as follows: probe speed, 1.00 mm/s; strain, 30 %, strain time, 3
s; trigger force, 10.0 g.

2.11. Determination of thermodynamic properties of chocolate

Following the method proposed by Li et al. (Li, Liu, & Lin, 2021), the
thermodynamic properties of the sample were determined using a TA
Q20 differential scanning calorimetry (Newcastle, DE, USA). The sample
(10-15 mg) was sealed in an aluminum crucible, with an empty sealed
aluminum crucible used as a reference. The measurement was con-
ducted using a heating-cooling cycle, with a 30-min hold at the end of
the first heating program to eliminate any crystalline memory, followed
by data recording and analysis of the second heating curve. The tem-
perature program for heating/cooling of the chocolate ranged from
—20 °C to 60 °C, with a heating/cooling rate of 5 °C/min. The flow rate
of nitrogen gas was set at 40 mL/min.

2.12. Sensory evaluation of chocolate

Fifteen trained students familiar with chocolate characteristics and
descriptive analysis methods were selected as assessors for this experi-
ment. Chocolate samples were placed in white plastic cups with random
three-digit codes, arranged randomly. Assessors were required to eval-
uate the appearance and aroma of the samples by observing them, and
evaluate the flavor and texture of the samples after tasting them. The
scoring criteria were based on the method of Sim et al. (Sim, Ng, Ng,
Forde, & Henry, 2016), evaluating the appearance, color, hardness,
flavor, melt, and overall acceptance of the chocolate. Assessors were
instructed to taste a piece of chocolate, then drink water to rinse the
taste before tasting each type of chocolate. Each sensory attribute was
evaluated using a continuous linear quantification scale ranging from 1
(not perceived) to 9 (high intensity).
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Fig. 4. Effect of gelator concentration (c), storage temperature (t) and FA/MG
ratio (r) on the on apparent viscosity of oleogels (A: r = 0:100, ¢ = 4 %; B: r =
25:75,¢c =4 %; C:r=50:50,c =4 %; D: r =75:25, c =4 %; E: r=0:100,c =5
%; F: r = 25:75,¢c =5 %; G: r = 50:50, c =5 % ; H: r = 75:25, ¢ = 5 %).

2.13. Statistical analysis

The experimental data were presented as mean + standard deviation
(n = 3). Data analysis was performed using IBM SPSS 22.0 software
(Armonk, NY, USA), and Duncan’s test was selected with a significance
level of 0.05. The graphs were generated using Origin 8.0 software
(Origin lab, Northampton, MA, USA).

3. Results and discussion
3.1. Formation of oleogel

Fig. 1 presents the appearance of the samples prepared under
different conditions. When the gelator concentration > 4 %, all samples
except for the sample with the FA/MG ratio of 100:0 could form oleo-
gels. The FA/MG ratio significantly influenced the oleogel formation
when the gelator concentration were 2 % and 3 %. Additionally, the
samples with the same ratio exhibited different gelation behaviors at
4 °C and 25 °C. In samples with FA/MG ratios of 50:50 and 75:25, the

Food Chemistry: X 25 (2025) 102067

stability of the oleogel formed at 4 °C was higher than that formed at
25 °C. This may be attributed to the differences in sample cooling rates
caused by varying storage temperatures. It was reported that different
cooling rates had significant effects on the formation of oleogels
(Trujillo-Ramirez, Lobato-Calleros, Vernon-Carter, & Alvarez-Ramirez,
2019). In terms of color and light transmittance, the oleogel samples
appeared as a milky white color and exhibited an opaque state. Ac-
cording to the results of gelation experiment, the oleogel samples pre-
pared at the FA/MG ratio of 0:100, 25:75, 50:50 and 75:25, gelator
concentration of 4 % and 5 %, and storage temperature of 4 °C and 25 °C
were selected for the following test.

3.2. Microstructure of oleogel

The gelation behavior of oleogel is closely related to its microstruc-
ture. In the polarizing microscopic analysis (Fig. 2), MG exhibited
needle-like crystal structure in oleogel, while FA exhibited rectangular
structure. As the primary assembly grows, the dissolved gelator mole-
cules, whether in monomer or aggregate form, diffuse and attach to the
surface of the formed primary assembly. Depending on the relative rate
at which dissolved molecules adhere to the surfaces of different primary
assemblies, the assemblies may grow in one -, two -, or three-
dimensional directions. When the growth rate perpendicular to the di-
rection of the layered crystal plane is greater than the growth rate par-
allel to the direction of the layered crystal plane during the aggregation
process, fibrous or lamellar structures will be formed (Bai et al., 2023).
In the case of lower gelator concentrations, the crystals of FA and MG
were smaller, making it difficult to establish a complete three-
dimensional network structure for structuring sunflower oil. Yang
et al. found a similar phenomenon in the production of the oleogels
developed by phytosterol and monoglyceride (Yang, Chen, & Yang,
2018). As the gelator concentration increased, the crystal size in the
oleogel gradually grew, resulting in a more tightly overlapped crystal
network within the system. This trapped a large amount of liquid oil in
the dense crystal network, making the gel structure more stable, espe-
cially in the sample with a gelator concentration of 5 % and a FA/MG
ratio of 25:75.

3.3. Gel strength of oleogel

The mechanical properties of oleogel are closely related to their
structure and processing applications. Therefore, the effects of gelator
concentration, storage temperature and FA/MG ratio on the gel strength
of oleogel were investigated (Fig. 3). The increasing gelator concentra-
tion could improve the network structure of the oleogel and enhance the
gel strength of the sample at the same storage temperature. At the same
gelator concentration, the gel strength of the sample was higher when
stored at 4 °C. This may be due to the fact that at lower temperatures,
intermolecular interactions are enhanced, which helps to form a more
stable gel structure (Bertasa et al., 2020). In addition, the gel strength of
the sample with an FA/MG ratio of 25:75 was slightly higher than that of
the other samples, which was consistent with the microscopic observa-
tion results (Fig. 2).

3.4. Texture properties of oleogel

The effect of gelator concentration, storage temperature and FA/MG
ratio on the texture properties of oleogel was analyzed based on the TPA
method in this study. As shown in Table 1, there were significant dif-
ferences in hardness, adhesiveness, gumminess, and chewiness of the
samples. At the same storage temperature, the hardness, adhesiveness,
and chewiness of the oleogel samples all ascended rapidly with the
increasing gelator concentration, and the absolute value of viscosity
demonstrated the same trend. The MG-type oleogel exhibited a higher
textural performance at 4 °C. However, at 25 °C, these textural param-
eters deteriorated rapidly, possibly due to hydrogen bonding being the
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dominant factor in the formation of the MG network structure. As the
temperature increased, intermolecular Brownian motion intensified,
leading to a decrease in the binding effect of hydrogen bonds and a much
weaker three-dimensional network structure compared to that at 4 °C.
Consequently, this resulted in a decline in the relevant parameters.
There were also studies indicating that the instability of the MG network
caused by temperature was a consequence of weakened hydrogen
bonding forces under high temperature conditions (Davidovich-Pinhas
et al., 2015). In addition, for FA/MG type oleogels, the overall variation
of textural properties followed a similar trend, with an increase in
gelator concentration leading to enhanced textural properties, while an
increase in temperature resulted in a decrease in textural properties.
Moreover, the higher the proportion of MG, the more molecules could be
used to form gel network. Although FA alone did not exhibit gelling
properties, it possessed hydroxyl groups, ester bonds, and methoxy
groups. When synergistically interacting with MG to form a gel network,
it could enhance intermolecular interactions. At a gelator concentration
of 5 %, the sample with a FA/MG ratio of 25:75 achieved an optimal
balance between the number of gelator molecules and the intermolec-
ular forces. The resultant samples possessed superior mechanical prop-
erties, with higher hardness, adhesiveness, and chewiness compared to
other samples, and the absolute value of viscosity was also at a relatively
high level.

3.5. Rheological properties of oleogel

This study systematically investigated the effects of gelator concen-
tration, FA/MG ratio and storage temperature on the storage modulus
(G"), loss modulus (G"), and apparent viscosity () of sunflower seed oil-
based oleogels, aiming to further analyze their processing characteris-
tics. Fig. 4 display the effect of shear rate (y) on the apparent viscosity of
the oleogels prepared at 4 °C and 25 °C, respectively, which can be fitted
using the following Ostwald equation.

n=Ky""!

where, K is the consistency coefficient, and n is the power-law index.
As shown in Table S2, the fitting results indicated that the obtained
oleogels were all pseudoplastic fluids (n < 1), and the samples with
higher gelator concentration had smaller n values compared to those
with lower gelator concentration. This is because the samples with
higher gelator concentration had higher initial viscosity, but as the shear
rate increased, the viscosity decreased rapidly, with a decrease rate
much greater than that of the samples with lower gelator concentration.
Fig. 5 illustrate the variation trends of G’ and G" of the different
samples with shear stress. All samples maintain relatively stable G* and
G" values within a certain range, known as the linear viscoelastic region
(LVR). Within the LVR, the samples exhibited G’ > G, confirming the
solid-like behavior of the samples (Martins, Cerqueira, Cunha, &
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Vicente, 2017). Under the same storage temperature and FA/MG ratio,
the yield stress of oleogels increased with increasing gelator concen-
tration. However, at a constant gelator concentration and FA/MG ratio,
the yield stress of oleogels declined with increasing storage temperature.
Similar trends were also observed in the texture analysis, which may be
attributed to different cooling rates caused by different storage tem-
peratures. This leads to the growth and arrangement of crystalline fibers
in sunflower oil in different ways, resulting in macroscopic rheological
differences. This phenomenon was also observed in the experiment of
structuring canola oil with 12-hydroxystearic acid (Rogers, Wright, &
Marangoni, 2009). The results further suggested that the rheological
properties of FA/MG-type oleogels were similar to those of MG-type
oleogels, but the oleogel prepared at 4 °C with a gelator concentration
of 5 % and a FA/MG ratio of 25:75 possessed higher yield stress and
G’Lyg value. This was due to the greater number of cross-linking regions
between its crystals, leading to strong interactions and high network
strength. It confirmed that the internal network of the FA/MG-type
oleogel was formed by non-covalent physical cross-linking in-
teractions, which coincided with the report of Han et al. (Han et al.,
2013).

The changing trend of gelation temperature of oleogel can be ob-
tained by rising and falling temperature program. The gelation tem-
perature is defined as the intersection of G’ and G" curves, or the
temperature when tan § =1. In the gel system, the gelation temperature
indicates that at the current temperature, the crystals have been formed
and cross-linked with each other (Lupi et al., 2013). As shown in Fig. 6,
the oleogel first melted at high temperature. G and G" were close to 0
Pa, when the oleogel sample melted into a liquid (Lupi et al., 2013).
With the decrease of temperature, especially near the gelation temper-
ature, there was a period of rapid increase in G’ and G" of all samples.
The results showed that the three-dimensional network structure of the

samples had been cross-linked with each other and formed a viscoelastic
oleogel. Moreover, with the increase of gelator concentration, the
gelation temperature gradually increased. This is due to the fact that an
increase in gelator concentration allowed for the formation of more
crystals in the oleogel, resulting in a more complete gel network struc-
ture. Therefore, more energy was required to disrupt the three-
dimensional network structure during the melting process. When the
gelator concentration and composition were fixed, variations in storage
temperature did not significantly affect the gelation temperature of the
oleogel, indicating that the storage temperature had no impact on the
gelation temperature of the oleogel. It was also observed that the oleo-
gels prepared at the gelator concentration of 5 % and the FA/MG ratio of
25:75 had a higher gelation temperature.

3.6. p-Carotene protective capacity of oleogel

B-Carotene is a common vitamin A supplement, which can improve
human visual function, but its application is limited because of its un-
stable exposure to oxygen, heat and light. This study compared the
ability of oleogels prepared at gelator concentration of 5 % to protect
B-carotene against ultraviolet radiation (Fig. S1). Compared to the
control, the oleogels exhibited a significant protective effect on the
loaded p-carotene. On the second day of ultraviolet irradiation, the
retention rate of fB-carotene in the control group was close to zero.
However, the retention rate of p-carotene in MG type oleogel was 33.16
=+ 0.68 %, while the retention rate of f-carotene in FA-MG type oleogel
was higher than 50 %. On the sixth day, $-carotene in the MG-type oil gel
completely decomposed, while the retention rates of p-carotene in the
oleogels prepared with the FA/MG ratios of 25:75, 50:50, and 75:25
were 23.05 + 1.63 %, 27.87 + 0.90 %, and 35.07 + 1.69 % respectively,
showing a linear correlation with their FA concentration (r2 = 0.987).
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Fig. 7. Appearance (A) and sensory analysis (B) of the chocolate samples.

The result indicated that the protective effect of oleogel on p-carotene
was mainly from the ultraviolet absorption and antioxidant properties of
FA.

3.7. Appearance of chocolate

Fig. 7A illustrates the appearance of chocolates under different for-
mulations. Chocolate-O0, Chocolate-020, and Chocolate-O40 exhibited
a firm, cuttable, and uniformly shaped exterior with a smooth and glossy
texture. Chocolate-O60 had a relatively rough exterior and lacked shine.
Chocolate-O80 showed a tendency to melt on the surface, while
Chocolate-0100 collapsed and lacked support.

Color is one of the fundamental indicators for evaluating chocolate.
L* reflects brightness, with higher values indicating greater brightness.
a* represents the red-green axis, with larger values indicating a stronger
presence of red. b* represents the yellow-blue axis, with higher values
indicating more yellow color. From Table S3, it could be observed that
with an increase of Wcgs, both L* and b* values showed a decreasing
trend, indicating a decrease in brightness and yellowness, which was

attributed to the inherent yellow color of cocoa butter itself.
3.8. Texture properties of chocolate

The texture properties of chocolate can not only reflect its structure,
but also closely related to its quality. The effect of Wcps on the textural
properties of chocolate is exhibited in Table S4. Chocolate-O0 showed
the highest hardness (11,494.09 + 971.52 g), while Chocolate-020 and
Chocolate-040 decreased. The change trend of gumminess, chewiness,
resilience and hardness of the sample was similar, while that of adhe-
siveness, springiness, cohesiveness was the opposite. Li and Liu also
observed that chocolate containing oleogel had a softening effect, which
may be due to the differences in content and types of glycerides in cocoa
butter and oleogel (Li & Liu, 2019). This phenomenon is called eutectic
softening effect, which means that when the chemical composition of
cocoa butter substitute differs from that of cocoa butter, the obtained
chocolate will have lower hardness than pure cocoa butter chocolate.
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3.9. Thermodynamic properties of chocolate

The lipid phase in chocolate, namely cocoa butter, is a solid at room
temperature (20-25 °C), but it forms a smooth and dense suspension at
oral temperature (37 °C), which affects the perception of taste and
texture (Afoakwa, Paterson, Fowler, & Vieira, 2008). Therefore, the
thermodynamic properties of chocolate will provide insights into the
impact of oleogel incorporation on the chocolate melting behavior,
which is related to sensory characteristics in the oral cavity. Fig. S2
demonstrated the thermodynamic analysis of the chocolate samples.
Regarding peak temperature (Tpax), there was not much difference be-
tween Chocolate-O0, Chocolate-O20, Chocolate-040, and Chocolate-
060, but they were significantly higher than Chocolate-O80 and
Chocolate-O100. The enthalpy change (AHp) of Chocolate-O0 was
slightly higher than that of Chocolate-O20 and Chocolate-O40, and
significantly higher than that of Chocolate-O60, Chocolate-O80 and
Chocolate-0100. Afoakwa et al. confirmed that the enthalpy of choco-
late products with lower fat content decreased (Afoakwa et al., 2008).
Furlan et al. found that the addition of hydrogenated oil led to changes
in crystal and melting properties, resulting in a decrease in enthalpy
(Furlan, Baracco, Lecot, Zaritzky, & Campderros, 2017). The reason for
the lower enthalpy value was attributed to the lower cocoa butter con-
tent in the chocolate formulated with sunflower oil-based oleogel, which
directly affected the quantity and shape of the formed crystals, thus
affecting the melting performance. The obtained thermodynamic results
were consistent with the texture results, as chocolate with lower melting
enthalpy had a softer texture. Kadivar et al. also observed that the Ty«
of chocolate prepared from sunflower oil-based cocoa butter substitute
decreased (Kadivar, De Clercq, Mokbul, & Dewettinck, 2016), which
was consistent with our results that the decrease was due to the high
content of unsaturated triglycerides in the substitute.

3.10. Sensory characteristics of chocolate

As shown in Fig. 7B and Table S5, Wcpg had different effects on the
appearance, color, hardness, taste, mouth-feel and acceptability of
chocolate. With the increase of Wcgs, all the indexes decreased, in which
the color parameter was consistent with the trend of L* value in section
3.7, the change of hardness was similar to that of section 3.8. The taste
value was lower after Chocolate-O80, which was due to the low content
of cocoa butter. When Wcps was too high, the acceptability decreased,
while the acceptability scores of Chocolate-O0, Chocolate-0O20 and
Chocolate-O40 were similar. At this time, the replacement of cocoa
butter with oleogel did not reduce the acceptability of chocolate, con-
firming that this oleogel could be used in the production of chocolate.

4. Conclusions

The results show that the FA/MG ratio had a significant effect on the
minimum gelling concentration of the gelator. When the gelator con-
centration > 4 %, all the samples could form oleogel except the sample
with the FA/MG ratio of 100:0. FA exhibited rectangular structures in
the oleogel, while MG appeared as needle-shaped crystals. They inter-
locked with each other to form a three-dimensional network, structuring
the oil. The obtained oleogels were pseudoplastic fluids with similar
rheological properties. The mechanical parameters of samples stored at
4 °C were higher. Their gelation temperature was determined by the
gelator concentration and composition, and was independent of the
storage temperature. Their protective ability of f-carotene against ul-
traviolet irradiation was proportional to the FA concentration. The
oleogel prepared at a FA/MG ratio of 25:75, gelator concentration of 5
%, and storage temperature of 4 °C could be used as a cocoa butter
substitute for chocolate production. As W¢ps ascended, the appearance
of the resulting chocolate became rough, color intensity declined, and
texture properties as well as enthalpy change gradually decreased. But
when Weps < 40 %, the oleogel had no significant effect on the sensory
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characteristics of chocolate. Our results can provide reference for the
development of new oleogel and promote the application of oleogel in
food industry.
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